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0.  Executive Summary 
 
Because plants encounter oscillation, like booms for satellites, they are therefore adapted 
to dampen oscillations. In this study we analysed the damping properties of four plant 
species which all were herbaceous, had a high aspect ratio and mainly carried an apical 
load: Allium tuberosum, garlic chives (Alliaceae), Cyperus alternifolius, umbrella 
papyrus (Cyperaceae), Equisetum hyemale, scouringrush horsetail (Equisetaceae) and 
Papaver somniferum, opium poppy (Solanaceae). In a first set of experiment their 
damping properties were characterised optically. In the second step the cross-sectional 
arrangement of skeleton tissue was analyzed. Our results show that Papaver and 
especially Equisetum showed damping properties comparable to booms made of 
composite material. They could be possible models for biological inspired boom 
structures. The analysis and the modeling of the cross-section revealed the importance of 
sclerenchyma tissue. The stiffness of the plants mainly referred to the amount and the 
position of sclerenchyma. Future work is planned to focus on analysis and comparison of 
tissue distribution both in simulation and experimental ways. 
 
 
 



1. Introduction  
 
 
Scientific payloads of space-missions often contain highly sensitive instruments. The 
quality of the measurements may be disturbed by the presence of other electronic devices 
on board of the space craft. Therefore the instrument is often placed at the tip of a long 
slender device (called boom) emerging from the space craft.  
 
Due to the variety of tasks many different kinds of booms exist. Some resemble simple 
tubes but many of them have a compact storage form. Booms can be telescopic, 
articulated, inflatable or coilable, and many different ways to deploy them exist. Due to 
volume restrictions during launch the boom is deployed only after the space craft has 
reached its orbit.  
 
Although on first sight a rather simple device, such booms need to meet a number of 
rather challenging design criteria, one of which is keeping oscillations at a minimum. 
Every time the space craft performs a manoeuvre and changes it’s orientation, the two 
masses connected via the boom start to oscillate. Since in orbit there is almost no air 
friction, this oscillation is dissipated rather slowly. Oscillations can last up to several 
hours during which other manoeuvres of scientific measurements are impossible. 
 
Next to aerodynamic damping, structural damping and material damping are known.  
“Structural damping” as it is used in the biological literature, describes the use of lateral 
or terminal parts of the structure with different frequencies or phases from those of the 
main part of this structure (Speck and Spatz, 2004). Material damping is achieved 
through viscoelastic properties of the material which is bent during the oscillation. 
 
These kinds of damping as well as damping due to friction with air and other plants can 
be found in plants. Due to dynamic wind loads or passing animals plants encounter 
oscillation, too. These can be destructive to the plant. If the mechanical energy is not 
dissipated, a resonance catastrophe is likely to occur. This happens when the frequency 
component of the winds are close to the resonance frequency of the plant. (Spatz et al. 
2004) 
 
In consequence, it can be assumed that selective pressure regarding tolerance towards 
mechanical excitation and their subsequent damping is acting on plants. Especially plants 
with long and slender stems may be optimized towards damping of potentially fatal 
oscillations. 
 
But one should not forget that every plant encounters a broad range of issues and is 
adapted to meet all of them rather than just a single one. Because of that, it is often 
difficult so see the adaptation to one defined problem especially when it is not the most 
relevant one. 
 



Species never adapt only to oscillation damping because a plant encounters always 
certain important “restrictions”. Reproduction and all vital functions like photosynthesis, 
water transport, statics and so on have to stay intact. And of course plants are bound to 
materials and tissues they are able to produce and hence, can only optimize arrangement 
and volume of material used. 
 
Because of this, variations in the mechanical properties are mainly due to the structure of 
the plant. Instead of choosing a material like engineers (e.g. metal, plastics …) nature 
chooses how to place the material it has.  
 
A very important material for example is lignin. It makes cell walls of plants very stiff 
but is rather costly in production. When a cell wall is lignified, the lignin acts like the 
matrix in fibre-in-matrix materials. It stabilizes the cellulose fibres which is the other 
very important component of wood. 
 
In the present account, we focus on the two major kinds of plant tissues: sclerenchyma 
and parenchyma. The sclerenchyma cells have lignin incorporated and provide stiffness 
to the plant. The parenchyma cells are a more basic type of cells which “fill the gaps” and 
carry nutrients. They are the place where metabolism takes place. According to their 
function in the metabolism of the plant, a lot of different and specialised cell types exist. 
Since they exhibit rather similar mechanical behaviour, this rough classification is 
sufficient for our purpose. 
 
