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Abstract

Wind has a wide range of effects on plants: from wind-induced damage in the form

of lodging to an increased rate of photosynthesis. Climate models predict that plants

will be exposed to elevated wind conditions in many regions around the world due

to global warming. To be able to attenuate the negative impact of changing wind

patterns on plants, it is necessary to expand our understanding of wind-plant inter-

action. In this thesis two different aspects of wind-plant interaction are investigated.

In the first part, the acclimation response of a model plant, Arabidopsis thaliana,

to mechanical stress in the form of continuous wind of a constant speed is explored.

A bespoke wind tunnel, suitable for continuous growth of plants, was developed.

For the mechanical characterisation of Arabidopsis stems a new multiple resonant

frequency method was devised and validated. As a result of the wind treatment, the

plants exhibited a positive anemotropic response. This response was documented for

the first time in any plant system. Overall, the wind-induced thigmomorphogenetic

changes and alterations in the mechanical properties of the primary inflorescence

stem were considered to be adaptive to this type of mechanical stress. The mechan-

ical properties can be related to modification in the anatomical tissue organisation

and ion content, providing possible sources of the observed changes. In many exper-

iments reported in the literature, wind is mimicked by brushing treatments. In this

project, the validity of this approach was investigated by conducting a comparison of

the response of Arabidopsis to uni- and bidirectional brushing treatments with the

wind-induced changes. While some of the changes to Arabidopsis morphology can

be reproduced by matching the vectorial influence of wind and brushing treatments,

the changes in the mechanical properties occurred in opposite directions. The uni-

directional brushing treatment also evoked a positive tropic response, which can be

considered thigmotropic and has been demonstrated for the first time in Arabidopsis

shoot.

The second part of this thesis explores the aerodynamics of succulent-inspired

cylinders using numerical and experimental techniques. Succulents and cacti are,
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probably, the most well-known examples of convergent evolution in plants, where

two different species have independently developed similar traits and features in

similar environments but in different parts of the Earth. Investigations inspired by

the Saguaro cactus reported in the literature, showed that the presence of ribs on its

trunk, among other functions, helps to reduce the aerodynamic forces and decreases

unsteady force fluctuations. In contrast to Saguaro, which can have up to 30 ribs,

succulents tend to have a considerably lower number of ribs, with only three and

four ribs found in many species. This work investigates whether succulent-inspired

bluff bodies with a low number of ribs show similar aerodynamic benefits as cactus-

shaped cylinders with many ribs. 2D URANS simulations were carried out for two

cylinders with three and four ribs, which resemble the succulents Euphorbia trigona

and Euphorbia abyssinica, respectively, at Reynolds number 20,000. The succulent-

inspired cylinder with four ribs was also investigated using wind tunnel tests with

Reynolds numbers ranging from 50,000 to 150,000. For both studied cylinders, a

strong angle of attack dependence of all aerodynamic properties was found. For

the four-ribbed cylinder no Reynolds number dependence of these properties was

observed within the tested range. Overall, succulent-inspired cylinders with a low

number of ribs show some aerodynamic advantages in terms of reduction of the mean

drag coefficient and the Strouhal number, albeit over a limited range of angles of

attack.
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Chapter 1

Introduction

Who has seen the wind?

Neither I nor you:

But when the leaves hang

trembling,

The wind is passing through.

Who has seen the wind?

Neither you nor I:

But when the trees bow down

their heads,

The wind is passing by.

Christina G. Rossetti

(1830–1894)

Wind-induced motion of plants has been observed over millennia and is reflected

in poetry and prose of many cultures. The most basic observation of wind is often

through its effects on plants, such as the motion of branches, forming a part of the

empirical description of wind conditions on the Beaufort wind force scale. Wind-

plant interaction is a universal human experience, since wind is ubiquitous on Earth

and plants are present on all continents constituting more than 80% of the whole

biomass on our planet (Bar-On et al., 2018). While wind is an important environ-

mental and ecological factor that plays a significant role in the life cycle of plants and

their evolution (Nobel, 1981), plants, in turn, are of great importance for humans

and animals since they are the most important source of food on Earth. Therefore,

it is essential to investigate how wind affects plants and how plants respond to these

interactions. The importance of this research topic is reflected in the United Nations

1
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Sustainable Development Goals (United Nations, 2011), where out of the 17 defined

goals, wind-plant interaction studies can directly or indirectly contribute to at least

four, namely: #2 Zero hunger, #7 Affordable and clean energy, #13 Climate action,

and #15 Life on land.

One of the major motivations for studies on wind-plant interaction is global

food security, where wind induced lodging1 poses a serious challenge. A number

of major crop plants, such as wheat, rice, barley, oats, maize, rice, oilseed rape,

etc. are susceptible to this type of wind damage (Berry et al., 2004; Kashiwagi and

Ishimaru, 2004; Berry and Spink, 2006). In cereals, lodging can account for over

80% of the total yield reduction (Shah et al., 2017a). Wind damage in the form of

windthrow2, caused by extreme and strong winds, is also one of the main abiotic

threats to trees and is a primary concern in risk management in forestry (Gardiner

and Quine, 2000; Gardiner et al., 2013). Schelhaas et al. (2003) estimated that

storms caused over 50% of total damage from all natural sources to the forests in

Europe between 1950 and 2000. Moreover, the amount of damage caused by strong

winds is showing an increasing trend. Climate models predict that the frequency of

extreme wind conditions in middle latitudes beyond tropics will increase due to global

warming (Gastineau and Soden, 2009). In addition, various global climate models

and meteorological records show significant increase in surface winds over the UK and

Northern Europe (Hosking et al., 2018; Ruosteenoja et al., 2019), and China (Zhang

et al., 2020). The detrimental impact of high winds on crops and trees is the subject

of concern not only to scientists but also governments, as economic consequences

are usually substantial. The estimated economic losses in the UK due to lodging of

crop plants can be up to £105 million for wheat and up to £64 million for oilseed

rape per annum (Baker et al., 2014). Although the economic impact of Hurricane

Low Q in 1968, one of the worst windstorms in Scotland and Glasgow in particular,

was not recorded, the affected area lost up to 30% of the forest stock (Quine et al.,

1995). Gardiner et al. (2016) estimated the total cost of the storm ‘Klaus’ in 2009

to the forestry in south-west France to be over 3 billion Euros. Therefore, research

of wind effects on plants is essential to reduce the negative impacts of extreme and

elevated wind conditions on crops yield, food security, forestry, and economy through

management practices that are based on the results of these studies and take into

account wind induced changes to plants. In addition, wind-plant interaction studies

1Wind induced lodging is permanent displacement of plants from their vertical orientation
caused by wind.

2Windthrow is uprooting of trees by wind.
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can be used to inform the direction of breeding of new traits to provide resistance

against wind induced damage.

In addition to the negative effects in the form of irreversible damage from the

aforementioned extreme wind conditions, wind-plant interaction studies are moti-

vated by the need to understand the fundamental influence of low and moderate

winds on plants. These wind conditions are more common and are regularly expe-

rienced by plants in their natural environment. Wind regulates the microclimate

of plants and can alter heat and mass transfer in them (Jones, 2013). Also, it

influences plants’ reproduction through pollination (Niklas, 1985) and seed disper-

sal (Howe and Smallwood, 1982), and can modify photosynthesis (Burgess et al.,

2016). Furthermore, wind exerts mechanical stress on plants that can affect their

growth, morphology, and mechanical properties (de Langre, 2008; Gardiner et al.,

2016). Thus, wind influences vital plant functions and can have either beneficial or

detrimental effects on plant growth, development, and survival.

Overall, all the aforementioned studies contribute to achieving the UN sustain-

able development goals #2, #13, and #15. In addition, studies on wind effects on

plants are also important in the context of increasing global demand for generation

of renewable energy that forms the core of goal #7. Plants are used for production

of contemporary biofuels such as bioethanol and biodiesel. While biofuels of the first

generation are made of starch and sucrose of maize and sugarcane, respectively, the

second generation is based of lignocellulosic biomass of various plants (Sims et al.,

2010; Chum et al., 2014). Thus, in addition to the aforementioned wind induced

lodging and other types of wind damage it is important to understand what im-

pact wind has on the yield and quality of plant biomass. Wind-plant interaction

also found practical application in the wind energy generation, where plant-inspired

designs of wind energy harvesters have been developed (see e.g. Oh et al. 2010; Mc-

Closkey et al. 2017; Wang et al. 2018). The design of these synthetic plants may be

more visually appealing and generate less noise, addressing common adverse environ-

mental impacts of conventional wind turbines (Premalatha et al., 2014). Moreover,

such harvesters can pose a lower hazard to birds and bats that suffer from collisions

with wind-energy farms (Curry, 2009).

While biomimetic designs, especially in terms of flow control, drag reduction, and

flight are dominated by the representatives of the animal kingdom (see e.g. Bushnell

and Moore 1991; Fish and Lauder 2006), plants have been evolving in windy envi-

ronments, and thus studying their adaptation strategies can make contributions to

this field as well. For example, ribs and spines on the trunks of tall cacti have shown
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potential for biologically inspired passive flow control over bluff bodies (Talley et al.,

2001; Levy and Liu, 2013). Furthermore, wind dispersal of seeds inspired biomimetic

designs of unmanned aerial vehicles (UAV), micro air vehicles (MAV), e.g. Samarai,

a maple seed-inspired UAV (Lockheed Martin, 2011), and long range drones based

on the recent finding on the flight mechanics of a dandelion fruit (Cummins et al.,

2018), that can potentially be used for Mars exploration (Sherman et al., 2020).

Another, probably less obvious, motivation to study wind-plant interaction is

for creation of realistic scenes of nature in the virtual environments of video games,

films, virtual reality applications, etc. (Diener et al., 2009; Derzaph and Hamilton,

2013). To create a high-quality product with enhanced realism, not only static plant

models, i.e. detailed modelling of plant geometry, are required, but also dynamic

plant models, which allow to recreate plant motion in response to external forces

such as wind. Dynamic models are created based on biological, physiological, and

biomechanical principles and require corresponding studies to simulate valid and

realistic behaviour. In addition, these principles are used for scientific simulations

of plant development under predefined conditions.

Overall, studies of wind-plant interaction and wind effects on plants have sig-

nificant economic, scientific, and practical importance. Driven by a diverse range

of motivations from purely biological to practical engineering applications, these in-

vestigations often require a multidisciplinary approach. Thus, most of these studies

lie in the domain of biomechanics – “a discipline that operates at the interface of

engineering and biology” (Niklas, 1992), plant biomechanics to be precise. This PhD

project is a plant biomechanics study that combines fluid mechanics, engineering,

and plant sciences to investigate the effects of continuous mechanical stress imposed

by wind on plants and how plants adapt to it. Two different aspects of wind-plant

interaction, namely the response of Arabidopsis to wind and other types of mechani-

cal stress and flow past succulent-inspired cylinders, are explored in the two distinct

parts of this thesis. The detailed structure of the thesis is given in the following.

1.1 Structure of the thesis

Following this general introduction, the structure of this thesis is as follows:

Chapter 2 presents the detailed background to this PhD project. The detailed

research objectives for both parts are also formulated.

Part I: Response of Arabidopsis to wind and other types of mechanical stress
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Chapter 3 provides information on the widely used model organism Arabidopsis

thaliana and methodology for experiments with it for readers who do not have a

background in plant science.

Chapter 4 begins with a review of the existing and previously used facilities for

research on wind-plant interaction, followed by the design and characterisation of

the bespoke wind tunnel that was developed as part of this project.

Chapter 5 describes the multiple resonant frequency forced vibration method

for mechanical characterisation of Arabidopsis stems, including its validation and

comparison with other recent dynamic testing methods for plants. This method

was developed as part of this PhD project. This chapter is given in the form of

the paper titled “A new perspective on mechanical characterisation of Arabidopsis

stems through vibration tests” published in the Journal of the Mechanical Behavior

of Biomedical Materials in 2020.

Chapter 6 explores the influence of a constant unidirectional wind treatment on

Arabidopsis. The wind induced anemotropic response and the effects on Arabidopsis

morphology, mechanical properties, anatomical tissues organisation, and ion content

are discussed. This chapter is given in the form of the paper titled “Wind-evoked

anemotropism affects the morphology and mechanical properties of Arabidopsis”

published in the Journal of Experimental Botany in 2021.

Chapter 7 investigates the possibility to mimic effects of wind on Arabidopsis by

the widely used brushing method. Thigmomorphogenetic response of Arabidopsis

as well as changes in its mechanical properties as a result of two different types of

brushing treatment are explored, discussed, and compared with the previously re-

ported wind-induced alterations. This chapter is given in the form of a manuscript

in preparation.

Part II: Aerodynamics of succulent-inspired cylinders

Chapter 8 presents the specific background for the second part of the thesis.

Chapter 9 investigates the angle of attack dependence of the flow past two

succulent-inspired cylinders with three and four ribs at a biologically relevant Reynolds

number of 20,000 using 2D URANS simulations. This chapter is given in the form of

the paper titled “Angle of attack dependence of flow past cactus-inspired cylinders

with a low number of ribs” published in the European Journal of Mechanics-B/Fluids

in 2019.
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Chapter 10 presents a wind tunnel investigation of the angle of attack and

Reynolds number dependence of the aerodynamic characteristics and flow around a

succulent-inspired cylinder with four ribs identical in shape to the four rib cylinder

previously investigated by URANS simulations. This chapter is given in the form

of the paper titled “Experimental investigation of the angle of attack dependence of

the flow past a cactus-shaped cylinder with four ribs” published in the Journal of

Wind Engineering and Industrial Aerodynamics in 2021.

Chapter 11 provides the conclusions for both parts of this thesis. Suggestions for

future work based on the obtained results are also given in this chapter.
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Background

In their natural environment plants experience various biotic and abiotic stresses

that have impacts on their morphology, anatomy, physiology, and growth. Among

abiotic stresses, wind is one of the most important types that imposes mechanical

loading on plants. This in turn leads to wind-plant interaction – one of the major

subjects of plant biomechanics that has been actively and widely studied (for reviews

see Van Gardingen and Grace, 1991; de Langre, 2008; Gardiner et al., 2016; Gosselin,

2019).

This chapter describes the fundamental concepts of wind influence on plants with

the intent to provide a common foundation for both engineers and plant scientists.

The more specific aspects are expanded and completed in the context of the following

chapters. The research objectives for this PhD project are formulated at the end of

this chapter.

2.1 Preliminary concepts of fluid mechanics

Wind imposes an external force on any object, including plants, which is the sum

of three orthogonal components, namely drag, lift, and side force. Drag is the

component of the total force acting in the direction of the flow, whereas lift and

side forces are the components of the total force acting in the directions normal to

the flow. In the context of wind-plant interaction, drag is the most important force

exerted on plants by wind, while the other components are normally excluded from

consideration. The drag (D) of an object depends on its size, shape, flow speed, and

properties of the fluid with which it is in the relative motion. It is defined as:

7
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D =
1

2
ρACDU

2
∞, (2.1)

where ρ is the density of the fluid, A is the frontal area of the object, CD is the drag

coefficient, and U∞ is the flow velocity in the freestream. The drag coefficient is a

dimensionless representation of drag that takes into account shape of the object and

is also dependent on another dimensionless parameter – the Reynolds number (Re).

This number is defined as a ratio of inertial and viscous forces

Re =
ρLU∞
µ

, (2.2)

where L is the characteristic linear dimension and µ is the dynamic viscosity of the

fluid. When Re is low, viscous forces dominate in the flow and it stays laminar. At

high Reynolds numbers inertial forces prevail and the flow becomes turbulent.

Drag is comprised of two components, namely skin friction (frictional drag) and

pressure drag. Both types of drag are essentially a result of the fluid viscosity, but

frictional drag is caused by the friction of fluid against the surface of an object and

is proportional to the surface area of an object exposed to the flow. Pressure drag

is caused by the pressure difference between the front and rear sides of the body

due to flow separation from the body and consequent wake formation. However, the

relative contributions of these types of drag to the total drag differ depending on

the shape of the body and the Reynolds number.

Based on the dominant type of drag component objects can be subdivided into

streamlined and bluff bodies. Objects from the former group (e.g. airfoils, sub-

marines, sharks) have a shape that minimises or eliminates flow separation and

consequently the wake, or minimises them to a small region just behind the body.

For streamlined bodies viscous drag is the dominant type of drag regardless of the

Reynolds number. On the other hand, flow separates from the bluff bodies (e.g. chim-

neys, buildings, lamp posts) due to their shape and a large wake region is formed.

Consequently, pressure drag makes the largest contribution to the total drag. How-

ever, since separation is in general Reynolds number dependent, skin friction can

account for a significant part of the total drag of bluff bodies at low Re, where

viscous effects are dominant. At the same time, at high Reynolds numbers most

of the total drag of a bluff body arises from its pressure component. For example,

for a circular cylinder at Re = 10.5 frictional drag contributes approximately 42%

to the total drag (Thom, 1933), while at Re = 100,000 only approximately 0.75%

(Achenbach, 1968).
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Figure 2.1: Drag coefficients for different orientations of various two- and three-
dimensional bodies with respect to the incoming flow in the range of Reynolds num-
bers between 104 and 106. Flow direction is from left to right. Data is taken from
Hoerner (1965).

It should be noted that depending on its orientation with respect to the flow,

the same object can be either a streamlined or a bluff body. A widely used example

to demonstrate this phenomenon is the infinitely thin flat plate. When it is placed

parallel to the flow direction its surface is aligned with the flow, while frontal area

is infinitely small, and no separation is observed. Thus, the drag experienced by the

plate in this orientation is friction drag. On the other hand, when the same plate is

placed with the surface normal to the flow direction, its frontal area is significantly

higher compared to the previous case, the flow separation occurs from its edges, and a

wake is formed behind. Consequently, its drag is mainly due to pressure drag which

is a result of pressure difference between the front and rear surfaces of the plate.

The same behaviour, but in the plant biomechanics context, was demonstrated for

an artificial leaf of the broad bean (Vicia faba) in the wind tunnel experiments by

Thom (1968). When an aluminium leaf model was mounted parallel to the flow, its

drag coefficient was very close to the theoretical value for the skin friction coefficient

of a flat plate of the same shape and surface area. At an orientation normal to the

flow, the drag coefficient was mostly due to pressure drag.

The shape of an object significantly influences its drag reduction abilities that

come from the change of orientation with respect to the incoming flow (see Figure

2.1). For example, CD of a hollow hemisphere facing downstream is more than

three times lower compared to the same hemisphere facing flow with its concave

surface. On the other hand, reorientation of a right isosceles triangular cylinder

from downstream to upstream position of its right angle reduces drag coefficient



10 CHAPTER 2

only by 22.5%.

2.2 Plant adaptation strategies to wind

Plants must face and cope with the wind since, unlike humans or animals, they can-

not shelter or hide themselves from it. To grow and survive in windy environments

plants have developed a number of adaptation strategies. These strategies include

streamlining and reconfiguration, damping and wind-induced pruning (brittle recon-

figuration) (Gardiner et al., 2016).

2.2.1 Streamlining and reconfiguration

One approach plants use to lower the experienced drag force is to adjust their orienta-

tion with respect to the wind direction, taking advantage of the previously discussed

dependence of drag on the orientation. For instance, the drag coefficient of a daffodil

flower facing downwind (convex shape) is lower by approximately 30% compared to

its upwind (concave shape) orientation (Etnier and Vogel, 2000). Moreover, it was

observed that with an increase of the wind speed daffodils utilise this dependence

and reorient themselves by twisting their stems, to achieve the flower position of

minimum drag and thus reduce experienced wind loading.

Most of the plants and their parts (e.g. leaves, branches) deform under wind

due to their relative flexibility. Vogel (1984) pointed out the term ‘deformation’

has some pathological meaning for plants and introduced term ‘reconfiguration’ to

describe changes of plant shape under wind. Together with the streamlining of the

plants shape with the increase of the flow speed, reconfiguration is an important

adaptation strategy of plants to wind and wind gusts in their environment. In terms

of this adaptation strategy, plants reduce their frontal area and aerodynamically

optimise their shape to experience less force from the wind. The details of the

physics and mechanics behind streamlining and reconfiguration can be found in

Vogel (1994) or in the review by Gosselin (2019).

Harder et al. (2004) showed that streamlining by reconfiguration and reorienta-

tion is a common feature for plants regardless of their size and growth environment.

Studying the reconfiguration mechanism in brown seaweed (Durvillaea) and the giant

reed (Arundo donax ) they discovered that these plants share the same streamlining

concepts even though their growth environments and size are quite different. In

addition, Vollsinger et al. (2005) showed in wind tunnel experiments with various
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hardwood species that streamlining and decrease in tree crown frontal area is com-

mon for all of them. In general, the effects of reconfiguration on drag reduction are

widely studied for trees at various wind speeds (Hedden et al., 1995; Speck, 2003;

Rudnicki et al., 2004).

Reconfiguration was also studied separately for tree leaves. Vogel (1989) con-

ducted wind tunnel experiments with various broad leaves and determined that

pinnately compound leaves of black locust (Robinia pseudoacacia L.) form cylinders

with increasing wind speed and have the lowest drag among the studied species.

The general trend of decreasing drag coefficient with the increase of wind speed was

found in all leaves except for individually tested white oak (Quercus alba L.).

For rigid objects, e.g. plants that cannot reconfigure under wind, the drag scales

with the square of the wind speed (see equation 2.1). This relationship between

drag and wind speed has been generalised by Vogel (1984, 1989) to account for the

streamlining and reconfiguration that can be observed for most plants:

D ∝ U2+V , (2.3)

where V is the Vogel exponent. The Vogel exponent of a plant or its part can be

determined experimentally by conducting a series of drag measurements at various

flow speeds and plotting speed specific drag (D/U2) versus speed on a log-log scale.

V is then evaluated as a slope of this curve (see Vogel (1994) for details). The values

of the Vogel exponent were determined for many aquatic and terrestrial species and

their parts (Harder et al., 2004; de Langre et al., 2012) in the range from -1.16 to 0.

When plants are subjected to strong prevailing winds, the streamlining and re-

configuration can become irreversible and result in so called flagged trees (Figure

2.2). The windswept shape of flagged trees is a result of plastic and viscoelastic

deformations of branches due to wind loading and is an important acclimation re-

sponse to windy environments that occurs over long periods of time (Telewski, 2012).

Streamlined crowns of windswept trees experience less speed specific drag and de-

crease the probability of stem breakage or uprooting from wind loading (Telewski

and Jaffe, 1986a). The degree of crown streamlining in trees depends on the wind

strength and exposure time, i.e. it is dose specific (Griggs, 1946). Moreover, the

ability to develop a windswept form appears to be plant specific as not all trees be-

come flagged in a response to the same wind exposure in their natural environment

(Noguchi, 1979).
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Figure 2.2: Flagged tree a result of irreversible streamlining and reconfiguration that
occurs over time due to regular and continuous exposure to strong prevailing winds
in the natural environment. This photo was taken in Gourock on the windy west
coast of Scotland.

2.2.2 Damping

Another method by which plants deal with wind loading is through damping of

wind-induced oscillations. Wind energy is dissipated in plants from stem to bigger

branches and further to small branches through structural damping as was shown

by Spatz et al. (2007) for Douglas fir tree (Pseudotsuga menziesii). Spatz and

Theckes (2013) classified the different types of oscillation damping in trees as vis-

cous damping, aerodynamic damping, structural damping, damping by interaction

with neighbouring trees, and damping by root soil interaction. A similar concept

was discussed by James et al. (2006), who pointed out that the complex branch

structure of trees decreases sway motion through mass interaction between branches

and trunk. Moreover, James et al. (2006) described the detuning strategy of trees,

i.e. the minimisation of occurrence of resonant and harmonic frequencies through

dynamic mass damping. In addition to increasing tree stability, detuning helps in

dealing with wind loading by minimising energy transfer from the wind to the trunk

and root.
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2.2.3 Wind-induced pruning

Wind-induced pruning is an extreme case of reconfiguration, during which a plant

sheds leaves and/or branches in order to decrease wind loading on the whole struc-

ture. This strategy is a common mechanism for plants to reduce the negative impacts

of high loadings. Mathematical modelling showed that wind-induced pruning of the

crown area by 50% significantly reduced fatal damage to loblolly pine (Pinus taeda

L.) during hurricane winds (Hedden et al., 1995). Similarly, fracture and subsequent

loss of a number of tree branches during high winds decrease the impact of the

wind-induced bending moment on the tree trunk and prevent its breakage (Niklas

and Spatz, 2000). Wind-induced pruning also improves dynamic mass damping of

trees in windy conditions through reduction of excessive sway motions of the trunks

and thus contributes to their overall mechanical stability (James et al., 2006). In

addition, prevention of trunk fracture or plant uprooting by brittle reconfiguration

is of biological importance as a broken trunk in most cases will lead to the death of

the tree, while branches can re-grow (Lopez et al., 2011).

2.2.4 Cacti and succulents

While streamlining and reconfiguration is a common way for most plants to deal with

the wind loading, some plants cannot employ this strategy, even when subjected to

high winds, due to their structure. Cacti and a number of other arborescent suc-

culents (Figure 2.3) do not have leaves and their stems and branches lack flexibil-

ity, thus disabling reduction of the experienced drag force through reconfiguration.

However, these plants are still able to cope with high wind loadings in their natural

environment – usually deserts, without being broken or uprooted. This phenomenon

has most widely been studied for the saguaro cactus (Carnegiea gigantea) (Figure

2.3A). These columnar cacti are typically 8 to 15 m tall, have up to 30 ribs on their

stems of diameter ranging from 0.3 to 0.8 m, but their root system is too shallow to

provide adequate anchorage during wind gusts (Pierson and Turner, 1998). Based

on the Remote Automatic Weather Stations (RAWS) USA climate archive data, the

maximum recorded wind speed in the region of natural habitat of saguaro cacti be-

tween 2002 and 2020 was 29.5 m/s (Western Regional Climate Center (2020), Selles,

AZ RAWS). Moreover, wind gusts over 17 m/s occurred regularly in this area over

the same time period. In the context of a saguaro cactus of 0.6 m in diameter this

would correspond to Reynolds numbers of 1.1 × 106 and 6.5 × 105, respectively, in

dry air at 25 ◦C. Under the same wind conditions, a succulent with stem diameter
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Figure 2.3: Representatives of Cactaceae and Euphorbiaceae families that developed
similar plant structure to adapt to dry desert conditions in the process of convergent
evolution. (A) Saguaro cactus (Carnegiea gigantea) in Saguaro National Park, USA
(Magnuson, 2018). (B) Candelabra tree (Euphorbia ingens) in the Royal Botanic
Garden Edinburgh, Scotland.

of 0.2 m would experience Reynolds numbers of 1.9× 105 and 1× 105. A number of

studies performed on cactus-like cylinders showed that ribs and spines modify the

flow field around the cactus and minimise wind impact at low and high Reynolds

number (Talley et al., 2001; Babu and Mahesh, 2008; Levy and Liu, 2013; Wang

et al., 2014; Cheng et al., 2018).

It should be noted that enhancement of aerodynamics performance is not the only

function of the ribs and spines that are present on trunks of cacti and succulents.

Plants are complex organisms and their parts usually have multiple functions that

complement each other. In the case of spines, they also protect from herbivores,

provide shading (Nobel et al., 1986), collect moisture from fog (Ju et al., 2012),

and guide movement of dew drops towards the stems (Malik et al., 2016). In turn,

the ribs on the cactus trunk provide shading that reduces surface temperature of

the plant (Nobel, 1978), facilitate in cactus swell and shrink during raining and dry

seasons, respectively (Nobel, 1977), and contribute to mechanical stability (Niklas

et al., 1999).
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2.3 Thigmomorphogenesis

When subjected to external mechanical stimuli plants exhibit physiological response

through changes in their growth and development. A similar observation was already

made by Newcombe (1895) more than a century ago in a review of early works on

the regulatory growth of plants. However, only in the late 20th century Jaffe (1973)

coined the term ‘thigmomorphogenesis’ to describe these changes and more system-

atic research of this phenomena began (see also Biddington (1986); Braam (2005);

Telewski (2016); Gardiner et al. (2016) for reviews). Thigmomorphogenesis occurs

gradually and therefore is not noticeable right away but over time the changes can

become significant and obvious (Braam, 2005). The common thigmomorphogenetic

responses found in a large number of plants include (see e.g. Jaffe, 1973; Telewski

and Jaffe, 1986a,b; Telewski and Pruyn, 1998; Paul-Victor and Rowe, 2011; Gladala-

Kostarz et al., 2020):

• inhibition of the shoot elongation;

• increase in shoot radial growth (in case when cambium layer is present);

• decrease in aboveground and increase in below ground plant biomass.

On the other hand, no consistent thigmomorphogenetic effect was observed on

mechanical properties of plants. For example, mechanical treatment resulted in both

more flexible (Telewski and Jaffe, 1986b) and more rigid stems (Kern et al., 2005).

Thigmomorphogenetic changes are likely to be adaptive and help plants to withstand

stresses in their natural environment (Jaffe, 1973; Telewski and Jaffe, 1986a).

Initially, thigmomorphogenesis was observed as a result of mechanical bending

of plants (Gardiner et al., 2016). On the other hand, it has been long known that

plants subjected to wind, especially to high winds, demonstrate similar changes

in their growth and development. For example, more than 200 years ago, Knight

(1803) experimentally showed that young apple trees, which were free to sway in the

wind, increased radial growth in the bottom parts of their trunks while their overall

growth (extension) was inhibited compared to the staked apple trees that grew in

the same field. Taking into account these similarities, a number of studies used

various types of mechanical perturbations such as brushing (Paul-Victor and Rowe,

2011), bending (Niez et al., 2020), and vibration (Niklas, 1998) to simulate effects of

wind on plants. However, results of factorial studies (Smith and Ennos, 2003; Anten

et al., 2010), where effects of wind and mechanical stress were separated in the same
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Figure 2.4: Schematic example of gravitropic response in plants. When a plant is
tilted from the vertical orientation both root and shoot exhibit gravitropism until
they are realigned with the direction of gravity vector.

experiment, cast doubt on whether this approach is entirely correct. Smith and

Ennos (2003) found that wind and flexing have opposite effects on plant growth in

sunflowers. Compared to the control plants, which were grown without any imposed

stress, mechanical bending inhibited stem length while exposure to air flow alone

resulted in taller plants. Anten et al. (2010) reported that while growth reduction

was common for mechanically treated and wind exposed Plantago major plants the

changes in their morphology and mechanical properties differed.

2.4 Tropic responses in plants

Despite the fact that plants are sessile organisms they still can move to cope with

changes in their environment and to ensure optimum growth conditions. Probably,

the most widely known examples of plant movements are catching of prey by the

Venus fly trap (Dionaea muscipula) and the folding of leaves of the sensitive plant

(Mimosa pudica L.) or carambola (Averrhoa carambola) after being touched. These

movements are independent of the external stimulus direction and are known as

nastic movements.

In addition, plants exhibit movements through tropism (tropic response), which

is defined as a growth movement or reorientation induced in a direction related to

the direction of external stimuli (Iino, 2006). Depending on the relative directions of

tropism and stimulus the former can be either positive or negative. A tropic response

is considered positive when the direction of growth is towards the stimulus. On the

other hand, when growth direction is away from the stimulus a tropic response is
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Figure 2.5: An example of tropic response in Arabidopsis. Roots of Arabidopsis
Col-0 exhibit positive gravitropism and reorient their growth direction with respect
to the new direction of the gravity vector. (A) Control group. (B) Plate with
experimental group seedlings, that was turned 90◦ in the counterclockwise direction
after the initial growth period. The length of the roots at the point in time, when
the experimental plate was turned, is marked with the dot in both groups.

negative. Plants are known to respond to a number of environmental factors and

consequently exhibit tropic responses to them. Depending on the type of the stimulus

different tropisms are distinguished and studied, e.g. plants respond to light through

phototropism (Sakai et al., 2001; Legris and Boccaccini, 2020), to gravity through

gravitropism (Moulia and Fournier, 2009; Chauvet et al., 2016), to touch through

thigmotropism (Huberman and Jaffe, 1986; Takahashi and Jaffe, 1990).

An example of a typical gravitropic response is schematically shown in Figure 2.4.

Under normal conditions a plant grows vertically in the pot, i.e. it is aligned with the

direction of the gravity vector. When the pot is tilted, misalignment with the gravity

vector is sensed by the plant and a gravitropic response is triggered. As a result,

plant parts exhibit gravitropic bending until realignment with the gravity vector. It

should be noted that the direction of the gravitropism in above (shoot) and below

ground (root) parts of a plant is different. While the shoot demonstrates negative

gravitropism, change in the direction of the root growth is an example of positive

tropic response. A further example of positive gravitropism of roots is presented

in Figure 2.5 for Arabidopsis Col-0. This shows results of a standard experiment

that was conducted for training purpose during the first year of this PhD project:
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seeds of Arabidopsis were sown on two plates, so the root development could be

visually observed. The seed germination and development of the roots took place

in a growth chamber where both plates were placed vertically on the rack. When

the roots of all plants were around 10-15 mm long, one plate (experimental group)

was turned by 90◦ in the counterclockwise direction. The orientation of the second

plate (control group) remained unchanged. The length of the roots in every plant

from both control and experimental groups was marked at this stage. After a few

days, no change in the direction of root growth was observed in the control group

(Figure 2.5A). In contrast, the roots of the experimental plants responded to their

new orientation with respect to the gravity vector by reorienting their growth in the

direction of gravity vector (Figure 2.5B).

While wind is widely considered as an external stimulus, the tropic response of

plants to it has not been widely studied and it is not clear whether plants exhibit

a directional response, i.e. anemotropism, to this environmental stimulus. Interest-

ingly, an anemotropic response was clearly demonstrated in the representatives of

another biological kingdom, namely fungi (e.g. Badham, 1982; Geer et al., 1990).

However, there is only a limited number of studies that contain information regard-

ing this tropic response in plants. In addition, the available insights for plants are

indirect, since anemotropic response was not the main subject of these studies. Rees

and Grace (1980) investigated growth of lodgepole pine (Pinus contorta Douglas)

subjected to a constant unidirectional wind treatment inside the wind tunnel. It was

observed that the new shoots developed a curvature towards the wind, thus suggest-

ing that a positive anemotropic response may exist. Another indirect observation of

positive anemotropism can be found in Berthier and Stokes (2006) who applied peri-

odic unidirectional wind to artificially inclined maritime pines. Wind treated plants

reduced the inclination of their basal and middle parts significantly faster compared

to the control group. It should be noted that in both aforementioned studies the

authors did not acknowledge the observed response as anemotropic. In a review of

the tropic responses of trees to wind Telewski (2012) concludes that a tropic response

of plants to a unidirectional wind has not been documented in any plant system so

far. In the same review, the author, based on available evidence, rejects the hy-

pothesis that a windswept form of trees is due to negative tropic response to wind.

Consequently, it is an open question whether plants have a directional response to

wind.
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2.5 Research objectives

This PhD thesis consists of two parts that explore different aspects of plant adap-

tation to the wind. The first part investigates the acclimation of a living plant to

a unidirectional wind of a constant speed. While there are a number of studies on

wind influence on various plants, there is no systematic study of the effects of wind

on a model plant Arabidopsis thaliana which is widely used as a model organism in

plant science. Moreover, in many studies wind influence is mimicked by other types

of mechanical perturbations, opening the question of reliability of this approach.

Therefore, the first part aims to provide a comprehensive study of the influence of

a unidirectional wind of a constant speed on the acclimation of Arabidopsis and

explores the possibility to simulate wind influence through the widely used brushing

approach.

The main objectives of this part are as follows:

• Create a controlled and well characterised wind environment suitable for con-

tinuous growth of Arabidopsis (Chapter 4).

• Develop and validate a method for mechanical characterisation of Arabidopsis

stems to assess their mechanical properties and changes induced by various

types of treatment (Chapter 5).

• Perform experiments in which Arabidopsis is subjected to a unidirectional wind

treatment at a constant wind speed (Chapter 6):

– Evaluate wind-induced changes in plant phenotype, mechanical proper-

ties, and anatomical tissue composition of Arabidopsis stems.

– Investigate whether Arabidopsis exhibits anemotropic response to a con-

stant unidirectional wind and, in case such response is present, establish

its direction.

– Study the acclimation strategy of Arabidopsis to this type of environmen-

tal stimulus.

• Investigate whether it is possible to simulate impacts of unidirectional wind of a

constant speed on Arabidopsis through other types of mechanical perturbation.

In this case the widely used brushing method is applied (Chapter 7).
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The second part of this thesis focusses on the flow past succulent-inspired cylin-

ders. Succulents (Figure 2.3B) are native to the Eastern Hemisphere and have inde-

pendently developed a plant structure similar to cacti (Figure 2.3A) of the Western

Hemisphere in the process of convergent evolution (McGhee, 2011). As discussed

above, for a cactus-shaped cylinder with many ribs aerodynamic benefits have been

confirmed in a number of experimental and numerical studies. On the other hand,

succulents tend to have a lower number of ribs and it is unexplored whether their

ribs also provide aerodynamic benefits.

From a biomechanical point of view, since these two plant families have evolved

similar features in similar environments, ribs in succulents could be expected to

perform aerodynamically similar functions as in cacti. However, the direct extrapo-

lation of results obtained for cactus-inspired cylinders with many ribs to succulents

is not possible, since the outer shape of succulents with low number of ribs does

not resemble a circular cylinder and, for example, a significant dependence of the

aerodynamic forces on the angle of attack is expected.