Like already mentioned, the production of lignin and therefore the production of 
sclerenchyma require a considerable amount of energy. Energy is usually limited and it is 
also needed for growth, reproduction and metabolic processes. For this reason one can 
assume that the use of sclerenchyma is restricted to a minimum, especially in fast 
growing plants. This assumption entails an optimisation of the structure. 
 
Contrary to technical designs plants can not actively damp. In consequence, analysing the 
mechanisms of passive oscillation damping could yield cost- and complexity reduced 
alternatives for technical designs. In boom design, damping is not considered the highest 
priority design parameter and mass, geometry, and payload have a stronger influence on 
design. However, it is regularly necessary to install active damping via, e.g. piezo 
actuators. Active damping requires electric power which is limited as well as it adds 
numerous parts, which increases potential of failure. 
 
In a first screening we examined, if plants could be promising models for a technical 
structure that provides good damping. Due to our assumption that plants with a point-like 
load at the top – like booms carrying a scientific instrument – may have better damping 
properties, we chose the following species: 
Allium tuberosum (Alliaceae), Cyperus alternifolius (Cyperaceae), Equisetum hyemale 
(Equisetaceae) and Papaver somniferum (Solanaceae).  
 
Firstly we analysed the damping of those four species using a method with light barriers. 
Secondly we analysed the cross-sections and modelled them in polar coordinates. In 



addition we approximated the Young’s Modulus and the flexural stiffness for the plant 
tissues and the entire stems. 
 
Our experiments show that the presence of apical load does not increase damping 
properties. However, two of our study objects, Equisetum hyemale and Papaver 
somniferum showed interesting properties.  
 
The aim of this study was, to have a look at the stems of different plant species in order to 
understand their damping mechanisms a bit better. Hopefully this knowledge might later 
be used to get new insights in how damping could be achieved in technical structures 
such as booms, as well.  
 



2. Material and Methods 
 

2.1. Identifying potential plant models 
 
The goal of my study was to find plants with good damping properties, and to see if 
plants could be a good model for technical structures like booms. Subsequent 
comparative analyses with a broader selection of plants shall reveal the structures 
responsible for oscillation damping.  
 
The selection of plant species subjected to our analysis was guided by availability, 
qualitative observation, expert opinion, and – to a lesser part – previously performed 
studies. 
 
 In consequence, the reader shall bear in mind that the present selection of species reflects 
only a small sample of existing plants and hence will not give definitive answers. 
 
Different properties of plants can originate from the properties of the material itself of 
which the plant consists. On the other hand, the structure plays a fundamental role. 
Wooden plants normally have a relatively constant design and are to a very big amount a 
massive construction made of the well adapted material wood. That’s why we don’t 
expect them to be good subjects for identifying interesting and light structures. 
 
We chose to use herbaceous plants that are almost not lignified. They grow quickly and 
use lignin only where it is necessary. They have to save energy and the production of 
lignin costs a lot of it. Because of this, we expected to find interesting and well adapted 
structures in herbaceous plants. 
 
In order to analyse the adaptations of plant stems to apical load and oscillation, long and 
thin plant stems with an apical load where chosen. To reduce the effect of aerodynamic 
damping and to facilitate/enable the abstraction and modelling of the results, we used 
unramified and straight stalks without leaves (see Annex 1 – ‘plant images’). The 
following plant species were tested during the study: 
 
 
Garlic chives, ciboule de Chine, Allium tuberosum (Alliaceae) 
Allium tuberosum is the cultivated form of Allium ramosum. It originates from East Asia 
and is widely cultivated for the leaves and the flowering umbels, which are used in 
several traditional Chinese and Japanese dishes. It started to become more popular in 
Europe as well and is said to have a therapeutic effect on tumours. The leaves reach 
between 20 and 40 cm, the more rigid flowering stalk can reach 80 cm. 
The stalk of the flower of this plant was used, because it is very strait and it carries a big 
load when the flowers turn to seeds. 
 



Umbrella papyrus, papyrus à feuilles alternes, Cyperus alternifolius (Cyperaceae) 
Cyperus alternifolius originates from the swamplands of Madagascar and East Africa. It 
populates the borders of rivers. At least their roots are always covered by water. 
Depending on the variety they can reach a height of 50 to 250 cm. 
The stalk of this plant was used, because it has all its leaves at the top which means it has 
a big apical load, and because it is very thin and long. 
 
Scouringrush horsetail, prêle d’hiver, Equisetum hyemale (Equisetaceae) 
The name ‘scouringrush’ is a reference to its early use for cleaning pots, made possible 
by its high silica content. The geographic range of Equisetum hyemale is circumboreal. It 
grows on wet places in woods, moist shaded hillsides, watersides and shallows. The 
length of its unbranched stems is between 30 and 150 cm. It is hollow but it has nodal 
septa approximately every 8 cm. (Speck et al 1998) 
Although the plant has a low apical load, it was used because of its good and well-known 
other mechanical properties and its light weight construction. 
 
Opium poppy, pavot officinal, Papaver somniferum (Solanaceae) 
Papaver somniferum is native in North Africa, Temperate Asia and Southern Europe. It is 
widely cultivated, because it is the type of poppy from which e.g. opium is extracted. 
However the variety used for the measurements is cultivated for flower bouquets and has 
a very low toxin concentration. Poppy is used as a medicine as well and poppy seeds are 
used for example in cakes. 
The stalk carrying the capsule was used, because the capsule is very heavy 
(approximately 2/3 of the stalk mass). 
 
Cyperus alternifolius was grown in the greenhouse of the Botanical Garden of Freiburg 
University (Germany), Allium tuberosum and Equisetum hyemale were grown in the 
outdoor part of the Botanical Garden and Papaver somniferum was purchased at a local 
florist (Flormarkt, Freiburg, Germany). 



2.2. Damping measurement 

2.2.1. Optical Measurement of Oscillation Damping 
 
The Equipment 
 
The apical load of all plants was removed before testing in order to measure only the 
properties of the stem.  
The oscillation damping of the species was measured photo-electrically. Therefore the 
plant’s stem was at rest placed between two light-barriers - lasers beams pointing onto a 
photo-detector unit (Fig 1). The plant stem was fixed at the bottom and manually 
deflected at the tip by approximately 10 cm. When released, the oscillating plant stem 
interrupted one or the other laser beam and each time a decrease of the photo-sensor’s 
output current due to the decrease of light intensity onto the sensor was measured. This 
signal was transferred to a computer via an analogue/digital converter at a sampling 
interval of 1ms. All measurements were made using the software LabVIEWTM version 
6.1 and the equipment shown in the picture below. (For the evaluation of the raw data see 
below and in Annex 2.) 
For each species analysed, we choose ten individuals; each individual was tested 20 times 
consecutively. Because of its hollow structure Equisetum hyemale was plugged onto a 
plastic pipette tip that was cut above and below the contact area and fixed with superglue. 
Equisetum fades very quickly and hence, each stem was dug out individually and tested 
immediately. The cut surface was sealed with instant adhesive. All individuals of 
Papaver somniferum were tested within 25 hours after being acquired at FlorMarkt, 
Freiburg. Their stems were containing nodalitys which influence the fibre orientation.   
 



 

 
 
 
For each individual the following information was listed:  
a) diameter of the stem in the height of the lasers,  
b) diameter of the stem every 10cm beginning at the tip (in the broadest direction),  
c) distance of the laser rays in the plane of the plant’s movement,  
d) length of the  plant from the fixing point to the tip,  
e) height between fixing point and laser rays,   
f) plant’s mass with apical load  
and g) without apical load. 
 

a)-c) were measured with a calliper rule (measuring error of the instrument 0,01 mm; 
measuring error according to the properties of the plants 0,1-0,2 mm) 
d) and e) were measured with a metering rule (estimated measuring error 0,5mm) 
f) and g) were measured with a digital scale (measuring error 0,1g) 
 

 
 
Fig 1. Measuring device for oscillation damping analyses. 
Left image: (modified from Speck et Spatz 2004) Schematic overview of the setup seen 
from above. Two lasers are placed left and right of the midline. Their rays cross each other 
and reach the two slits of the photo detector unit. The recorded signal (voltage) is sent to an 
analogue/digital-converter and saved on a computer using LabVIEWTM. The axis of the 
plant is placed in between the two lasers (rest position) as close as possible to the point 
where the two laser rays cross. This allows to get a good signal, when the plant oscillates 
(even at small deflections) and interrupts the lasers. 
Right image: photo of a part of the measuring device (missing: lasers) 
The picture is taken from the position of the laser. It shows a fixed and oscillating stem of 
Equisetum hyemale. The black box behind it is the photo detector unit where the two lasers 
fall into two different slits. 