The main research objectives of the second part of this thesis are:

• Perform a preliminary 2D URANS investigation of an angle of attack depen-

dence of aerodynamics coefficients and Strouhal number and assess drag re-

duction abilities of the succulent-inspired cylinders with three and four ribs

(Chapter 9).

• Conduct wind tunnel experiments (force, pressure, hot-wire anemometry and

PIV measurements) with the succulent-inspired cylinder with four ribs to ex-

plore further its aerodynamics over a range of Reynolds numbers (Chapter

10).
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Chapter 3

Methodology for experiments with

Arabidopsis

This chapter provides background information on the model plant Arabidopsis,

which was used in the experiments studying how plants adapt to various mechanical

stimuli in this PhD project. The chapter starts with general information on Ara-

bidopsis thaliana and why it is a popular model organism in plant science. Next, the

growth and developmental stages of Arabidopsis are presented followed by some ba-

sic concepts of the cultivation process of this plant, including optimal conditions for

its growth. Background information on the experimental methods and techniques

that were used in this project is also presented. This includes: plant phenotyp-

ing, histochemical staining, turgor pressure reduction, cuticle disruption, and flame

photometry.

The present chapter is intended for readers without background in plant science

or related areas and provides a foundation for the later chapters of this thesis related

to experiments with Arabidopsis.

3.1 Model plant Arabidopsis thaliana

Arabidopsis thaliana (Figure 3.1A) is a small herbaceous annual plant from Brassi-

caceae family. In plant science, it plays the same role as the fruit fly (Drosophila

melanogaster) in genetics and developmental biology or the house mouse (Mus mus-

culus) in biology and medicine, i.e. it is a model organism. Arabidopsis has been

known to scientists for more than four hundred years, has been used as a plant

model system for more than seventy (Rédei, 1992), and holds the title of the most

studied flowering plant (Koornneef and Meinke, 2010). An overview of the history of

23
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BA

Figure 3.1: Arabidopsis thaliana a widely used model organism in plant science. (A)
Columbia (Col-0) wildtype. (B) PIN-1 mutant.

Arabidopsis research can be found in the aforementioned references. The advantages

of using Arabidopsis as a model organism were first outlined in 1943 by Friedrich

Laibach, a scientist who laid the cornerstone of Arabidopsis experimental research.

The key benefits, which are also relevant to the current PhD project, can be sum-

marised as follows: (i) The plant’s small size gives the possibility to grow a number

of plants simultaneously within a limited space of a controlled environment, (ii) The

fast development of approximately six weeks decreases the required time for experi-

ments, (iii) The possibility to get a high number of seeds from a single plant (up to

10,000) is also beneficial in terms of using Arabidopsis for experimental research.

Arabidopsis has numerous natural accessions as well as thousands of mutant

lines (Lamesch et al., 2012) with altered properties that are readily available, e.g.

inflorescence stems of PIN-1 mutants (see Figure 3.1B) do not have lateral organs and

produce no, or few flowers (Gälweiler et al., 1998). This makes Arabidopsis thaliana

an object of a wide range of studies including plant development, physiology, and

biochemistry. In addition, Arabidopsis is the primary choice for investigations of

plant molecular genetics due to the small size of its genome (Koornneef and Meinke,

2010).

Studies on the model organism Arabidopsis thaliana have also contributed to
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various aspects of plant biomechanics. For example, such investigations facilitated

understanding of how growth forms respond to different environmental conditions

(e.g. Xu et al., 1995; Bailey et al., 2001) and provided insights into wood formation

(Chaffey et al., 2002). In addition, Brulé et al. (2016) discussed the possibility to

use Arabidopsis in plant biomechanics studies as a model plant to investigate the

influence of various parameters on plant stiffness.

Among all available variations of Arabidopsis, Arabidopsis genotype Columbia

(Col-0) is usually considered as the reference genotype, i.e. wild type (Koornneef

and Meinke, 2010). Genotype is a term used to describe the genetic constitution

of the plant. Another term that is used throughout the following chapters is eco-

type, which is a distinct genotype within a species that is a result of adaptation

to local environmental conditions. In the scientific literature, natural accessions of

Arabidopsis are usually referred to as ecotype, even though they do not meet its ex-

act definition. This convention is followed in the present project, where Arabidopsis

thaliana ecotype Col-0 was chosen as model organism to investigate the response

and acclimation of plants to constant unidirectional wind and mechanical stress.

3.2 Growth and development of Arabidopsis

Boyes et al. (2001) classified the life cycle of Arabidopsis into principal growth stages.

These stages cover growth and development of Arabidopsis from seed imbibition to

maturation of the new seeds and include (in developmental order): seed germina-

tion, leaf development, rosette growth, inflorescence emergence, flower production,

silique ripening, and senescence. Under normal growth conditions (discussed later)

the growth stages, after completion of seed germination, overlap in time, e.g. the in-

florescence stem starts to develop while the rosette growth stage is not yet complete.

In the first stage, cotyledon (embryonic leaves) and hypocotyl (part of the stem

between cotyledon and roots) emerge as a result of seed germination (see Figure

3.2A). After the cotyledon is fully opened, the new leaves, which form the rosette,

start to develop (Figure 3.2B). In the next stage, the rosette size increases as leaves

grow bigger (Figure 3.2C) until the rosette growth is completed. The inflorescence

emergence begins with the appearance of the first flower buds (see Figure 3.2D) and

is accompanied by the development of the inflorescence stem. The opening of the first

flower bud marks the start of the flower production stage of Arabidopsis development

(see Figure 3.2E). With time, the flowers turn into seed holding siliques (seed pots),

which start to shatter during the silique ripening stage. In the final stage of the
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Figure 3.2: Arabidopsis growth and development. (A) Seed germination stage. (B)
Leaf development stage. (C) Rosette growth stage. (D) Inflorescence emergence
stage. (E) Flower production stage.

Arabidopsis growth and development cycle, the plant is going through senescence

and seeds are ready to be harvested.

In the present project, wind and mechanical treatment of Arabidopsis started at

the beginning of the inflorescence emergence stage and continued up to the end of

the flower production stage, but before any signs of plant senescence appeared. The

choice of the stage to finish treatment and proceed to destructive mechanical and

anatomical characterisation of stems is motivated by the following reasons: first,

close to the middle of the flower production stage, the elongation rate of the in-

florescence stem starts to decrease, and its overall length remains almost constant

towards the end of this stage (see Boyes et al., 2001). Second, the studied properties

of plant stems are not yet affected by senescence.

3.3 Cultivation of Arabidopsis

The process of growing the model plant Arabidopsis and the required environmental

conditions are well known and standard protocols exist (e.g. Sanchez-Serrano and

Salinas, 2014). In this section some basic concepts of the Arabidopsis cultivation
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process in soil and importance of growth conditions are explained. The following

information is mainly related to ecotype Col-0 and some alterations may be required

for growing other ecotypes and especially mutant lines.

3.3.1 Seed stratification

Seeds of many plants can show a period of dormancy, during which their germi-

nation does not occur even during favourable conditions. Dormancy is considered

as an adaptation mechanism by which germination is avoided during unsuitable

environmental conditions that can affect development and survival of the seedling

(Finch-Savage and Leubner-Metzger, 2006). In order to induce seed germination,

the dormancy needs to be broken. This is achieved by exposing them to a treatment

that imitates natural conditions in a process called stratification.

For Arabidopsis, cold stratification (i.e. exposure to low temperature) is com-

monly used. In addition, subjecting Arabidopsis seeds to cold treatment improves

germination rate and synchronises it between the seeds (Rivero et al., 2014). The

latter is quite important for having plants of similar age and at the same develop-

mental stage during the experiments. In the current project, stratification of freshly

sown seeds of Arabidopsis thaliana ecotype Col-0 was carried out at 4◦C for 48 hours,

which is a standard practice for this ecotype in the Laboratory of Plant Physiology

and Biophysics at the University of Glasgow.

3.3.2 Photoperiodism and growth cycles

Photoperiodism in plants includes non-directional developmental and physiological

responses to non-directional but periodic light stimuli (Jones, 2013). In the natural

environment, photoperiodism is related to the changes in the length of the day, which

varies with season and plant growth location on Earth, and is an important adap-

tation mechanism. Plants respond to these changes in order to ensure favourable

conditions for their growth and reproduction. In general, angiosperms can be sub-

divided into two types, namely short-day and long-day plants. The plants from the

former group (e.g. rice, soybean and some varieties of tobacco) require a certain

number of days with day duration below a certain threshold in order to start flower-

ing. On the other hand, plants from the latter group (e.g. wheat, lettuce) begin to

flower only after the duration of the daylight they are exposed to is above a certain

threshold. In addition, some plants are day neutral (e.g. sunflower, tomato), i.e.

their flowering response does not depend on the duration of the day. The threshold
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amount of daylight duration is highly variable between species and many plants from

the aforementioned groups can actually flower within the range of 12 to 14 hours of

daylight even though it is not optimal for them (Garner, 1933).

Arabidopsis thaliana is a facultative long-day plant, i.e. Arabidopsis flowers ear-

lier under long days than under short days. Ecotype Columbia (Col-0) used in the

present study is known to flower within 3 weeks under long-day conditions, while

under short-day conditions the time to flower will be extended to a minimum of 5

weeks (Pineiro and Coupland, 1998). The flowering threshold between short- and

long-day photoperiods for Arabidopsis is 12 hours (Rivero et al., 2014). In plant sci-

ence, 16h of light/8h of dark cycle is widely used for the long-day conditions, while

8h of dark/16 hours of light cycle is used for the short-day. For the experiments in

the present project, a long-day growth cycle was adopted in order to achieve rapid

development of the inflorescence stems, and thus reduce the total duration of the

experiments.

3.3.3 Light intensity

For the growth and development of plants it is also important to ensure that they

receive a sufficient amount of light. Radiation and hence amount of light are quan-

tified in a number of different ways in plant science (see e.g. Bell and Rose, 1981).

Commonly it is expressed in terms of photosynthetically active radiation and quan-

tified using photosynthetic photon flux density (number of photons in the 400-700

nm wavelength range received by the surface over a period of time) and is referred

to as light intensity.

Optimum light intensity for growing Arabidopsis is in the range of 120-150

µmol/m2s (Rivero et al., 2014). Arabidopsis plants grown under low light inten-

sity will be weak and slow growing, while too high light intensity may result in the

death of young Arabidopsis seedlings. In the present project, LED growth lights

were set to provide light intensity at 150 µmol/m2s in all conducted experiments.

3.4 Phenotyping

There is no single definition of the term phenotype and its exact meaning largely

depends on the context in which it is employed (Mahner and Kary, 1997). In this

thesis, this term is used to describe a set of observable structural properties of a

plant. A plant’s phenotype can change, i.e. exhibit phenotypic plasticity, under
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Figure 3.3: Arabidopsis morphology.

the influence of environmental conditions, allowing plants to survive and develop.

Moreover, phenotypic plasticity is considered to be a more important factor for

plant adaptation to the changing climate than genetic diversity (Vitasse et al., 2010;

Gratani, 2014). Plant phenotyping, in the broad sense, covers protocols and method-

ologies for characterisation of plant growth, architecture, and composition (Fiorani

and Schurr, 2013). In the context of this thesis, this term is used to describe the

process of characterisation of Arabidopsis phenotype.

Arabidopsis exposed to wind environment or subjected to mechanical perturba-

tions is expected to exhibit phenotypic plasticity. Evaluation of the changes to its

phenotype can provide insights into the acclimation strategy of this model plant. In

the experiments carried out in this project, plant phenotyping was performed several

times throughout their duration. During each phenotyping the following parameters

were measured and recorded: length of the primary inflorescence stem, number of

stems, and number of branches. The length of the primary inflorescence stem is

defined as the distance from its base to its tip. The number of stems includes all

inflorescence stems, i.e. the primary inflorescence stem and other inflorescence stems
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Figure 3.4: A transverse cross-section of Arabidopsis inflorescence stem stained with
toluidine blue. Anatomical features and main tissues are shown: epidermis (ep),
cortex (co), vascular bundle (vb), xylem (xy), phloem (ph), interfascicular tissue
(if), and pith (pi).

that are also known as basal branches (see Figure 3.3). The number of branches

refers to the total number of branches on the plant, excluding the basal branches

(Figure 3.3).

3.5 Anatomical structure and histochemical stain-

ing

Arabidopsis stems consist of multiple tissues that perform specific functions (Fig-

ure 3.4). The epidermis is the outermost tissue of the Arabidopsis stem, which is

formed by a single layer of cells. It provides a barrier between the inner part of the

stem and the external environment. On the outer side of the epidermis cells is a

waterproof cuticle that reduces water losses from plant organs. Vascular bundles are

part of the transport system in plants and consist of two types of vascular tissues,

namely xylem and phloem. Xylem cells are typically located adaxial in the stem

and transport water and other nutrients from roots up to the top parts of the plant

by the means of hydrostatic pressure. Another plant vascular tissue – the phloem,

lies abaxial to xylem. Most of the organic compounds, including products of photo-

synthesis, are moved and distributed in the plant through this tissue. Interfascicular

tissue occupies the space between two vascular bundles. The epidermis is separated

from the interfascicular tissue and vascular bundles by the cortex (Figure 3.4). The

innermost part of the stem is formed by the pith that is composed of soft cells that
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store water.

In order to withstand negative hydrostatic pressure, without collapsing, xylem

cell walls are lignified (Turner and Somerville, 1997). Thus, lignified xylem has

superior mechanical properties and provides structural support for the plant stem.

In addition, lignification is also present in interfascicular tissue (Barros et al., 2015)

that also contributes to the structural support.

The distribution of tissue structures in Arabidopsis stem can be visualised and

identified using histochemical staining. A simple and fast way to visualise multiple

tissues in a single step is staining with toluidine blue. Toluidine blue O is a cationic

dye that allows for polychromatic staining of plant cell wall, i.e. it stains cell walls

in different colours depending on their composition (O’Brien et al., 1964). This dye

stains lignified tissues in blue while non-lignified cell walls turn purple (see Figure

3.4). The procedure of histochemical staining using toluidine blue is a standard

method in plant sciences. The detailed protocol together with video instructions

for various types of histochemical staining, including toluidine blue, are available

in Mitra and Loqué (2014). In general, the procedure can be briefly summarised

as follows. First, an approximately 0.2 mm thick transverse section should be cut

from the inflorescence stem either manually or using dedicated equipment, e.g. a

vibratome or a microtome. Next, the section is placed into a microcentrifuge tube

and 0.02% toluidine blue solution is added. After approximately two minutes, the

section is rinsed a couple of times with distilled water until the solution inside the

tube is clear. After this, the section is ready for examination under a microscope.

3.6 Cuticle disruption using carborundum pow-

der

As was mentioned in the previous section, Arabidopsis stems have a cuticle on their

outer surface that is the main barrier between the environment and the cells. The

cuticle has low permeability that is required for normal growth and development of

a plant but can be disadvantageous for certain experiments.

In the present project, as a part of the development and validation of the new,

vibration based method for mechanical characterisation of Arabidopsis stems, it was

necessary to alter the mechanical properties of the tested stem segments (see Chapter

5). This was achieved by reducing the turgor pressure, which is an internal hydro-

static pressure that acts uniformly on the cell walls through the plasma membrane.
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Turgor pressure plays an important role in cell growth (e.g. Geitmann and Ortega,

2009) and also contributes to the overall stiffness of cells and tissues (Beauzamy

et al., 2014).

To lower the turgor pressure, the tested stem segments were treated with car-

borundum powder before their submersion into a hyperosmotic solution. The pri-

mary purpose of this preliminary treatment was disruption of the stem cuticle by

creating micro-scratches on its surface. This treatment made stems permeable for

the hyperosmotic treatment and allowed for a reduction in turgor pressure. This

method for abrading the cuticle is widely reported in the literature, see e.g. Jacobs

and Ray (1976); Evans and Vesper (1980); Cosgrove and Steudle (1981); Brum-

mell (1986), and is very effective for this purpose. As was shown in Cosgrove and

Steudle (1981), segments of pea that were treated with carborundum powder had a

fast response to the osmotic medium, while untreated segments showed very little

changes.

Some of the basic concepts of osmotic treatment are briefly introduced here, the

detailed explanations can be found in Nobel (2020). The water movement in plant

cells is driven by the water potential, which can be defined through the sum of the

pressure (ΨP ), osmotic (ΨΠ), and gravitational (Ψh) potentials. In many practical

applications only the first two potentials are considered, thus

Ψ = ΨP + ΨΠ (3.1)

The pressure potential (ΨP ) is usually given as the hydrostatic pressure (P ),

while the osmotic potential, which is caused by the presence of solutes, is given by

the negative of the osmotic pressure (Π). Thus, the previous equation can be written

as

Ψ = P − Π (3.2)

The osmotic pressure of the hyperosmotic solution (Π0) is higher compared to

the osmotic pressure of the intracellular fluid (Πi) in the plant part submerged in it,

i.e. Π0 > Πi. P 0 = 0 since the hyperosmotic solution is at atmospheric pressure. In

order to achieve equilibrium between water potentials,

Π0 = P i − Πi (3.3)

the hydrostatic pressure inside the plant cells (P i) will drop, while Πi normally is

not affected much (Nobel, 2020) and cells will become less turgid. This in turn will
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affect the mechanical properties of the treated plant part.

3.7 Flame photometry

In the experiments studying the influence of various types of mechanical stress on

Arabidopsis the ion content of the stems was determined using flame photometry.

This is a widely used method and standard protocols for the procedure are in place.

In brief, when the solution that contains ions of metals is subjected to a flame test,

the electrons of the ion emit light of certain colours. With the help of an optical filter

the selected wavelength can be isolated. The number of ions in the solution can be

determined by taking into account that the amount of emitted light is proportional

to the number of ions in the flame. The test requires calibration against standards

with known ion concentrations.





Chapter 4

Bespoke wind tunnel

4.1 Overview of wind environments for studies on

plants

To study wind effects on plants and related aspects, first of all, it is necessary

to subject plants to a wind environment. A number of ways to achieve this goal

are reported in the literature and are reviewed here, excluding those where wind

influence was simulated through other stimuli (e.g. bending, brushing). This section

is intended to provide an overview of the main approaches to investigate wind-plant

interaction and highlight related challenges. At the end of the section the choice of

the wind environment for the present project is motivated based on this overview.

Probably the most straightforward way to study wind influence on plants is in the

natural environment. Indeed, a number of studies were conducted in locations with

elevated wind levels (e.g. coastal areas, hills) or at dedicated research field sites (see

e.g. Richmond and Mueller-Dombois, 1972; Smith, 1972; Noguchi, 1979; Cordero,

1999). In addition, field studies are common for investigations of various aspects

of wind influence on crop plants (see e.g. Boldes et al., 2002; Joseph et al., 2020).

While this type of experiment ensures that experimental conditions are identical to

those experienced by plants in their natural environment, the drawback is that none

of these conditions is controlled and often a detailed characterisation of the wind

environment is not possible. In addition, comparative experiments with control

groups are challenging.

Another approach is to create an artificial wind environment at the site of the

field test. Sterling et al. (2003) used a portable wind tunnel that was designed and

built at the University of Birmingham for investigation of the lodging in wheat. The

35
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fan

Figure 4.1: Schematic representation of the field setup for a periodic wind treatment
at INRA Pierroton near Bordeaux, France. After the descriptions and drawings of
this setup in Tamasi et al. (2005); Berthier and Stokes (2005, 2006).

wind tunnel is 10 m long with a cross-section of 2.7×2.7 m and can be moved from

site to site. Six axial fans arranged in two rows of three can provide wind speed in

the range from 1 to 6 m/s. In addition, it is possible to create wind gusts of a flow

speed up to 8.5 m/s. The swirl of the flow is reduced by a grid and mesh installed

before each fan. The detailed description of this wind tunnel is available in the

aforementioned reference. In the experiments carried out by Sterling et al. (2003)

the wind tunnel was placed over the treated plants only for a short duration of time

to study the occurrence of different types of lodging, i.e. plants did not grow and

develop under the wind. The use of a portable wind tunnel for field studies on winter

wheat was also reported by Smika and Shawcroft (1980). Their 9 m long wind tunnel

with a cross-section of 1×1 m was additionally equipped with a heater to increase

the flow temperature in order to evaluate damage to the wheat from hot wind. The

flow speed was not uniform along the wind tunnel with reported values ranging from

9.7 m/s to 19.4 m/s along its length. However, from the aforementioned publication

it is not clear why such variation of the flow speed along the tunnel length was

present.

A different way to generate wind in field experiments was applied by Tamasi

et al. (2005), Berthier and Stokes (2005), and Berthier and Stokes (2006) who stud-

ied the influence of wind loading on trees at the forest nursery INRA Pierroton near

Bordeaux, France. Their field setup (Figure 4.1) allowed for a periodic wind treat-

ment with a constant flow speed. The wind was created by an electric fan that was

mounted on an 8 m long arm. The arm was rotating at a constant speed around an

axis which was located at the distance of 4 m from the fan. The plants from the
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Figure 4.2: Schematic representation of a simple wind environment created by a fan
that was employed in numerous studies on wind-plant interaction.

experimental group subjected to the wind treatment were placed in a circle around

this wind loading device. Thus, a periodical wind treatment with a constant flow

speed was applied to each plant for a certain amount of time when the arm with the

fan was passing by. Based on the aforementioned studies, the flow speed created by

the fan as well as the angular velocity of an arm can be adjusted according to the

requirements of the conducted experiment. The maximum reported flow speed in

these experiments was 5.5 m/s. The control group plants were grown on the same

site nearby the experimental group.

Portable wind tunnels are more suitable for experiments with smaller plants and

plant canopies as in the case of wheat, while a rotating arm with an attached fan

can induce wind treatment on bigger plants like trees. Compared to the approach

with natural wind, experiments with field setups that generate artificial wind can be

conducted at most field sites and make factorial experiments with a control group

easier. At the same time, this type of experiment ensures that environmental con-

ditions are the same for both control and experimental groups in all parameters but

the wind treatment. However, among all the environmental factors, only the wind

speed can be controlled, although within a limited range. In addition, continuous

or at least periodic characterisation of the environment is required throughout all

types of the field experiments.

The other main approach used in wind-plant interaction studies, which is op-

posite to field investigations, is to subject plants to wind in a more controlled lab

environment. A simple and widely used method (see e.g. Pigliucci, 2002; Smith

and Ennos, 2003; Bossdorf and Pigliucci, 2009; Gladala-Kostarz et al., 2020) is to



38 CHAPTER 4

place the plant in front of a fan that creates an air flow (Figure 4.2). This type of

wind environment is normally poorly characterised since usually only the value of

the velocity at a single point located at certain distance from the fan is provided.

However, the air stream created by a fan is non-uniform, swirling, expanding, and

its velocity is decreasing along the centreline with the distance from the fan. Thus,

the characteristics of the flow created by the fan are not the same as those created

by natural wind and a single point measurement is not sufficient to characterise the

wind environment experienced by the plants. Another significant difference is that

in the natural environment plants grow inside the atmospheric boundary layer, i.e.

the wind speed is increasing with the distance from the ground. When a pot with

a plant is simply placed in front of a fan, the plant’s location inside the boundary

layer and the velocity distribution along its height differ. Moreover, the presence of

pots in the flow can induce disturbances into the flow.

A fan was also utilised in a more complex way to induce wind stress on cacao

plants by Reis et al. (2018). In the reported setup, the fan was placed in front of a 4 m

long channel with a cross-section of 0.5×0.4 m and blew air inside. The plants were

inserted through the opening in the floor in the middle of the channel eliminating

one of the aforementioned problems with wind environment created by fans, i.e. the

pots were not exposed to the flow. However, additional issues were introduced by

the presence of the channel walls that also create boundary layers. Judging by the

photos of the plants provided in the paper and the schematic drawing of the setup,

the plants placed inside the test section reached almost to the wind tunnel ceiling

and walls and consequently some of their parts were subjected to velocity gradients

created by the boundary layers on those surfaces.

A more elaborate setup, a purpose built wind tunnel, was used by Wadsworth

(1959, 1960) to study the influence of wind on plants’ growth rate and determine an

optimum wind speed for plant growth. A detailed description of this wind tunnel is

available in Wadsworth (1960). The wind tunnel is of an open circuit type with four

rectangular test sections whose size is reducing in the downstream direction. The test

sections are connected by contraction pieces with meshes that reduce disturbances

to the flow created by the plants. This design allows for experiments in which plants

in each test section are subjected to a higher flow speed compared to the preceding

section. The maximum flow speed reported in the experiments was 12 m/s. It should

be noted that no control groups were used in these experiments. As pointed out by

the author, this is due to significant difficulties in creating a controlled environment

with conditions (temperature and humidity) that match those inside the wind tunnel
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(Wadsworth, 1960).

A wind tunnel with a well controlled growth and wind environments suitable

for continuous growth of plants was reported in Grace (1974). Unfortunately, in

this paper the description of the wind tunnel is limited, but from the provided

schematic drawing and other studies where this wind tunnel was used, approximate

characteristics of the wind tunnel can be inferred. The wind tunnel is of closed return

type, with an approximately 2.5 m long test section of rectangular cross-section of

approximately 1.6×1.4 m. The air flow is created by an axial fan and the maximum

flow speed is 10 m/s (Russell and Grace, 1979). The environmental conditions inside

the wind tunnel are controlled in terms of temperature, humidity, light intensity, and

photoperiod. This provides growth conditions not only suitable for growing plants

but also comparable to the control group that is grown elsewhere, e.g. in a growth

room (Rees and Grace, 1980). In addition, it is possible to increase turbulence

intensity of the flow in the test section by insertion of cross members that generate

eddies. This wind tunnel was used for a large number of studies related to wind-

plant interaction, including investigations on cuticular and stomatal transpiration in

grasses (Grace, 1974), mechanical damage induced by wind on grasses (Thompson,

1974), diffusive leaf resistance in leaves of Sitka spruce (Grace et al., 1975), boundary

layer over a leaf of a poplar (Grace and Wilson, 1976), effects of wind speed on the

growth of grasses (Russell and Grace, 1979), and others.

Another complex setup designed to study wind and rain dispersal of plant pathogens

can be found in Fitt et al. (1986). It consists of a wind tunnel and a rain tower. Since

the effects of rain and its generation are beyond the scope of this thesis, the descrip-

tion of the rain tower is omitted in this overview. The wind tunnel’s test section is

approximately 5.5 m long with 1×1 m cross-section. In order to provide a suitable

level of light for the experiments with plants, which extend over several days, lights

are installed in the ceiling of the test section. The air flow, with a maximum speed

of 8 m/s, is created by an axial fan installed downstream of the test section. The

main feature of this experimental setup is that it can be operated in either closed or

open circuit configuration. In the former configuration it is possible to control the

environmental conditions (temperature and humidity) inside the wind tunnel within

a certain range by means of an air conditioning unit and humidifiers. The latter

configuration provides the possibility to connect a rain tower for simulation of rain

inside the wind tunnel’s test section. This rain/wind tunnel complex was used in

a number of studies, e.g. Mann et al. (1995), Geagea et al. (2000), Calderon et al.

(2002). Although this wind tunnel provides a suitable environment for the growth
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and development of plants, to the best of author’s knowledge, no experiments were

conducted to investigate the effects of continuous wind exposure on plants.

Molina-Aiz et al. (2006) also reported a purpose-built low speed wind tunnel for

experiments focussed on greenhouse agriculture. The wind tunnel is of an open-

circuit type with a maximum flow speed of 10 m/s. The test section has a circular

cross-section and is 0.39 m in diameter. In the aforementioned study, the wind tunnel

was used to determine the drag coefficient of four widespread horticultural species

as a function of flow speed. However, to the author’s knowledge, this is the only

study related to plants that was conducted in this wind tunnel, and in future studies

it was used for investigations of insect-proof screens for glasshouses (Mart́ınez et al.,

2006, 2014; López et al., 2016). Also, the circular cross-section of the test section

is not ideal for growing plants under wind, especially multiple plants at the same

time. This is due to issues with placing plants on a curved surface which may require

modifications to the test section.

There are a few studies where plants were actually grown in the wind tunnels

which are primarily designed and used for various types of aerodynamic investiga-

tions. A series of experiments in which maize and sunflower plants were grown under

a constant wind inside the wind tunnel are reported in Whitehead and Luti (1962),

Whitehead (1962), Whitehead (1963a), and Whitehead (1963b). In these experi-

ments plants were exposed to various wind speeds ranging from 0.45 m/s to 14.75

m/s for up to 40 days and the plants’ growth and anatomy were studied. In addition

to the wind speed, light intensity and photoperiod were controlled in terms of the

growth conditions.

All experiments, where plants are continuously grown inside the wind tunnels,

require additional equipment to be installed in order to provide suitable conditions

for normal development of the plants inside the test section. Where a control group

is required, this equipment should allow for control and modification of the environ-

mental parameters to match those experienced by the control group. This presents

a challenge in the implementation of this approach.

In addition, there are numerous studies where plants were placed in wind tunnels

for tests that do not involve growth and development under constant wind inside

the test section. For example, Mayhead (1973) determined drag coefficients for a

number of conifer trees as a function of flow speed in the 24 ft wind tunnel at

the Royal Aircraft Establishment at Farnborough. Utilisation of this wind tunnel

allowed for conducting tests with trees of height up to 8 m. Tadrist et al. (2018)

investigated foliage motion in a cherry tree that was around 3 m tall. Additional
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Figure 4.3: Overview of the wind environments that are used for studies on wind
influence on plants.

parameters, such as drag and light interception of the tree as functions of wind speed

were reported. The tests were conducted in a wind tunnel with a test section of 5×6

m. Other examples of wind tunnel utilisation for investigations of various aspects

of wind-plant interaction can be found in Caldwell (1970), Etnier and Vogel (2000),

Gillies et al. (2002), Vollsinger et al. (2005), and Cao et al. (2012) to name few. In

general, these are short term experiments that do not involve growing plants under

constant wind treatment inside these facilities, and thus do not require additional

equipment to provide a suitable environment for plants.

In conclusion, it is clear that in plant sciences context no universal approach to

the generation of a wind environment exists. Every approach offers certain advan-

tages but also has drawbacks (Figure 4.3). For the model plant Arabidopsis, used

in this project, experiments in a controlled laboratory environment are preferable

since the influence of many variables can be eliminated (light intensity, day cycle) or

minimised (temperature, humidity). Moreover, field experiments require additional

site preparations to ensure absence of any other growth forms that can shelter Ara-

bidopsis from the wind. From a fluid dynamics viewpoint, a wind tunnel is the best

option for generating a well-characterised wind environment for plants provided that

suitable conditions for growing plants can be ensured and, therefore, this option was

chosen for the present project. There are a number of wind tunnels at the Univer-

sity of Glasgow; however, they are not suitable for the intended experiments. First,
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due to high economical cost of running these wind tunnels it is not feasible to carry

out experiments that involve continuous wind treatment of plants for several weeks.

Second, the existing wind tunnel facilities have busy schedules, significantly limiting

the number of experiments that could be conducted. Third, additional equipment

and modifications to the wind tunnel test sections would be required in order to

create a suitable growth environment. Based on these considerations it was decided

to design and build a bespoke wind tunnel for investigation of the wind influence on

the model plant Arabidopsis.

4.2 Bespoke wind tunnel

4.2.1 Wind tunnel design

The new, bespoke wind tunnel that was designed and built during the initial phase

of this PhD project is shown in Figure 4.4. This wind tunnel is mainly dedicated

to the experiments with Arabidopsis, where growth response and acclimation of this

model plant to the windy environment are investigated, but it is also suitable for

studies on other plants of small size. At the design stage the following objectives for

the wind tunnel were established:

• Controllable wind environment with a constant uniform flow.

• Maximum flow speed inside the test section up to 10 m/s.

• Suitable environment inside the wind tunnel test section for growing plants

(temperature, light intensity, day cycle, etc.).

• Suitable for continuous operation for several weeks.

• Possibility to accommodate multiple Arabidopsis plants.

In addition, the design of the wind tunnel was based on the choice of its primary

location, i.e. the glasshouse in the Bower building at the University of Glasgow,

which already provides a suitable growth environment for plants. The wind tun-

nel is of an open return type with a closed test section (Figure 4.4). The choice

of an open circuit design was motivated by the fact that, when placed inside the

glasshouse, the properties of air in terms of temperature and humidity are the same

for the plants grown inside the wind tunnel and those grown in the same glasshouse
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Figure 4.4: Bespoke wind tunnel for investigations on wind-plant interaction. (A)
Wind tunnel CAD model showing its main components. (B) Actual wind tunnel
inside the Bower building glasshouse.

but without wind influence. Thus, no auxiliary temperature control units and hu-

midifiers are required to be installed in the wind tunnel as in the case of a closed

return circuit type. In addition, an open return design is more compact and has

lower construction costs. A typical open circuit wind tunnel is comprised of the fol-

lowing elements: flow conditioners (honeycombs, turbulence screens), contraction,

test section, diffuser, and fan (Barlow et al., 1999). Due to space limitations inside

the glasshouse, the wind tunnel was designed without a contraction. The main pur-

pose of the contraction section is to increase the speed of the flow entering the test

section (Barlow et al., 1999). However, the fan chosen for the present wind tunnel is

powerful enough to generate flow speeds within the established design requirements

without a contraction. If required for future experiments, a contraction section can
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Figure 4.5: (A) Wind tunnel test section floor. (B) CAD model of the bespoke
traverse system for the wind tunnel. The x-axis spans in the streamwise, y-axis in
the wall normal, and z-axis in the spanwise direction.

be added to the wind tunnel, thus increasing the maximum achievable flow speed.

All the other elements, that are typical for an open return design, are present in the

wind tunnel and are discussed below.

Test section

The wind tunnel test section (Figure 4.4A) is one metre long with a rectangular

cross-section of 450×400 mm. These dimensions allow for growing of multiple Ara-

bidopsis plants simultaneously avoiding wall effects and extensive interference be-

tween neighbouring plants. The test section frame is assembled from 30×30 mm

extruded aluminium profiles connected by bolts. The ceiling and side walls of the

test section are made of 6 mm thick acrylic glass, which has excellent light trans-

mission properties, is lightweight and break resistant, and provides optical access

to the test section. The ceiling of the test section has an access point to insert a

Pitot tube to measure the flow speed. Access to the test section is provided by the

two doors (Figure 4.4B). The floor of the test section (Figure 4.5A) is comprised

of interchangeable varnished plywood panels that can accommodate up to 21 single

pots (D = 76 mm) with Arabidopsis plants in six staggered rows (4 pots in even and

3 pots in odd rows). Each individual slot is machined to fit the pot flush to the floor

surface, ensuring no interference to the air flow from the pots. Additionally, acrylic

covers can be used to block pot slots in case the number of plants in an experiment

is less than 21. The test section is mounted on adjustable feet that allow it to be

levelled with the rest of the wind tunnel.
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Honeycomb

To reduce the turbulence level, straighten the flow, and increase its uniformity,

an aluminium honeycomb with a cell size of 6 mm is installed upstream of the test

section (Figure 4.4A). The cell length (honeycomb thickness) of 20 mm gives a length

to diameter ratio of 3.33, and is less than the optimum value which is suggested to

be in the range from 6 to 8 (Mehta and Bradshaw, 1979). However, these dimensions

are suitable for the intended purpose of the wind tunnel as complete suppression of

the turbulence at the test section inlet is not necessary for this project, since under

realistic wind conditions, some level of turbulence is unavoidably present. For the

same reason turbulence suppression screens are not installed after the honeycomb.

Axial fan

The air is drawn through the wind tunnel by a Rosenberg ER-560-4 cased axial

fan (Figure 4.4A), that is able to achieve a flow rate of over 10,000 m3/h through

a channel of the same cross-section as used for the test section. The fan is driven

by a single phase motor and controlled by a MULTICOMP MCCMV 5E-1 variable

transformer (Figure 4.4B). The choice of a single phase fan motor for this project is

justified by the requirement to reduce electromagnetic noise from the experimental

setup to minimise interference with sensitive equipment used for other research in

the Bower building. Adjustable feet were manufactured to support the fan, level it

with the rest of the wind tunnel, and damp fan vibrations.

Transition piece and flexible connector

Downstream of the test section a rectangular to round transition piece is installed

to connect the test section to the fan (Figure 4.4A). This transition piece plays a

role of the diffuser, reducing the speed of the flow entering the fan. Because of

space limitations inside the glasshouse the equivalent conical angle of the diffuser

is approximately 4.9◦ with an area ratio of 5.47, while the optimum values for the

corresponding parameters are 3◦ and 3 (Barlow et al., 1999). However, the area ratio

is below the maximum recommended value of 6 (Barlow et al., 1999) and thus is low

enough to prevent separation of turbulent boundary layer entering the diffusor. In

addition, upstream of the diffusor a mesh screen is installed to smooth out velocity

variations and remove the effects of boundary layer growth (Mehta and Bradshaw,

1979). To prevent the spread of vibrations from the fan to the transition piece and

further to the test section, a flexible connector is installed between the first two. In
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addition, rubber sealing rings are installed between all parts of the wind tunnel to

seal the joints.