 
Mechanical Model 
 
The bending oscillation of the tested plants can be very well represented by a damped 
harmonic oscillation (Speck and Spatz, 2004; Kesel, 2000), which can be described by the 
following equation: 
 
y = y0 e

-δt cos(ωt)     (compare to Fig. 3 – ‘fit’) (1) 
 
(y=displacement; y0= maximal displacement; δ= decay constant ; ω= angular frequency, 
t=time) 
 
The logarithmic decrement ∆ is defined as the logarithmic decay of the amplitude per 
oscillation: 
 
∆ = ln (ŷn / ŷn+1) (2) 
 
with ŷ being the amplitude and n the number of the period. 
 
The decay constant is then given by    
 
δ = ∆ / T          (3)  
 
Damping can be defined as the potential of a structure to absorb oscillation energy. The 
Young’s modulus can be separated into its compounds: E’ (storage modulus) and E’ (loss 
modulus). The real part E’ corresponds to the storage of energy, the imaginary part E’’ to 
the oscillation damping. The relative damping can be calculated with the following 
formula: 
 
E’’ / E’= ∆ / π  (4) 
 
When the damping is less then 20% of the critical damping, the damping ratio ξ can be 
approximated by the following equation using the natural angular frequency ωn instead of 
the undamped angular frequency: 
 
ξ = δ / ωn   =  ∆ / 2 π                          (5) 
 
 



The Raw Data 
 
Each species has an excel sheet containing information about it: the measurement 
number, the total mass, the mass without apical load, the total length, the distance of the 
lasers, the diameter at the height of the lasers, and the changing diameter at different 
heights (see Annex 3 - ,species files’).  
 

 
 
 
The raw data was recorded with LabView (National Instruments, Version 6.1) and stored 
in a single file using ASCII format. Each file contains the output of the detector unit in 
Volt (1kHz sampling rate). (See Annex 2 – ‘about raw data’). 
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Figure 2. Typical recording of oscillation experiment of Equisetum hyemale (here: individual  9; 
measurement 5). 
Left side: Detail of the recording of the oscillation of Equisetum hyemale. The voltage over the 
time is shown. Each negative peak is an interruption of the laser by the oscillating plant. When 
the stem is in the way of the laser ray, it decreases its intensity at the detector unit and a lower 
voltage is recorded. The peaks have two different lengths because the two lasers have a different 
intensity. All peaks with the same length belong to the same laser (exception: end of the 
oscillation like shown in the right image). 
The time between two peaks with the different height (=two different lasers) increases when the 
stem slows down. The time between two peaks with the same height (=same laser) decreases 
because the stem “spends less time outside the lasers. 
Right side: Entire recording for the same measurement. At the end two peaks become one 
because the plant doesn’t go “outside” the lasers. Then the intensity decreases because the plant 
covers a smaller part of the laser and then changes direction. 
 



 
Data analysis 
 
Data were analysed using custom written routines under Matlab (The Mathworks, Ver. 
7.4.0). All the Matlab routines are added to the report as Annex 4 – ‘Matlab routines’ as 
well as a flow diagram showing the function of every file Annex 5 – ‘programming 
diagram’. For explanations about the analysis script see below and Annex 2- ‘About raw 
data’.  
 
With the correctly defined time of each peak and the time intervals between them, the 
period of the oscillation can be calculated. Therefore four successive intervals were 
attributed to the same period and their sum defined the periodic time. The periodic time T 
for each measurement is the mean value of all periods calculated this way. 
 
The frequency f and the angular frequency ω of the oscillation are described by the 
following equations: 
 
f = 1 / T  (5) 

    
 
Fig. 3. Fitting a curve of the form y = y0 e

-δt cos(ωt) to the times when the lasers were 
interrupted. 
The graph shows the measured (black) and the fitted (red) distance from the midline 
over the time. The black dots are the times of the interruptions of the lasers that were 
obtained from the raw data. The two different distance values for the points are the 
distances of the two different lasers from the midline. 
The red curve with the function ‘y = y0 e

-δt cos(ωt)’ was fitted to these points using the 
Matlab function cftool.m.  
 



 
and 
 
ω = 2 π / T (6) 
 
For each period, the amplitude ŷ was calculated using the following expression: 
 
ŷ = (dlasers * T) / (t * 2 π) (7) 
 
with d being the distance between the laser beams in the plane of the plant’s oscillation 
and t being the average value of the two time intervals between the lasers.  
 