Traverse system

A bespoke traverse system that was used for characterisation of the test section (see

section 4.2.2) was designed and built. The three-axis manual traverse system consists

of ACME lead screw linear actuators to ensure high precision movements (Figure

4.5B). The x-axis of the traverse system is made of two parallel linear actuators

to increase rigidity and stability of the entire system. The length of the x-axis is

500 mm (travel length 400 mm) enables measurements along half of the test section

length. This design provides easy access to the test section through the access

doors and is lighter compared to the option where the x-axis spans along the full

length of the test section. The y-axis length, 500 mm (travel length 400 mm),

allows measurements at any point along the wind tunnel height excluding the 30

mm sections close to the floor and ceiling that are blocked by the door frame. The

z-axis is chosen to be 600 mm (travel length 500 mm) to ensure measurements at

any point between the wind tunnel side walls. Each axis is equipped with rulers to

monitor the current positions. The linear actuators are made of extruded aluminium

and are easily attached to the wind tunnel frame using extruded aluminium beams

and corner brackets (Figure 4.4B). During the assembly and attachment process,

alignment of all traverse system axes between themselves and with the wind tunnel

axes were ensured with a level tool.

4.2.2 Characterisation of the test section

An initial characterisation of the wind tunnel’s test section was conducted to de-

termine the range of achievable flow speeds. The measurements were taken at the

central point of the test section with a Pitot tube connected to a dry cell standard

micromanometer (DP Measurements TT570SV) for different settings of the variable

transformer output. The tests were repeated four times and the flow speed readings

obtained for each value of the variac output were averaged. The mean flow speed as

a function of the variac output is presented in Figure 4.6. The maximum achievable

flow speed satisfies the established design objectives and is approximately 10.5 m/s.

The low standard deviations for each value of the variac output suggest a good re-

peatability of set flow speed. Nevertheless, before each experiment with plants, the

flow speed inside the wind tunnel was set using a Pitot tube.



BESPOKE WIND TUNNEL 47

0 50 100 150 200 250 300

variac output, V

0

2

4

6

8

10

12

U
, 

m
/s

Figure 4.6: Mean flow speed at the centre of the wind tunnel test section over four
independent measurements as a function of the variac output. Error bars represent
standard deviations.

An in-depth characterisation of the flow within the wind tunnel test section was

performed using a Dantec Dynamics StreamLine Pro System. Measurements were

conducted with a straight, single sensor probe (55P11) that was attached to the

z-axis of the traverse system. To provide access for the probe, the standard acrylic

glass panels in the doors were replaced with slotted acrylic glass panels (Figure

4.4B).

In-situ calibration of the probe was performed before and after each measurement

against Pitot tube data. The Pitot tube was connected to a dry cell standard

micromanometer (DP Measurements TT570SV) and was inserted through a port in

the top wall for the calibration procedure. The relationship between the squared

sensor voltage and effective cooling velocity was established using King’s law (King,

1914).

E2 = E2
0 +BUn, (4.1)

where E0 - is the sensor voltage measured at zero velocity, B and n are King’s law

coefficients. B and n were determined using a simple linear regression method after

measuring the voltage across the sensor over a range of known flow velocities.

The flow inside the test section was characterised in terms of the flow speed and

turbulence intensity at several locations along its length. Measurements were taken

in 2D planes normal to the flow direction. Each plane consisted of 80 points (10

in the horizontal direction and 8 in the vertical direction) with 40 mm spacing in
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each direction. Due to the wind tunnel test section frame, the offsets from the wind

tunnel walls were: 45 mm from the side walls and 60 mm from the top and bottom

walls. Data was sampled at 100 kHz for 10 s at each measuring point.

The hot-wire measurements showed that the flow velocity inside the wind tunnel

is stable over time. In Figure 4.7 representative results of the velocity distributions

at three downstream locations (x/h = 0.875, x/h = 2.775 and x/h = 3.975, where h is

the test section half height) along the wind tunnel test section are shown. The mea-

surements were taken at three settings of the variable transformer, that correspond

to flow velocities of 2.2 m/s, 5.3 m/s, and 10 m/s. The flow speed is normalised by

the average across the entire test section at the corresponding variable transformer

setting, while the axes are normalised by the test section half height. The results

of the hot-wire measurements demonstrate that the distribution of the velocity is

uniform along the wind tunnel test section. The average turbulence intensity inside

the test section is approximately 2% for all tested flow speeds. Overall, the quality

of the flow inside the wind tunnel is relatively uniform and plants will experience

similar conditions regardless of their location.

4.2.3 Plant growth environment

The wind tunnel test section must have a suitable environment for growing plants

in terms of temperature, humidity, light intensity, and photoperiod. For factorial

experiments with an experimental and a control group, these conditions should be

comparable in both groups. As previously mentioned, the wind tunnel was placed

inside the Bower building glasshouse; thus, the air, drawn through the tunnel, is

the same as the air inside the bigger volume of the glasshouse and has the same

properties. This was confirmed by placing data loggers to record temperature and

humidity inside the test section (Lascar EL-GFX-2) and outside (Elitech RC-61) at

the location of the control group. To control light intensity inside the test section,

professional LED grow lights (Valoya B100) were installed above it (Figure 4.4B).

The light intensity can be regulated by adjusting the distance between the test

section and the lights. The photoperiod is controlled by a programmable timer that

switches the growth lights on and off at preset times. The light intensity level and

photoperiod were set to the same values for both experimental and control groups

in all conducted experiments. Overall, it was ensured that the growth conditions,

except for the wind speed, were closely matched for the plants in the experimental

and control groups.
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Figure 4.7: Representative examples of the mean velocity contours at several location
along the test section length for three settings of the variable transformer. The flow
direction is into the page. (A) Variac setting 70, x/h = 0.875. (B) Variac setting
70, x/h = 2.775. (C) Variac setting 70, x/h = 3.975. (D) Variac setting 130, x/h
= 0.875. (E) Variac setting 130, x/h = 2.775. (F) Variac setting 130, x/h = 3.975.
(G) Variac setting 230, x/h = 0.875. (H) Variac setting 230, x/h = 2.775. (I) Variac
setting 230, x/h = 3.975. Velocity is normalised by the mean flow velocity in the
test section, and where h - is the test section half height.

The temperature and humidity inside the glasshouse vary with the time of the

day (diurnal variation) and depend on the outside conditions. Only minimum and

maximum temperatures are controlled by the heating system and air conditioning

unit. Thus, the results of experiments conducted at different times of the year (e.g.

in July and December) are not quantitatively comparable. However, the qualitative

comparison of the results and observed trends is still possible. Placing the wind

tunnel in a fully controlled environment, e.g. a growth chamber, or modifications

to the glasshouse environment control systems to maintain constant levels of all pa-

rameters could potentially reduce the variability of the recorded parameters between

the experiments but would not guarantee comparability due to the natural varia-
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tion between individual plants. In addition, the aforementioned approach would

significantly increase the cost of the setup and conducted experiments.

In addition to the growth conditions, plants require water for their normal growth

and development. To minimise disturbances to the plants other than from the wind,

the plants were watered from below. For this purpose a tray was installed on an

adjustable table under the test section (Figure 4.4B).

4.2.4 Summary

A bespoke wind tunnel was designed and built according to the specified require-

ments of the present project. The wind tunnel allows the study growth and de-

velopment of Arabidopsis under continuous wind of a constant speed. The wind

influence was quantified during the experiment and at the end of each experimental

campaign by assessing a number of parameters (e.g. plant phenotype, mechanical

properties). Statistical tests were used to establish whether the differences in the

recorded parameters in each experiment were statistically significant. The details of

the experiments are given in the corresponding chapters of this thesis.
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Abstract The mechanical properties of plants are important for understanding

plant biomechanics and for breeding new plants that can survive in challenging en-

vironments. Thus, accurate and reliable methods are required for the determination

of mechanical properties such as stiffness and Young’s modulus of elasticity. Much

attention has been paid to the application of static methods to plants, while dynamic

methods have received considerably less attention. In the present study, a dynamic

forced vibration method for mechanical characterisation of Arabidopsis inflorescence

stems was developed and validated against the conventional three-point bending test.

Compared to dynamic tests based on free vibration, the current method allows to

determine simultaneously more than one natural frequency, thus increasing the over-

all accuracy of the results. In addition, this method can be applied to the top parts

of the stems that are more flexible, and where application of the three-point bend-

ing test is often limited. To demonstrate one of the potential applications of this

method, it was applied to evaluate the influence of turgor pressure on the mechani-

cal properties of Arabidopsis stems. Overall, the new dynamic testing approach has

been shown to provide reliable data for the local mechanical properties along the

Arabidopsis inflorescence stem.

Keywords: Arabidopsis, dynamic testing, mechanical properties, modulus of elas-

ticity, multiple resonant frequency, vibration

5.1 Introduction

A key element of the Green Revolution in the 1950s and 1960s was the incorporation

of dwarfing genes to breed plants with higher yields and shorter, stiffer straws that

are less susceptible to lodging (Evenson and Gollin, 2003). An increase in global

food production by 60% will be required by 2050 compared to 2005/2007 levels to

feed the growing population of the world (Alexandratos and Bruinsma, 2012). To

improve future food security mechanical as well as other physical/osmotic charac-

teristics of plants have been identified as important (Connor, 2015). Understanding

the mechanical properties of a plant, such as its modulus of elasticity, is therefore

of high importance for breeding accessions that are more resilient to challenging

environments.

In mechanical engineering there are a number of testing methods that can be

used to determine the mechanical properties of materials and structures. In general,

they can be divided into two groups: static and dynamic methods. In static tests,
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e.g. tensile and three-point bending tests, a uni-axial stress is applied to the studied

specimen and its response, e.g. elongation or deflection, is recorded. The mechanical

properties are then determined from analysis of the stress-stain relationship. In

dynamic tests, e.g. impulse excitation of vibration (ASTM, 2015) and sonic resonance

(ASTM, 2003), a stress is applied to excite a dynamic response of the specimen, based

on which a mechanical characterisation is performed.

Static methods have been successfully adapted to study mechanical properties

of various plants. The most widely used are the three-point bending (Ennos, 1993;

Robertson et al., 2015; Al-Zube et al., 2018) and the four-point bending tests (Ennos

et al., 2000; Robertson et al., 2015) that have been used on bamboo, banana petioles,

giant reed, maize, sedge and other plant stems. The main advantage of these methods

is the minimal preparation of the specimens required for testing.

Other types of static tests such as tensile (Greenberg et al., 1989; Al-Zube et al.,

2018) and compressive tests (Al-Zube et al., 2017, 2018) have also successfully been

applied to plants. However, they need a considerably higher amount of preparatory

work compared to three- and four-point bending tests. A comprehensive overview

of static mechanical tests for plants is given by Shah et al. (2017b).

The main types of dynamic tests applied for the mechanical characterisation of

plants are forced vibration and free vibration tests. Forced vibration tests have been

applied to study the mechanical properties of plants since the pioneering works of

Virgin (1955) and Burström et al. (1967). Niklas and Moon (1988) were first to use

a multiple resonant frequency method to evaluate the flexural stiffness and the mod-

ulus of elasticity of a plant using a garlic flower stalk. This method was later applied

to other plants and plant parts (Niklas, 1993, 1997). The free vibration method was

utilised by Zebrowski (1991), Spatz and Speck (2002), Spatz and Theckes (2013) on

winter wheat, triticale, giant reed and trees. In addition, vibration methods have

found a number of applications on plants beyond the quantitative evaluation of their

mechanical properties. For example, recently, free vibrations were utilised for the

development of a non-destructive, high-throughput phenotyping method that can

be applied on various plants (de Langre et al., 2019). An overview of vibrations in

plants, including experimental methods for measuring them, is given by de Langre

(2019).

Model plants are widely used in plant sciences to investigate and understand

various processes and mechanisms in plants. Arabidopsis thaliana is widely used

in this context due to its small size, short life cycle, and the availability of various

mutants with altered parameters. In most cases, the mechanical characterisation of
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Arabidopsis stems is performed using static methods such as three-point bending

(Paul-Victor and Rowe, 2011), four-point bending (Goubet et al., 2009), tensile

(Ryden et al., 2003), and compression tests (Verhertbruggen et al., 2013). The

testing methods used for mechanical characterisation of Arabidopsis are reviewed in

Brulé et al. (2016).

Historically, dynamic methods have found limited application for mechanical

characterisation of Arabidopsis stems, e.g. a forced vibration method was utilised for

modal analysis for phenotyping (Der Loughian et al., 2014) and the measurement

of bending stiffness was performed using free vibrations method (Nakata et al.,

2018). The former method does not give the possibility to evaluate the modulus

of elasticity, a key parameter for determining the overall mechanical properties of a

plant stem. On the other hand, it may be possible to extend the method described

by Nakata et al. (2018) to the determination of the modulus of elasticity by adding

the evaluation of the mass and geometrical properties of the studied stem, but these

steps are not discussed in the aforementioned work.

The aim of this paper is to present a new type of multiple resonant frequency

dynamic testing method for mechanical characterisation of Arabidopsis inflorescence

stems. The developed dynamic testing approach was validated against static three-

point bending tests. The new dynamic method requires the same amount of prepa-

ration time on specimens as a three-point bending test and only one additional

measurement, the mass of the stem, for processing of the results. However, com-

pared to the static and free vibration-based dynamic methods that have previously

been applied to plants, the presented method allows for multiple estimations of the

modulus of elasticity to be determined, hence increasing the accuracy of the results.

In addition, a lower level of deformation of the tested specimen is achieved compared

to previous dynamic tests, through implementation of the clamped-clamped bound-

ary condition. For the first time, tests were performed on different sections of the

same stem, that, as expected, showed a clear difference between their mechanical

properties. Moreover, the presented dynamic method provides reliable data for the

upper part of the stem, that is more flexible and where static methods usually fail to

provide the average mechanical properties. Understanding of these local differences

in the mechanical properties along the stems is important for studying changes in

plants due to various factors, e.g. thigmomorphogenesis or turgor pressure variation.

In addition, insight into the variation of the mechanical properties will also help to

inform the breeding of plants to be grown in extreme environments (e.g. subjected

to high wind), where mechanical properties averaged over the whole stem are not
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sufficient to determine the susceptibility of the plants to lodging and other forms of

mechanical damage.

5.2 Materials and methods

5.2.1 Plants

Arabidopsis thaliana seeds of ecotype Columbia-0 were sown in a single pot, which

was kept for 48 hours at 4 ◦C, prior to moving it to a growth chamber. The conditions

in the growth chamber were as follows: long day cycle (16 h of light and 8 h of

darkness), temperature at 22 ◦C, light intensity at 150 µmol m−2 s−1, and humidity

at 60%. After 14 days, the seedlings were transplanted into individual pots (pot

diameter = 76 mm) and were kept in the growth chamber for the next four weeks

before the mechanical tests. At the time of the mechanical tests the plants were in

the developmental stage where stems are mature and growth rate is reduced (Boyes

et al., 2001); none of the plants showed any signs of senility. A total of 71 plants

were used for the comparison of the dynamic and static testing methods. Taking

into account that the mechanical properties of freshly cut Arabidopsis stem segments

vary in time (Paul-Victor and Rowe, 2011) it was decided not to conduct both tests

on the same segment. The plants were randomly separated into two groups and 40

plants were characterised using the dynamic method and 31 using the three-point

bending test. For the study of the influence of turgor pressure on the mechanical

properties of Arabidopsis inflorescence stems a separate group of 20 plants was grown

under the same conditions.

5.2.2 Sample preparation

The tests were conducted on the primary inflorescence stem from which two segments

were cut using a razor blade. The first segment was taken from the base of each

stem and hereafter is referred to as “bottom part of the stem” while the second

was taken from the tip of the stem and hereafter referred to as “top part of the

stem”. Both segments, where necessary, were cleared from branches, fruits, flowers,

and young floral buds prior to the tests using the same razor blade and taking care

not to damage the tested part. In addition, a 15-20 mm segment that contains

the growth zone was removed from the apex of the top part of the stem. Paul-

Victor and Rowe (2011) reported that 15 minutes after cutting, the loss in stiffness

of Arabidopsis stems is around 10% due to loss in turgor pressure as a result of
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moisture evaporation. Taking into account that the time required for both tests in

this study is significantly lower (less than 2 minutes from stem cutting to the end of

the test), the stem ends were not sealed and all tests were performed immediately

after the stem segments were cut.

In this study, the widely used approximation that an Arabidopsis stem segment

has a circular cross-section of constant diameter along its length (see e.g. Turner

and Somerville, 1997; Bichet et al., 2001) was adopted. Consequently, the second

moment of area, I, of the stem segment is given by:

I =
π

64
D4, (5.1)

where D is the diameter of the stem cross-section. After each test, a photograph

of the tested stem segment on a calibration ruler was taken using a USB digital

microscope (UM012C, Mustech Electronics Co., Ltd). The diameter was determined

using the ImageJ software (Schneider et al., 2012) as the averaged diameter over

several locations along the tested segment.

5.2.3 Three-point bending tests

Three-point bending tests were performed using a Zwick Roell Z2.0 uni-axial tension

compression machine (Zwick Testing Machines Ltd.) equipped with a 5 N load cell

(Figure 5.1a). The anvil had a rounded end to minimise artificial cross-section

deformation (Robertson et al., 2015) and was displaced at a speed of 2 mm min−1.

The distance between supports, L, was 50 mm. This value gives a span-to-depth

ratio of the tested specimens, depending on the stem part, between 30 and 65.

These values minimise the influence of shear on the measured deflection and are in

line with recommendations by Shah et al. (2017b). For calculation of the Young’s

modulus of elasticity1, E, which characterises the ability of a material to resist elastic

deformations, the slope, c, of the steepest linear part of the force-displacement curve

was determined. This ensures that the response of the sample remains in its elastic

regime. The bending rigidity, EI, which quantifies the ability of a material to resist

bending, of the stem parts was determined as:

EI =
L3c

48
, (5.2)

1Although the three-point bending test provides the flexural modulus, the flexural modulus is
equal to the Young’s modulus of elasticity under the assumption that the stem material is isotropic.
This assumption is widely used in plant biomechanics.
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Figure 5.1: Experimental setups used for the mechanical tests. (a) Three-point
bending test; (b) Vibration test.

and the value of elastic modulus was then calculated as E = EI/I.

5.2.4 Vibration tests

Multiple resonant frequency dynamic tests, namely base excited vibration tests, in

a clamped-clamped configuration were used to determine the mechanical proper-

ties of the stems from their natural frequencies. The experimental setup shown in

Figures 5.1b and 5.2 includes a dynamic signal analyser (Quattro, Data Physics,

USA), a permanent magnet electrodynamic shaker (LDS V406) with an amplifier

(LDS PA1000L), a piezoelectric accelerometer with amplifier (482C Series, PCB

Piezoelectronics, USA) and a laser vibrometer (PDV 100, Polytec, Germany).

A random signal from the signal analyser is fed through amplifier 1 (Figure 5.2)

to the shaker. The accelerometer measures the acceleration of the base of the shaker

and sends signal to the signal analyser through amplifier 2. The laser vibrometer

records the response of the tested structure to the applied vibrations and this signal

is also fed to the signal analyser. The transfer function from the accelerometer and

laser vibrometer signals is built using a specialised software for the signal analyser

(SignalCalc, Data Physics, USA). A representative example of a transfer function is
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Figure 5.2: Schematic diagram of the experimental setup used for multiple resonant
frequency dynamic tests.

presented in Figure 5.3. The peaks on the transfer function correspond to the natural

frequencies (fi) of the tested stems 2. The Young’s modulus is then calculated from

each value of fi using the formula for the natural frequency of a beam, based on the

Euler-Bernoulli beam theory (Blevins, 1979):

fi =
λ2
i

2πL2

√
EI

m
, i = 1, 2, 3, ..., n (5.3)

where L - length of the stem, I - second moment of area, m - mass per unit length,

and λi is a dimensionless parameter that is obtained from the characteristic equa-

tion corresponding to the applied boundary conditions and vibration mode. In the

current setup, i.e. a clamped-clamped beam, tabulated values from Blevins (1979)

have been used (see also Table 5.1).

To evaluate the mass per unit length, m, the mass of the stem segment, cut

from the holder using a razor blade, was determined using a precision balance and

divided by the stem length (50 mm in this case) directly after the vibration test.

This minimised changes in stem mass due to moisture evaporation.

The number of resonant frequencies that can be determined from this type of

2The experimentally measured values of the damped natural frequency (fd) using the developed
method are considered to be the same as the natural frequencies (fn) due to the low damping ratios
associated with the peaks on the obtained transfer functions. For example, for the first peak on the
transfer function in Figure 5.3, the damping ratio (ζ) estimated using the 3-dB down point analysis
(Inman, 2013) is 0.0135. As a result, the relation between the damped natural frequency and the

natural frequency is fd = fn
√

1− ζ2 = 0.9999fn justifying the aforementioned assumption.
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Table 5.1: Values of λi for different vibration modes from Blevins (1979).

i 1 2 3 4
λi 4.73004074 7.85320462 10.9956079 14.1371655
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Figure 5.3: Representative example of a transfer function. This transfer function
was obtained from one of the vibration tests performed on the bottom part of the
stem. Peaks on the transfer function correspond to the natural frequencies of a
tested stem.

vibration test depends on the stiffness and size of the tested specimen and the

resolution of the measurement system. The stiffer and shorter the tested stem, the

higher are the values of its natural frequencies. Since the length of the tested stem

segments is fixed, the number of determined natural frequencies depends on the stem

diameter. From the vibration tests on the bottom part of the stem three natural

frequencies were determined, while from tests on the top part of the stem four could

be measured due to the lower rigidity of the top part of the stem.

The final value of the modulus of elasticity for each tested stem segment was

determined as an average of the values obtained from each natural frequency.
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5.2.5 Examining the influence of stem clamping in the vi-

bration test holder

For a vibration test with clamped-clamped boundary condition it is necessary to fix

both ends of the tested specimen in the holder to prevent both linear displacement

and rotation. The simplest way to fix a stem in the holder is to squeeze both

ends between clamps. However, this will damage the tissues of the stem ends due

to flattening and could affect the measured values for the stem natural frequencies.

Therefore, preliminary tests were conducted, with and without squeezing of the stem

ends, on Arabidopsis inflorescence stems.

In order to prevent squeezing of the stem ends, spacers of different thickness,

based on the diameter of the stem, were placed between the top and bottom clamps

of the holder (Figures 5.8a and b). This ensured secure fixation of the stem for

testing without substantial damage to the stem ends from the clamping system.

Since the damage by clamping is irreversible, first the stem was tested with the

inserted spacers and straight after the test was repeated for the same stem but with

spacers removed.

5.2.6 Investigation of influence of turgor pressure on the

mechanical properties

To demonstrate a potential application of the presented dynamic method, it was

applied to investigate the influence of turgor pressure on the mechanical properties

of Arabidopsis stems. For this study 20 segments were cut from the bottom part of

the Arabidopsis inflorescence stems as described in the sample preparation section.

Immediately after cutting, segments were treated with carborundum powder (fine,

about 180 grit) to create micro scratches on their surfaces making them permeable to

the hyperosmotic solution that would be applied in the second stage of this test (see

e.g. Cosgrove and Steudle, 1981). After the treatment, segments were submerged into

distilled water prior to testing to prevent their dehydration. The baseline dynamic

test was conducted according to the procedure described earlier. After the test, each

stem was carefully removed from the holder’s clamps and its mass and diameter were

measured. The stems were then subjected to hyperosmotic stress (300 mM mannitol

treatment) to decrease their cell turgor pressure. After one hour, the vibration tests

were repeated to measure the natural frequencies of the stems with reduced turgor

pressure. At this stage the evaluation of the mass of the stem segment was carried

out again to account for a potential change in mass between the two tests. Finally,
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after the completion of the second test, the mass of the 50 mm segment between the

clamps was measured.

5.2.7 Statistical analysis

Differences in the modulus of elasticity values determined using static and dynamic

methods for the same parts of the stem as well as differences between mechanical

properties of bottom and top parts of the stems were investigated using a non-

parametric Wilcoxon rank-sum test. The choice of this test is explained by small

sample sizes of different lengths and by the fact that some of the data was not

normally distributed. To examine the influence of stem clamping on the detected

natural frequencies of the same stem tested with and without inserted spacers paired

t-test was utilised. This test was also applied to study differences in the mechanical

properties of the stems associated with the decrease of turgor pressure. Tests were

carried out using Matlab (R2015b, MathWorks, USA) ranksum and ttest functions

correspondingly. Statistically significant difference was established at p ≤ 0.05.

5.3 Results

5.3.1 Bottom part of the stem

The bottom part of an Arabidopsis stem consists of mature tissues and cells that

have stopped growing. Consequently, a more uniform distribution of the mechanical

properties is expected along the length of the tested segment and variation between

different stems is expected to be relatively low. Three natural frequencies were

obtained from the vibration tests for this part of the stem based on which mechanical

properties were determined.

In Figure 5.4 bending rigidity (EI) of each tested stem is plotted against stem

diameter raised to the fourth power (D4) using data from both vibration and three-

point bending tests. The EI values for the vibration test correspond to the average

of the EIi values computed from the determined natural frequencies fi for each

stem. In both cases, EI shows statistically significant positive correlation with D4

(r2 = 0.85 for three-point bending test and r2 = 0.763 for vibration). In addition,

standard deviations of the E values determined from each natural frequency in the

vibration tests are small (Figure 5.5a). These observations support the assumption

that there is a low variation in the modulus of elasticity in the bottom part of the

different tested stems.
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Figure 5.4: Scatter diagrams showing bending rigidity vs stem diameter raised to
the fourth power for the bottom parts of the Arabidopsis stems. (a) Scatter diagram
based on the results of the three-point bending tests; (b) Scatter diagram based on
the results of the vibration tests.

The mean values of the modulus of elasticity, together with standard deviations

are presented in Table 5.2. Ei represents the mean of all values of E determined

from the ith natural frequency, while E is the mean value of the modulus of elasticity

averaged first over all values of Ei for each stem and then over all tested stems. The

variation between Ei values is low. The small differences in the obtained values of

Ei can be attributed to the fact that different mode shapes have participation from

different sections of the stem segment. This together with any heterogeneity along

the segment results in an uneven stress distribution.

Figure 5.5b shows that there is no statistically significant difference (p > 0.8) in

the modulus of elasticity values obtained by the three-point bending and vibration

methods for the bottom part of the stem. Both tests show good agreement in terms

of mean values (difference < 2%) and standard deviations (table 5.2). In case only

the first natural frequency was used for the calculation of the modulus of elasticity,

the discrepancy between the two methods would be higher (3-4%).

5.3.2 Top part of the stem

In contrast to the bottom part, the top part of Arabidopsis stems consists of young

tissues and cells. In addition, along the length of the tested segments, variation of

mechanical properties is expected, since closer to the tip tissues are younger com-

pared to those at the lower end of the tested segment. The smaller diameter and
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Figure 5.5: Modulus of elasticity determined for the bottom parts of the Arabidop-
sis stems. (a) Mean values of the modulus of elasticity, E, determined using the
vibration method, errorbars represent standard deviations; (b) Box plots presenting
E, determined from vibration (n=40) and three-point bending tests (n=31).

Table 5.2: Modulus of elasticity determined from mechanical tests for the bottom
part of Arabidopsis inflorescence stems. Data is presented as mean ± standard
deviation. E1, E2 and E3 mean values of the modulus of elasticity determined from
corresponding natural frequencies in the vibration tests. E mean values of the elastic
modulus.

type of the test E1, MPa E2, MPa E3, MPa E, MPa
vibration 875± 156 872± 173 826± 150 858± 147
bending - - - 842± 211

lower rigidity of the top part of the stems allowed to determine the first four natural

frequencies for each tested stem. These frequencies were used for calculation of the

mechanical properties. However, it was not possible to test the top parts of some

stems using the three-point bending technique because of their shape and excessive

flexibility. This led to sagging of the stem segments under their own weight and

slipping of the stem ends between supports during the tests. In addition, in some

cases, the point of maximum deflection was not the same as the point of force ap-

plication. In the present study, the three-point bending test failed in approximately

45% of cases when applied to the top part of the stem. Thus, the results for this

type of tests are given only for those specimens that could be tested. On the other

hand it was possible to test all top parts of the stems using the vibration method
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Figure 5.6: Scatter diagrams showing bending rigidity vs stem diameter raised to
the fourth power for the top parts of the Arabidopsis stems. (a) Scatter diagram
based on the results of the three-point bending tests; (b) Scatter diagram based on
the results of the vibration tests.

due to the clamped-clamped boundary condition and the high resolution of the laser

vibrometer.

The bending rigidity for each tested top part of the stem is plotted against

stem diameter raised to the fourth power in Figure 5.6. For both tests there is

weaker positive correlation (r2 = 0.608 for the stems tested using vibration method,

r2 = 0.498 for the stems tested using three-point bending method) between these

values which can be explained by the non-uniform properties of the tested segments

compared to the bottom part of the stem. The standard deviations of the E values,

determined from each natural frequency in the vibration tests, are significantly higher

than those determined for the bottom part (Figure 5.7a). This confirms that material

properties along the top parts of the Arabidopsis stems are not uniform.

Values of Ei determined from each natural frequency (Table 5.3) show a stronger

variation compared to the bottom part of the stem associated with the non-uniform

mechanical properties along their lengths. For the top part of the stem both tests

show a statistically significant difference in the results (p < 0.05) (Figure 5.7b).

However, this can be attributed to the fact that even though three-point bending

test provided results for 55% of the tested stems, this results might be biased by

the same reasons that led to the failure of obtaining results in other 45% of tested

stems.

Overall, values of the modulus of elasticity of the top part of the stem are signif-
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Table 5.3: Modulus of elasticity determined from mechanical tests for the top part
of Arabidopsis inflorescence stems. Data is presented as mean ± standard deviation.
E1, E2, E3 and E4 mean values of the modulus of elasticity determined from cor-
responding natural frequencies in the vibration tests. E mean values of the elastic
modulus.

type of the test E1, MPa E2, MPa E3, MPa E4, MPa E, MPa
vibration 525± 161 384± 103 404± 146 482± 135 449± 108
bending - - - - 369± 109
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Figure 5.7: Modulus of elasticity determined for the top parts of the Arabidopsis
stems. (a) Mean values of the modulus of elasticity, E, tested using the vibra-
tion method, errorbars represent standard deviations; (b) Box plots presenting E,
determined from vibration (n=40) and three-point bending tests (n=17).

icantly different (p < 0.0001) from those for the bottom part of the stem, showing

approximately twice lower values. This, as expected, shows that the material prop-

erties of an Arabidopsis inflorescence stem vary along its length.

5.3.3 Influence of stem clamping

The effect of squeezed stem ends on the natural frequencies is presented in Figure

5.8c. As expected, flattened stem ends reduced all detected natural frequencies of

the stems. The observed differences are statistically significant with p < 0.001 for

the first and p < 0.0001 for the second and third natural frequencies. The mean

decrease for all three determined frequencies is around 15%. Since for calculation of
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Figure 5.8: Examination of the effect of clamping in the holder on the measured
natural frequencies of Arabidopsis stems. (a) Stem ends are squeezed by the clamps;
(b) Spacers are inserted to prevent squeezing of stem ends; (c) Box plots representing
the effect of squeezing of stem ends on the natural frequencies of the tested stems
(n=25).

flexural rigidity from formula (5.3) fi should be squared, according to propagation

of uncertainty this will result in an error of more than 20% in EI and consequently

in E values.

Thus, for vibration tests in a clamped-clamped configuration, attention should

be paid to the conditions of the clamped stem ends and the clamping system should

be designed in a way that prevents damage. In the current study, all tests were

carried out with inserted spacers to mitigate the effect of damaged stem ends on the

results.

5.3.4 Influence of turgor pressure on the mechanical prop-

erties of Arabidopsis stems

The mass of the whole tested segment did not show a significant change between

the two tests as the observed difference was close to the resolution limit of the

precision balance used for its determination. Consequently, for the calculations of

the bending rigidity and modulus of elasticity, the mass of the 50 mm segment

determined after the second test was used. Also, significant differences were not
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Figure 5.9: Influence of turgor pressure on the modulus of elasticity of Arabidopsis
stems. (a) Mean values of the modulus of elasticity determined for the baseline case
(×) and after hyperosmotic treatment (◦), errorbars represent standard deviations;
(b) Box plot representing E, determined for the baseline tests (n=20) and after
hyperosmotic treatment (n=20).

observed in the values of the stem diameters from both tests. However, taking into

account manual image processing that is required to measure the diameter, and

some degree of inaccuracy associated with this, the diameter for each segment was

averaged between two tests and the second moment of area was based on this value.

Taking all the aforementioned points into account, all the changes in the mechanical

properties of the tested segments of Arabidopsis stems were associated with the

decrease in their cell turgor pressure as a result of hyperosmotic stress. With the

decrease of the turgor pressure the flexibility will increase, hence the modulus of

elasticity is expected to decrease.

After the stems were treated with mannitol, a consistent decrease in their modu-

lus of elasticity was observed in all cases (Figure 5.9a). This is in line with previous

studies on the influence of turgor pressure on the mechanical properties of various

plant parts and tissues (e.g. Falk et al., 1958; Faisal et al., 2010). On average the

modulus of elasticity decreased by 185 ± 77 MPa due to the reduction of turgor

pressure. Figure 5.9b shows that this change is statistically significant (p < 0.0001).

Since the stem diameter remained unchanged the bending rigidity followed the same

trend as modulus of elasticity. The decrease in cell turgor pressure made the stems

more susceptible to elastic deformations and reduced their resistance to bending

through decrease of the modulus of elasticity and bending rigidity, respectively.
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5.4 Discussion

5.4.1 Design of the holder for vibration tests

As any other structure the stem holder for vibration tests has its own natural fre-

quencies that may overlap and interfere with the natural frequencies of the tested

stems and consequently affect the results. Thus, the design of the holder must en-

sure that its natural frequencies are not within the frequency range of interest for

the planned tests.

Finite element modelling (FEM) could be used during the design stage of the

holder to establish its natural frequencies. Existing holders can be tested separately

from the plant stems to determine their suitability.

The holder used in the present study is made of aluminium, and the distance be-

tween supports is 50 mm. Based on the results obtained in FEM modelling software,

Abaqus (Dassault Systemes, France), the base of the holder was made approximately

2.5 times thicker than the side walls. This aspect ratio results in its first natural

frequency being over 6500 Hz. An aspect ratio of 1:1 between the thickness of the

base and the wall would lower the first natural frequency to 2800 Hz, hence affecting

the vibration tests. Preliminary vibration tests of the holder in isolation confirmed

that no peaks are present within testing range (0-4000 Hz).

5.4.2 Clamped-clamped boundary conditions

Although it is more intuitive to tests plant stems in a clamped-free (cantilever)

configuration, since this is how most plants grow in nature, in this study clamped-

clamped boundary conditions were used. Clamped-clamped boundary conditions

reduce maximum deflection (Blevins, 1979) thus leading to a more linear response,

and therefore avoiding modal-coupling energy transfer (Hill et al., 2015). In addition,

compared to a cantilever, a clamped-clamped configuration gives more control over

the measurement system thanks to the aforementioned lower deformation levels and

the existence of at least two nodes with zero displacement in fixed locations along

the structure, namely the extremities. This allows for the use of a laser vibrometer

which offers an inherently high resolution and sampling rate but also requires that

the motion occurs along the direction of the laser beam. The nodes permit to identify

two neighbourhoods where the displacements are sufficiently small so that the target

movements can be kept perpendicular to the laser beam.

The perfect implementation of any boundary condition is very difficult to achieve
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in an experimental setup and some degree of uncertainty will be introduced due to

this fact. For example, if some degree of flexing was allowed at one or both clamp-

ing points, the boundary condition would correspond to clamped-pinned or pinned-

pinned, respectively. In this case, for the calculation of the mechanical properties

of the tested stem segments, values of the parameter λ that correspond to these

boundary conditions should be used in equation 5.3. However, in our current ex-

perimental setup we closely approximate clamped-clamped boundary condition as

demonstrated by the successful validation against the three-point bending test. Use

of λ-values corresponding to clamped-pinned or pinned-pinned boundary conditions

would result in a significant mismatch to three-point bending test results.

5.4.3 Comparison with other recently developed dynamic

methods

Recently two other vibration-based methods for characterisation of plants have been

developed, namely the methods described in Nakata et al. (2018) and de Langre

et al. (2019). In the following section we give a comparison of these methods with

the current approach that is summarised in Table 5.4.

de Langre et al. (2019) presented a method that allows to measure the first nat-

ural frequency of free vibration of a whole plant. In addition, it gives the possibility

to determine the frequency of each stem in case of multi stem plants. The method

is non-destructive, allowing to examine the same plant over a period of time as it

grows. The primary purpose of this method is phenotyping of various plants includ-

ing Arabidopsis. Theoretically, this approach could be extended to the mechanical

characterisation of plants, provided the mass of the plant can be measured. As

pointed out by the authors non-destructive measurement of the mass of a plant with

complex structure is challenging.

The method presented by Nakata et al. (2018) was designed primarily for the

characterisation of Arabidopsis stems and allows to determine the first natural fre-

quency from free vibration. It can be applied for identification of Arabidopsis mu-

tants (phenotyping) with altered cell wall properties. In addition, it provides data on

bending rigidity of tested stems, and as it is a destructive method it could potentially

be extended to the measurement of the modulus of elasticity. However, its capabil-

ities for the mechanical characterisation still require validation against a standard

testing method such as the three-point bending test to establish its reliability.

In contrast to the aforementioned methods, the method developed in this study
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Table 5.4: Comparison of the current method with other recent dynamic methods
that can be applied on Arabidopsis inflorescence stems.