With this the logarithmic decrement ∆ is calculated using the previously shown formula 
(2) as the negative slope of the logarithm of the amplitudes because of  
 
∆ = ln (ŷn / ŷn+1) (2)  
 
The relative damping E’’ / E’ was calculated with the following formula: 
 
E’’ / E’= ∆ / π  (3) 
 
Since damping was found to be less then 20% of the critical damping, the damping ratio ξ 
could be approximated by the following equation using the natural angular frequency ωn 
instead of the undamped angular frequency: 
 
ξ = δ/ωn                                    (4) 
 
The names of the scripts used to sort and to compare these results are provided in Annex 
5 – ‘programming diagram’.  
 
 
Statistics 
 
Since there was no evidence of a time correlation of the different results found, mean 
values and standard deviations were calculated for each individual tested. 
 
Apart from some obvious exceptions (see blow), no significant correlation between the 
results of the damping measurements and the variables describing the individuals was 
found. (For raw data see Annex 6 – ‘comparison’ .) 

a) The increase of the length (as well as the aspect ratio and the volume, that were 
calculated using the length) led to a lower frequency, as expected due to basic 
physical laws. 

b)  The number of periods, that could be evaluated, decreased with the damping. 
This is due to the simple fact, that a less damped plant stops oscillating later. 



2.3. Functional analysis of plant anatomy 

2.3.1. Microscopic and binocular images of cross sections 

 

Cross sections of the investigated plants were prepared manually and treated with FAC 
colouration (fuchsine chrysoidine astra blue (www.aeisner.de and Annex 7 – ‘FCA-
colouration’)). The slices were submerged for 5-6 min in FAC-solution and subsequently 
distinguished in 50% ethanol. This technique dyes the parenchyma blue and the 
sclerenchyma red. The green colour is due to the chlorophyll embedded in the cells.  
  

2.3.2. Modelling the anatomy of the cross sections using polar 
coordinates  

 
For modelling the tissue distribution of the cross-sections we used a mathematical 
method, based on polar coordinates following Speck et al. (1990), Rowe et al. (1993) and 
Speck and Rowe (2003).  
 
2.3.2.1. Advantages of this Method 
 
Comparing this method to numerical methods involving digitising tablets or image 
analysing systems, Speck (2003) points out e.g. the following advantages: 
 

a) The method is time efficient, because only a few parameters need to be measured, 
once the mathematical model is formulated. 

b) It allows predictions of how the properties of the stem are influenced by changes 
in the tissue pattern. 

c) Even the cross-sectional area (A) and the axial second moment of area or moment 
of inertia (Ia) of fossil plant material can be calculated this way, although the 
tissue is often deformed during fossilization 

d) The mechanical properties of hypothetical ontogenetic stages or completely 
hypothetical cross-sections can be ‘predicted’.  

 
2.3.2.2. Implementation in Matlab 
 
The following equations are used to describe the outline / the radius (depending on the 
angle φ) r(φ), the cross-sectional area (A) and the moment of inertia (Ia) of cross-sections 
of plant stems. Most stem cross-sections can very well be approximated using central 
circles (b), star-shaped cross-sections (a) and circles arranged in a ring (c). 
 
To be able to use these models, the structure needs to be circular symmetric with at least 
tree axis of symmetry.  
  
 



 
2.3.2.2.1. Star-shaped cross-sections 
 
Using the number of arms k, the maximal radius rmax and the minimal radius xmin, the 
outline of a star-shaped cross-section can be described as follows: 
 
r(φ) = rmax * ( 1 + ψcos(k φ)) / ( 1 + ψ)  = q (1 + ψcos(k φ))  (9) 
 
with the relative extension ψ given by 
 
0 ≤ ψ = (rmax – rmin) / (rmax + rmin) ≤ 1  (10) 
 
and 
 
q = rmax / ( 1 + ψ )  (11) 
 
By double integration from 0 to r(φ) and from 0 to 2π  and by using the basic formula for 
A and Ia from engineering and biomechanics textbooks the following formulas are 
obtained (see Speck and Rowe (2003) and Speck et al. (1990)): 
 
A = π q2 ( 1 + 0.5 ψ2 )  (12) 
 