Parameters present method Nakata et al. (2018) de Langre et al. (2019)

determined

frequencies

n natural frequencies

n ∈ [1..4]∗
1st natural

frequency

1st natural

frequency

type of

vibrations
forced free free

application
mechanical characterisation

phenotyping

mechanical characterisation

phenotyping
phenotyping

validation yes no n/a

non-destructive no no yes

measured

quantities
fi, EI, E f1, EI f1

∗ depending on the mechanical characteristics of the stem

uses a forced vibration approach and provides data on multiple resonant frequencies

of the Arabidopsis stems. This data is used for determination of their bending

rigidity and modulus of elasticity. Utilisation of several frequencies for the calculation

of the mechanical properties increases the overall accuracy of the results. In addition,

the presented method was validated against the well-established three-point bending

method. While the main purpose of the developed method is to measure mechanical

properties, it could also be utilised to identify Arabidopsis mutants with different

cell wall properties by measuring their natural frequencies.

5.4.4 Limitations

Despite a number of advantages, the developed method has also some limitations. As

discussed previously, a carefully designed holder is required for clamping of the bio-

logical specimens. Attention should also be paid to the design of the clamping system

as well as the clamping process itself, as damage to the specimen during clamping

can affect the results. Proper clamping of the tested specimen with utilisation of

spacers requires training of the operator. This can be considered as a drawback of

the presented method compared to the static bending tests, where clamping is not

involved.
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5.4.5 Considerations for future studies

The presented method can be used for characterisation of mechanical properties

of Arabidopsis stems and changes in them associated with thigmomorphogenesis

caused by growth under different conditions mimicking challenging environments

(e.g. with mechanical perturbation or subjected to wind). In addition, this method

can be utilised for mechanical characterisation of Arabidopsis mutants with altered

properties (e.g. mutant without secondary cell walls) and other plants. When applied

to other plants and plant parts (e.g. roots), it should be taken into account that

values of the natural frequencies depend on a number of parameters (see equation

5.3). For testing of plant parts that have similar diameter as tested Arabidopsis

stems the current setup could be used in the present configuration. However, the

number of detected frequencies can be reduced in case tested specimen has lower

mass per unit length value or higher modulus of elasticity. A possible solution is to

increase the resolution of the system to detect frequencies over a wider range. Stems

of larger plants, such as wheat or rice, would require and appropriate scaling of the

holder taking into account aforementioned considerations for the holder design and

span-to-depth ratio limitations in order for Euler-Bernoulli beam theory to remain

valid. Furthermore, when used without immediate frequency data post-processing,

it can be applied as a high-throughput technique similar to the one presented by

Nakata et al. (2018). The advantage of the current method is that it gives more

than one natural frequency and consequently more information on tested plant is

available.

Another advantage of the clamped-clamped boundary condition is that it allows

to isolate the part of the stem under consideration for testing. Consequently, it

would be attractive to evolve the described method into a non-destructive testing

technique. However, the main challenge will be to develop a clamping system that

minimises stem bruising, since damage to the plant stem will affect plant growth

and properties after testing.

5.5 Conclusions

A new type of multiple resonant frequency dynamic testing method for character-

isation of mechanical properties of the inflorescence stems of the model plant Ara-

bidopsis thaliana was developed. This method enables the assessment of the bending

rigidity as well as modulus of elasticity of the stems. The values obtained by this
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method were compared to those obtained from more conventional three-point bend-

ing tests. For the bottom part of the stems, both methods show a good agreement in

the modulus of elasticity values. However, for the top part of the stems the discrep-

ancies between both methods are observed. The presented dynamic method gives

the possibility to investigate mechanical properties for a top part of the stem that

is more flexible in a more reliable way compared to the three-point bending test.

The current samples show approximately 50% of the value of the elastic modulus

of the bottom parts. In addition, the overall accuracy of the presented method is

higher since more than one natural frequency is obtained simultaneously from each

test. The possibility to test different parts of the stem gives an advantage to assess

the variation of the properties along the stem instead of obtaining the net value.

This will provide a better and more accurate understanding of plant material prop-

erties and their changes due to various factors such as mechanical stimuli, drought,

etc. that are important for breeding of new plants of high resilience against chal-

lenging environmental conditions. Furthermore, one of the potential applications of

the developed dynamic method was demonstrated through assessment of changes in

the mechanical properties of Arabidopsis stems due to variation in their cell turgor

pressure. These tests showed a consistent reduction of the modulus of elasticity and

bending rigidity with decrease of turgor pressure.
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Abstract Plants are known to exhibit a thigmomorphogenetic response to mechan-

ical stimuli by altering their morphology and mechanical properties. Wind is widely

perceived as mechanical stress and in many experiments its influence is simulated by

applying mechanical perturbations. However, it is known that wind-induced effects

on plants can differ and at times occur even in the opposite direction compared

with those induced by mechanical perturbations. In the present study, the long-

term response of Arabidopsis thaliana to a constant unidirectional wind was investi-

gated. We found that exposure to wind resulted in a positive anemotropic response

and in significant alterations to Arabidopsis morphology, mechanical properties, and

anatomical tissue organization that were associated with the plant’s strategy of ac-

climation to a windy environment. Overall, the observed response of Arabidopsis

to wind differs significantly from previously reported responses of Arabidopsis to

mechanical perturbations. The presented results suggest that the response of Ara-

bidopsis is sensitive to the type of mechanical stimulus applied, and that it is not

always straightforward to simulate one type of perturbation by another.

Keywords: Anemotropic response, Arabidopsis thaliana, biomechanics, mechani-

cal properties, morphology, stem anatomy, thigmomorphogenesis, wind.

6.1 Introduction

Current predictions on global warming show that the global average temperature will

increase by 1.5 ◦C compared with pre-industrial levels by 2030–2050 (Allen et al.,

2018). Among other climatic changes, this will lead to alterations in wind speeds

and patterns. Global climate simulation models show that the predicted increase in

the global temperature will lead to a significant increase in surface wind speeds over

the UK and Northern Europe (Hosking et al., 2018). Similar trends have been found

for other parts of the world; for example, analysis of the wind speed data for China

demonstrated an increase in the wind speeds measured during spring and summer

months over the last 40 years (Zhang et al., 2020).

Strong winds and storms have a negative impact on food security, since for crop

plants (e.g. wheat, rice, and maize) wind- induced stem and root lodging significantly

affects yields (Berry et al., 2004). An overview of the reported yield reductions in

major crop plants due to lodging shows that it can reach up to 80% in wheat, 83.9%

in rice, 65% in barley, 40% in oats, and 20% in maize (Shah et al., 2017a). Wind

also has an economic impact on wood production, since windthrow due to strong
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winds poses a serious threat to forests (Mitchell, 2013). The review by Schelhaas

et al. (2003) showed that damage from windstorms to forests in Europe contributes

>50% to the total damage from all natural causes.

In their natural environment, plants are typically subjected to low and moderate

wind conditions on a regular basis, since they cannot shelter themselves from wind.

This interaction can have either beneficial or detrimental effects, and plants have

developed a number of strategies to adapt and survive. Detailed reviews of these

effects and strategies are given in de Langre (2008) and Gardiner et al. (2016).

Wind is a complex environmental factor (Ennos, 1997; Jones, 2013) that among

other effects regulates the microclimate of plants, can alter photosynthesis (Smith

and Ennos, 2003; Burgess et al., 2016), and can change heat and mass transfer in

plants (Jones, 2013). One of the most direct effects of wind on plants is the me-

chanical stress exerted on plants through the drag force. This, as in the case of

mechanical stress induced by mechanical perturbations (e.g. brushing or touching),

evokes physiological and morphological responses in plants known under the term

thigmomorphogenesis first introduced by Jaffe (1973). Typically, thigmomorphogen-

esis leads to the inhibition of the stem length and an increase of its diameter, thus

plants develop shorter but thicker stems (see, for example, Biddington, 1986; Jaffe

and Forbes, 1993). In addition, mechanical perturbations reduce a plant’s above-

ground biomass (Niklas, 1998; Kern et al., 2005). Similar effects were noticed in

plants, especially trees, that are exposed to wind and experience mechanical stress,

mainly in the form of bending (Lawton, 1982; Biddington, 1986). These observa-

tions inspired numerous studies where mechanical perturbations, such as bending

or touching, were utilized to mimic the influence of wind on various plants (e.g.

Gartner, 1994; Niklas, 1998).

However, the wind–plant interaction involves fluid (air) to solid (plant) contact

and can be considered a fluid dynamic perturbation as opposed to a mechanical

perturbation in the form of brushing or touching where direct solid to solid con-

tact is present. Different types of perturbations may induce different effects on

plants. Indeed, factorial experiments where the response to wind and mechanical

perturbations was studied separately on the same plant species have shown that

wind can have different and even opposite effects to mechanical perturbations (Smith

and Ennos, 2003; Anten et al., 2010). The different response of the same plant to

wind compared with mechanical perturbations suggests that implicit extrapolation of

results obtained from tests with mechanical perturbations (e.g. brushing or flexing)

to the effects of wind is not always correct (Anten et al., 2010).
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Arabidopsis thaliana, a small annual herbaceous plant, is widely used in plant

science as a model organism to study different processes and mechanisms especially

in the field of plant genetics and molecular biology (Koornneef and Meinke, 2010).

Arabidopsis Columbia (Col-0) is commonly utilized as the reference genotype in plant

science, but many other natural accessions as well as mutants of this plant exist and

have been subjected to a wide range of investigations (Lamesch et al., 2012). Brulé

et al. (2016) suggested that Arabidopsis can be used, with certain limitations, as a

model plant to investigate the influence of different parameters on plant stiffness.

The response of Arabidopsis to various mechanical perturbations was explored in

a number of studies and is well documented (Braam, 2005; Chehab et al., 2009;

Paul-Victor and Rowe, 2011). In addition, investigation of thigmomorphogenesis

in Arabidopsis at the molecular level identified a set of touch-induced genes whose

expression is enhanced in response to various stimuli (Braam and Davis, 1990).

In general, mechanical perturbations of Arabidopsis result in a response that is

common to many other plants, namely reduction of the stem length. Mechanical

characterization of the primary inflorescence stems showed that perturbed plants

were less rigid and had a decreased elastic modulus compared with the control group,

thus suggesting that Arabidopsis follows the ‘short and flexible strategy’ for stem

development in order to cope with mechanical stress (Paul-Victor and Rowe, 2011).

From these experiments, it was conjectured that exposure to wind will have the

same effects on Arabidopsis Col-0. However, as mentioned previously, wind can have

different and even opposite effects on plants compared with those from mechanical

stimuli. Indeed, a limited number of studies where periodic wind treatment was

applied to Arabidopsis show that even where the response was in the same direction,

the magnitude of changes was not the same (e.g. Bossdorf and Pigliucci, 2009).

However, in these experiments, the response to wind was analysed as an average

across a number of Arabidopsis ecotypes and the response specific to Col-0 cannot

be inferred. In addition, the mechanical characterization of inflorescence stems did

not form part of this study. Consequently, the question remains open as to whether

the response of Arabidopsis Col-0 to mechanical stress induced by fluid dynamic

perturbations, namely wind, is the same as has been previously documented for

mechanical stress induced by mechanical perturbations, such as brushing or touching.

In addition, the effect of wind on mechanical properties of Arabidopsis, such as stem

bending rigidity and Young’s modulus of elasticity, remains untested.

In the present study, the influence of a constant unidirectional wind on Arabidop-

sis ecotype Col-0 is investigated. The results show that wind-treated plants exhibit



EFFECTS OF WIND ON ARABIDOPSIS 79

a positive anemotropic response and their morphology is significantly altered. In

addition, exposure to wind modified mechanical properties, anatomical tissue orga-

nization, and ion content of the primary inflorescence stems. The observed changes

were related to the acclimation strategy of Arabidopsis to survive and develop un-

der constant unidirectional wind. Overall, it was found that wind-induced changes

to Arabidopsis differ from those reported previously as a result of mechanical per-

turbations in the form of brushing. These observations suggest that Arabidopsis

is sensitive to the type of stimulus applied and that the substitution of one type

of perturbation by another is not straightforward. This study contributes to the

systematic understanding of the thigmomorphogenetic response of Arabidopsis and

provides new insights into the response of plants to wind.

6.2 Materials and methods

6.2.1 Plants

In this study, the response of Arabidopsis to wind was characterized using a range of

techniques. Two experiments were carried out in order to obtain all measurements

since the number of plants that could be subjected to the wind treatment simulta-

neously was limited to 21 in each experiment. Because of the different preparations,

the quantitative results differ between the two data sets although the qualitative

results are the same. For this reason, we report the results from the two data sets

separately. In the first experiment, seeds of Arabidopsis ecotype Col-0 were sown

in a single pot and kept at 4 ◦C for 48 h. The pot was then placed in the growth

chamber with a long-day cycle (16 h of light and 8 h of darkness), temperature at 22
◦C, light intensity at 150 µmol m−2 s−1, and humidity at 60%. After ∼2 weeks, the

seedlings were transplanted into individual pots and were kept in the same growth

chamber. After 15 d, when the flower-bearing stem was about to start its develop-

ment, plants were randomly separated into two groups and moved to the glasshouse.

In the second experiment, the procedure was the same except that the plants were

grown inside the glasshouse from its start. The first group (21 plants in both ex-

periments) was subjected to a constant unidirectional flow in a purpose-built wind

tunnel (experimental group), while the second group (19 plants in the first and 21

plants in the second experiment) was cultivated in the same glasshouse but without

wind influence (control group). The conditions in the glasshouse for both groups

were as follows, long-day cycle and minimum light intensity at 150 µmol m−2 s−1.
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The temperature and humidity inside the glasshouse exhibit diurnal variation and

only minimum and maximum temperatures are controlled. However, when the wind

tunnel was on, loggers placed inside the wind tunnel test section (Lascar EL-GFX-2)

and outside of the test section (Elitech RC-61) showed that the conditions in terms

of temperature and humidity experienced by the plants are the same in both groups.

6.2.2 Wind treatment

To study the influence of wind on Arabidopsis, a specialized wind tunnel was designed

and built. The description of the wind tunnel together with the characterization of

its test section using hot-wire anemometry is presented in the following section. The

wind tunnel provides a well-controlled and characterized constant wind environment.

In both experiments, plants were subjected to a unidirectional flow of a constant

speed of 5 m s−1 with turbulence intensity of 2%. According to Bossdorf and Pigliucci

(2009), who applied wind treatment of the same speed to Arabidopsis, this value is

higher than the typical wind speed at a few decimetres above the surface, based on

the mean wind speed data over Central Europe. In the UK, the mean wind speed

at 10 m height above the surface level can reach up to 7.5 m s−1 (MetOffice, 2020).

Assuming a logarithmic wind profile (Manwell et al., 2010), this value extrapolates

to a maximum average speed of 2.4–3 m s−1 at the height of 20–30 cm above ground

in open agricultural areas. Consequently, the wind speed of 5 m s−1 utilized in this

study can be considered as a high wind for small plants such as Arabidopsis.

The wind was applied for 24 h a day, and the total duration of the treatment

was up to 17 d. Inside the test section, 21 pots with a single Arabidopsis plant were

arranged in six staggered rows (four pots in the odd rows and three pots in the even).

In order to minimize the influence of the pot position and ensure even exposure to

the wind, the pots were swapped between rows and within each row every 4–5 d.

The orientation of the plants with respect to the flow direction was preserved.The

top edges of the pots were in line with the test section floor and the plants were

regularly watered from the bottom.

6.2.3 Wind tunnel

The wind tunnel (Supplementary Fig. S1 1) is an open-circuit type with a closed

test section and can be run continuously at a constant flow speed for the required

1Supplementary Fig. S1 is the same as Figure 4.4 in this thesis.
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duration of the experiment.The test section is 1 m long and has a rectangular cross-

section of 0.45 m × 0.4 m. The side walls and the ceiling of the test section are

made of acrylic glass to provide optical access for monitoring the plants’ development

and conditions. To straighten the flow and increase its uniformity, an aluminium

honeycomb (cell size=6 mm) is installed at the test section inlet.The flow is created

by an axial fan connected to the outlet of the test section through a diffusor and

flexible connector.The flow speed is controlled by a variabletransformer and can be

set to any value in the range from 0.8 m s−1 to 10.5 m s−1. LED grow lights with a

programmable timer are installed over the test section to control light intensity and

the growth cycle.

Characterization of the flow within the wind tunnel test section was performed

using a Dantec Dynamics StreamLine Pro System. Measurements were conducted

with a straight, single sensor probe (55P11). During the characterization procedure,

the wind tunnel was equipped with a bespoke three-axis traverse system enabling a

precise positioning of the hot-wire probe, and the standard acrylic glass panels in

its doors were replaced with slotted panels to provide access for the probe to the

interior.

In situ calibration of the probe was performed before and after each measure-

ment against pitot tube data.The pitot tube was connected to a dry cell standard

micromanometer (DP Measurements TT570SV) and was inserted through a port in

the top wall for the calibration procedure. The relationship between the squared

sensor voltage (E) and effective cooling velocity (U) was established using King’s

law (King, 1914):

E2 = E2
0 +BUn, (6.1)

where E0 is the sensor voltage measured at zero velocity, B and n are King’s law

coefficients. B and n were determined using simple linear regression after measuring

the voltage across the sensor over a range of known flow velocities.

The flow inside the test section was characterized in terms of the flow speed and

turbulence intensity at several locations along its length. Measurements were taken

in 2D planes normal to the flow direction. Each plane consisted of 80 points (10 in

the horizontal and 8 in the vertical direction) with 40 mm spacing in each direction.

Due to construction features of the wind tunnel test section frame, the offsets from

the wind tunnel walls were 45 mm from the side walls and 60 mm from top and

bottom walls. Data were sampled at 100 kHz for 10 s at each measuring point.

The hot-wire measurements showed that the flow velocity inside the wind tunnel
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is stable over time and that the velocity distribution is uniform along the wind tunnel

test section (see Supplementary Fig. S2 2). The average turbulence intensity inside

the test section is ∼2% for all tested flow speeds. Overall, the quality of the flow

inside the wind tunnel is quite uniform and the plants experience similar conditions

regardless of their location.

6.2.4 Phenotyping

To investigate the morphological response of Arabidopsis to the wind treatment,

phenotyping of plants in both experimental and control groups was conducted at

two time points during each experiment. The recorded parameters were the length

of the primary inflorescence stem, the number of stems (basal branches), and the

number of branches. The first phenotyping was conducted 34–38 days after sowing

(DAS) when the average length of the primary inflorescence stem in the control

group plants was >170 mm. All the parameters were measured again at 40–48

DAS in both experiments (6–10 d after the first phenotyping). The second reported

experiment was shorter in time compared with the first one (12 d and 17 d of the wind

treatment, respectively); however, the duration of the experiment does not affect the

trends in the wind-induced changes to the Arabidopsis phenotype. In addition, the

average diameters of the top and bottom parts of the primary inflorescence stems

were measured from the photographs taken during the mechanical tests in the first

experiment. In the second experiment, after the end of the wind treatment, the

aboveground fresh biomass of 10 plants from both groups was assessed 3. After oven

drying at 70 ◦C, the dry biomass was also determined.

6.2.5 Mechanical characterization

In the first experiment, the changes in mechanical properties of Arabidopsis primary

inflorescence stems as a result of wind treatment were characterized by assessing their

bending rigidity and Young’s modulus of elasticity. The former characterizes the

ability of the material to resist bending, while the latter characterizes its resistance to

elastic deformations. Mechanical characterization was conducted for all plants from

2Supplementary Fig. S2 is the same as Figure 4.7 in this thesis.
3The main challenge in assessing the belowground biomass of Arabidopsis, grown in soil, is

associated with the root extraction process. Arabidopsis roots are quite delicate themselves and
have a substantial number of tiny root hairs which significantly increase root diameter and surface
area (Grierson et al., 2014). During the extraction most of them can be destroyed, thus affecting
the measurements. Therefore, only the aboveground biomass was assessed in the experiments
described in this thesis.
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the experimental (n=21) and control (n=19) groups on two segments taken from the

same stem. The first segment was taken from the basal part of the stem, where the

cells and tissues are the oldest and were subjected to the wind for the longest time.

This part of the stem is referred to as the ‘bottom part of the stem’. The second

segment was taken from the apex part of the stem, that was subjected to wind for a

shorter period of time compared with the bottom part and is comprised of younger

cells and tissues. This part of the stem is referred to as the ‘top part of the stem’.

By investigating two different segments of the same stem, it is possible to check the

distribution of the mechanical properties along its length and to study whether the

changes resulting from the wind treatment are consistent. Both segments were cut

using a razor blade and, if necessary, cleared of branches, fruits, flowers, and young

floral buds. The tip part of the stem, containing the growth zone, was removed from

the top part of the stem prior to testing.

Mechanical characterization of Arabidopsis primary inflorescence stems was con-

ducted using the dynamic forced vibration method (Zhdanov et al., 2020). In this

method, the mechanical properties of the tested stem segments are estimated through

their multiple resonant frequencies (fi) using Euler–Bernoulli beam theory (Blevins,

1979):

fi =
λ2
i

2πL2

√
EI

m
, i = 1, 2, 3, ..., n (6.2)

where L is the length of the stem, I is the second moment of area, m is the mass per

unit length, and λi is a dimensionless parameter that is obtained from the character-

istic equation corresponding to the applied boundary conditions and vibration mode.

In the present study, stem segments were tested with clamped-clamped boundary

conditions. In all tests, the length of the tested stem segment was equal to 50

mm, corresponding to the distance between the clamping points. To evaluate I, a

widely used approximation that a segment of Arabidopsis stem has a circular cross-

section of constant diameter along its length was utilized (see, for example,Turner

and Somerville, 1997; Bichet et al., 2001). The diameter was determined from the

photographs of the tested stem segment taken after each test using ImageJ software

(Schneider et al., 2012) as the averaged diameter over several locations. The mass

of the segment was determined directly after each test using a precision balance; m

was then evaluated as the ratio between the mass and the length of the segment. For

the bottom part of the stem, the determined mechanical proprieties were averaged

over the first three natural frequencies while for the top part the first four natural
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frequencies were used. The multiple resonant frequency method was previously vali-

dated against a standard three-point bending test (Zhdanov et al., 2020). The tests

were performed immediately after the cutting of each segment to avoid changes in

the mechanical properties of the stem segments due to dehydration and decrease in

turgor pressure.

6.2.6 Anatomical measurements

In the second experiment, the anatomical tissue composition of the primary inflo-

rescence stem was investigated for 10 plants from each group. Segments were taken

from the basal and apex ends; that is, the same two parts of the stem were consid-

ered as for the mechanical characterization. The transverse segments were sectioned

manually from the centre of these stem parts using a razor blade and stained with

0.02% toluidine blue. As a result of histochemical staining it was possible to differ-

entiate three representative tissues, namely the outer part that consists of epidermis

and cortex, the middle part that mostly accommodates lignified tissues (coloured

in blue), and the innermost part – pith (coloured in purple). The samples were

observed on a Zeiss Stemi SV11 microscope and photos were captured. The rela-

tive areas of the three aforementioned representative tissues were measured from the

images using ImageJ software.

6.2.7 Ca2+ measurements

In the second experiment, bottom stem segments from eight plants in each group

were collected and their fresh weight was determined. After drying for 48 h and

recording the dry weight, the stems were homogenized, and dry material was ex-

tracted in 1 M HCl. The insoluble material was removed through centrifugation,

retaining the supernatant. Aliquots of the supernatant were used to determine the

Ca2+ content utilizing flame photometry (Model 410 flame photometer, Sherwood).

All measurements were quantified against calibration standards.

6.2.8 Statistical analysis

All statistics of measured quantities are reported as the mean ±SD of n observations.

The post-hoc statistical analysis was carried out with a non-parametric Wilcoxon

rank-sum test. This test was chosen due to the small sample sizes of different

lengths and because some of the data did not follow the normal distribution.The tests
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were performed in Matlab (R2015b, MathWorks, USA) using the in-built ranksum

function. A statistically significant difference was established at P≤0.05.

6.3 Results

Due to the destructive nature of most of the conducted tests and limited room

inside the wind tunnel test section, two sets of experiments were conducted in this

study. The experiments were carried out at two different times of the year, hence the

conditions inside the glasshouse were slightly different in terms of temperature and

maximum light intensity. In addition, performing two sets of experiments provided

the possibility to increase the sample size for statistics of the reported parameters.

Where possible, the same tests were conducted in both sets of experiments (phe-

notyping). Despite the quantitative differences between the results obtained in the

reported experiments, qualitatively they led to the same conclusions.

6.3.1 Wind treatment induces changes in Arabidopsis phe-

notype

The effect of wind treatment on the recorded morphological parameters was low

compared with the control group during the first phenotyping in both experiments

(see Fig. 6.1). The primary inflorescence stem of plants in the experimental group

was on average shorter by 8.81% and 10.52% in the first and second experiments,

respectively (Fig. 6.1A). However, the observed decrease is statistically significant

(P<0.05) only in the second experiment. The average number of stems in the wind-

treated plants at this stage was 2.33±0.73 and 2.24±0.78 in the first and second

experiments, respectively (Fig. 6.1B). These values were lower compared with the

control group where the number of stems was 2.79±1.13 and 3.95±0.86, respectively.

The difference in average number of stems between the wind-treated plants and

the control group was statistically significant only in the second experiment. The

same effect was observed for the number of branches (Fig. 6.1C), namely plants

from the experimental group had fewer branches in both experiments, 2.81±0.6

and 4.95±1.47, respectively, compared with 3.26±0.81 and 9.14±2.43 in the control

groups. As in the case of the number of stems, this difference was statistically

significant in the second experiment only.

During the second phenotyping, which was conducted 10 d and 6 d after the

first one in the first and second experiments, respectively, the wind effects became
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Figure 6.1: Changes to the morphological parameters as a result of unidirectional
wind treatment with a constant flow speed of 5 m s−1 in both conducted experiments.
(A) Length of the primary inflorescence stem. (B) Number of stems. (C) Number of
branches. Error bars represent the SD. Statistically significant difference (P≤0.05)
from the two-sided Wilcoxon rank sum tests comparing medians of the corresponding
parameters in the control (n=19 and n=21 for the first and second experiments,
respectively) and experimental (n=21 for both experiments) groups is marked with
(*).

more substantial and statistically significant (see Fig. 6.1). The length of the pri-

mary inflorescence stem in both experiments was reduced only slightly compared

with the control group plants (4.71% and 13.98%), but, in contrast to the first phe-

notyping, this difference became statistically significant (P<0.05) in all cases (Fig.

6.1A). In addition, both experiments showed that plants subjected to the unidirec-

tional constant wind have fewer stems and branches compared with the untreated

plants (Fig. 6.1B, C). The number of stems in the wind-treated plants recorded in

both experiments was 5.1±0.7 and 3.24±0.62, respectively. These values are sig-

nificantly lower (P<0.05) compared with 5.68±0.75 and 4.81±0.75 observed in the

plants from the corresponding control groups. The highest effect of the wind treat-
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Figure 6.2: Changes to the Arabidopsis stem segments diameter as a result of the
unidirectional wind treatment with a constant flow speed of 5 m s−1 measured in the
first experiment. Error bars represent the SD. A statistically significant difference
(P≤0.05) from the two-sided Wilcoxon rank sum tests comparing medians of the
corresponding parameters in the control (n=19) and experimental (n=21) groups is
marked with (*).

ment was measured for the number of branches. Plants from the experimental group

had on average 24.05±4.96 and 9.38±2.44 branches (in experiments 1 and 2, respec-

tively); this is lower by approximately one-third compared with the average number

of branches in the plants from the control group (34.47±8.0 and 20.48±4.91), and

this difference is statistically significant (P<0.0001).

Wind treatment also resulted in a decrease in the diameter of the primary inflo-

rescence stem segments that was measured after the first experiment (see Fig. 6.2).

The bottom parts of the stem had significantly (P<0.05) lower diameter compared

with those of the control group plants. The diameter of the top parts of the stem

was also reduced, but the difference was statistically insignificant (P>0.05).

The plants grown under a constant unidirectional wind had a significantly (P<0.05)

lower aboveground fresh biomass (see Table 6.1). Fresh weight of the Arabidopsis

Col-0 exposed to wind was less than half of the weight of the control plants. In

addition, a significant (P<0.01) reduction by almost 48% in the dry aboveground

biomass of the plants from the experimental group was also observed. On the other

hand, the biomass ratio that was calculated as the percentage of moisture evaporated

during oven drying was almost the same in both groups.
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Table 6.1: Overview of the changes to the Arabidopsis biomass (mean±SD) that
were assessed after the end of the unidirectional wind treatment with a constant
flow speed of 5 m s−1 in the second experiment.

Experiment 2
control
plants

wind treated
plants

p-value

fresh biomass, g 1.78± 0.55 0.87± 0.33 0.001
dry biomass, g 0.23± 0.06 0.12± 0.04 0.001
biomass ratio, % 86.7± 0.6 85.6± 0.3 0.0312

P-values are obtained from the two-sided Wilcoxon rank sum tests comparing medians of the
corresponding parameters in the control (n=10) and experimental (n=10) groups.

6.3.2 Wind changes mechanical properties of Arabidopsis

stems

The primary inflorescence stems of Arabidopsis plants grown under constant wind

were inclined in the direction of the wind but did not show any signs of mechanical

damage. The mechanical properties, namely bending rigidity and Young’s modulus

of elasticity, of segments taken from the tip and basal parts of the same stems were

evaluated using the dynamic forced vibration method (Fig. 6.3). Wind treatment

resulted in a significant increase (P<0.05) in Young’s modulus of elasticity of both

tested segments (Fig. 6.3B). The average value of the elastic modulus of the bottom

part of the stem of plants exposed to the wind was 1119 MPa, that is 17% higher

compared with the untreated plants.The increase in the modulus of elasticity of the

segments taken from the top part of the stem was >12% in the same stems. While

the intensive property (E) of the stem material increased, its extensive property

(EI) was only slightly (P>0.05) lower for all tested stem parts (Fig. 6.3A).

6.3.3 Wind changes anatomical structure of Arabidopsis stems

Exposure to wind induced substantial changes to the anatomical structure of Ara-

bidopsis primary inflorescence stems in terms of their tissue organization (see Table

6.2; Fig. 6.4). Plant stems from the experimental group have significantly (P<0.05)

more lignified interfascicular tissue compared with the control group in their bottom

part. In addition, wind treatment resulted in a significant (P<0.05) decrease of the

pith tissue area in the same part of Arabidopsis stems. On the other hand, the rel-

ative area of cortex together with epidermis was not affected by the wind treatment
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Figure 6.3: Changes to the mechanical properties of Arabidopsis stem segments as a
result of the unidirectional wind treatment with a constant flow speed of 5 m s−1 in
the first experiment. (A) Bending rigidity. (B) Young’s modulus of elasticity. Error
bars represent the SD. Statistically significant difference (P≤0.05) from the two-
sided Wilcoxon rank sum tests comparing medians of the corresponding parameters
in the control (n=19) and experimental (n=21) groups is marked with (*).

and remained almost the same in the bottom part of the stems in the experimental

and control groups. The changes in the tissue organization in the top part of the

primary inflorescence stems demonstrate the same trends as those observed in the

bottom part as a result of exposure to wind (Table 6.2).

6.3.4 Wind changes Ca2+ content of Arabidopsis stems

Ion content measurements conducted after the second experiment showed that wind

treatment resulted in a significant increase (P<0.001) in Ca2+ content in the Ara-

bidopsis primary inflorescence stems (Fig. 6.5). The weight of calcium per gram of

the fresh weight on average was almost twice higher in the stems of plants grown

under constant unidirectional wind compared with the stems of control group plants.

6.4 Discussion

6.4.1 Morphological response of Arabidopsis

As was shown in previous studies (Smith and Ennos, 2003; Anten et al., 2010), the

effect of wind can differ considerably from the effect of mechanical perturbations in

the same plants. Indeed, the changes to Arabidopsis Col-0 that were observed in this

study differ from those reported for the same ecotype in previous investigations where
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showing anatomical tissue organisation of its bottom part: (A) plant form the control
group. (B) plant from the experimental group. co, cortex; ph, phloem; xy, xylem;
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wind influence was mimicked by mechanical perturbations. Regular brushing of

Arabidopsis led to the reduction of the stem length by ∼50% (Paul-Victor and Rowe,

2011), and a similar response was recorded as a result of physical touch (e.g. Braam

and Davis, 1990). In contrast, in the present experiments, the highest observed

decrease in the length of the primary inflorescence stem subjected to a constant wind

was only 14% compared with the untreated plants. These observations are consistent

with those reported by Bossdorf and Pigliucci (2009) where the average reduction

of the plant height of various natural populations of Arabidopsis was ∼13.2% when

subjected to a periodic wind treatment.

In addition to the inhibition of the stem length, a common thigmomorphogenetic

response in many plants includes an increase in the stem diameter. This was reported

for numerous plants as a result of mechanical bending (see, for example, Goodman

and Ennos, 1996; Telewski, 2006; Coutand et al., 2010). However, the present re-

sults show that the mean diameter of the primary inflorescence stem measured for

its bottom and top parts was reduced in the wind-exposed plants compared with

the control group. Lower stem diameter was also reported in trees as a result of

wind influence. For example, exposure of Cecropia schreberiana to the natural wind

environment resulted in significantly lower stem diameters in wind-exposed plants

compared with those in plants sheltered from the wind (Cordero, 1999). Slightly

lower stem diameter was also observed in lodgepole pine (Pinus contorta Douglas

ex Louden) subjected to a constant wind in a controlled wind tunnel environment

(Rees and Grace, 1980). In addition, the influence of wind, without mechanical flex-

ure, led to a decrease in the stem diameter of sunflowers (Helianthus annuus L.) in

factorial experiments conducted by Smith and Ennos (2003). When both wind and

flexure were combined, a slight increase in the stem diameter was observed; however,
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Table 6.2: Contribution of tissues to the total cross-sectional area of the Arabidopsis
primary inflorescence stem segments (mean±SD) that was assessed after the end of
the unidirectional wind treatment with a constant flow speed of 5 m s−1 in the second
experiment.

Tissue contribution %
control
plants

wind treated
plants

p-value

Bottom part of the stem
Pith 38.92± 3.33 31.64± 3.23 < 0.001
Lignified tissues 24.76± 2.69 31.02± 2.33 < 0.001
Cortex+epidermis 36.43± 3.06 37.34± 3.6 0.68

Top part of the stem
Pith 35.6± 1.88 31.47± 2.4 < 0.01
Lignified tissues 22.99± 1.83 26.21± 1.08 < 0.001
Cortex+epidermis 41.41± 2.3 42.32± 1.96 0.32

P-values are obtained from the two-sided Wilcoxon rank sum tests comparing medians of the
corresponding parameters in the control (n=10) and experimental (n=10) groups.

as pointed out by the authors, the amount of mechanical flexure received by plants

in this group was considerably higher than the wind could create. Interestingly, a

reduction of the stem diameter in Arabidopsis Col-0 was also reported as a result of

brushing (Paul-Victor and Rowe, 2011), showing, in this respect, similarities of the

response to the wind and brushing in these plants.

We found that plants grown under constant unidirectional wind had a signifi-

cantly lower number of stems and branches compared with the untreated plants. As

will be discussed below, this can be a part of the acclimation strategy of Arabidopsis

to deal with wind loadings. The reduced branching in Arabidopsis was also reported

as a result of a periodic wind exposure of different flow speeds (Bossdorf and Pigli-

ucci, 2009), but not for all 17 tested natural populations. The same behaviour was

reported earlier by Pigliucci (2002) for 11 natural accessions of Arabidopsis that

were subjected to a periodic wind treatment of different durations. While the num-

ber of branches in some accessions decreased, a similar or even increased number

was observed in others. On the other hand, increased branching was reported for

Potentilla reptans L. as a response to the mechanical brushing that was applied to

mimic a wind environment (Liu et al., 2007).

Another effect of mechanical perturbations on plants is the decrease of above-

ground biomass (Niklas, 1998; Kern et al., 2005). This can be linked to the overall
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Figure 6.5: Changes to the Ca2+ content of Arabidopsis stems as a result of the
unidirectional wind treatment with a constant flow speed of 5 m s−1 in the sec-
ond experiment. Error bars represent the SD. A statistically significant difference
(P≤0.05) from the two-sided Wilcoxon rank sum tests comparing medians of the
corresponding parameters in the control (n=8) and experimental (n=8) groups is
marked with (*).

reduction of the plant’s size as a result of thigmomorphogenesis. In the present

study, both fresh and dry aboveground biomass was reduced for plants grown under

a constant unidirectional wind. This is attributed to the changes in the Arabidop-

sis morphology where a lower number of stems and branches together with slightly

shorter stems of reduced diameter were observed in plants subjected to wind. The

decrease of Arabidopsis dry biomass as a result of wind treatment is consistent with

previous observations by Bossdorf and Pigliucci (2009). Although changes in the

biomass were not quantified for Arabidopsis subjected to mechanical perturbations

in the studies by Braam and Davis (1990) and Paul-Victor and Rowe (2011), it can

be reasonably presumed that it was decreased due to the significant reduction in

size of the plants. The very close values of the biomass ratio in both experimental

and control groups in the present study point to the same amount of water in both

groups at the time of harvest and throughout the experiments. Thus, the changes

observed as a result of wind treatment were not due to the water loss in plants from

the experimental group through increased evaporation. In addition, a similar water

content can be associated with water-saving strategies of plants under wind, but

further investigation of this aspect is required.

Comparing the changes in Arabidopsis morphology, some similarities between

responses to wind and mechanical brushing can be noted. In both cases, a reduction
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of the plant biomass and decrease in the stem diameter are observed, even though

the latter is not a common response to mechanical bending in plants. However, the

inhibition of the stem length is much lower in wind-exposed plants compared with

those subjected to brushing. The observed differences in the responses to constant

unidirectional wind as in the current study and mechanical contact (e.g. Paul-Victor

and Rowe, 2011) can be attributed to the fact that in the first case Arabidopsis can

adapt to the constant stress coming from a single direction by adapting its shape

and structure, while it is not possible to achieve this when stress is applied from

multiple directions, as in the case of brushing.

6.4.2 Anemotropic response of Arabidopsis to a constant

unidirectional wind

Environmental stimuli have an effect on the specific orientation of plant growth,

which is known as tropism. A tropic response can be either positive, towards the

stimulus, or negative, away from it. The response of plants to touch and other me-

chanical contacts is known as thigmotropism. By analogy, the response of plants to

wind can be termed as anemotropic or anemotropism. In the present experiments,

Arabidopsis ecotype Col-0 grown under the constant unidirectional wind exhibited

an anemotropic response (Fig. 6.6). The young seedlings demonstrated a positive

anemotropic response to wind, by directing their primary growth in the direction

opposite to the direction of the flow (Fig. 6.6A, B). To the best of our knowledge,

this is the first time an anemotropic response to a unidirectional wind has been doc-

umented in any plant system (Telewski, 2012), although previous work on conifers

already suggested the existence of this type of tropic response (Rees and Grace, 1980;

Berthier and Stokes, 2006). As Arabidopsis developed under the wind and its size

increased, the shape of the plants became windswept; however, the upwind bending

of the stems was preserved (Fig. 6.6C, D). The windswept growth form is widely

found in trees for which it is a crucial acclimation response to the wind environment

(Telewski, 2012). It should be noted that the Arabidopsis stem is known to exhibit

gravitropism when inclined at an angle from the vertical orientation. In the case of

the gravitropic response, the stem returns back to the vertical orientation within a

few hours (Fukaki et al., 1996a). Curvature of Arabidopsis stems grown under con-

stant unidirectional wind was preserved over time (see Fig. 6.6), suggesting that the

observed response is mainly due to anemotropism. However, an interaction between

anemotropic and gravitropic responses cannot be fully excluded since gravity was
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Figure 6.6: Arabidopsis ecotype Col-0 grown under the constant unidirectional wind
exhibits positive anemotropic response. (A) Young Arabidopsis seedlings (30 DAS)
from experimental and control groups. (B) Young Arabidopsis seedlings (30 DAS)
inside the wind tunnel test section. (C) Arabidopsis plants (34 DAS) from experi-
mental and control groups. (D) Arabidopsis plants (34 DAS) inside the wind tunnel
test section. Note that in (A) and (C) plants from the experimental group were re-
moved from the wind tunnel and the curvature of their stems is increased compared
to plants in (B) and (D) where Arabidopsis is subjected to a constant unidirectional
wind of 5 m s−1. For reference in all parts of the figure the diameter of the pot is
76 mm.

inevitably present in the experiments. As was shown in the studies where Arabidop-

sis was grown in a centrifuge (e.g. Dümmer et al., 2015; Chauvet et al., 2016), the

combination of gravity with an additional force results in a growth response in the

direction parallel to their resultant force. In the present study, the additional force

was exerted by the wind, which could explain the observed curvature of the stem

and the fact that Arabidopsis grown under constant wind did not develop parallel

to the wind direction.
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6.4.3 Acclimation of Arabidopsis to a constant unidirec-

tional wind

To grow and survive in windy environments, plants have developed a number of

acclimation strategies. These strategies include streamlining and reconfiguration,

damping, and wind-induced pruning (Gardiner et al., 2016). Reconfiguration, the

term introduced by Vogel (1984) to describe the change of plant shape under wind,

and streamlining are common for most plants regardless of size and growing environ-

ment. In terms of this strategy, plants reduce their frontal area and aerodynamically

optimize their shape to experience less force from the wind. The details of the physics

and mechanics behind streamlining and reconfiguration can be found in, for exam-

ple, Gosselin (2019). Plants mainly experience force from the wind in the form of

fluid dynamic drag, which is defined as:

D =
1

2
ρACDU

2
∞, (6.3)

where ρ is the density of the fluid, A the frontal area of the plant, CD the drag

coefficient, and U∞ flow velocity. For plants it was shown that drag does not scale

as U2
∞ but rather as U2+v

∞ , where v is the Vogel exponent (Vogel, 1984, 1989). In

order to reduce the drag force experienced from wind, plants can modify only two

parameters in Equation 6.3, namely their drag coefficient and frontal area.

In the present study, Arabidopsis is expected to exhibit a long-term acclimation

strategy to a unidirectional wind environment. As mentioned above, Arabidopsis

grown inside the wind tunnel developed in the downstream direction and its shape

became windswept. In trees, a windswept form is a result of long-term streamlining

that occurs as a response to regular wind exposure.Trees with windswept crowns

are known to experience substantially less drag (Telewski and Jaffe, 1986a); that

is, values of their CD in Equation 6.3 are reduced. Taking into account similarity

in the long-term response to continuous wind, it can be presumed that Arabidopsis

optimized its shape into a more streamlined one and thus experienced less drag.

In addition, phenotyping showed a significantly lower total number of branches

(including basal branches) in the wind-exposed plants.This in turn decreased their

frontal area compared with the untreated plants that had more branches and stems.

From Equation 6.3, a reduction in the frontal area directly leads to a decrease in

the drag force the plant experiences from the wind. Hence, the reduced number of

stems and branches in the experimental group compared with the control group can

be considered as part of the long-term acclimation strategy of Arabidopsis Col-0 to
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constant unidirectional wind.

6.4.4 Changes in the mechanical properties of Arabidopsis

stems

The observed changes to the mechanical properties of Arabidopsis are opposite to

those reported as a result of brushing, where bending rigidity and Young’s modu-

lus of elasticity of inflorescence stems were significantly reduced (Paul-Victor and

Rowe, 2011). In the present study, only a marginal decrease in the bending rigid-

ity of Arabidopsis stems was recorded for the experimental group (Fig. 6.3A). It

should be noted that this property is dependent on the stem geometry, namely the

second moment of area. This parameter, in turn, is a function of the stem diameter,

which was lowered as a result of the wind treatment (Fig. 6.2). As was discussed

earlier, plants experience a drag force from the wind that is dependent on the char-

acteristic dimension of the plant (projected frontal area). Consequently, the reduced

stem diameter is also important for reducing the wind-induced drag force. Paul-

Victor and Rowe (2011) suggest that changes in mechanical properties are related

to changes in the developmental rate and, combined with alterations in plant mor-

phology, are adaptive to the growth environment. Therefore, a possible explanation

for the contrasting results between the two types of treatment may be the fact that

under unidirectional wind Arabidopsis did not bend in opposite directions as in the

case of brushing, and hence increased flexibility was not required to adapt to the

growth environment. On the other hand, wind treatment increased the modulus of

elasticity of the primary inflorescence stems of Arabidopsis (Fig. 6.3B). A higher

elastic modulus means that a larger stress needs to be applied in order to produce

the same strain (deformation).This may also form a part of the acclimation strategy,

making the plant material more rigid so it can withstand the loads from the con-

tinuous wind exposure. In addition, an increased modulus of elasticity compensates

the influence of lower stem diameter on the bending rigidity, so stems sway less in

the wind compared with the case where both E and D are reduced.

Other studies where the influence of different types of perturbations (wind, flex-

ing, rubbing, etc.) on the mechanical properties of plants was assessed show that

the changes can be in any direction. Bending rigidity of stems was reported to de-

crease (e.g. Telewski and Jaffe, 1986b; Cordero, 1999), increase (e.g. Hepworth and

Vincent, 1999; Kern et al., 2005; Niez et al., 2019), or remain unaffected (e.g. Jaffe

et al., 1984). Young’s modulus of elasticity also can increase (e.g. Telewski and Jaffe,
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1986a; Gladala-Kostarz et al., 2020) or decrease (e.g. Jaffe et al., 1984; Cordero, 1999;

Kern et al., 2005) as a result of various mechanical treatments including wind. The

present results support the hypothesis proposed by Newcombe (1895) that there is

no universal change in the mechanical properties of plants as a response to mechan-

ical stress (for a review, see Telewski (2016)). The changes are likely to adjust to

the exact type of perturbation and depend on many factors, such as frequency of

perturbations, amount of stress induced per perturbation, direction of perturbation,

etc. Thus, as dis- cussed in Coutand and Moulia (2000), it is important to character-

ize perturbations experienced by plants as well as their growth environment. In the

present study, the wind conditions inside the test section were characterized using

hot-wire anemometry and it was ensured that other environmental variables were

the same for both groups. Experiments conducted at different times of the year (see

the Materials and methods) confirmed that changes to the mechanical properties of

Arabidopsis primary inflorescence stems resulting from continuous exposure to wind

at a constant flow speed of 5 m s−1 are repeatable. In addition, as was shown for

loblolly pines (Telewski and Jaffe, 1986b) and hybrid poplars (Pruyn et al., 2000),

the response to mechanical perturbations depends on the plant genotype.

In future studies, various Arabidopsis ecotypes and mutants can be subjected to

different wind speeds, and the corresponding changes to their mechanical as well as

morphological properties can be quantified. This will give the possibility to assess

how Arabidopsis adapts to different wind conditions and how these conditions affect

the aforementioned properties.

6.4.5 Changes in the stem anatomy and ion content related

to the changes in the mechanical properties

Lignin is known to strengthen cell walls and supportive fibres, and thus provides

rigidity to plants (Smith et al., 2013; Brulé et al., 2016). As was shown with the

lignin deficit Arabidopsis mutants, irx4, reduction of lignin leads to the decrease in

the mechanical properties of Arabidopsis stems (Jones et al., 2001). Consequently,

the observed changes in the relative areas of structural tissues as a result of wind

influence in the present study suggest direct correlation between an increase in the

area of the lignified tissues and an increase in the modulus of elasticity of the tested

stem segments.

The larger relative area of lignified tissues in Arabidopsis stems observed in wind-

exposed plants is opposite to the effects of mechanical perturbations in the form of
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brushing. Paul-Victor and Rowe (2011) reported a decrease in this parameter in the

stems of brushed plants. This was partially attributed to the recorded reduction in

the mechanical properties of perturbed plants compared with the control group.

Ko et al. (2004) showed that lignification in Arabidopsis inflorescence stems is

related to their weight and length. Furthermore, it was found that an artificial

increase of stem weight promoted further formation of lignified tissues. As in the

experiments by Ko et al. (2004), where addition of the weight to the stem tip in-

creased the gravitational force exerted on Arabidopsis stems, in the present study,

stems were also made to experience an additional force, namely the drag force that

was induced by the constant unidirectional wind. This suggests a possible expla-

nation for the observed increase of the lignified tissues in the wind-treated plants

compared with the control group.

In addition to an increase in the area of lignified tissues, stems of wind-exposed

plants had a higher Ca2+ content. An increase in Ca2+ is known to occur in response

to different types of mechanical stress in plants (Telewski, 2006). Furthermore, Ca2+

ions contribute to cell wall stiffening by taking part in the formation of pectate gels

(Jiang et al., 2005; Höfte et al., 2012). Based on this, it can be presumed that

elevated levels of Ca2+ may also contribute to the increased modulus of elasticity of

plant stems from the experimental group.

6.4.6 Wind and water stress in plants

In general, it can be expected that wind leads to water stress in plants through an

increase in transpiration from plant surfaces. In many cases, the increased evap-

oration from plants in wind is a result of the decrease in cuticle resistance which

occurs through abrasive wear and damage due to flexing of leaves and collisions with

other leaves (Jones, 2013). This was experimentally shown for a number of plants,

such as Festuca arundinacea (Grace, 1974), Picea sitchensis, and Pinus sylvestris

(Van Gardingen et al., 1991). However, several theoretical and experimental stud-

ies show that, in certain cases, wind has a small influence on the evaporation rate

in plants and even a decrease in transpiration has been observed (Monteith, 1965;

Drake et al., 1970; Rees and Grace, 1980; Dixon and Grace, 1984). It should be

noted that Rees and Grace (1980) and Dixon and Grace (1984) conducted experi-

ments in a wind tunnel and their findings thus are directly relevant to the current

study.

The present study focuses on the changes in the Arabidopsis morphology and
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mechanical properties as a result of continuous unidirectional wind treatment at a

constant speed. The growth conditions between the control and experimental groups

were identical except for the wind treatment. Moreover, the wind environment was

created in a purpose-built wind tunnel, that was precisely characterized, and through

repeated experiments the results were shown to be reproducible. Any changes in the

plant microclimate came directly from the wind and are expected to occur in the

natural environment under the same conditions, resulting in similar changes to the

plant structure and mechanical properties. The top edges of the plant pots were

in line with the wind tunnel floor, hence the leaf rosettes were located very close

to the wind tunnel floor inside the boundary layer, where flow speed is significantly

reduced. Consequently, the disturbance from wind to the leaf rosettes of Arabidopsis

was reduced to a minimum throughout the experiments and neither flexing nor

rubbing of leaves against each other was observed. The other aboveground parts

of Arabidopsis swayed in the wind but did not touch parts of neighbouring plants

or other parts of the same plant. Based on this, it can be presumed that damage

to the cuticle was also reduced or even eliminated, thus avoiding an increase in

transpiration from the plants through a decrease in the cuticle resistance.

6.5 Conclusions

In this study, Arabidopsis ecotype Col-0 was subjected to a continuous wind treat-

ment in a purpose-built wind tunnel. Exposure to wind resulted in a positive

anemotropic response, recorded for the first time in any plant system, and in pro-

nounced changes to the plant structure. In addition, mechanical properties, anatom-

ical tissue organization, and ion content of the primary inflorescence stems were mod-

ified. Overall, the observed changes can be interpreted as a part of the acclimation

strategy of Arabidopsis to wind.
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Abstract Plants acclimate to various types of mechanical stresses through thig-

momorphogenesis and alterations in their mechanical properties. Although resem-

blance between wind- and touch-induced responses provides the foundation for stud-

ies where wind influence was mimicked by mechanical perturbations, factorial exper-

iments revealed that it is not always straightforward to extrapolate results induced

by one type of perturbation to the other. To investigate whether wind-induced

changes in morphological and biomechanical traits can be reproduced, we subjected

Arabidopsis thaliana to two vectorial brushing treatments. Both treatments signifi-

cantly affected the length, mechanical properties, and anatomical tissue composition

of the primary inflorescence stem. While some of the morphological changes were

found to be in line with those induced by wind, changes in the mechanical properties

exhibited opposite trends irrespective of the brushing direction. Overall, a careful

design of the brushing treatment gives the possibility to obtain a closer match to

wind-induced changes, including a positive tropic response.

Keywords: Arabidopsis thaliana, biomechanics, morphology, mechanical pertur-

bations, mechanical properties, thigmomorphogenesis, tropic response.

7.1 Introduction

Plants respond to mechanical perturbations through morphological and physiological

changes termed ‘thigmomorphogenesis’ by Jaffe (1973). The most common responses

found in many plant species are inhibition of the stem length, increase in stem ra-

dial growth, and redistribution of biomass from above- to below-ground (Chehab

et al., 2009; Telewski, 2016). Other reported responses include alterations in flow-

ering time, chlorophyll content, number of leaves, senescence, and development of

stress resistance (see Biddington, 1986). In addition, plants alter their mechanical

properties to cope with the induced mechanical stress. However, the nature of this

response, i.e. whether the plant becomes more rigid or flexible, is not universal and

depends on the type of perturbation and the plant genotype (Telewski and Jaffe,

1986b; Pruyn et al., 2000; Telewski, 2016)

Initially, thigmomorphogenesis was recorded as a result of the application of

artificial mechanical stress in the form of rubbing (Jaffe, 1973). Other types of

mechanical perturbations, such as bending (Coutand et al., 2010), brushing (Paul-

Victor and Rowe, 2011), flexing (Pruyn et al., 2000), shaking (Niklas, 1998), which

also involve solid to solid contact (e.g. brushing material to plant), evoke similar



EFFECTS OF BRUSHING ON ARABIDOPSIS 103

responses in plants and have been widely used in thigmomorphogenetic studies.

In their natural environment, terrestrial plants regularly experience perturbations

from various natural sources, such as wind, rain, snow, animals; among which wind is

widely considered as the major one. Plants acclimate to windy environments through

morphological changes that are similar to thigmomorphogenetic response resulting

from artificial mechanical perturbations (Biddington, 1986; Jaffe and Forbes, 1993;

Gardiner et al., 2016), although wind exerts perturbations through fluid (air) to

solid (plant) interaction. Based on these similarities various types of mechanical

perturbations have been applied to plants in many studies to mimic the effects of

wind (e.g. Niklas, 1998; Paul-Victor and Rowe, 2011; Niez et al., 2019).

However, the results of factorial experiments suggest that wind and mechanical

perturbations can have significantly different effects on the same plants when ap-

plied separately. Smith and Ennos (2003) showed that while exposure of sunflowers

(Helianthus annuus L.) to airflow resulted in taller plants with less rigid stems, me-

chanical flexure had opposite effects. Similarly, the effects of wind and brushing on

Plantago major L. were shown to be opposite in terms of the morphology of petioles

and laminas (Anten et al., 2010). Consequently, as concluded by Anten et al. (2010)

it is not always correct to extrapolate the effects of mechanical perturbations to the

effects of wind.

In our recent study (Zhdanov et al., 2021), we demonstrated that the response

of the widely used model plant Arabidopsis to a constant unidirectional wind is

significantly different compared to those reported as a result of brushing (Paul-Victor

and Rowe, 2011) in terms of changes in plant morphology, mechanical properties,

and anatomical tissue composition of its primary inflorescence stem. Moreover,

Arabidopsis exhibits a positive anemotropic response to this type of treatment. A

possible source of these discrepancies could be the difference in the direction of the

applied stress, i.e. the wind treatment in Zhdanov et al. (2021) was unidirectional,

while Paul-Victor and Rowe (2011) applied bidirectional brushing.

Based on these observations, it can be hypothesised that a careful design of the

brushing experiment, especially in terms of the direction of applied perturbations,

could allow for a closer mimicking of a unidirectional wind treatment and hence the

observed response of Arabidopsis, including a positive tropic response, will be simi-

lar. The aim of the present study is to investigate the possibility to mimic the effects

of a constant unidirectional wind through mechanical perturbations. To address this

question, Arabidopsis ecotype Col-0 was subjected to two types of vectorial brush-

ing treatment, namely bidirectional and unidirectional, in separate experiments. In
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addition, two different brushing materials were applied in each experiment to inves-

tigate possible differences in the plant response. The use of two brushing materials is

motivated by the variety of materials that have been used in brushing experiments,

e.g. paper (Wang et al., 2009), cardboard (Latimer, 1990), wooden bar (Keller and

Steffen, 1995), duster (Anten et al., 2010), polythene (Paul-Victor and Rowe, 2011),

which have different surface textures and thus could result in different effects on

plants. The tropic response and thigmomorphogenetic changes to Arabidopsis mor-

phology, mechanical properties, and anatomical tissue composition of the primary

inflorescence stem were assessed and compared between and within the experiments.

7.2 Materials and methods

7.2.1 Plants

Seeds of Arabidopsis (ecotype Columbia-0) were sown in a single pot and kept at 4 ◦C

for 48 hours. The pot was then placed in the growth chamber with a long-day cycle

(16 hours of light and 8 hours of darkness), temperature at 22 ◦C, light intensity at

150 µmol m−2 s−1, and humidity at 60%. After approximately 1 week, the seedlings

were transplanted into individual pots (pot diameter = 76 mm) and moved into

the growth room where the experiments were conducted. The conditions in the

growth room were as follows: long-day cycle, temperature at 19 ◦C, light intensity

at 150 µmol m−2 s−1. After approximately 20 to 25 days, when the flower bearing

stem started to develop, plants were randomly separated into three groups. Two

groups (20 plants each) were subjected to mechanical perturbations (experimental

groups 1 and 2) by two different brushing materials. The third group (20 plants)

was grown on the same shelf in the growth room under the same conditions but

without any perturbations (control group). The same growth procedure was used in

both conducted experiments.

7.2.2 Mechanical perturbations

Mechanical perturbations in the form of brushing were performed by a bespoke

brushing machine (Figure 7.1). The machine has two belt-driven linear actuators

which enable movements along horizontal and vertical axes (Figure 7.1A). The actu-

ators are controlled by individual step motors with controllers allowing for separate

and fully automated operation based on a preset programme. A beam mounted on

the belt-driven gantry of the vertical axis is used for attaching the brushing material
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Figure 7.1: Brushing machine and its operational modes used in the present study.
(A) Schematic diagram of the brushing machine and its components. (B) Bidirec-
tional brushing mode: the plants are brushed in both directions by moving brushing
material back and forth (from position 1 to position 2). (C) Unidirectional brushing
mode: the plants are brushed in a single direction by moving the brushing material
from position 1 to position 2. Upon reaching the end of the horizontal axis (position
2), the brushing materials is lifted to position 3, moved back to the beginning of the
axis (position 4) and returned to the initial position 1. The plants are placed under
the brushing material on both sides of the brushing machine. The position of the
beam with brushing material is adjusted in the vertical direction as the plants grow.

for the experiments. The beam extends on both sides of the machine and thus allows

to use two different materials within a single experiment.

In the present study two sets of brushing experiments were carried out. In both

cases, the experimental groups were placed on opposite sides of the machine along

its horizontal axis and subjected to brushing by different materials for two weeks.

Plants from the experimental group 1 were brushed with smooth plastic, while the

second group was brushed by a textured jute fabric. The brushing elements were

made by combining plastic sheets with jute fabric pieces of the same size and folding

them with one or the other side up. This ensured they had the same mass, and the

plants were brushed with equal force. Consequently, any morphological changes or

alterations observed in the mechanical properties, were expected to be solely a result
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of differences in the surface texture of the brushing material.

In the first experiment, plants were subjected to bidirectional brushing (Figure

7.1B). Every four hours the plants in both experimental groups were brushed 20 times

(10 times in each direction). In the second experiment, unidirectional brushing was

applied (Figure 7.1C): in this case plants were subjected to the same number and

frequency of mechanical perturbations (20 brushes every 4 hours), but all brushes

were made in one direction. In both modes, only the stems and not the rosettes

were mechanically perturbed. The height of the beam with the brushing material

was adjusted as plants grew so that the primary inflorescence stems were deflected

by 45◦ to 65◦ from their vertical orientation during the brushing.

7.2.3 Phenotyping

Morphological changes in Arabidopsis phenotype as a result of mechanical pertur-

bations were assessed at the end of each experiment. For each plant in the control

and experimental groups the length of the primary inflorescence stem, number of

stems (basal branches), and the number of branches were determined. The above-

ground fresh biomass was assessed for 10 randomly chosen plants from each group.

In addition, after oven drying at 70 ◦C their dry biomass was also determined. For

the other 10 plants from each group, the average diameters of their bottom and top

parts were evaluated as part of their mechanical characterisation.

7.2.4 Mechanical characterisation

Mechanical characterisation of the primary inflorescence stems of perturbed and

control plants was carried out using the dynamic forced vibration method (Zhdanov

et al., 2020) for 10 plants from each group. Two segments of the primary inflorescence

stem were characterised. The first segment, referred to as “bottom part of the stem”,

was taken from the basal part of the stem. The second segment was taken from the

apex part of the stem excluding the growth zone and is referred to as “top part of the

stem”. The tests were conducted directly after the segment under consideration was

cut from the stem using a razor blade and, if required, cleared from branches, fruits,

flowers, and young floral buds. This eliminated the influence of turgor pressure

reduction and dehydration on the determined mechanical properties. In addition,

at the time of the tests none of the stems showed any sign of senescence that could

also affect their mechanical properties.
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The dynamic forced vibration method allows to determine multiple resonant fre-

quencies (fi) of the tested stem segment that are related to its mechanical properties

through Euler-Bernoulli beam theory (Blevins, 1979):

fi =
λ2
i

2πL2

√
EI

m
, i = 1, 2, 3, ..., n (7.1)

where E is the Young’s modulus of elasticity which characterises the ability of the

material to resists elastic deformations, L is the length of the stem, I is the second

moment of area, m is the mass per unit length, and λi is a dimensionless parameter

that is obtained from the characteristic equation corresponding to the vibration

mode and applied boundary conditions. The product of EI is known as bending

rigidity and characterises the ability of the material to resist bending. In the present

study, both E and EI were determined for each tested stem segment.

The cross-section of Arabidopsis was approximated as a circle (Turner and Somerville,

1997; Bichet et al., 2001), thus I was calculated as:

I =
π

64
D4 (7.2)

where D is the diameter of the tested stem segment that was determined as an

average value over several measurements of the stem diameter at different locations

along its length. The measurements were done post-hoc using ImageJ (Schneider

et al., 2012) from the photographs of the tested stem segments taken after each test.

The mass of the tested segments was also measured after each test using a precision

balance to evaluate m, which is required to estimate the mechanical properties using

equation 7.1.

7.2.5 Anatomical measurements

Anatomical tissue organisation was observed on the next day after mechanical char-

acterisation for the same stem segments. Prior to this, the stem segments were

stored in individual falcon tubes filled with distilled water at 4 ◦C. Manually sec-

tioned transverse segments from the central parts of each stem segment were stained

with 0.02% toluidine blue. Histochemical staining enabled visual differentiation be-

tween the structural tissues of the studied segments. The samples were observed on

a Zeiss Stemi SV11 microscope and photographs were captured. The relative areas

of the outer part (epidermis and cortex), middle part (lignified tissues coloured in

blue), and innermost part (purple coloured pith) were measured from the images
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using the ImageJ software.

7.2.6 Statistical analysis

All statistics of measured quantities are reported as mean ± standard deviation of

n observations. Due to the small sample sizes of different lengths and because some

of the data did not follow the normal distribution a non-parametric Wilcoxon rank-

sum test was applied for post-hoc statistical analysis. The tests were performed

in Matlab (R2020a, MathWorks, USA) using the in-built ranksum function. A

statistically significant difference was established at P ≤ 0.05.

7.3 Results

Due to the availability of only one brushing machine two sets of experiments were

conducted to explore the influence of vectorial brushing treatment on Arabidopsis.

Although both experiments were conducted following the same procedure in the

same growth room, the differences observed between some parameters are believed

to be due to the natural variability. However, comparison of the parameters between

different groups within a single experiment and comparison of the absolute effects

between two brushing treatments led to valuable and reliable conclusions.

7.3.1 Arabidopsis morphology

Both bi- and unidirectional types of brushing treatment resulted in a statistically

significant (P<0.0001) inhibition of the primary inflorescence stem length (Figure

7.2A). The reduction of the stem length appears to be dependent on the applied type

of brushing. Compared with the control group, plants subjected to the bidirectional

brushing on average were shorter by 27%, while in the unidirectional brushing ex-

periment the average reduction was only 16.5%. In contrast, no significant changes

(P>0.05) to the number of stems and branches were imposed by any type of the ap-

plied brushing treatment and values of these parameters were only slightly reduced

in the experimental plants compared to the controls (Figure 7.2B and C).

In addition, mechanical perturbations in the form of brushing had only minor

effects on the other measured morphological traits (Table 7.1). While the brush-

ing treatment resulted in a reduction of the diameter of the bottom part of the

stem, this reduction was marginal and, in most cases, not statistically significant

(P>0.05) compared to the control group, except for the experimental group 2 in the
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Figure 7.2: The effect of mechanical perturbations by different types of brushing
treatment and brushing material on Arabidopsis morphology. (A) Primary inflores-
cence stem length. (B) Number of stems. (C) Number of branches. The legend
in part (A) applies to all parts of this figure. Experimental group 1 was brushed
with textured jute fabric while experimental group 2 with a smooth plastic in both
experiments. Statistically significant differences (P≤0.05) were identified using the
two-sided Wilcoxon rank sum test comparing medians of the corresponding param-
eters between groups. E marks statistically significant difference compared with the
control group in the respective experiment.

unidirectional brushing experiment (P=0.026). Furthermore, no consistent effect of

both types of brushing was observed for the top part of the stem and the diameters

of these segments were similar in all groups. Mechanically perturbed plants also

had slightly lower fresh and dry biomass compared to the plants from the control

group in both conducted experiments. However, this reduction was not statistically

significant (P>0.05).

No significant difference in the effects induced by different types of brushing

material, namely textured jute fabric (experimental group 1) and smooth plastic

(experimental group 2), was observed in both experiments. All recorded morpho-

logical parameters had similar values (see Figure 7.2 and Table 7.1) irrespective of
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Table 7.1: The effect of mechanical perturbations by different types of brushing and
brushing material on morphological and biomechanics parameters of Arabidopsis.

Unidirectional brushing Bidirectional brushing

control
experimental

group 1
experimental

group 2
control

experimental
group 1

experimental
group 2

whole plant
fresh biomass, g 6.04± 0.95 5.33± 0.35 5.74± 0.49 7.99± 1.17 7.22± 0.97 6.95± 1.27
dry biomass, g 0.55± 0.07 0.50± 0.05 0.52± 0.06 0.85± 0.21 0.71± 0.11 0.66± 0.15

bottom part of the stem
D, mm 1.20± 0.15 1.04± 0.10* 1.10± 0.09 1.86± 0.25 1.68± 0.26 1.71± 0.22
EI, N mm2 117± 70 49± 18* 60± 17* 625± 281 268± 170* 328± 219*

top part of the stem
D, mm 1.01± 0.08 0.99± 0.10 1.06± 0.07 1.07± 0.06 1.09± 0.06 1.11± 0.08
EI, N mm2 22± 6 21± 6 27± 8 31± 10 30± 8 32± 8

Experimental group 1 was brushed with textured jute fabric while experimental group 2 with
smooth plastic in both experiments. Values are presented as mean±SD with n=10 for each case.
Statistically significant differences (P≤0.05) were identified using the two-sided Wilcoxon rank sum
test comparing medians of the corresponding parameters between groups.
* marks statistically significant difference compared with the control group in the respective ex-
periment.

the used brushing material.

7.3.2 Mechanical properties of primary inflorescence stems

At the time of the mechanical characterisation, the primary inflorescence stems were

upright and self-supporting. No signs of damage, inflicted by mechanical perturba-

tions in the form of brushing, were observed in plants from the experimental groups

in both conducted experiments. Unidirectional and bidirectional brushing treat-

ments resulted in significant changes (P<0.05) to the intensive (independent of the

object’s size), and extensive (proportional to the object’s size), mechanical proper-

ties of the bottom part of the primary inflorescence stem. Compared to the control

group, the unidirectional brushing decreased E of this part of the stem by approxi-

mately 20%, while a reduction of more than 30% was observed due to bidirectional

brushing (Figure 7.3A). The EI of the bottom parts of the perturbed plants was

approximately half of the values determined for the control group in both conducted

experiments (Table 7.1).

In contrast, the Young’s modulus of elasticity (Figure 7.3B) and bending rigidity

(Table 7.1) of the top parts of the stems were not significantly (P>0.05) affected

by any type of the applied brushing treatments. In addition, no significant differ-

ences (P>0.05) in the mechanical properties were found within a single experiment
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Figure 7.3: The effect of mechanical perturbations by different types of brushing
treatment and brushing material on the intensive mechanical properties of Ara-
bidopsis primary inflorescence stem. (A) Modulus of elasticity of the bottom part
of the stem. (B) Modulus of elasticity of the top part of the stem. The legend in
part (B) applies to both parts of this figure. Experimental group 1 was brushed
with textured jute fabric while experimental group 2 with smooth plastic in both
experiments. Statistically significant differences (P≤0.05) were identified using the
two-sided Wilcoxon rank sum test comparing medians of the corresponding param-
eters between groups. E marks a statistically significant difference compared with
the control group in the respective experiment.

between plants from experimental groups brushed with either smooth plastic or tex-

tured jute fabric. For both tested stem segments, the values of E and EI had similar

values irrespective of the brushing material.

7.3.3 Anatomical tissue composition

Both types of vectorial brushing treatment resulted in significant changes to the

anatomical tissue organisation of the bottom part of the primary inflorescence stem

of Arabidopsis (Table 7.2). Brushed plants developed proportionally more cortex and

epidermis compared to the control group. In addition, a reduction of the relative

area of lignified tissues was observed in the plants from both experimental groups. In

both cases the observed alterations are statistically significant (P<0.05). However,

the brushing treatment did not show significant effects on pith in this part of the

stem.

Similar to the other aforementioned parameters that were recorded for the top

part of the stem, anatomical tissue organisation was not affected either. All relative

areas of the considered tissues had similar values in all groups (Table 7.2). Moreover,
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Table 7.2: The effect of mechanical perturbations by different types of brushing
and brushing material on the contribution of anatomical tissues to the total cross-
sectional area of the the primary inflorescence stem of Arabidopsis.

Unidirectional brushing Bidirectional brushing

control
experimental

group 1
experimental

group 2
control

experimental
group 1

experimental
group 2

bottom part of the stem
Pith 37.06± 4.01 36.66± 3.24 37.54± 2.12 44.78± 1.84 47.78± 1.09 46.61± 2.94
Lignified tissues 28.52± 4.19 23.91± 2.20* 24.02± 2.08* 28.44± 1.88 22.04± 2.70* 23.36± 2.69*
Cortex & epidermis 34.42± 4.20 39.43± 3.45* 38.44± 3.48* 26.78± 2.23 30.18± 2.64* 30.03± 2.34*

top part of the stem
Pith 44.61± 3.32 42.39± 3.04 42.93± 3.42 44.56± 2.77 44.18± 2.16 43.81± 2.08
Lignified tissues 22.42± 1.84 22.79± 1.37 21.68± 1.84 23.42± 1.81 22.26± 1.63 22.17± 2.49
Cortex & epidermis 32.97± 3.10 34.82± 2.67 35.39± 3.09 32.02± 2.12 33.56± 1.51 34.02± 2.67

Experimental group 1 was brushed with textured jute fabric while experimental group 2 with a
smooth plastic in both experiments. Values are presented as mean±SD with n=10 for each case.
Statistically significant differences (P≤0.05) were identified using the two-sided Wilcoxon rank sum
test comparing medians of the corresponding parameters between groups.
* marks statistically significant difference compared with the control group in the respective ex-
periment.

no significant differences were found between tissue contributions due to different

texture of the brushing material in both experiments.

7.4 Discussion

7.4.1 Morphological changes

The observed inhibition of the stem length due to different types of mechanical per-

turbations is consistent with the previously reported results for various herbaceous

and woody plants, such as Brachypodium distachyon (Gladala-Kostarz et al., 2020),

Helianthus annuus (Smith and Ennos, 2003), Zea mays, Cucumis sativus (Jaffe,

1973), Pinus taeda (Telewski and Jaffe, 1986b), Abies fraseri (Telewski and Jaffe,

1986a). Moreover, a reduction of the primary inflorescence stem length by approx-

imately 50% was observed in an earlier study where Arabidopsis was subjected to

a bidirectional brushing treatment (Paul-Victor and Rowe, 2011). On one hand,

the decrease of the stem length in the present bidirectional brushing experiment is

in line with these results, however, the inhibition relative to the control group is

lower, namely 27%. This difference can be related to the higher total number of

perturbations received by Arabidopsis plants in the study by Paul-Victor and Rowe

(2011), where 80 additional brushes were made at the end of each day. In addition,
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Paul-Victor and Rowe (2011) started the mechanical perturbation of Arabidopsis

at an earlier developmental stage, i.e. at the leaf developmental stage, whereas in

the present study, brushing treatment commenced from the inflorescence emergence

stage, to be consistent with the previously conducted wind treatment experiments

(Zhdanov et al., 2021). On the other hand, the inhibition of the stem length in

the present unidirectional brushing experiment is found to be similar to the effects

of exposure to constant unidirectional wind (Zhdanov et al., 2021) and periodic

multidirectional wind (Bossdorf and Pigliucci, 2009) of 5 m/s, where stem length

reductions of 14% and 13.2% were reported, respectively.

In contrast to many other plants, (see e.g. Biddington, 1986; Telewski and Jaffe,

1986a; Coutand et al., 2010), where increase in the stem radial growth is a common

thigmomorphogenetic response to various types of mechanical stress including wind,

both types of the applied brushing treatment decreased the diameter of the bottom

part of the stem even though this effect was statistically insignificant in most cases.

A statistically insignificant reduction of the stem radial growth was also reported

for Arabidopsis in a result of bidirectional brushing (Paul-Victor and Rowe, 2011).

However, no effect of the brushing treatment was found on the diameter of the top

part of the stem in the present study. This can be attributed to the fact that during

the brushing treatment the stem was bent in its bottom part, while the top part

was subjected solely to brushing, i.e. brushing material was dragged along this part

of the stem. Studies of wind effects on Arabidopsis also reported reduction in the

radial growth of the bottom part of the stem (Bossdorf and Pigliucci, 2009; Zhdanov

et al., 2021), but this effect was statistically significant. In addition, an insignificant

decrease of the diameter of the top part of the stem was observed (Zhdanov et al.,

2021).