Ia = 0.25 rmax

4  (13)  

 
 

  

 
Fig 4 – ‘star1’: Star-shaped structure with three 
arms (k = 3) and a relative extension of the arms of 
ψ = 0.5 modelled by using polar coordinates. (from 
Speck and Rowe (2003))  



2.3.2.2.2. Central circles 
 
Central circles can be considered as a special case of star-shaped cross-sections with zero 
arms (k=0). 
 
r(φ) = constant = rmax = r 
 
=> ψ = 0   and   q = r 
 
This also leads to the well known formulas for circles: 
 
A = π * rmax

2  (14) 
 
Ia=0.25 π r4  (15) 
 
 
2.3.2.2.3. Star variations 
 
The double integration method allows to vary the outline of the star. Two different sets of 
parameters can be used to describe different sections under the condition that a) the sum 
of all sections is 2 π and b) each section covers a natural number of periods. 
The dimension of each sections therefore has to be 2* π /k. 
We use here the terms ‘arm depth’ and ‘arm length’ to distinguish to cases: The first one, 
having different ‘arm depth’, where both sets of parameters have the same maximal 
radius. The outline of the different sections meets at the same point of maximal distance 
from the centre. 
The second case has two different ‘arm lengths’. Here the outlines of the different 
sections join at the most central point. This set of values needs therefore to have the same 
minimal radius. 
 
Stars with two different ‘arm depths’ 
 
For drawing and calculating the shape of a star with two alternating ‘arm dephts’ in 
sections of 2*Pi/k, the following equations are used: 
 
for even numbered sections: 
r(phi)=(rmax/(1+psi1))*(1+psi1*cos(k*phi)) 
 
for odd numbered sections: 
r(phi)=(rmax/(1+psi2))*(1+psi2*cos(k*phi)) 
 
The formulas for the area (A) the moment of inertia (Ia) and the second moment of area 
(Ip) can be simplified as shown below: 
 
=>  A=(A1+A2)/2; 
      Ia=(Ia1+Ia2)/2; 
      Ip=(Ip1+Ip2)/2; 



       
 
Stars with two different ‘arm depths’  
 
The same principle can be used to draw stars with two different arm lengths. Additionally 
a phase shift of π (provided by the change of sign of the co-sinus term) is necessary, to 
make the outline of the sections join: 
 
for long arms:  
r(phi)=(rmax2/(1+psi2))*(1+psi2*(-1)*cos(k*phi)) 
 
for short arms: 
r(phi)=(rmax2/(1+psi2))*(1+psi2*(-1)*cos(k*phi)) 
When every xth arm has the greater length, the area (A), the moment of inertia (Ia) and 
the second moment of area (Ip) can be simplified as following: 
 
 =>   A=(A1+A2*(x-1))/x; 
                Ia=(Ia1+Ia2*(x-1))/x; 
                Ip=(Ip1+Ip2*(x-1))/x; 
 

 
Fig 6 – ‘star3’: Star-shaped cross-
section with two different ‘arm 
lengths’ 

 
Fig 5 - ‘star2’: Star-shaped cross-
section with two different ‘arm 
depths’ 



 
 
 

2.3.2.2.4. Circles arranged in a single ring 
 
Some additional conditions need to be fulfilled by the n circles in order to be able to use 
the model of circles arranged in a single ring as shown below: 
 

- the radius of the small circles rs has to be constant 
- the small circles are not allowed to overlap 
- the centre of mass of the small circles has to be arranged on a single circle with the 

radius rp 
- the small circles have to be symmetrically arranged  with the angle φi of the circle i 

being  
  

      φi = 2 π I / n  
 

      with i = 1, 2, 3, …n; 
    

In this case A and Ia can be calculated as follow: 
 
A = n π rs

2  (16)  
 

Ia = 0.5 π n ( 0.5 rs
4 + rs

2rp
2 )  (17) 

 

Fig 7 – ‘circle’: Circles arranged in a single 
ring. Three circles with a constant radius rs 
are symmetrically arranged in a single ring 
with the radius rp; SP1, SP2, SP3 are the 
centres of mass of the three small circles, 
rmax = rs - rp  
(from Speck and Rowe (2003)). 
 



2.3.2.2.5. Effective values 
 
Most of the time, the cross-section of a plant can not be described by one single shape but 
consists of a series of geometries nested within another. Due to the additivity of cross-
sectional area (A) and moment of inertia (Ia), their actual value can be calculated as the 
value of the filled shape minus the value of the shape(s) lying in it. 
 