No alterations to the number of stems and branches were observed by any type

of applied brushing treatment. These parameters were not reported in Paul-Victor

and Rowe (2011), but from the presented photographs, the number of branches in

the experimental and control groups appears to be similar. However, at this devel-

opmental stage of the plants, the number of branches is quite low and for possible

effects longer experiments would be required. In case of the constant unidirectional

wind treatment (Zhdanov et al., 2021), a significant reduction in both of these pa-

rameters was observed, which was linked to the acclimation strategy of Arabidopsis

to reduce experienced wind loadings through the reduction of its frontal area. In

case of a brushing treatment, this does not apply and thus Arabidopsis would not

benefit from reduction of the number of stems and branches.
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Mechanical perturbations are also known to affect the aboveground biomass due

to its reallocation to the below ground part of the plant (Kern et al., 2005; Coutand

et al., 2008). The significant decrease in Arabidopsis aboveground biomass has also

been reported in the literature as a result of wind treatment (Bossdorf and Pigliucci,

2009; Zhdanov et al., 2021). However, the none of the applied types of brushing

treatment resulted in significant effect on the biomass in the present study, with

only slight reduction observed in all experimental groups. There are several fac-

tors that can explain these observations. First, as mentioned above, the brushing

treatment was applied when the primary inflorescence stem started to emerge. At

this developmental stage the significant part of the rosette has already been formed

(Boyes et al., 2001). Second, the rosettes were not affected by the brushing treat-

ment, since with the present configuration of the brushing material this could result

in the irreversible damage to the primary inflorescence stems. Finally, brushing had

no significant effect on the number of stems and branches and the diameter of the

primary inflorescence stem, hence the rest of the aboveground biomass, apart from

rosette, was affected only slightly. However, based on the photographs of Arabidop-

sis after brushing treatment in (Paul-Victor and Rowe, 2011), it can be presumed

that application of mechanical perturbations at an earlier developmental stage might

result in the significant decrease of the aboveground biomass. Furthermore, a differ-

ent configuration of brushing materials, which would allow to brush rosette together

with the stem could result in the changes to this parameter.

Overall, brushing of Arabidopsis can reproduce effects of wind on the length of

the primary inflorescence stem and partially on the alterations to the stem radial

growth and plant biomass. Furthermore, match in the wind and brushing directions

gives closer match in the inhibition of the primary inflorescence stem. However, the

brushing treatment does not mimic wind-induced changes to the number of stems

and branches.

7.4.2 Changes to mechanical properties and anatomical tis-

sue organisation

The observed reduction in the bending rigidity and Young’s modulus of elasticity of

the stem are consistent with the previous findings in plants subjected to mechanical

stress, e.g. Telewski and Jaffe (1986b), and Anten et al. (2010). However, it should

be noted that changes to the mechanical properties are plant specific and also vary

between different genotypes of the same plants (see e.g. Pruyn et al. 2000). Conse-
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quently, it is more informative to compare changes in the mechanical properties to

those reported for Arabidopsis Col-0.

The decrease in bending rigidity and Young’s modulus of elasticity was reported

for this Arabidopsis ecotype in the result of the bidirectional brushing experiment

by Paul-Victor and Rowe (2011), however, the decrease in the mechanical properties

observed in the present study is lower. Paul-Victor and Rowe (2011) attributed the

reduction in the mechanical properties to the inhibition of the net development due

to perturbations in the form of brushing. The evidence for this can be found in

the present results by comparing values of the elastic modulus between the present

experiments and those reported in Paul-Victor and Rowe (2011): while the values

are similar for the bottom part of the stem in the control groups in both studies, the

value of E in the experimental group of Paul-Victor and Rowe (2011) is similar to

those for the top part in the present study. Thus, it can be suggested that reduction

in the E and EI in the bottom part of the stem is a result of bending due to the

brushing treatment and not due to differences in the developmental stages. This

also provides an explanation for the negligible effect of the brushing treatment on

the top part of the stem, which was subjected to brushing rather than bending.

In contrast, a constant unidirectional wind treatment resulted in the increase

of the elastic modulus (Zhdanov et al., 2021). This change was attributed to the

acclimation strategy of Arabidopsis in which more rigid plant material is beneficial

for withstanding constant wind loadings from the same direction. The current re-

sults are in line with the study of Paul-Victor and Rowe (2011) and confirm that

the acclimation strategy of Arabidopsis to brushing treatment is to produce shorter

and more flexible stems with reduced modulus of elasticity. In the present study,

the reduction in E in unidirectionally brushed plants was lower compared to bidi-

rectionally brushed and may be related to the vectorial influence of perturbations,

where in the second case bending of the stem occurred in two directions compared

to only a single direction in the first case.

The changes to mechanical properties are consistent with the modifications to the

anatomical tissue organisation of the primary inflorescence stems of the perturbed

plants. A decrease in the relative area of the lignified tissues, which are known to

strengthen the cell walls and increase stiffness of Arabidopsis stems (see e.g. Huang

et al., 2001), provides an explanation for the observed decrease in E and consequently

EI in the bottom part of the stem. The significant reduction in the area of lignified

tissues in brushed Arabidopsis together with an increase of cortex and epidermis

were also reported by Paul-Victor and Rowe (2011). In contrast, no changes to the
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area of pith were observed in the present study, while a decrease was found by Paul-

Victor and Rowe (2011) due to mechanical perturbations. These observations can

also be related to the difference in the developmental rate, since at the earlier growth

stages Arabidopsis has less pith, whose relative area increases as the plant grows.

Furthermore, as in the case of the mechanical properties no significant changes to

the anatomical tissue organisation of the top part of the stem due to brushing were

found.

Overall, both applied types of brushing treatment induce opposite effects on the

modulus of elasticity and relative area of lignified tissues of the Arabidopsis stems

compared to wind. Consequently, changes to these parameters cannot be directly

extrapolated from experiments where the latter stress is mimicked by the former, at

least in the case of constant unidirectional wind.

7.4.3 Tropic response

Depending on the direction of the brushing treatment, Arabidopsis exhibits a tropic

response. While no tropic response was observed in the bidirectional brushing exper-

iment (Figure 7.4A and C), unidirectional brushing evoked a positive tropic response

in Arabidopsis (Figure 7.4 B and D), and young seedlings curved in the direction

opposite to the direction of brushing. The observed positive thigmotropic response

resembles the positive anemotropic response of Arabidopsis to a constant unidirec-

tional wind treatment (Zhdanov et al., 2021), but without a windswept shape of

the plant. Therefore, a careful selection of the type of brushing treatment allows to

mimic the tropic response in Arabidopsis as in the case of exposure to unidirectional

wind, although this response is thigmotropic rather than anemotropic.

In each brushing instance, the stems were deflected from their vertical orientation

and returned back to the initial vertical position immediately after. As a result of

this inclination, the position of the inflorescence stem with respect to the direction

of gravity vector changes and could evoke a gravitropic response. It is widely known

that Arabidopsis shoots exhibit negative gravitropism and reorient themselves back

to a vertical position within a few hours after permanent inclination (see e.g. Morita,

2010). Moreover, gravitropic responses in plants can be evoked by temporary changes

to their orientation. Caspar and Pickard (1989) and Kiss et al. (1989) estimated the

minimum induction time, i.e. the time to evoke gravitropic curvature, for Arabidopsis

roots to be 30s by extrapolating data obtained for different durations of gravitropic

stimulation. Unfortunately, no measurements of this type have been performed
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Figure 7.4: Depending on the direction of brushing treatment it is possible to evoke
a tropic response in Arabidopsis similar to that observed as a result of constant
unidirectional wind. (A and C) Arabidopsis does not exhibit any tropic response in
the bidirectional brushing experiment. (B and D) Arabidopsis exhibits a positive
tropic response in the unidirectional brushing experiment. Experimental group 1
was brushed with a smooth plastic while a textured jute fabric was used as brushing
material for experimental group 2 in both experiments. The photos were taken on
the fourth day after the start of the brushing treatment.

for Arabidopsis inflorescence stems. In the present experiments, the gravitropic

stimulation due to brushing was intermittent with the duration in the order of 1s

and it is highly unlikely to result in such curvature of the stem as observed in Figure

7.4. In addition, experiments exploring the dose response of plants to gravitropic

stimulation usually involve clinorotation to minimise the influence of gravity after

stimulation and to isolate the evoked gravitropic response (Perbal et al., 1997), while

in the present study after the end of brushing cycle the plants continued to grow in

the vertical positions under constant gravity. Thus, the observed directional growth

response of Arabidopsis inflorescence stems as a result of unidirectional brushing

treatment is considered to be thigmotropic, i.e. due to contact between the brushing

material and plant stem.
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A thigmotropic response is known to occur in Arabidopsis roots (see Massa and

Gilroy, 2003), but to the best of our knowledge it has not been reported for its

shoots. However, thigmotropic responses were recorded in the aboveground parts of

various other plants, e.g. the common bean (Phaseolus vulgaris L. (Huberman and

Jaffe, 1986), and cucumbers (Cucumis sativus L.) (Takahashi and Jaffe, 1990). For

the reviews of thigmotropic responses in plants see Jaffe et al. (2002), Braam (2005),

and Telewski (2012).

The uni- and bi-directional brushing treatments applied to Arabidopsis in the

present study resemble those described in Huberman and Jaffe (1986) and Taka-

hashi and Jaffe (1990) where plant parts were rubbed on one or both sides to evoke

thigmotropic responses. The resemblance is particularly close for the top part of the

stem, which was brushed, i.e. the brushing material was dragged along this part of

the stem on one or both sides depending on the applied type of treatment, without

bending, which occurred in the bottom part of the stem. In case of symmetric stem

rubbing on both sides no thigmotropic response was observed in Takahashi and Jaffe

(1990). This observation is similar to the absence of a thigmotropic response in Ara-

bidopsis subjected to bidirectional brushing treatment in the present study. These

similarities provide additional evidence that the observed response is thigmotropic.

The presence of a thigmotropic response in Arabidopsis gives the possibility to con-

duct studies focussed on the mechanosensing and thigmotropic response mechanism,

since a wide selection of Arabidopsis mutant lines are readily available. In addition,

experiments with nonphototropic (nph) (Liscum and Briggs, 1995) and shoot grav-

itropic (sgr) (Fukaki et al., 1996b) mutants could be conducted to investigate the

interaction between different tropic responses in Arabidopsis shoots and how these

responses affect thigmotropism.

7.5 Conclusions

Artificial vectorial mechanical perturbations in the form of uni- and bidirectional

brushing were applied to Arabidopsis to investigate the possibility to mimic influ-

ence of the unidirectional wind. The results suggest that some of the changes to

morphological parameters and mechanical properties can be reproduced (inhibition

of the primary inflorescence stem length, decrease of bending rigidity) or partially

reproduced (decrease of stem diameter and biomass) through both types of brush-

ing applied in this study. In contrast, the changes in the modulus of elasticity and

relative area of lignified tissues were found to exhibit opposite trends compared to
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the unidirectional wind treatment. Furthermore, the magnitude of the decrease of

E is dependent on the brushing direction, but not on the surface texture of the

brushing material. However, all these changes affect only the bottom part of the

stem, which is bent during the brushing, while no significant difference between the

recorded morphological and biomechanical parameters were found in the top part of

the stem, which was brushed but not bent. Branching of Arabidopsis was not affected

by the vectorial type of brushing treatment confirming that reduction in number of

branches is an acclimation response to wind which is not evoked by brushing. Ara-

bidopsis exhibited a positive tropic response to unidirectional brushing, which to the

best of our knowledge is reported for the first time for the Arabidopsis shoot. This

response resembles the anemotropic response to constant unidirectional wind but is

considered thigmotropic since it is a result of brushing that involves solid to solid

contact.

Overall, brushing treatments can be employed to mimic some aspects of wind

influence on Arabidopsis. Moreover, a careful experimental design allows for a closer

match between responses to these two types of stresses, including a positive tropic

response. However, attention must be paid to the interpretation of the results of

brushing experiments and their extrapolation to wind-induced effects.

Acknowledgements

This work was supported by the University of Glasgow’s Lord Kelvin/Adam Smith

(LKAS) PhD Scholarship. We would like to thank Amparo Ruiz-Prado for the help

with growing plants and Liam Anderson for the help in the design and assembly of

the brushing machine.





Part II

Aerodynamics of

succulent-inspired cylinders

121





Chapter 8

Introduction

This chapter provides a brief introduction to the second part of this thesis, which

presents an investigation of the aerodynamics of succulent-inspired cylinders. The

basic background on flow past bluff bodies is provided, since from the fluid mechanics

point of view, these types of cylinders are considered bluff bodies.

Bluff bodies form part of many engineering applications, such as tall buildings,

chimneys, heat exchangers, overhead lines, oil risers, wind turbine towers, to name

few. Many of the aforementioned examples can be approximated as slender cylinders

with either a circular or a square cross section. These two types of cylinders are

the most widespread representatives of bluff bodies and have received considerable

attention in fluid dynamics research.

The flow past bluff bodies is a complex phenomenon that is characterised by

flow separation, wake formation, vortex shedding, etc. (Williamson, 1996). In the

circular cylinder case, the aerodynamic properties and the flow field are significantly

dependent on the Reynolds number (Achenbach, 1971; Roshko, 1993). For Re >

1, 000 four flow regimes are distinguished, namely subcritical, critical, supercritical,

and post-critical (transcritical) (Roshko, 1961; Williamson, 1996) (see Figure 8.1).

In the subcritical regime (1×103 < Re < 2×105) the drag coefficient has an almost

constant value and a laminar boundary layer separates over the upstream part of

the cylinder. With increasing of Reynolds number, a sharp reduction in the drag

and absolute value of base pressure coefficients to their minimum values is observed.

This phenomenon occurs in the critical flow regime (2 × 105 < Re < 5 × 105) and

is associated with the shift of the separation point to the downstream side of the

cylinder due to the presence of a separation-reattachment bubble. Further increase in

Re leads to the transition to the supercritical regime (5×105 < Re < 2×106), where

gradual recovery of the drag coefficient takes place together with slow decrease of
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Figure 8.1: Reynolds number dependence of the mean drag coefficient of a circular
cylinder and a square cylinder at α = 0◦. The data is taken from Bai and Alam
(2018). Flow regimes for the circular cylinder are marked: A - subcritical, B -
critical, C - supercritical, and D - post-critical.

the base pressure coefficient. In addition, the separation point moves upstream and

the transition of the boundary layer from laminar to turbulent occurs immediately

after separation. In the post-critical regime 2 × 106 < Re < 1 × 107, the drag

coefficient again attains an almost constant value, which is lower than the value for

the subcritical regime. The boundary layer on the cylinder surface becomes fully

turbulent and separation points move further upstream.

In contrast to the circular cylinder, for a square cylinder the separation points

are fixed at the leading edge corners. As a result, its aerodynamic characteristics

are insensitive to Reynolds number variation for Re > 1, 000 (Bai and Alam, 2018)

(Figure 8.1). However, whereas a circular cylinder has an infinite number of lines

of symmetry passing through its centre, a square cross-section has the symmetry

of order eight. Thus, its rotation in the range from 0◦ to 45◦ with respect to the

direction of free-stream will change the surrounding flow field and hence alter its

aerodynamics properties, i.e. a strong angle of attack dependence is present for the

square cylinder case. The general convention applied in most square cylinder studies

is that α = 0◦ when its side is normal to the flow, and α = 45◦ when a corner is

facing the flow.

Igarashi (1984) classified the flow past the square cylinder into four distinct

regimes depending on the angle of attack (Figure 8.2). At zero angle of attack,
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Figure 8.2: Schematics of the average flow patterns around a square cylinder at dif-
ferent angles of attack illustrating the classification by Igarashi (1984). (A) ‘Perfect
separation type with symmetric flow’ (0◦ ≤ α ≤ 5◦). (B) ‘Perfect separation type
with asymmetric flow’ (5◦ < α < αcr). (C) ‘Reattachment type’ (αcr ≤ α < 35◦).
(D) ‘Wedge flow type’ (35◦ ≤ α ≤ 45◦). The critical angle of attack (αcr) varies
between 12◦ and 15◦ depending on experimental conditions.

the flow separates at both leading edge corners and the flow patterns around the

square cylinder are symmetric. The same features are observed up to α = 5◦ and the

flow in this range is therefore classified as ‘perfect separation type with symmetric

flow’ (Figure 8.2A). With further increase in α the flow symmetry is broken, but

shear layer separation without reattachment is still observed. Hence, this regime is

known as ‘perfect separation type with asymmetric flow’ (Figure 8.2B). These two

flow regimes, which sometimes are considered together as one subcritical regime,

are characterised by a reduction of the mean drag (CD) and fluctuating lift (C ′L)

coefficients and increase in Strouhal number and absolute value of the mean lift

coefficient (|CL|) with increasing α.

At the critical angle of attack (αcr) the shear layer that separates from one of

the leading edge corners starts to reattach to the wind exposed side of the square
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cylinder (Lee, 1975). The exact value of αcr is dependent on the test conditions,

e.g. the level of free stream turbulence, and is usually reported to be in the range of

12◦– 15◦ (Lee, 1975; Igarashi, 1984; Carassale et al., 2014). At αcr the mean drag,

and fluctuating lift coefficients of the square cylinder attain their minima, while the

absolute mean lift coefficient reaches its maximum. In addition, the Strouhal number

also reaches its highest peak, which together with the drop in CD is associated with

the reduction of the wake width due to the flow reattachment (Lee, 1975). Due to the

reattachment phenomenon, the flow is classified as ‘reattachment type’ (Figure 8.2C)

at angles of attack beyond critical and up to 35◦. In this regime, the reattachment

point on the cylinder side moves upstream with increasing α. In angle of attack range

from 35◦ to 45◦ the flow patterns resemble those around a triangular cylinder, hence

this regime has been named ‘wedge flow type’ (Figure 8.2D). In the supercritical

regimes, an increase in the mean drag coefficient is observed while St attains almost

constant value after initial reduction. On the other hand, the mean value of CL

decreases to nearly zero at approximately 30◦. With a further increase in α, small

but finite values of lift of opposite sign to those generated in the subcritical regime

are observed, followed by a drop to zero at α = 45◦. The fluctuating lift coefficient

initially demonstrates a small recovery from its minimum but attains an almost

constant value at α > 20◦.

Many studies on circular and square cylinders explore flow control mechanisms to

reduce the aerodynamic forces (e.g. Bearman and Harvey, 1993; Igarashi, 1997; Owen

et al., 2001; Tsutsui and Igarashi, 2002). For example, biomimetic modifications to

the circular cylinder, based on the Saguaro cactus, showed that the presence of ribs

on the cylinder surface decreases the mean drag and the amplitude of the lift force

fluctuations (Talley et al., 2001; Talley and Mungal, 2002).

In the second part of the thesis, the aerodynamic properties of succulent-inspired

cylinders are explored using numerical and experimental methods. Compared to the

Saguaro cactus, which has up to 30 ribs, tall arborescent succulents have a similar

plant structure but with a considerably lower number of ribs. In chapter 9 two

succulent-inspired cylinders with three and four ribs, respectively, are studied using

2D URANS simulations. This chapter gives as part of its introduction an overview

of the literature on cactus-inspired cylinder modifications. In the following chapter

10, the same four-ribbed cylinder, which represents a modified square cylinder, is

investigated using wind tunnel experiments. In the introductory section of this

chapter the most common modifications to the square cylinder are reviewed.
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Abstract The aerodynamic coefficients and the Strouhal number of cylinders

with three and four ribs, inspired by succulents Euphorbia trigona and Euphorbia

Abyssinica are investigated using 2D Unsteady Reynolds-Averaged Navier-Stokes

simulations at Reynolds number 20,000. Both configurations show a significant de-

pendence of the studied characteristics on the angle of attack. The obtained results

are compared to the smooth circular cylinder, previous results for cylinders with 24

ribs based on the Saguaro cactus, and cylinders with triangular and square cross-

sections. Relative to the circular cylinder, the mean drag coefficient is lowered only

for the four-rib case at high angles of attack. However, at some angular positions,

the ability to reduce unsteady force fluctuations exceeds Saguaro-inspired cylinders.

For both shapes studied, the Strouhal number at most angles of attack is lower com-

pared to both the circular cylinder and cylinders with 24 ribs at the same Reynolds

number. The minimum values of the aerodynamic coefficients for both configura-

tions are related to the angular orientation. For the four-rib case a critical angle

of αcr ≈ 40◦ is observed, at which the mean drag coefficient and the fluctuating

lift coefficient attain their minima. The mean lift coefficient reaches at this angle

its maximum value before a sudden drop for higher angles of attack. Therefore,

for cactus-shaped cylinders with four ribs high angles of attack give the optimum

orientation relative to prevailing winds.

Keywords: Cactus-inspired cylinder, bluff bodies, aerodynamic coefficients, Strouhal

number

9.1 Introduction

The shape and structural features of cacti have significant importance for their

survival in the natural environment. For example, ribs and spines play a vital role in

fog collection (Ju et al., 2012) and control of moisture evaporation from the surface

of the plants. Moreover, ribs and cavities have another function, as they can help to

decrease wind loads and to prevent wind damage and uprooting by modifying the

flow field around the plant.

In terms of aerodynamics, cacti are classified as bluff-bodies that resemble cylin-

ders with ribs. Research on flow past cylindrical type structures has wide engineering

applications to buildings, structural elements, risers, cables, etc. A widely studied

grooved cylinder shape, investigated first by Talley et al. (2001), is a biomimetic

shape based on the cross-section of the Saguaro cactus. Originating from the deserts
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of the South-West of the United States and the Mexican State of Sonora, these

tall, tree-like and ribbed (10 to 30 ribs) plants have the ability to withstand high

winds without being broken or uprooted, despite having only a shallow root system

(Pierson and Turner, 1998).

Talley et al. (2001) and Talley and Mungal (2002) conducted numerical and ex-

perimental studies using Saguaro-like cylinders with 24 V-shaped ribs at Reynolds

numbers of 20,000 up to 100,000. They found a reduction of the mean drag coeffi-

cient, lower lift and drag force fluctuations and an increase in the Strouhal number

compared to the smooth cylinder.

Extensive experimental and numerical research by Liu and co-authors (Liu et al.,

2011; Wang et al., 2014; Jie and Liu, 2016) on the 24 V-shaped grooves cactus

cylinder configuration also confirmed the previous observations in terms of the ability

of ribbed cylinders to damp fluctuations of longitudinal (up to 50%) and cross-

flow unsteady forces at low (Liu et al., 2011) and high (Wang et al., 2014; Jie

and Liu, 2016) Reynolds numbers. The visualisations by Liu et al. (2011) showed

small recirculation flows within the cavities of the grooved cylinder, similar to those

discovered previously by Babu and Mahesh (2008). The presence of these vortices

was also demonstrated experimentally (Wang et al., 2014) and numerically (Jie and

Liu, 2016) at a higher Reynolds number of 54,000.

Recent experiments by Letchford et al. (2016) on cactus-shaped cylinders placed

in smooth and rough boundary layers at Reynolds numbers from 10,000 to 20,000

showed the reduction of the aerodynamic coefficients and an increase in the Strouhal

number, which is consistent with the two-dimensional results by Talley et al. (2001).

This indicates that the results from previous studies for the two-dimensional case

also translate to three-dimensional structures. In addition, the dependence of the

cactus orientation with respect to the flow direction was reported to show little

variation.

The studies discussed above are all focused on the ‘classical’ ribbed cylinder

configuration with 24 V-shaped grooves introduced by Talley et al. (2001). The

effect of the number and the shape of grooves was first studied by Yamagishi and Oki

(2004, 2005) for Reynolds numbers ranging from 10,000 to 400,000 using experiments

and numerical simulations. Both cylinders with U- and V-shaped grooves yielded

significant reduction in drag compared to the smooth cylinder, but drag reduction for

cylinders with V-shaped grooves was found to be up to 15% higher than for cylinders

with U-shaped grooves. The critical Reynolds number was found to decrease with

increasing number of grooves.
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Figure 9.1: Euphorbia trigona, a member of the Euphorbiaceae family, in Glasgow
Botanic Gardens.

Zhou et al. (2015) experimentally determined aerodynamic properties of the

cylinders with 16 rectangular grooves in the Reynolds number range from 7,400 to

18,000. As in the case of other groove shapes, significant drag reduction was found

together with the property of the grooved cylinder to mitigate vortex shedding.

The lowest number of ribs investigated so far has been the configuration used

by Abboud et al. (2011) and El-Makdah and Oweis (2013), a cylinder with eight

U-shaped grooves. Visualisation of the flow (El-Makdah and Oweis, 2013) near

the cactus surface showed the presence of counter-rotating vortices, similar to those

discovered numerically by Babu and Mahesh (2008). The authors suggest that there

may be significant dependence of the flow field on the angle of attack for cacti with a

low number of ribs, but they give results only for an angle of attack of zero degrees.

As discussed above, most studies on the aerodynamic characteristics and flow

around cacti have focussed on cactus-shaped cylinders with many grooves, a shape

inspired by the Saguaro cactus. However, a number of cacti have only three or
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four ribs, e.g., Cereus, Trichocereus pachanoi, and Calymmanthium. Moreover, a

number of succulents from the Euphorbiaceae family (Figure 9.1) from the Eastern

Hemisphere, which in the process of convergent evolution developed a similar plant

structure, including ribs and spines, as members of the Cactaceae family in the

Western Hemisphere (McGhee, 2011), have only a low number of ribs (e.g. Euphorbia

trigona, Euphorbia Abyssinica). Considering similar wind conditions in their natural

environment, succulents may have similar aerodynamic benefits from their shape as

the Saguaro cactus.

The present study focusses on the flow past cylinders with a low number of

ribs based on the succulents Euphorbia trigona and Euphorbia Abyssinica at the

biologically relevant Reynolds number of about 20,000. The goal is to establish

whether the shapes adopted by these succulents have similar aerodynamic features

as the Saguaro cactus. Unlike the cactus-shaped cylinders with many ribs in most of

previous studies, the aerodynamic characteristics of cacti with a low number of ribs

should be strongly dependent on the angle of attack (El-Makdah and Oweis, 2013).

In the present work, the dependence of the aerodynamic coefficients and Strouhal

number on the angle of attack is studied numerically. The investigated shapes, a

three-rib and a four-rib cylinder, are described in Section 9.2, and the numerical

methodology is discussed in Section 9.3. In Sections 9.4.1 – 9.4.3 the dependence of

the aerodynamic coefficients and of the Strouhal number on the angle of attack are

discussed for both investigated geometries. The influence of the projected frontal

width is discussed in Section 9.4.4, where the force coefficients and the Strouhal

number of the four-rib and three-rib cactus-shaped cylinders are also compared to

results for square cylinders and triangular prisms. In Section 9.4.5 flow visualisations

are employed to gain insight into the angle of attack dependence of the mean flow

fields. In the last Section general conclusions are given.

9.2 Investigated geometries

Following the approach of previous work on cacti with many ribs (Talley et al., 2001;

Talley and Mungal, 2002), we approximate the shape of Euphorbia Trigona (Figure

9.2a) and Euphorbia Abyssinica (Figure 9.2b) using two-dimensional configurations

where the cross-section shape is described using simple geometrical relations (see

Figure 9.3). The equivalent circle of diameter D was divided into three or four parts

by an equilateral triangle or square depending on the configuration. At the intersec-

tion points with the circle, ribs with minimum thickness of 0.075D and tip radius
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(a) (b)

Figure 9.2: Succulents with low number of ribs: a - Euphorbia trigona, b - Euphorbia
Abyssinica.

of half of the thickness were constructed. The grooves between ribs correspond to

approximate representations of cross-sections of Euphorbia Trigona and Euphorbia

Abyssinica. In the three-rib case the grooves are formed by conjugating ribs with the

fillets of radius 0.65D while the four-rib case has fillets of 0.15D between neighbour-

ing ribs. We will refer to these shapes as ‘cactus-shaped cylinders’ in the following,

even though Euphorbia trigona and Euphorbia Abyssinica are not members of the

Cactaceae family, i.e. they are succulents and not cacti in the botanical classification.

In the following, numerical simulations will be used to investigate the flow past

the described three-rib and four-rib cylinders at a Reynolds number of 20, 000. For

example, for a succulent stem of diameter D = 0.08 m this would correspond to a

wind speed of ≈ 4 m/s in dry air at 27 ◦C. This velocity falls into the range of mean

summer wind speed measured in the natural environment of succulents (Teboho

et al., 2017).

9.3 Numerical method

As in the studies by Yamagishi and Oki (2004, 2005) and Talley et al. (2001) in the

present study unsteady Reynolds-Averaged Navier-Stokes (URANS) simulations are

used. The CFD solver Star-CCM+ v11.04 by Siemens PLM Software (Siemens,

2017) was employed. For the spatial discretisation a second order accurate finite

volume discretisation with second order upwind scheme for the convective flux was
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Figure 9.3: Geometrical representation of the tested cactus shapes. Left: three-rib
configuration approximating Euphorbia trigona; right: four-rib configuration ap-
proximating Euphorbia Abyssinica.

used; a second order implicit scheme was selected for the discretisation in time. The

Spalart-Allmaras turbulence model was used in combination with a low y+ approach.

This is known to give satisfactory results for the smooth cylinder case (Apaçoğlu and

Aradağ, 2011).

The computational domain is shown in Figure 9.4. The size of the domain is

32.5D in the streamwise direction leaving 20D behind the cylinder. In the cross-

stream direction, the computational domain has an extent of 25D. Benim et al.

(2008) found that blockage effects of a cylinder become negligible forH/D > 6, where

H is half of the domain size in the cross-stream direction for Reynolds-Averaged

Navier-Stockes (RANS) simulations. In this study H/D = 12.5, so blockage effects

are expected to be very low. This was confirmed by a simulation with doubled

domain size in streamwise and cross-stream direction for the smooth cylinder case

(H/D = 25), which showed negligible influence of the domain size effect on the drag

and lift coefficients (Table 9.1).

An unstructured mesh consisting of polyangular cells was used for the discreti-

sation of the domain (see Figure 9.4). The use of polyangular cells allows the con-

struction of meshes with low cell skewness (Siemens, 2017) for the cactus-shaped

cylinder cases. The mesh was refined close to the cylinder and in the wake of the

cylinder. Prismatic cells were placed on solid boundaries, i.e. on the surface of the

cylinder, for improved resolution of the near wall flow (Figure 9.5). The prismatic

layers were stretched with a geometric stretching factor of 1.11, yielding wall y+

values < 1 at the solid boundaries and gradually increasing in size to match the size
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Figure 9.4: Computational domain with grid used for the simulations.

of the polyangular cells close to the cylinder. The typical number of cells used for

the simulations is ≈ 110, 000 for the circular cylinder, ≈ 180, 000 for the three-rib

cases, and ≈ 310, 000 for the four-rib cases.

The inlet was placed at the left side of the computational domain, and a uniform

inlet velocity of U∞ was applied at this boundary. Standard pressure outlet con-

ditions were applied on the outlet of the domain. Symmetry boundary conditions

were applied at the top and bottom boundaries of the computational domain.

The Reynolds number of the flow, based on free-stream velocity U∞ and outer

diameter D was set at 20,000. This, biologically relevant, Reynolds number has

already been used in a number of studies related to the Saguaro cactus (Talley

et al., 2001; Talley and Mungal, 2002; Letchford et al., 2016). A non-dimensional

time step of ∆tU∞/D = 7.833×10−3 was used for the numerical simulations. Results

were extracted once the unsteady force coefficient fluctuations settled down to a

quasi-stationary pattern and the amplitude of the oscillations had attained constant

values.

The computational approach was validated using the standard smooth cylinder
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(a) (b)

Figure 9.5: Mesh close to (a) circular cylinder and (b) three-rib cactus-shaped cylin-
der with enlarged prism layers.

due to the wealth of experimental and numerical data available for this case. The

results for the mean drag coefficient Cd, rms lift coefficient C ′l , amplitude of the lift

coefficient fluctuations Camp
l , and Strouhal number St show overall good agreement

with numerical and experimental studies (Table 9.1). All measured values are very

close to the results of Apaçoğlu and Aradağ (2011) who used the same turbulence

model. A comparison with the data by Talley et al. (2001), who used the v2 − f

turbulence model, shows that the Spalart-Allmaras turbulence model gives overall a

better match to experiments and LES. The determined magnitude of the drag coef-

ficient is close to experimental studies conducted at the same Re (West and Apelt,

1993; Lim and Lee, 2002). The computed value of the rms lift coefficient is consistent

with the LES results by Lysenko et al. (2014), but exceeds the experimental values

of Norberg (2003) and West and Apelt (1993). However, even experimental results

(Table 9.1) for these two parameters show a significant scatter. As discussed by

West and Apelt (1993) and Lysenko et al. (2014) this is due to a number of factors

such as cylinder surface roughness, blockage ratio, free stream turbulence, cylinder

span, etc., which can affect experimental data.

9.4 Results and discussion

The investigated cactus-shaped cylinders have 3-fold rotational symmetry (three-rib

configuration) or 4-fold rotational symmetry (four-rib configuration). Dependence

of their flow properties on the angle of attack (α) (see Figure 9.6) was tested for the

three-rib configuration in the range from 0◦ to 60◦ in 5◦ steps, while for the four-rib

configuration the angle of attack was varied from 0◦ to 45◦ in 3.75◦ steps. In order to

determine the angle of attack at which the drag force coefficient attains its minimum,
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Table 9.1: Overview of the experimental and numerical values of the aerodynamic
coefficients and Strouhal number for circular cylinder at Re = 20,000. Entries for
the rms lift coefficient C ′l marked with ∗ have been computed from the amplitude of
the lift fluctuations Camp

l assuming a sinusoidal signal.

Method Camp
l C ′l Cd St

Current simulation H/D = 12.5 URANS 1.12 0.80 1.17 0.228

Current simulation H/D = 25 URANS 1.12 0.79 1.15 0.225

Apaçoğlu and Aradağ (2011) URANS 1.1 (0.78)∗ 1.17 0.22

Norberg (2003) Experiment - 0.47 - 0.194

Lysenko et al. (2014) LES - 0.61− 0.75 1.30− 1.39 0.17− 0.20

West and Apelt (1993) Experiment - 0.49− 0.68 1.14− 1.4 0.195

Lim and Lee (2002) Experiment - - 1.2 0.187

Talley et al. (2001) URANS 1.923 (1.360)∗ 1.683± 0.164 0.217

additional simulations were performed with smaller steps in the corresponding angle

of attack ranges. The α = 0◦ configuration corresponds to the orientation where the

rib at the windward side of the cactus is aligned with the direction of free-stream

velocity. At 60◦ (three-rib configuration) and 45◦ (four-rib configuration) angle of

attack the groove/cavity between ribs faces the free-stream flow. Due to the mirror

symmetry of the studied configurations with respect to any rib axis, higher angles

of attack ranging from 60◦ to 120◦ (three-rib configuration) or 45◦ to 90◦ (four-rib

configuration) will give the same absolute values of the aerodynamic coefficients as

the corresponding configuration at angle of attack (120◦−α) or (90◦−α), respectively.

Therefore, in the following results will be shown as a function of α/αmax, where

αmax = 60◦ for the three-rib case and αmax = 45◦ for the four-rib case.

Free stream 

direction

α

Figure 9.6: Angle of attack definition for the cactus-shaped cylinder.
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Figure 9.7: Mean drag coefficient versus angle of attack. The angle of attack has
been normalised with the maximum angle of attack (three-rib case: αmax = 60◦,
four-rib case: αmax = 45◦). The dashed line indicates the value for the smooth
circular cylinder case.1

The force coefficients were calculated during the simulations as

Cd,l =
fx,y

1
2
ρU2
∞D

(9.1)

C ′d,l =
σ(fx,y)
1
2
ρU2
∞D

, (9.2)

where fx,y is the mean value of the force in the respective direction (x for the drag and

y for the lift), σ(fx,y) the root mean square deviation of fx,y, and D the equivalent

circle diameter. As expected, the aerodynamic coefficients and the Strouhal number

exhibit a strong dependence on the angle of attack for both the three-rib and the

four-rib configuration.

9.4.1 Drag coefficient

The dependence of the mean drag coefficient, Cd, on the angle of attack is shown in

Figure 9.7. In both cases Cd shows strong variations with angle of attack. In the

three-rib case, Cd attains its lowest values close to an intermediate angle of attack at

α = 27.5◦ (α/αmax ≈ 0.46)and its maximum values for 0◦ and 50◦ (α/αmax ≈ 0.83).

1This figure has been modified for the thesis by adding schematics of angle of attack orientations
of the studied cylinders.
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Figure 9.8: Rms drag coefficient versus angle of attack. The angle of attack has
been normalised with the maximum angle of attack (three-rib case: αmax = 60◦,
four-rib case: αmax = 45◦). The dashed line shows the value for the smooth cylinder
case.

A difference of over 60% was found between the maximum and the minimum values

of the drag coefficient. Compared to the smooth cylinder case, the Cd value is

increased for all angles of attack for the three-rib configuration.

In contrast, the Cd values of the four-rib configuration are lower than the value

for the smooth cylinder case at high angles of attack α > 36◦(α/αmax > 0.8). As

the angle of attack is decreased for this configuration, the value of Cd increases, and

Cd attains its maximum value for α = 0. The maximum value of Cd is more than

double compared to the Cd value for the circular cylinder case and also exceeds the

maximum values observed for the three-rib configuration.

Unlike in previous studies on cactus-shaped cylinders with many ribs (Talley

et al., 2001; Yamagishi and Oki, 2004, 2005; Letchford et al., 2016) significant drag

reduction compared to the circular cylinder was not observed in the present study.