Ahollow = Aouter – Ainner (18) 
 

Ia,hollow = Ia,outer – Ia,inner  (19) 
 
 
2.3.2.2.6. Evaluating the analysed cross-sections 
 
A Matlab routine using all these formulas was written to facilitate the definition of the 
parameters, to draw the modelled cross-sections and to calculate the area and the moment 
of inertia (see function ‘graphs_with_calculation_extended_b.m’ in Annex 4 – ‘Matlab 
routines’). 
 
To define the parameters of the models, the microscopic images of the plant’s cross-
sections were measured. The FCA-colouration allows to distinguish the different types of 
tissues. Therefore the outer maximal radius was set ‘1’ and all the other parameters are 
given in relation to rmax. 
 
Once the correct values are saved in ‘graphs_with_calculation_extended_b.m’ a second 
script for each individual species (e.g. ‘graphs_results_allium_b_real.m’) is used to scale 
the parameters to the mean radius of the tested stems, to redraw the cross-section, to 
calculate the area and the moment of inertia, and to display the results. 
 

2.3.3. Young’s Modulus and flexural stiffness 
 
The FCA-colouration, allows to identify the different tissues of a cross-section. Lignified 
cells have a red colour and non lignified cells a blue colour (compare Appendix 1 ‘Plant 
images’). This allows to attribute a Young’s modulus to their cell walls using literature 
data. The Young’s modulus of the pure cell wall (Epc), as well as the ratio between total 
area of the cell (Atc) and cell wall area (Acw) are used to calculate the Young’s modulus 
of the tissue (Et). (Rowe et al., 1993; Speck, 1994; Speck and Rowe, 1994) 
 
Et = Epc * (A cw / Atc ) 
 
For the calculation of Acw / Atc that the cells were assumed circular shape. This way it 
could be calculated by measuring the cell wall thickness and the total radius of the cell. 
 
With   (rtot = total radius of a cell; dw = thickness of the cell wall ) 
 
A(total cell) = Atot = π rtot

2 ;      



 

A(cell wall) = Acw = π rtot
2  - π rinner

2 ;     and                  
 

rinner = rtot - dw (20) 
 
the ratio (Acw / Atc ) is  
 
Acw / Atc = ( rtot

2 – rinner
2 ) / rtot

2. (21) 
 
 
The following values from the publication of Rowe et al (1993) and Speck and Rowe 
(1994) were used for the Young’s modulus of pure cell wall (Epc): 
 
Sclerenchyma Epc = 12 GN m-2   
Parenchyma Epc = 0.2 GN m-2 

 
The values of Speck (1994) are slightly higher (see conclusions) than those of Rowe et al 
(1993) and Speck and Rowe (1994). In the present case we chose the lower values to 
have a rather conservative estimation of the material properties used for modelling 
purpose. 
 
The Young’s Modulus of pure cell wall of the vascular bundles was adapted according to 
the composition of the vascular bundle.  This led to the following values for the different 
species: 
 
Young’s modulus of vascular bundles of different species: 
 
Allium tuberosum  
Epc = 3/4 Epc(sclerenchyma) + 1/4 Epc(Parenchyma) = 3.15 GN m-2  
 
Cyperus alternifolius  
Epc = 1/3 Epc(sclerenchyma) + 1/3 Epc(Parenchyma) + 1/3 Epc(empty) = 4.026 GN m-2  
 
Equisetum hyemale  
Epc = 9/10 Epc(sclerenchyma) + 1/10 Epc(empty) = 10.8 GN m-2  
 
Papaver somniferum  
Epc = 1/3 Epc(sclerenchyma) + 2/3 Epc(parenchyma) = 4.133 GN m-2 
 
With the Young’s modulus and the moment of inertia, the flexural stiffness FS can be 
calculated. Therefore we define the following variables (as seen in Speck and Rowe 
2003): 

• Estruct: structural bending elastic modulus of the entire stem 
• FSstruct: flexural stiffness of the entire stem 
• Itissue,i: moment of inertia of the ith tissue 
• Etissue,i: bending elastic modulus of the ith tissue, calculated from values 

experimentally determined from other species 



• FStissue,i: contribution of the ith fossil tissue towards the flexural stiffness of the 
stem 

• Istem: moment of inertia of the entire stem 
• m: number of different stem tissues. 