However, the four ribbed configuration showed between α = 36◦ (α/αmax = 0.8) and

45◦ (α/αmax = 1) Cd values below the value for a smooth circular cylinder.

In order to assess the fluctuations in the streamwise force, root mean square (rms)

values of the fluctuating part of the drag coefficient C ′d were determined for both

cactus shapes (see Figure 9.8). Like the mean drag coefficient, C ′d shows significant

variation as the angle of attack is changed. For both the three-rib and the four-rib

configuration C ′d attains its minimum value at αmax, i.e. for the orientation where
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Figure 9.9: Mean lift coefficient versus angle of attack. The angle of attack has been
normalised with the maximum angle of attack (three-rib case: αmax = 60◦, four-rib
case: αmax = 45◦). The dashed line shows the value for the smooth cylinder case.

a cavity is centred at the windward side of the cactus. For the three-rib case the

C ′d value at αmax is close to the value for the smooth cylinder case. In contrast,

a substantial reduction in C ′d compared to the smooth cylinder case is observed

for the four-rib case at α > 39◦ (α/αmax > 0.86). At lower angles of attack, C ′d
is significantly higher than in the smooth cylinder case for both the three-rib and

the four-rib configuration, and no simple dependence on the angle of attack can

be observed. Moreover, a sudden increase in C ′d is observed between α = 27.5◦

(α/αmax ≈ 0.46) and α = 40◦ (α/αmax ≈ 0.66) in the three-rib case. For cactus

configurations with many ribs reduction in the unsteady drag forces was found by

Talley et al. (2001), Letchford et al. (2016) for the same Reynolds number and by

Babu and Mahesh (2008) for the laminar regime. In the current study, a significant

reduction is observed only for the four-rib configuration at high angles of attack.

Taking into account the behaviour of the Cd and C ′d it can be conjectured that

stems of succulents and cacti may be orientated with respect to the prevailing winds

in the natural environment in a way to minimise their wind loading as they grow.

9.4.2 Lift coefficient

Figure 9.9 shows the variation of the mean lift coefficient Cl with angle of attack. For

angles of attack where symmetry with respect to the mean flow direction is given,

a zero mean lift coefficient is found, as expected. Thus at zero and maximum angle
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of attack the mean lift coefficient is zero. At all other angles of attack, symmetry

with respect to the mean flow direction is not preserved, and we therefore expect

non-zero values for the lift coefficient.

The change of the mean lift coefficient with the angle of attack in the three-

rib case demonstrates an opposite trend to the mean drag coefficient for the same

configuration. The maximum value of Cl is attained close to an intermediate angle

of attack (α = 27.5◦) (α/αmax ≈ 0.46), while minimum values occur for α = 0◦ and

αmax. Compared to the drag coefficient, the lift coefficient shows a stronger variation

with angle of attack for the three-rib configuration.

For the four-rib configuration, the maximum mean lift coefficient is attained for

α = 40◦ (α/αmax ≈ 0.89), but its value is still more than two times lower compared

to the maximum value in the three-rib case. The maximum value of Cl is followed

by a sudden drop. In general, the four-rib case demonstrates a lower dependence of

Cl on the angle of attack.

Most previous studies on flow past cactus-shaped cylinders with many ribs did

not report on angle of attack dependence (Talley et al., 2001; Yamagishi and Oki,

2004, 2005; Liu et al., 2011; Wang et al., 2014; Jie and Liu, 2016) or stated that the

influence of the angular position is insignificant (Letchford et al., 2016). Oweis et

al. (2011, 2013), who studied the flow around a cactus-shaped cylinder with eight

ribs, pointed out that a change in the angular position will have an effect on the flow

characteristics. However, they did not investigate the angle of attack dependence

for their configuration.

In the current study, a decrease in angle of attack dependence was found when

proceeding from a three-rib to a four-rib configuration. We expect that this trend

will continue as the number of ribs of a cactus is increased, since with increasing

number of ribs the range of possible different angular orientations decreases and the

configuration approaches a more circular shape. Thus the angle of attack dependence

of the mean lift coefficient should be lower but still noticeable for a cylinder with

eight ribs compared to the current configurations, and attain negligible variation

with angle of attack, i.e. approach Cl = 0, for the classical cactus configuration with

24 ribs.

The rms value of the fluctuating part of the lift coefficient, C ′l , is shown in Figure

9.10. For most angles of attack, the rms lift coefficient is reduced compared to the

smooth cylinder. The cactus-shaped cylinders demonstrate opposite trends in C ′l
behaviour with angle of attack for the three- and the four-rib configuration. For

the three-rib configuration, C ′l increases with angle of attack, whereas the four-rib
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Figure 9.10: Rms lift coefficient versus angle of attack. The angle of attack has been
normalised with the maximum angle of attack (three-rib case: αmax = 60◦, four-rib
case: αmax = 45◦). The dashed line shows the value for the smooth cylinder case.

configuration shows a decrease of C ′l with increasing angle of attack up to α = 41◦

(α/αmax ≈ 0.91) followed by slight increase towards αmax. The lift force fluctuations

are reduced by up to 85% compared to the smooth cylinder case in the range of angles

of attack ranging from α = 0◦ to α = 45◦ (α/αmax = 0.75) for the three-rib case. The

four-rib configuration also shows reduction of the lift force fluctuations. This effect

starts from α = 15◦ (α/αmax ≈ 0.33) and increases with angle of attack reaching 77%

reduction compared to the smooth cylinder case at α = 41◦ (α/αmax ≈ 0.91). The

results for C ′l are consistent with the observation that has been made for a cylinder

with many ribs (Talley et al., 2001; Babu and Mahesh, 2008; Wang et al., 2014;

Jie and Liu, 2016; Letchford et al., 2016) in terms of the ability of cactus-shaped

cylinders to mitigate unsteady lift force fluctuations. The maximum decrease in C ′l
observed in the current study is higher than in other works where the maximum

reduction reported by Wang et al. (2014) and Jie and Liu (2016) was 50%.

Representative sections of the time histories of the lift force fluctuations are

shown in Figure 9.11. As expected, a clear periodic behaviour can be observed in

all cases. Some higher frequency content can be observed, which is stronger for the

three-rib cylinder at low angle of attack. A similar observation has been made in

the experiments by Nakagawa (1989), who showed that pressure fluctuations around

a triangular prism have a more regular pattern at α = 60◦ compared to α = 0◦.

This is consistent with the present results for the three-rib case. The angle of attack
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(a)

three-rib cylinder four-rib cylinder 

(b)

(c)

Figure 9.11: Time history of Cl for three- and four-rib cylinders at angles of attack
normalised with maximum angle of attack: (a) - α/αmax = 0, (b) - α/αmax = 0.5,
(c) - α/αmax = 1.

dependency of the lift force coefficient support the conjecture that the plant can

minimise the possibility of wind damage by orientating itself with the prevailing

wind direction. This is discussed in more detail in section 9.4.5.

9.4.3 Strouhal number

The Strouhal number (Figure 9.12) was determined using Fast Fourier Transforma-

tion of the lift coefficient fluctuation as a function of time. Following the approach

for the force coefficients calculation, the equivalent circle diameter was used as the

characteristic length for St. Cactus-shaped cylinders of both configurations yield

lower Strouhal numbers compared to the smooth cylinder over the whole range of

angle of attack, except for the three-rib case between α = 20◦ (α/αmax ≈ 0.33)

and α ≈ 27.5◦ (α/αmax ≈ 0.46). In the four-rib case a maximum decrease of 25%
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Figure 9.12: Strouhal number versus angle of attack. The angle of attack has been
normalised with the maximum angle of attack (three-rib case: αmax = 60◦, four-rib
case: αmax = 45◦). The dashed line shows the value for the smooth cylinder case.

in Strouhal number occurs at αmax, while in the three-rib case the lowest value is

observed at α = 40◦ (α/αmax ≈ 0.67). At this angle of attack St is 28% lower

compared to the circular cylinder. Babu and Mahesh (2008) observed a decrease in

Strouhal number by 6.25% and 10.6% for flow past cylinders with many ribs in the

laminar regime. However, it is difficult to relate their findings to the current results

as the present study was performed in the turbulent flow regime and at a consider-

ably higher Reynolds number. Previous experimental (Letchford et al., 2016) and

numerical (Talley et al., 2001) results for the same Reynolds number (20,000), as

used in this study, showed an increase of St for a classical ribbed cylinder compared

to the smooth cylinder case.

9.4.4 Influence of the projected frontal width

Whereas for a smooth, circular cylinder the cylinder diameter is the obvious choice

for the characteristic linear dimension in the computation of aerodynamic coefficients

and Strouhal number, in the case of non-circular two-dimensional cross-sections there

are several possible choices for the characteristic linear dimension. For example,

in the context of square and equilateral triangular cylinders both the side of the

square/triangle or its projected width are in wide use as characteristic linear dimen-

sion. The projected width of a non-circular object will change with angle of attack,

and therefore the angle of attack dependence of its aerodynamic coefficients will be
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influenced by the choice of the characteristic linear dimension.

In the following, the current results are revisited using the projected frontal width

D∗ instead of the equivalent circle diameter as characteristic linear dimension and

then compared to the angle of attack dependence of the force coefficients of similar

bluff bodies, i.e. square cylinders and equilateral triangular prisms. The projected

frontal widths were based on the inscribed triangle and square (see Figure 9.3) used

in their construction. This gives for the three-rib case

D∗ =

√
3D

2
cos(|α− 30◦| − 30◦), (9.3)

and for the four-rib case

D∗ = D cos(α). (9.4)

Force-coefficients and Strouhal numbers that have been computed with the projected

frontal width as a characteristic dimension are marked with asterisks, e.g., C∗d and

St∗, to distinguish them from the results discussed in the previous sections.

As expected substitution of the projected frontal width instead of the equivalent

circle diameter increased the values of the force coefficients at all angles attack

except α = 0◦ for the four-rib case, where the projected frontal width is equal to the

diameter D = D∗, and at angles of attack where the value of the force coefficients is

0 in both studied configurations (see Figure 9.13 and 9.14). The values of C∗d in the

four-rib case exceed those for the circular cylinder at all angles of attack, but are close

to it at α ≈ 40◦. The decreased values of the fluctuating force coefficients compared

to the circular cylinder were preserved for both configurations at most angles of

attack when projected frontal width was used as characteristic linear dimension.

The change of characteristic linear dimension led to further reduction in Strouhal

number compared to the circular cylinder. This indicates that the observed reduction

of the Strouhal number is consistent with the general trend of bluff bodies with non-

circular cross-section, which yield lower Strouhal number values compared to smooth,

circular cylinders (Roshko, 1955).

As for the cactus-shaped cylinders, C∗d , C∗l , and C ′∗l for the square cylinder show

a strong dependence on the angle of attack (see Figure 9.14). It should be noted

that in the investigation on flow past square cylinders, a different convention for the

angle of attack is used, i.e. αsq = 45◦ when a corner of the square is facing the flow,

while in our definition this corresponds to α = 0◦, consequently α = 45◦ − αsq. In

Figure 9.14, this relationship was used to convert results from the cited studies of

square cylinders to our definition of the angle of attack α.
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Figure 9.13: Mean and fluctuating lift force coefficients and Strouhal number calcu-
lated using projected frontal width as characteristic linear dimension versus angle of
attack for the three-rib case and triangular prism: a) C∗d , b) C ′∗d , c) C∗l , d) C ′∗l , e) St∗.
The dashed line shows the value for the smooth cylinder case. Data from experi-
mental studies for low-aspect ratio triangular cylinders Iungo and Buresti (2009) and
high-aspect ratio cylinders Seyed-Aghazadeh et al. (2017) are shown for comparison
where available.

For the square cylinder, a critical angle of attack αcr is observed. At this angle

of attack, the mean drag and fluctuating lift force coefficients attain their minimum

and the mean lift coefficient and the Strouhal number their maximum values. This

behaviour is attributed to the reattachment of the flow that separates at the front

corner of the square cylinder to the back corner at this angle of attack. Similar

features in the angle of attack dependence of C∗d , C∗l , C ′∗l , and St∗ can be observed

in the four-rib cylinder data. However, the critical angle of attack for the four-rib

cylinder is higher (αcr ≈ 40◦) compared to the value for the square cylinder, where

αcr ≈ 32◦ (Igarashi, 1984). This may be a combined effect of the corner rounding

of the rib tips and of the flow within the cavities for the four-rib cylinder. Corner
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Figure 9.14: Mean and fluctuating lift force coefficients and Strouhal number cal-
culated using projected frontal width as characteristic linear dimension versus angle
of attack for the four-rib case and square prism: a) C∗d , b) C ′∗d , c) C∗l , d) C ′∗l , e)
St∗. The dashed line shows the value for the smooth cylinder case. Data from
Huang et al. (2010) (standard square cylinder) and Carassale et al. (2014) (standard
square cylinder and square cylinder with rounded corners; datasets for smooth flow
conditions) are shown for comparison where available.

rounding is known to increase the critical angle for the square cylinder (Carassale

et al., 2014). When comparing the four-rib cylinder results to the square cylinder

with the corner rounding closest to the four-rib case (r/b = 1/15.5, where r is the

corner radius and b is the side of the square) from Carassale et al. (2014)’s study, a

stronger effect is observed in the four-rib cylinder case, even though it has a slightly

smaller corner rounding radius (r/b = 1/18.8). In addition, the values of C∗d and

C ′∗l for α > αcr in the four-rib case are lower compared to those of the square with

rounded corners. These differences in the angle of attack dependence compared to

square cylinders with rounded corners are likely to be an effect of the cavities between

the ribs, as they are the main difference in shape between the two geometries. The
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presence of cavities is probably also the cause of the increased values of the drag force

coefficient and fluctuating lift force coefficient at lower angles of attack relative to

the square cylinder. The results for the angle of attack dependence of the Strouhal

number show the same trends as observed for square cylinders. At low angles of

attack the Strouhal number has an approximately constant value and a decrease of

St∗ is observed for high angles of attack. The drop in St∗ around the critical angle

appears more gradual for the four-rib cylinder compared to the square, where a more

sudden drop in St∗ is observed.

For the three-rib cylinder, the angle-of-attack dependence of the force coefficients

and Strouhal number also suggest the presence of a critical angle of attack at αcr ≈
27.5◦. As for the four-rib case, the minimum value of C∗d and the maximum values

of C∗l and St∗ are observed at this angle of attack. However, in contrast to the

four-rib case a minimum value of C ′∗l is not attained at αcr, but a sudden increase

is observed. Published data on the angle-of-attack dependence of the aerodynamic

characteristics of equilateral triangular cylinders is limited, as most studies focus

on the 0◦ and 60◦ cases. Therefore, the three-rib case is compared to experimental

results for a wall-mounted, low-aspect ratio triangular prism with a free end at higher

Reynolds number (Re = 1.2 · 105) (Iungo and Buresti, 2009) and for a high aspect

ratio triangular cylinder at lower Reynolds number (Re = 2, 700) (Seyed-Aghazadeh

et al., 2017). Due to the three-dimensionality of the former flow configuration and

the large differences in Reynolds numbers no detailed quantitative comparison with

the three-rib cylinder results can be made. However, the behaviour of the mean lift

and drag coefficients is qualitatively consistent with the referenced results, namely

the maximum of C∗l and the minimum of C∗d was found close to intermediate angles

of attack both in the three-rib case and in the referenced studies (see Figure 9.13

(a) and (c)).

At low angles of attack, higher values of C∗d are observed for the three-rib cylin-

der compared to the triangular prism, which may be an effect of the cavities, as

discussed above for the four-rib cylinder. For the Strouhal number (Figure 9.13 e),

matching trends are observed for higher angles of attack α > 27.5◦, but for low

angles of attack the three-rib cylinder case shows a decreasing trend and lower St∗

values than the triangular cylinder at lower Reynolds number (Seyed-Aghazadeh

et al., 2017). For a more detailed comparison of the three-rib case to an equilateral

triangle further comparative studies of infinitely long triangular cylinders, including

cases with rounded corners, are required which are beyond the scope of the current

investigation.
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The minimum values of the determined aerodynamic coefficients for both config-

urations have been related to their angular orientation with respect to the flow. In

both the three- and four-rib cases minimum values of C∗d are observed at a critical

angle of attack (αcr ≈ 40◦ for the four-rib case and αcr ≈ 27.5◦ for the three-rib

case). At this angle of attack C∗l reaches its maximum value for both configura-

tions. In addition, at α ≥ αcr in the four-rib case relatively low values of the drag

coefficient and fluctuating force coefficients are observed. Therefore, a high angle

of attack α > αcr relative to the prevailing wind would minimise the wind loadings

experienced by the Euphorbia Abyssinica based cylinder as C∗l drops off rapidly for

α > αcr. For a three-rib cactus there is no single optimal orientation, as low C∗d
values correlate with high C∗l . Considering the fluctuating loads on the three-rib

cylinder, an angle of attack just below the critical angle may be the most favourable

orientation for the Euphorbia trigona based cylinder, as here C∗d , C ′∗l , and C ′∗d all

have relatively low values.

9.4.5 Flow visualisations

To gain further insight into the angle of attack dependence of the flow, in the follow-

ing key features of the mean flow fields are discussed. Figure 9.15 shows the mean

velocity field and the mean streamlines for the three-rib case at different angular

orientations. At α = 0◦ the mean flow is symmetrical and two vortices are formed

behind the three-rib cylinder (Figure 9.15 a). This is consistent with experimental

and numerical results by Yagmur et al. (2017) for a triangular prism at the same

angular orientation. With the increase of angle of attack the symmetry is broken

and an additional vortex starts to form in the top cavity (Figure 9.15 b). At the

angle α = 27.5◦ the flow detached at the front rib still reattaches to the top trailing

rib, while at α = 30◦ this is no longer observed (Figure 9.15 c, d). The reattachment

of the flow supports the conjecture regarding the critical angle of attack for the

three-rib cylinder and explains minimum value of the drag coefficient and maximum

value of the lift coefficient at this angle of attack. In addition, at intermediate angle

of attack up to α < 50◦ a secondary vortex is observed in the top cavity (Figure

9.15 c-e) close to the front rib. At α = 50◦ an additional vortex starts to form in

the trailing bottom cavity (Figure 9.15 f). When the cavity of the cactus shaped

cylinder with three ribs is facing the flow, the symmetry of the flow is restored and

in addition to the vortices formed at the top and bottom ribs smaller vortices are

formed at the back rib (Figure 9.15 g). These features are consistent with the flow
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Figure 9.15: Mean streamlines variation with angle of attack for the three-rib
cylinder case: a) α = 0◦, b) α = 10◦, c) α = 27.5◦, d) α = 30◦, e) α = 40◦, f)
α = 50◦, g) α = 60◦.

visualisations of Nakagawa (1989) for the same orientation of the triangular prism.

The mean velocity field and mean streamlines for the four-rib cylinder are shown

in Figure 9.16. The mean streamlines at α = 45◦ in the four-rib case (Figure 9.16

a) indicate the presence of recirculation zones within the cavities tangential to the

flow, i.e. in the lower and the upper cavities, similar to those reported by Wang et al.

(2014) and Jie and Liu (2016) for cylinders with many ribs. Deep within the cavity

a secondary recirculation zone can be observed, a similar feature observed in the

numerical study by Babu and Mahesh (2008) at low Re. With the decrease of the

angle of attack this secondary recirculation zone in the top cavity shrinks (see Figure

9.16 b and c) and disappears when α < 30◦. In contrast, a secondary recirculation

zone in the bottom cavity is present until α = 22.5◦ (Figure 9.16 d).
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Figure 9.16: Mean streamlines variation with angle of attack for the four-rib cylinder
case: a) α = 45◦, b) α = 40◦, c) α = 30◦, d) α = 22.5◦, e) α = 15◦, f) α = 7.5◦, g)
α = 0◦.

Igarashi (1984) classified the flow around a square prism into four regimes with

respect to angle of attack and his classification will be used in the following. Angles of

attack ranges from Igarashi (1984)’s paper given below were converted to the angle of

attack definition adopted in the current paper (see also section 9.4.4). Visualisations

with streamlines of the flow past square cylinders are given in Oka and Ishihara

(2009). At α = 45◦ the flow around the square prism is characterised by a ‘perfect

separation’ from the leading edge and by symmetric flow. The same is observed in

the four-rib case at the same angle of attack (Figure 9.16 a). However, compared

to the numerical results by Oka and Ishihara (2009) the recirculation bubble in the

four-rib case is significantly elongated behind the cylinder, delaying the development

of a von Kármán vortex street.
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Figure 9.17: Vortex development around the four-rib cylinder at α = 45◦ at different
phases in the shedding cycle.

For the square cylinder at angles of attack values 32◦ < α < 40◦, the flow is

characterised by a ‘perfect separation’ type without symmetry of the flow, while

reattachment of the flow is observed in α range of 10◦ to 31◦. For the cactus-shaped

cylinder with four ribs the reattachment of the flow at the back rib appears to

be delayed to higher angles of attack (α = 40◦) (Figure 9.16 b) compared to the

square cylinder. This could be caused by the combined effect of the rounding of

the tips of the ribs compared to the sharp corners of a classical square cylinder

and the stronger development of the separated flow due the cavities. The sudden

jumps in the aerodynamic coefficients and Strouhal number values in this α range

are consistent with these observations (see Figure 9.14).

To obtain further insight into the flow field variation around the four-rib cylinder,
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the velocity field is shown at eight different phases within the shedding cycle of

the velocity field for two different angles of attack, α = 45◦ and α = 22.5◦ (see

Figures 9.17 and 9.18). During the formation of a new vortex in the near wake for

the α = 45◦ case, this vortex interacts with the flow inside the cavity. Stronger

interaction between the cavity flow and the near wake is observed than for the 24-

rib cylinder due to the much wider cavities for the four-rib case. No separated flow

is observed in the leading and trailing cavities. As has been discussed above, flow

separation occurs at the front ribs. This is consistent with the square cylinder case

where flow separates from the leading edge corners (Huang et al., 2010). In the

corresponding snapshots of the velocity for α = 22.5◦ reattachment of the flow at

the back ribs and asymmetric vortex shedding can be observed. For both angles of

attack, the flow in the trailing cavity undergoes complete reversal as the shedding

cycle progresses. High acceleration of the flow close to the back rib can be observed

for the α = 22.5◦ case before this flow reversal occurs (Figure 9.18 π and 2π). In

contrast, velocity changes at the back ribs are much lower for the α = 45◦ case.

9.5 Conclusions

The flow past cylinders with a low number of ribs has been studied at Reynolds

number 20,000 using unsteady Reynolds-Averaged Navier-Stokes simulations. Two

different configurations, a three-rib configuration based on Euphorbia trigona and a

four-rib configuration based on Euphorbia Abyssinica, were used for the investigation.

Both shapes demonstrated strong dependence of their aerodynamic coefficients on

the angle of attack. In contrast to many-rib cylinders, drag reduction was found

only in the four rib case at high angles of attack.

We found that cactus-inspired cylinders with a low number of ribs can mitigate

lift force fluctuations which is consistent with previous results for Saguaro-inspired

cylinders with many ribs. The maximum reduction is higher, reaching up to 85% in

the three-rib and up to 77% in the four-rib case compared to the smooth cylinder

values. However, this is not observed over the whole angle of attack range. Reduction

of the unsteady drag forces was observed only for the four-rib case at high angles

of attack. Overall, the cylinder with four ribs showed at high angle of attack values

of the aerodynamic coefficients superior to those at other orientations and to all

tested three-rib case angular positions. In addition, it yielded mean force coefficients

similar to the smooth cylinder case, while also yielding a considerable reduction of

the fluctuating lift and drag coefficients. These observations remained valid when



2D URANS INVESTIGATION OF CACTUS-SHAPED CYLINDERS 153

1.90 0.4 0.75 1.15 1.5U/U
∞

π/4 

π/2 

3π/4 

π 

5π/4 

3π/2 

7π/4 

2π 

Figure 9.18: Vortex development around the four-rib cylinder at α = 22.5◦ at
different phases in the shedding cycle.

the characteristic linear dimension for calculation of the aerodynamic coefficients

was changed from equivalent circle diameter to projected frontal width.

The relation between cavity orientation and minimum values of the aerodynamic

coefficients shows that drag is minimised at a critical angle of attack αcr while min-

imum lift is observed when the symmetry of the body with respect to the flow is

preserved. The presence of cavities at the front and the back of the cylinder reduces

unsteady drag and lift forces. This suggests that in the natural environment the ori-

entation of the four-rib succulent stem at which aerodynamic loadings are minimised

is for angles of attack higher than critical (α > αcr ≈ 40◦). On the other hand there

is no clear optimum orientation for the single stems of the three-rib succulents, al-

though angular orientations just below the critical angle αcr ≈ 27.5◦ for the three-rib
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case appear to be the most desirable for decreasing the fluctuating loads and the

mean drag.

Comparisons of the flow field around the four-rib cylinder to the square cylinder

and the three-rib cylinder to triangular prisms have been performed due to their

similar outer shapes. At high angles of attack the mean streamlines of the four rib-

case showed features resembling the square cylinder case. However, the reattachment

of the flow in the four-rib cactus-shaped cylinder case is observed at higher angle

of attack compared to the square cylinder. In addition, a significant difference in

flow patterns is observed at lower angles of attack, due to the more complex vortex

patterns formed at cactus cylinder ribs and their interaction with vortices formed at

the trailing rib.

The significant dependence of the aerodynamic characteristics on the cactus ori-

entation with respect to the flow direction may have an effect on plants in the real

world. The stems of the succulents and cacti with a low number of ribs may be ori-

ented relatively to the prevailing wind in order to minimise negative impact from the

wind loadings, however no relevant information was found in the literature. More-

over, unlike the Saguaro cactus, which usually grows as a single stem plant with a

couple of branches, succulents with a low number of ribs tend to form a bush-like

structure with many branched stems. Another conjecture, which could be investi-

gated in future work, is that the collective aerodynamic behaviour of multiple stems

may have an effect similar to many-rib cylinders, consequently minimising angle

of attack dependence of the aerodynamic coefficients. Previous studies of a small

groups of cylinders, such as two cylinders in tandem (Alam et al., 2003b) and side-

by-side arrangements (Alam et al., 2003a), as well as the investigation by Taddei

et al. (2016) on large groups of cylindrical objects show that the interaction between

neighbouring cylinders can have a profound effect on their aerodynamic coefficients.

Therefore, we expect that interaction between multiple stems of a succulent will in-

fluence the force coefficients experienced by the individual stems as well as the plant

as the whole2.

Acknowledgment

The authors gratefully acknowledge support by the University of Glasgow’s Lord

Kelvin-Adam Smith scholarship scheme.

2The conclusions related to the possible evolution of the succulent shape as an adaptive mech-
anism to windy environments are discussed further in Chapter 10.



Chapter 10

Experimental investigation of the

angle of attack dependence of the

flow past a cactus-shaped cylinder

with four ribs

This chapter is based on the following publication:

Zhdanov, O., Green, R. and Busse, A., 2020. Experimental investigation of

the angle of attack dependence of the flow past a cactus-shaped cylinder with four

ribs. Journal of Wind Engineering and Industrial Aerodynamics, 208, p.104400

DOI: 10.1016/j.jmbbm.2020.104041

155



156 CHAPTER 10

Abstract The aerodynamic properties of a two-dimensional cactus-shaped cylin-

der with four ribs are studied experimentally. The cross-section of the cylinder

corresponds to a modified square cylinder with rounded corners and concave sides

inspired by tall succulents with four ribs. The mean aerodynamic coefficients, fluc-

tuating lift coefficient, Strouhal number, and mean surface pressure distribution are

measured as a function of the angular orientation for Reynolds numbers ranging

from 50,000 to 150,000. Hot-wire measurements are conducted at two locations in

the wake for several angles of attack to provide insight into the vortex shedding fre-

quencies. The results show that the studied shape exhibits a strong angle of attack

dependence while no Reynolds number dependence is found within the tested range.

As for the square cylinder, a critical angle of attack of approximately 13◦ is observed

at which drag and fluctuating lift forces are minimised while mean lift and Strouhal

number reach their highest values. Reattachment of the shear layer at and above

the critical angle of attack is confirmed using PIV. Overall, succulents with four ribs

retain some of the aerodynamic benefits that have been observed for cactus-shaped

cylinders with many ribs, albeit over a limited range of angles of attack.

Keywords: bluff body, cactus-shaped cylinder, square cylinder, nature inspired

10.1 Introduction

Flow past bluff bodies has been a long-standing subject of fluid mechanics research

due to its numerous practical applications in engineering. Bluff bodies, especially

circular and square cylinders, are very common shapes that are present in various

structures (e.g. tall buildings, suspension bridges, risers, heat exchangers). It is

well known that the aerodynamic characteristics as well as the wake of the circular

cylinder are strongly dependent on the Reynolds number (Re = U∞D/ν, where U∞

is freestream velocity, D is the cylinder diameter, and ν is the kinematic viscosity of

the fluid). With increasing Reynolds number the location of the separation points

on the cylinder surface changes and four distinctive flow regimes, namely subcritical,

critical, supercritical and transcritical exist (see e.g. Achenbach, 1971).

In contrast, for the square cylinder, the separation points are fixed at the leading

edge corners and its aerodynamic behaviour does not depend on Reynolds number for

Re > 1, 000 (see e.g. Bai and Alam, 2018). While the circular cylinder is insensitive

to angular orientation due to its symmetry, strong angle of attack (α) dependence

is observed for flow past the square cylinder. The general convention applied for
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the angle of attack definition is that the 0◦ case is when the freestream is normal

to a side of the cylinder and maximum angle of attack (45◦ case) is attained when

one of the corners of the square cylinder is facing the flow. One of the distinctive

features of the angle of attack dependence of the square cylinder is the presence

of a critical angle of attack (αcr), at which the shear layer that separates from the

front corner reattaches to the side face of the cylinder (Lee, 1975). As a result of

the reattachment, minimum values of drag and fluctuating lift coefficients together

with maximum Strouhal number and absolute lift coefficient are observed at this

angle of attack. Flow patterns around the square cylinder also change with angular

orientation and can be subdivided into two main regimes, the perfect separation and

reattachment flow regimes, separated by the critical angle of attack (Igarashi, 1984).

Various drag reduction and passive flow control techniques have been applied

to circular and square cylinders. Splitter plates placed along the wake centreline

alter vortex shedding and reduce drag of both circular (Apelt et al., 1973) and

square cylinders (Bearman and Trueman, 1972). Another way to reduce drag of the

square cylinder is through corner modifications. Naudascher et al. (1981) studied

the influence of recessed corners on the mean aerodynamic forces. Experimental in-

vestigations were carried out for square-shaped recesses of two different sizes. Both

configurations provided drag reduction over the full angle of attack range, and de-

crease in the lift force was observed at most angular orientations.

Tamura and Miyagi (1999) investigated the effect of rounded and chamfered cor-

ners on the flow past square cylinders. Both modifications reduce the aerodynamic

drag experienced by the square cylinder over all reported angles of attack. However,

a reduction of the lift force and its fluctuations was observed only at some angular

orientations. With the increase of the freestream turbulence intensity this trend was

sustained but the difference in lift force fluctuations between the standard square

cylinder and those with modified corners was reduced compared to uniform inflow.

In addition, a decrease in the critical angle of attack was observed as a result of the

corner modifications.

A square cylinder can be transformed into a circular cylinder by increasing the

radius of corner rounding. An experimental study on a set of cylinders with various

corner roundings at zero angle of attack was conducted by Hu et al. (2006). Their

results show that as a square is morphed into a circular cylinder, mean drag decreases

while an increase in Strouhal number is observed. Carassale et al. (2014) studied the

angle of attack dependence of square cylinders with two different corner roundings.

Both studied modifications showed an increase in Strouhal number compared to the



158 CHAPTER 10

square cylinder for all angles of attack. On the other hand, it was reported that small

corner rounding leads to reduction of drag only below the critical angle of attack. For

the higher corner rounding drag reduction was observed for all angular orientations.

In addition, it was shown that while rounded corners reduce the fluctuating lift

coefficient at angles of attack below critical, an increase was observed for angles of

attack above αcr. As in the case of other corner modifications, a reduction of the

critical angle of attack was found for both cylinders with rounded corners.

He et al. (2014) investigated the effect of another type of corner modification

by recessing the corners of the leading edge of a square cylinder. At zero angle

of attack, drag reduction was achieved for all studied configurations of rectangular

recesses. However, drag was found to be dependent on the size and orientation of the

recesses. Rectangular recesses where the longer side was aligned with the direction

of the flow provided higher drag reduction compared to the same recesses where the

longer side was normal to the freestream direction. As for other types of corner

modifications, an increase in Strouhal number compared to the square cylinder was

observed.

The natural world has been a source of inspiration for a number of drag reduction

and passive flow control approaches including modifications to the cross-sections of

bluff bodies (Bushnell and Moore, 1991; Choi et al., 2012). For example, Hanke

et al. (2010) and Wang and Liu (2016) showed that a cylinder shape inspired by

the vibrissae of harbour seals suppresses vortex-induced vibrations compared to a

regular circular cylinder. Another modification to the cross-section of the circular

cylinder has been inspired by the Saguaro cactus, a tall slender plant with ribbed,

approximately circular cross section, that can have up to 30 ribs. Experimental and

numerical investigations showed that the ribs on the cactus trunk help to reduce

drag and the magnitude of unsteady force fluctuations (Talley et al., 2001; Cheng

et al., 2018) compared to the smooth circular cylinder. In the plant kingdom, there

are a number of tall, cactus-like succulents that have only four ribs, e.g. Euphorbia

abyssinica, Euphorbia ammak, or Euphorbia ingens. Their cross sections resemble a

square cylinder with concave sides and rounded corners. Taking into account that

these succulents have developed their plant features, including ribs, independently

from cacti through the process of convergent evolution (McGhee, 2011), their shape

may provide aerodynamic benefits similar to those of cactus-shaped cylinders with

many ribs. In a 2D URANS study it was found that a succulent-inspired cylinder

with four ribs has superior aerodynamic behaviour compared to the regular square

cylinder at certain angles of attack (Zhdanov and Busse, 2019).
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In the present study, the aerodynamic properties of a succulent-inspired cylinder

with four ribs are measured in a wind tunnel to investigate its ability to reduce drag

and modify force fluctuations and Strouhal number. Force and surface pressure

measurements were carried for 17 angular orientations ranging from 0◦ to 45◦ at

Reynolds numbers 50, 000, 100, 000, 120, 000, and 150, 000. Hot-wire measurements

were performed in the wake at Reynolds number 100, 000 to provide further insight

into the vortex shedding frequencies. Flow visualisation was conducted using particle

image velocimetry for a range of angular orientations at Reynolds number 50, 000.

The current paper is organised into four sections: In Section 10.2 the details of the

tested model and the experimental setup are described. The experimental results for

mean force coefficients, fluctuating lift coefficient, mean surface pressure distribution,

Strouhal number, hot-wire measurements in the wake and PIV flow visualisations

are presented in Section 10.3. Finally, in Section 10.4 general conclusions on the

ability of ribs to help tall succulents to cope with high wind loads are given.

10.2 Experimental setup

Force, surface pressure and wake hot-wire measurements were conducted in the low-

speed deHavilland tunnel at the University of Glasgow, a closed-return type wind

tunnel facility. The wind tunnel test section has a 2.66 m × 2.1 m octagonal cross-

section and is 5.5 m long with 5 : 1 contraction ratio. Turbulence intensity in the

empty test section is below 0.2%.

The tested model, a cactus-shaped cylinder with four ribs, is based on the succu-

lent Euphorbia abyssinica. The plant’s cross section was approximated using simple

geometrical relations (Figure 10.1a). The model has a 3D printed central section,

where pressure taps are installed. The end parts were made from model foam. To

strengthen the model it was reinforced by a steel tube along its central axis. The sur-

face of the model was painted and polished to give a smooth finish. The dimensions

of the cactus-shaped cylinder model are 110 × 110 × 1250 mm3 (width × height ×
length). At zero angle of attack these dimensions give an aspect ratio of 11.4% and

a blockage ratio of 5.16%. Blockage corrections were not applied to the experimental

data, following the approach by Tamura and Miyagi (1999) for a 2D square cylinder

with blockage ratio of 5% at α = 0◦.

To achieve two-dimensional flow conditions, a 2D insert was installed in the wind

tunnel test section. The model was mounted horizontally between the walls of the

2D insert at approximately the mid-height of the wind tunnel test section (Figure
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Figure 10.1: a) Geometrical representation of the studied geometry. b) Definitions
of length scales, angle of attack, and location of the pressure taps on the model of
the cactus-shaped cylinder with four ribs.

10.2).

The orientation of the model with respect to the incoming flow was varied manu-

ally and checked by a digital inclinometer at several positions along the model span.

The angle of attack (α) definition was adopted from the square cylinder studies,

namely zero angle of attack is when the flow is normal to the cavity of the cactus-

shaped cylinder, while α = 45◦ when the rib tip is facing the flow (Figure 10.1b). In

the present study data have been acquired at 17 angular orientations: 0◦, 5◦, 7.5◦,

10◦, 11◦, 12◦, 13◦, 14◦, 15◦, 20◦, 22.5◦, 25◦, 30◦, 35◦, 37.5◦, 40◦, and 45◦. First, the

measurements were carried out with 5◦ steps. Next, to increase resolution, the data

was acquired with 7.5◦ steps excluding repetitive orientations. Finally, in the range

10◦ ≤ α ≤ 15◦ the data was recorded with 1◦ steps to capture the critical angle of

attack.

Wind tunnel dynamic pressure was measured with Pitot-static probe at the work-
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Figure 10.2: Schematic diagram of the experimental setup. a) Top view, showing 2D
insert to the test section and location of pressure taps on the cactus-shaped cylinder
model. b) Side view, showing force platform mounted beneath the wind tunnel test
section.

ing section entry and using pressure tappings in the wind tunnel settling chamber

and contraction. The experiments were conducted at four Reynolds numbers, namely

50, 000, 100, 000, 120, 000 and 150, 000. The Reynolds number was based on the dis-

tance between adjacent rib tips (D), i.e. the length of the side of the equivalent

square cylinder (Figure 10.1b).

10.2.1 Force measurements

The forces were measured by an AMTI OR6-7-1000 force platform, installed under

the wind tunnel floor, at 1 kHZ rate for at least 100 s. This corresponds to a minimum

of approximately 700 shedding cycles at the lowest tested Reynolds number of 50,000

in α = 45◦ configuration. The accuracy of the measurements is±0.25% of the applied

load. To eliminate interference between the model ends and the walls of the 2D insert

they were separated by a small gap (see Figure 10.2a).

10.2.2 Pressure measurements

In the central plane of the cactus-shaped cylinder 24 pressure taps were installed.

Pressure taps were located at the tip of each rib and at the centre of each cavity.

In addition, each rib had 2 taps on each side (Figure 10.1b). All pressure taps were

connected to a Scanivalve ZOC23b miniature pressure scanner (range ±2.5 kPa)

through PVC tubes. Surface pressure was determined at every measuring point as
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Figure 10.3: Schematic diagram of the experimental setup used for PIV quantitative
visualisations of the flow over the top part of the cactus-shaped cylinder with four
ribs.

an average over 1600 data points. Resolution of the pressure scanner of around 1 Pa

provided accuracy of the pressure coefficient close to 1%.

10.2.3 Hot-wire measurements

Hot-wire measurements were conducted using a Dantec Dynamics StreamLine Pro

System with X-probe (55P61) at Reynolds number 100, 000. The probe sensors are

tungsten wires with diameter of 5 µm and length 1.25 mm. Data was sampled at

10 kHz rate for 60 s. Before and after each set of measurements the probe was

calibrated using a StreamLine Pro automatic directional calibrator. The estimated

accuracy of the hot-wire measurements is around 1% based on the results reported

in Kawall et al. (1983).

10.2.4 PIV measurements

Quantitative flow visualisation was performed using two-dimensional, two-component

particle image velocimetry (PIV) in a 1.15 m × 0.85 m low speed, closed-return wind

tunnel with turbulence intensity of approximately 0.3% at the University of Glasgow

(Green et al., 2005). The same model, as in the aforementioned experiments, was

mounted in a cantilever configuration with model’s axis spanning across the mid-

height of the tunnel in the horizontal plane. The span of the model was adjusted to
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fit flush to both sides of the tunnel. The PIV measurements were performed around

the model (indicated as PIV area 1 in Figure 10.3) at Reynolds number of 50,000

for six angular orientations, namely 0◦, 5◦, 10◦, 13◦, 15◦, and 30◦. In addition, for

two orientations, 13◦ and 10◦, i.e. at the critical angle of attack and at an angle just

below, close up quantitative flow visualisations (indicated as PIV area 2 in Figure

10.3) were carried out to capture the reattachment of the separated shear layer.

Illumination for the PIV was provided by a Quanta-Ray, single cavity, Q-switched

Nd:YAG pulsed laser with frequency doubler that produced a pulsed output of 8 ns

duration with 532 nm wavelength. The laser was directed into the wind tunnel

working section from above and expanded into a thin sheet using beam shaping

optics and a cylindrical lens. The light sheet was in the vertical plane coincident

with the lateral symmetry plane of the wind tunnel test section. A 10-bit, Redlake

Megaplus 4 2048 × 2048 pixel CCD camera was used to capture images for the PIV,

with each image synchronised with a laser Q-switch pulse. The camera was fitted

with a selection of lenses for the PIV including an 85 mm focal length lens at f/2 for

the PIV area 1 and a 200 mm focal length lens at f/4 for the PIV area 2. The PIV

setup was spatially calibrated by taking a photograph of a grid of 2 mm diameter

dots with a 5 mm pitch, and performing a least-squares fit to the centroids of the dot

images. PIV seeding was generated by a Concept Systems Viscount fog generator

that heated a light smoke oil (density 700 kg m−3) and was pumped into the wind

tunnel circuit using carbon dioxide. The notional seeding particle size was < 1 µm.

The PIV inter-pulse time delay was set between 40 and 80 µs depending on the field

of view, flow speed, and required accuracy and resolution for analysis. The field of

view was set to 150 mm × 150 mm for the PIV area 1 and 50 mm × 50 mm for the

PIV area 2. In total, 144 image pairs were recorded for each tested configuration.

Image analysis for the PIV was performed using the well-established cross-correlation

technique with image shifting for improved accuracy and data validation and to avoid

the peak-locking bias effect inherent in digital PIV. Correlation peak detection ac-

curacy was improved to around 0.1 pixel by using a local Gaussian fit. Image tile

(sub-window) size was initially selected at 32 × 32 pixels and reduced to 16 × 16

pixels for higher spatial resolution where required. Use of this PIV system and im-

age analysis technique has been reported in detail in Green et al. (2005). Spatial

calibration error and PIV timing errors were negligible. The major source of error in

the PIV was the digital bias, which itself was dependent upon the field of view. The

maximum field of view used for this study (150 mm × 150 mm) gives an accuracy of

around 2% at the wind tunnel speed that is required to attain a Reynolds number
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of 50,000 (approximately 8ms−1). Spatial resolution according to vector spacing was

around 1 mm × 1 mm.

10.3 Experimental results

10.3.1 Mean force coefficients

Mean drag and lift force coefficients of the cactus-shaped cylinder with four ribs were

calculated from the experimental data as:

CD =
FD

0.5ρU2
∞A

,

CL =
FL

0.5ρU2
∞A

,

(10.1)

where FD and FL are the measured mean values of drag and lift force, respectively,

ρ is the density of air determined based on the temperature inside the wind tunnel,

and A is the projected frontal area of the cactus-shaped cylinder.

The mean drag and lift coefficients are presented as a function of angle of attack

for the four tested Reynolds numbers in Figure 10.4. No significant Reynolds number

dependence of the force coefficients is observed within tested range. On the other

hand, both CD and CL show strong variation with the angle of attack. With an

increase of α in the range from 0◦ to 13◦, the drag coefficient decreases, reaching its

minimum value at α = 13◦. With further increase of the angle of attack, a monotonic

increase of the drag coefficient is observed.

An opposite trend is observed for the absolute value of the lift coefficient which

increases with angle of attack from 0 at α = 0◦, where the mean flow around the

cactus-shaped cylinder is symmetric, to its absolute maximum value at α = 13◦. At

higher angles of attack the value of the lift coefficient decreases and returns to 0 at

α = 45◦, where symmetry of the mean flow is restored.

Similar trends in the behaviour of the mean force coefficients with the increase of

an angle of attack are observed in both cactus-shaped and square cylinders (Figure

10.4). However, compared to the square cylinder, a reduction of the drag coefficient

is observed for the cactus-shaped cylinder at angles of attack up to 30◦ (Figure

10.4a). The absolute value of the lift force coefficient is higher for the cactus-shaped

cylinder at all angles of attack, except for 0◦ and 45◦, where zero lift is observed for

both shapes (Figure 10.4b).
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Figure 10.4: Mean aerodynamic force coefficients as a function of angle of attack.
(a) mean drag coefficient; (b) mean lift coefficient. Data for the square cylinder
from Tamura and Miyagi (1999) (Re=30,000) and from Carassale et al. (2014)
(Re=37,000) was recalculated with projected frontal width for comparison purposes.
(The legend in part b) applies to both parts of this figure.)

The presence of extrema in the mean force coefficients at a certain angle of attack

shows that critical behaviour, similar to that of the square cylinder, is also present in

the cactus-shaped cylinder. The minimum value of CD as well as maximum absolute

value of the lift coefficient are attained at the same angle of attack αcr = 13◦ (Figure

10.4).

10.3.2 Unsteady lift force

The time history of the lift force fluctuations was recorded at all tested angular

positions for Reynolds number 100,000. The unsteady lift force coefficient (C ′L) is
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Figure 10.5: Unsteady lift force coefficient of the cactus-shaped cylinder as a function
of angle of attack at Re = 100,000. Data for the square cylinder from Lee (1975)
(Re=176,000) and from Carassale et al. (2014) (Re=37,000) was recalculated with
projected frontal width for comparison purposes.

presented in Figure 10.5 as a function of angle of attack. The maximum value of

C ′L is observed at zero angle of attack, followed by a reduction to its minimum value

at α = 12◦. This value is slightly lower than αcr obtained from the mean force

coefficients. With further increase in α, the fluctuating lift force coefficient recovers

slightly and then remains close to constant over the range 15◦ ≤ α ≤ 45◦.

Before comparing to the square cylinder it should be noted that there is a limited

number of studies where C ′L dependence on the angle of attack is reported, since

many studies on the square cylinder consider only the mean force coefficients. In

addition, significant deviations between C ′L values reported in the literature can be

observed (see Figure 10.5).

Overall, C ′L dependency on the angle of attack of the cactus-shaped cylinder

follows the same trend as that of the square cylinder (Figure 10.5). Below the

critical angle of attack a good match between the C ′L values for the two different

shapes can be observed. At α = αcr reduction in fluctuating lift is higher in the

square cylinder case (the minimum value of C ′L at αcr is not captured in Lee (1975)

because of the coarse steps in the angle of attack). At angles of attack above the

critical, C ′L values of the cactus-shaped cylinder are consistently higher but also

settle down to a constant value as observed for the square cylinder case.
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10.3.3 Surface pressure distribution

As expected from the mean force data, no Reynolds number dependency was ob-

served for the surface pressure distribution. In Figure 10.6 the variation of the

time-averaged pressure coefficient around the cactus-shaped cylinder is presented at

different angles of attack for Reynolds number 100,000. The pressure coefficient was

determined from the experimental data as

Cp =
p− p∞
0.5ρU2

∞
=

p− p∞
p0 − p∞

(10.2)

where p is the static pressure at the point of measurement, p∞ the static pressure in

the freestream, and p0 the freestream total pressure. The pressure distribution shows

significant variation with angle of attack. Both for the 0◦ and 45◦ cases, a symmetric

pressure distribution is recovered as expected for a cylinder with 4-fold symmetry.

Since the front cavity (between points A and B) is always upstream for all tested

angular orientations (0◦ ≤ α ≤ 45◦), the pressure coefficient inside shows positive

values (Figures 10.6a and 10.6b). For the bottom (between points D and A) and

rear (between points C and D) cavities the pressure coefficient has negative values

at all angular positions. This can be explained by the fact that flow separating from

rib A does not reattach to the surface of the bottom cavity at any angle of attack,

and a recirculation zone is present downstream of the rear cavity. The pressure

coefficient behaviour is more complex for the top cavity surface (between points B

and C), showing negative values for angles of attack lower than 30◦. For α > 30◦ the

pressure coefficient inside the top cavity has positive values since at this orientation

the front of rib C starts to be exposed to the flow.

As inferred from the mean force measurements, the critical angle for the cactus-

shaped cylinder is attained at αcr = 13◦. Focusing on the surface pressure coefficient

distribution for angles below critical (see Figure 10.6a), it is observed that the pres-

sure coefficient inside cavity AB shows negligible variation with angular orientation.

While the absolute value of the pressure coefficient measured at the tip of rib A

slightly decreases, a small increase of Cp is observed at the equivalent location at

the tip of rib B. The maximum value of the pressure coefficient inside cavity AB

is observed at its centre and is close to unity. Cp inside cavities CD and DA and

on tips of ribs C and D increases with angle of attack reaching maximum values at

α = αcr. The pressure coefficient inside cavity BC does not show significant varia-

tion for 0◦ ≤ α ≤ 7.5◦. With further increase of angle of attack, the pressure inside

this cavity drops, reaching its minimum at α = αcr.
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Figure 10.6: Distribution of the pressure coefficient on the surface of the cactus-
shaped cylinder with four ribs at Re=100,000. a) angular orientations up to critical
angle of attack (α = 0◦− 13◦); b) angular orientations above critical angle of attack
(α = 14◦ − 45◦).

At critical angle of attack, the pressure coefficient inside the top cavity BC attains

its absolute highest value while inside the opposite bottom cavity DA it reaches its

absolute lowest value, thus maximizing the pressure difference. This explains the

maximum lift force generated by the cactus-shaped cylinder at the critical angle of

attack. Similarly, at αcr the lowest absolute value of the pressure coefficient on the

surface of the rear cavity CD contributes to the reduced drag at this angle of attack.

For angles of attack higher than critical (Figure 10.6b), the pressure coefficient

inside cavity AB tends to show a small decrease in Cp with increasing α. Values

of the pressure coefficient inside cavity BC and on rib tip B show a considerable

increase with α reaching maximum values at α = 45◦. On the other hand, Cp inside

cavities CD and DA and on rib tips C,D, and A decreases with α up to α = 37.5◦

and starts to recover at higher angles of attack.
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Figure 10.7: Strouhal number of the cactus-shaped cylinder with four ribs as a
function of angle of attack. Data for the square cylinder from Igarashi (1984)
(Re=37,000) and Huang et al. (2010) (46, 000 ≤ Re ≤ 94, 000) is presented for
comparison.

10.3.4 Strouhal number

As for the mean force and surface pressure coefficients, no Reynolds number depen-

dency is observed for the Strouhal number. St as a function of angle of attack at

Reynolds number of 100,000 is presented in Figure 10.7. The value of the Strouhal

number increases with α and reaches its maximum at α = 13◦. This matches the crit-

ical angle of attack observed in the mean force measurements. With further increase

in the angle of attack up to α = 45◦, the Strouhal number gradually decreases.

For comparison, data on St of the square cylinder (Igarashi, 1984; Huang et al.,

2010) is also presented in Figure 10.7. Up to the critical angle of attack, the Strouhal

numbers of both shapes follow the same increasing trend and have closely matched

values. However, at angles of attack above the critical the cactus-shaped cylinder

has lower values of St compared to the square cylinder and this difference increases

with α.

10.3.5 Quantitative flow visualisations

To gain further insight into the flow patterns and reattachment behaviour of the

cactus-shaped cylinder PIV measurements were performed around its top part. Con-

tours of the mean vorticity with superimposed mean flow streamlines are shown in

Figure 10.8 for six angles of attack. For all tested angular orientations separation of
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Figure 10.8: Contours of the mean vorticity fields and mean flow streamlines around
the top part of the cactus-shaped cylinder with four ribs at Re=50,000. a) α = 0◦;
b) α = 5◦; c) α = 10◦; d) α = 13◦; e) α = 15◦; f) α = 30◦. The freestream velocity
is in the negative x-direction.

the shear layer from the front rib is observed. In addition, a recirculation bubble is

formed inside the cavity between the front and back ribs. The separated mean shear

layer follows the boundary of this recirculation bubble and ωz is decreasing in the

downstream direction.

In the range 0 ≤ α < 13◦ (see Figure 10.8a-c), the separated shear layer moves

closer to the tip of the back rib with increasing angle of attack, but no reattachment

is observed. The size of the recirculation bubble decreases with increasing α and its

centre shifts more deeply inside the cavity. At angle of attack of 13◦, i.e. the critical

angle, the separated shear layer reattaches to the back rib of the cactus-shaped

cylinder and the recirculation bubble becomes fully enclosed inside the cavity. This is
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Figure 10.9: Mean flow streamlines around the back rib of the cactus-shaped cylinder
with four ribs at Re=50,000. a) α = 10◦; b) α = 13◦. The freestream velocity is in
the negative x-direction.

more clearly demonstrated in Figure 10.9 where mean flow streamlines are presented

in a close up view in the region around the back rib at two angular orientations of 10◦

and 13◦. At α = 10◦ (Figure 10.9a) no reattachment at the back rib is observed, while

with an increase of α to 13◦ (Figure 10.9b) the reattachment occurs. This angular

orientation of 13◦ corresponds to the critical angle of attack that was observed in

the mean force coefficients and Strouhal number data. In addition, the critical angle

of attack separates two distinctive flow regimes around the cactus-shaped cylinder,

namely perfect separation and reattachment, that are also distinguished in the square

cylinder case (Igarashi, 1984). Reattachment of the shear layer is observed with the

increase of α above the critical value (see Figure 10.8e, f). Moreover, the length of

the reattachment zone on the back rib expands towards the centre of the cavity with

an increase in angle of attack, while the size of recirculation bubble inside the cavity

decreases.

10.3.6 Critical angle of attack

As discussed in the previous sections, a critical angle of attack αcr is present for the

studied cactus-shaped cylinder where CD and C ′L attain their minimum values, while

CL and St reach maxima. While mean aerodynamic coefficients and Strouhal number

reach their extrema at α = 13◦, the fluctuating lift coefficient attains its lowest value

at a slightly lower angle of α = 12◦. Similar dispersion of the critical angle values of

attack was observed for the square cylinder (see Table 10.1), where reported values of

αcr are between 12◦ and 15◦. As in the case of the square cylinder, critical behaviour
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Table 10.1: Overview of the extreme values of aerodynamic coefficients and Strouhal
number at critical angle of attack for cactus-shaped cylinder and previously reported
data on the square cylinder.

Re CDmin(αcr) |CL|max(αcr) C ′Lmin(αcr) Stmax(αcr)

Present case 100, 000 1.138(13◦) 1.064(13◦) 0.187(12◦) 0.192(13◦)

Square cylinder

Lee (1975) 176, 000 1.26(12◦) 0.67(13◦) - 0.18(15◦)

Igarashi (1984) 56, 000 1.36(14◦) 0.64(14◦) - 0.19(14◦)

Tamura and Miyagi (1999) 30, 000 1.37(12◦) 0.60(13◦) 0.15(11◦) 0.18(15◦)

Carassale et al. (2014) 37, 000 1.32(12◦) 0.68(13◦) 0.16(12◦) 0.18(14◦)

Square cylinder with modified corners

Tamura and Miyagi (1999)* 30, 000 0.80(5◦) 0.64(5◦) 0.15(4◦) 0.22(5◦)

Tamura and Miyagi (1999)** 30, 000 1.02(7◦) 0.28(8◦) 0.13(6◦) 0.21(7◦)

Carassale et al. (2014)*** 27, 000 1.28(8◦) 0.61(9◦) 0.13(8◦) 0.19(9◦)

Carassale et al. (2014)**** 27, 000 1.10(6◦) 0.57(7◦) 0.15(5◦) 0.20(7◦)

If necessary, force coefficients and Strouhal numbers from the literature were recalculated with the
projected frontal area and projected side length, respectively, for comparison purposes.
* - square cylinder with rounded corners, r = D/6,
** - square cylinder with chamfered corners, size = D/6,
*** - square cylinder with rounded corners, r = D/15,
**** - square cylinder with rounded corners, r = D/7.5,
where r - radius of the corner rounding

of the studied cactus-shaped cylinder is associated with the reattachment of the

shear layer, which separates from the front rib, to the the back rib and which was

confirmed by the flow visualisations discussed in the previous section. Modifications

to the corners of the square cylinder are known to have a strong influence on the

reattachment of separated shear layers, and tend to shift the critical angle of attack

to lower values (Tamura and Miyagi, 1999; Carassale et al., 2014) (see Table 10.1).

This effect is not observed in case of the cactus-shaped cylinder, where the critical

angle of attack is in the range reported for the square cylinder.

10.3.7 Power spectra

The power spectral density (Eu) of the streamwise component of the velocity based

on hot-wire measurements at two downstream positions behind the cactus-shaped

cylinder is shown in figure (Figure 10.10) for four angles of attack at Reynolds number
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Figure 10.10: Power spectra of the u-component of the velocity determined for
four angular orientations at two locations behind the cactus-shaped cylinder at
Re=100,000. a) x = 2.5D, y = 2.5D b) x = 6.5D, y = 2.5D. The scale on the
vertical axis is arbitrary but the same scale is used for each spectrum. For clarity,
the spectra have been shifted relative to each other along the vertical axis.

100,000. The first position was located at x = 2.5D downstream of the centre of

the cylinder with cross-stream offset y = 2.5D with respect to the centreline, and

the second position at x = 6.5D using the same cross-stream offset. The data was

averaged with Bartlett’s method using 16 segments. The ordinate axis in Figure

10.10 has arbitrary scale but the same scale was used for all presented spectra for

comparison purposes.

At both locations (x = 2.5D and x = 6.5D) a dominant peak in Eu is present for

all angles of attack. These peaks indicate spanwise vortex shedding and correspond

to the Strouhal numbers of the cactus-shaped cylinder at these particular angular

orientations. In addition, in all cases at least one higher harmonic can be observed.

At intermediate angles of attack (α = 15◦ and α = 30◦, a further peak can be
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Figure 10.11: Aerodynamic force coefficients and Strouhal number as a function of
an angle of attack obtained from the present experiments at representative Reynolds
number of 100,000 compared to the URANS results (Zhdanov and Busse, 2019) for
the same shape at Reynolds number of 20,000. (a) Force coefficients; (b) Strouhal
number.

observed that is close to the primary one. This can be attributed to secondary vortex

shedding at these angles of attack. Similar behaviour was previously observed in a

URANS-based investigation of a cactus-shaped cylinder with four ribs (Zhdanov and

Busse, 2019).

10.3.8 Comparison with earlier 2D URANS results

In the present section, the current experimental results are compared to an earlier

2D URANS-based investigation of the same cactus-shaped cylinder at a Reynolds

number of 20,000 (Zhdanov and Busse, 2019). Whilst this previous investigation was

at a Reynolds number below the range studied in the experiments, a comparison of
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results obtained at different Re can be justified by the similarities of the aerodynamic

behaviour between the studied shape and the square cylinder. The cactus-shaped

cylinder does not exhibit Re dependence within the range of 50,000 to 150,000, and

in investigations of the square cylinder no Reynolds number dependence is observed

at Re > 1, 000 (Bai and Alam, 2018). Therefore, it can be reasonably presumed

that no significant changes would be observed at Re = 20,000.

Both experimental and 2D URANS investigations capture the presence of the

critical angle of attack for the studied cactus-shaped cylinder, but its actual value

is underpredicted by the 2D URANS simulations. In both experiments and URANS

simulations αcr is associated with the reattachment of the separated shear layer

from the front rib to the back rib. Qualitatively, experimental and 2D URANS

results demonstrate the same trends in the behaviour of aerodynamic coefficients

and Strouhal number with angle of attack (Figure 10.11). With the change of α

from 0◦ up to the critical angle, values of CD and fluctuating lift coefficient decrease

to their minima, whilst St and the absolute value of CL increase and reach their

maxima. With further increase of the angle of attack from αcr to 45◦ an increase in

the mean drag coefficient is observed, while C ′L attains an approximately constant

value after an initial increase. The Strouhal number and absolute mean lift coefficient

decrease over the same range. A mismatch in the behaviour of St and C ′L between

experimental and 2D URANS results is present at angles of attack > 30◦.

At most angular orientations, quantitative differences are observed for the aero-

dynamic coefficients and Strouhal number when comparing experimental and URANS

results (Figure 10.11), which can be related to the underprediction of the critical an-

gle of attack by the 2D URANS simulations. Fairly good quantitative agreement is

observed for the mean lift coefficient at angles of attack up to 4◦ and at α > 22.5◦

(Figure 10.11a).

The observed quantitative differences between experimental results and 2D URANS

simulations are in line with conclusions of the work of Mannini et al. (2010), who

studied URANS modelling of the flow past a rectangular cylinder: the quantitative

match tends to be better at α = 0◦ compared to a finite angle of attack. In addi-

tion, the URANS simulations are able to predict the physical behaviour found in the

experiments in a qualitative way, but for unsteady bluff-body flows 2D URANS has

limited accuracy. Overall, the 2D URANS approach provides useful insight into key

features of the flow past a cactus-shaped cylinder, but for a close quantitative agree-

ment to experimental data 3D eddy-resolved methods, e.g. Large-Eddy Simulations,

are required.
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10.4 Conclusions

An experimental investigation of the aerodynamic properties of a cactus-shaped

cylinder with four ribs was conducted in low speed wind tunnels. The studied shape

is a modification to the cross section of a square cylinder inspired by a number of tall

succulents that have four ribs. The cactus-shaped cylinder showed strong angle of

attack dependence of aerodynamic coefficients and Strouhal number. No Reynolds

number dependence was observed within the tested range from 50,000 to 150,000.

With an increase of the angle of attack, reduction of the mean drag and fluctu-

ating lift coefficients was observed, while Strouhal number and the absolute value

of the lift coefficient were found to increase. At angle of attack of 13◦ CD reached

its minimum, and |CL| and St attained their maxima. The highest reduction in C ′L
was observed at α = 12◦. Taking into account previous studies on square cylinders,

a critical angle of attack exists for the studied cactus-shaped cylinder between 12◦

and 13◦. Similar to the square cylinder, the critical behaviour is caused by a reat-

tachment of the shear layer that separates at the front rib to the back rib as was

confirmed by quantitative flow visualisations using PIV. These observations are also

supported by the mean surface pressure distribution at this angle of attack, which

showed the highest pressure difference between top and bottom cavities, resulting

in the maximum lift coefficient value. In addition, at the critical angle the absolute

lowest Cp was recorded inside the rear cavity contributing to the lowest drag.

Previous studies on the square cylinder with modified corners found a shift of the

critical angle of attack towards lower values compared to the square cylinder. This

effect was not observed in the present study where αcr of the cactus-shaped cylinder

falls within the reported range of the square cylinder. This could be attributed to

the small tip radius of the ribs as well as to the effect of large vortices trapped in

the side cavities.

Comparing values of the aerodynamic coefficients of the cactus-shaped cylinder

to those of the square cylinder a reduction of the mean drag was observed for α ≤
30◦. The mean lift coefficient was higher for the studied shape at all angles of

attack except for the two extreme orientations where mean lift vanishes due to the

symmetry. At angles of attack below critical, both C ′L and St showed similar values

to those of the square cylinder. Moreover, a reduction in Strouhal number was

observed with further increase in α.

Studies on Saguaro-inspired cylinders with many ribs demonstrated their ability

to reduce drag and unsteady lift fluctuations, thus helping Saguaro cacti to deal with
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aerodynamic loads in their environment. The present study on a succulent-inspired

cylinder with four ribs suggests that this shape also provides aerodynamic benefits to

actual plants albeit over a limited range of angular orientations. Typically, natural

evolution is a result of a competition between various biotic and abiotic factors

that affect survival and development of an organism. In complex living systems, like

plants, the minimum requirement for their survival and normal functioning is usually

determined by a single factor that limits the development of other functions and

features (Niklas, 1992). Therefore, while aerodynamics may be one of the factors

driving the adaptation of succulents to their environment, it is probably not the

critical one and other factors, e.g. heat transfer and water collection and retention

may be more dominant.

In the current succulent-inspired study, as well as in previous investigations on

cacti with many ribs (Talley et al., 2001; Wang et al., 2014; Letchford et al., 2016), the

plant geometry was simplified to a 2D cylinder as the focus was on the aerodynamic

influence of the plant’s ribs. However, cacti and succulents exhibit further features

that may influence their aerodynamics, such as ridges, spines, and branches. In

future studies, these elements could be successively added to explore their potential

to further enhance the aerodynamic properties of these plants.
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Chapter 11

Conclusions and future work

11.1 Conclusions

This PhD thesis presents the results of plant biomechanics and fluid dynamics based

research on different aspects of wind-plant interaction. In the first part, the focus

is on the influence of various types of mechanical stresses, in particular wind, on a

widely used model organism in plant science – Arabidopsis. A bespoke wind tunnel

facility alongside a dedicated mechanical characterisation method were developed.

The results of the conducted experiments on continuous exposure of Arabidopsis

to wind and brushing treatments contribute to systematic studies on the effects of

wind and other types of mechanical stresses on plants expanding the current knowl-

edge in these fields. In the second part of this thesis, the aerodynamic properties of

succulent-inspired cylinders with a low number of ribs were investigated using exper-

imental and numerical techniques. This study provides new insights into the passive

flow control mechanism of cacti and succulents and the potential for biomimetic

modifications to bluff bodies of similar cross-sections.

All research objectives outlined in chapter 2 were achieved. In addition to the

summaries and conclusions provided in each chapter of the present thesis, the key

conclusions are compiled below followed by suggestions for future work. Following

the structure of the thesis, this section is separated into two parts on the two distinct

studies that comprise this project.
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11.1.1 Response of Arabidopsis to wind-induced and other

types of mechanical stress

• A bespoke wind tunnel with a suitable environment for the growth and devel-

opment of small plants was designed and built. The wind tunnel provides a well

characterised and controlled environment for experiments on the effects of con-

tinuous wind exposure on the model plant Arabidopsis. In this PhD project,

it was successfully used for the investigations of the acclimation response of

Arabidopsis to a constant unidirectional wind. Moreover, this bespoke facility

proved its versatility during a dandelion seed dispersal study that was carried

out in collaboration with the University of Edinburgh (the latter study does

not form part of this thesis).

• The dynamic forced vibration method which was developed for the mechanical

characterisation of Arabidopsis inflorescence stems proved its robustness and

reliability in the later studies of this PhD project, where effects of wind and

mechanical perturbations on the growth and development of Arabidopsis were

investigated.

• A positive anemotropic response of young Arabidopsis seedlings to a constant

unidirectional wind was discovered. This is the first clear demonstration of

this type of tropic response in any plant system.

• The experiments on continuous exposure to a constant unidirectional wind

revealed the acclimation response of Arabidopsis to this type of treatment.

The observed changes to the whole plant morphology, as well as alterations

in the mechanical properties of the primary inflorescence stem, are adaptive

to this environment. They help Arabidopsis to reduce the force experienced

from the wind and at the same time make the stem more rigid allowing it to

withstand the applied mechanical stress. The characterisation of the anatom-

ical tissue organisation and ion content of the stem also showed wind-induced

changes that resulted in its strengthening. Moreover, the repeatability of the

acclimation strategy and observed changes were confirmed through repeated

experiments.

• The experiments where two different types of directional brushing treatments

were applied to Arabidopsis demonstrated that some wind-induced effects can

be reproduced by brushing. However, while the thigmomorphogenetic response
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in terms of growth inhibition and reduction in stem diameter resembles those

to the wind treatment, the changes in the modulus of elasticity were in the

opposite direction. Furthermore, the magnitude of these responses is depen-

dent on the brushing direction, but not on the surface texture of the brushing

material. In contrast, none of the applied brushing treatments affected the

branching of Arabidopsis, whereas a reduction in branching was observed in

the experiments with wind exposure. This observation confirms that the re-

duction in the number of branches is an acclimation response to wind, which

does not occur in the case of brushing. In addition, unidirectional brushing

evoked a positive thigmotropic response in the Arabidopsis shoot, which has

not been reported before for this plant, and resembles the anemotropic re-

sponse to a constant unidirectional wind. Overall, the results suggest that a

carefully designed brushing treatment can be used to mimic some aspects of

wind influence on plants. But attention must be paid to the interpretation of

results and their extrapolation to wind-induced effects.

11.1.2 Aerodynamics of succulent-inspired cylinders

Two different succulent-shaped ribbed cylinders were studied to extend previous re-

search on Saguaro-inspired cactus-shaped cylinders to similar plants with a lower

number of ribs. The 4-rib cylinder was investigated using both wind tunnel experi-

ments and the 2D URANS simulations, whilst the 3-rib shape was investigated using

2D URANS approach only.

• The investigated succulent-inspired cylinder with four ribs, which resembles a

square cylinder with modified cross-section, demonstrated no Reynolds number

dependence of its aerodynamic characteristics within the experimentally tested

range from 50,000 to 100,000. Based on the results of 2D URANS investigations

the bottom limit of this range can be lowered to 20,000.

• The studied shape exhibited a strong angle of attack dependence with the

presence of a critical angle of attack of approximately 13◦, at which the shear

layer separating from the front rib reattaches to the back rib. At this angle

of attack, drag and fluctuating lift forces attain their minima, while mean lift

and Strouhal number have their highest values. This behaviour was found to

be similar to the conventional square cylinder.

• Compared to the square cylinder, the succulent-inspired cylinder with four
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ribs demonstrated aerodynamic benefits in terms of reduced drag albeit over

a limited range of angles of attack.

• In contrast to many other modifications to the square cylinder cross-section,

e.g. corner rounding or chamfering, the value of the critical angle of attack

remained unaffected for the studied shape.

• When comparing the 2D URANS investigation with experimental results for

the same succulent-inspired cylinder with four ribs, qualitative agreement in

the dependency of the aerodynamics coefficients and Strouhal number on the

angle of attack was observed. However, quantitative differences in the values

of these properties and in critical angle of attack were present.

• Overall, the 2D URANS approach can be employed to study key features of

the flow past succulent-shaped cylinders with a low number of ribs, but for

accurate quantitative results experiments or 3D eddy-resolved simulations are

required.

• The 2D URANS investigation of the flow past a succulent-inspired cylinder

with three ribs showed strong angle of attack dependence of this shape and its

drag reduction potential compared to equilateral triangular cylinders. How-

ever, based on the previous conclusion further investigations are required.

11.2 Future work

While the results of the studies reported in this PhD thesis provided new insights

to the fields of plant biomechanics and aerodynamics, they also raise new research

questions that could be explored in future work.

11.2.1 Response of Arabidopsis to wind-induced and other

types of mechanical stress

• The wind speed of 5 m/s used in the current work falls into a high but not

extreme wind speed range experienced by Arabidopsis in its natural environ-

ment. To provide insight into the acclimation response of Arabidopsis to wind

speeds ranging from more moderate to very extreme, investigations where Ara-

bidopsis is subjected to higher and lower constant unidirectional wind could

be carried out.
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• Due to a large number of available Arabidopsis ecotypes and mutants, genotype

dependent acclimation to wind could be explored. Furthermore, by selecting

suitable mutants (e.g. agravitropic mutants, such as scarecrow (scr)), interac-

tion between different types of tropic responses, i.e. gravitropic, phototropic,

thigmotropic, and anemotropic, in Arabidopsis could also be studied. In addi-

tion, mutants such as PIN1 could help to explore dependency of acclimation

strategy on the plant morphology.

• The wind tunnel floor could be modified by incorporation of a rotation mech-

anism for the plant pots. This would allow studies on bi- and multidirectional

wind influence on Arabidopsis. Furthermore, this modification could be used

to verify the observed anemotropic response by subjecting plants in slowly ro-

tating pots to constant unidirectional wind. However, prior experiments on the

potential influence of constant pot rotation on Arabidopsis would be required

as well as tests to establish a suitable rotational speed.

• An upgrade of the fan control system would allow for digital and the fully

automated adjustment of the flow speed inside the test section. This would

enable experiments in which plants are subjected to variable wind speeds or

wind gusts. In conjunction with the previous suggestion, it would also allow

to expose plants to variable wind coming from different directions.

• The temporal evolution of the observed tropic responses could be investigated

and compared with those reported for gravitropism. In addition, the influence

of different types of mechanical stresses on the growth rate of Arabidopsis could

be measured.

• The influence of the developmental stage of Arabidopsis, at which different

types of mechanical stresses are applied, on the induced effects could be also

explored.

11.2.2 Succulent-inspired passive flow control

• All the investigations on the succulent- and cactus-inspired cylinders reported

in literature, as well as those carried out in this project, studied the influ-

ence of either ribs or spines on the aerodynamic properties separately. In

addition to these two distinct features of cacti and succulents, their ribs have

ridges that also modify the flow field around these plants and could provide
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further aerodynamic benefits. In future studies, the combined potential of

the aforementioned features of succulents and cacti to further enhance their

aerodynamic properties and passive flow control ability could be explored.

• Studies with multiple succulent-inspired cylinders that resemble the actual

bush-like structure of many succulents could be carried out. This would provide

information on the collective aerodynamic behaviour of multiple stems and its

influence on the forces experienced by the individual stems and the whole

plant. In addition, while the investigations in this PhD project were carried

on cylinders with infinite span, succulents in the natural environment have a

free end. This could be taken into account in future studies.

• A parametric study of the cavity size and rib-tip curvature could be carried out

to find the optimum values of these parameters for drag reduction. Since cacti

and succulents shrink and swell depending on the water availability, which, as

well as wind conditions, is seasonal, the findings of this investigation could an-

swer the question whether these mechanisms are interdependent and present an

evolutionary adaptation to the wind conditions and water availability changes

in the local environment.

• Experiments on dynamic stability and vortex-induced vibrations of succulent-

inspired cylinders with a low number of ribs would provide information whether

their shape helps succulents to remain stable in the windy conditions.

• Previous studies show that the aerodynamic properties of circular cylinders and

square cylinders with rounded corners are dependent on the test conditions.

Based on this, the effect of turbulence intensity on the aerodynamic properties

of the succulent-inspired cylinder with four ribs could be investigated.

• Wind tunnel tests using real cacti or succulents could be conducted. Alterna-

tively, models based on the 3D scans of actual plants could be manufactured

for this purpose. These studies could also take into account all of the aforemen-

tioned suggestions for future work on succulent-inspired passive flow control.
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de Langre, E., Gutierrez, A., and Cossé, J. On the scaling of drag reduction by

reconfiguration in plants. Comptes Rendus Mécanique, 340(1-2):35–40, 2012. doi:
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