 
The parameters can be calculated as shown below: 
Estruct = ( ∑m i=1 Etissue,i Itissue,i ) / Istem  = FSstruct / Istem (22) 
FSstruct = ∑m i=1 Etissue,i Itissue,I (23) 
FStissue,i =  Etissue,i Itissue,i  / FSstruct (24)  
 



3. Results 
3.1. Oscillation damping 
  
Each recording of the oscillation damping experiment was checked for its evaluability. 
Some recordings could not be evaluated because the signal-to-noise ratio was to high to 
allow for reliable analysis. Furthermore measurements were not taken into account if 
only three or less oscillation periods could be evaluated. 
 
As already mentioned in the chapter “Statistics” (2.2.1.) the results of the single 
measurements of each individual where averaged. Those results where averaged as well 
to get one value per species. 
 
In the first step, we checked if time or the habitus of the plants influenced the frequency 
and damping values. We checked as well, if the frequency values and the damping values 
had an influence on each other. See Annex 6 – ‘comparison’ for a complete overview of 
the comparison performed. 
 
We observed the results (for damping and frequency) over time, to check for a time 
dependency. The results did not show a clear tendency over time so that – as mentioned 
before – we could use the average values. 
 
Additionally the results of every single measurement were set into relation with geometry 
parameters and other parameters describing the habitus of the plant (already mentioned 
under “Statistics” (2.2.1.)). We measured a decrease of the frequency of the oscillation 
with increasing of the length of the stalks which we expected because of the basic laws of 
physics. A decrease of the number of periods that could be evaluated with increasing 
damping was measured as well. 
 
Contrary to our expectations, we found that the oscillation damping did not grow with the 
apical mass of the tested plant. The species with the biggest damping ratio was Equisetum 
hyemale, the species with the smallest apical load. But a small apical mass does not 
necessarily lead to a good damping either. (See Fig. 8 – ‘damping & apical mass’) 
 
In order to see if there was a correlation between the damping and the oscillation 
frequency the damping was plotted against the frequency, but this did not show any 
correlation either. (This is of course not valid for the decay constant which - same as the 
frequencies - has been calculated using the period and therefore is in proportion to the 
frequency.)  



 
 
Characterisation of the species 
 
The following Table 1 and the graphs of Fig. 9 – ‘damping diagram’ show the results for 
the damping, the frequency and the geometry/habitus of the different species. For more 
information you can also consult Annex 8 – ‘damping results’. 
 
Allium tuberosum and Cyperus alternifolius both showed a low damping. Allium 
tuberosum has a high angular frequency of 30.5 [rad/s], but because of the very low 
damping ratio of 0.011 this leads to a low decay constant (0.33 [1/s]). The other species, 
Cyperus alternifolius has both, a low angular frequency (18.7 [rad/s]) and a low damping 
ratio (0.027) which leads a low decay constant  (0.50 [1/s]), as well. 
 
The two other species, Equisetum hyemale and Papaver somniferum, have higher 
damping. Equisetum hyemale has a high damping per oscillation (damping ratio of 
0.066). Its angular frequency of 17.86 [rad/s] is relatively low. Therefore it has a mean 
decay constant of 1.17 [1/s]. 
Due to a high angular frequency (55.2 [rad/s]) Papaver somniferum has the highest decay 
constant of 2.26 [1/s]. But its damping ratio (0.041) is lower than the one of Equisetum. 
Less energy is dissipated each period of oscillation. 
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Fig. 8 – ‘damping & apical mass’: damping ratio against apical mass 
Other than expected, no correlation between damping ratio and apical mass 
was found 



Fig. 9: Damping ratio (A),  
decay constant (B) and angular 
frequency (C) of the plant 
species tested. 
A) damping ratio: The 
damping ratio is independent 
from the frequency and 
describes the dissipation of 
energy within one oscillation. 
Equisetum hyemale has a 
significantly higher damping 
ratio (0.066) than the other 
species. Papaver somniferum 
achieves a mid damping ratio 
of  0.041. The two other 
species have only low damping 
ratios (Cyperus alternifolius: 
0.027; Allium tuberosum: 
0.011) 
B) decay constant: The decay 
constant describes the 
dissipation of energy within a 
certain time. Therefore it 
depends on the damping ratio 
(damping per period) and on 
the frequency. This is why here 
Papaver somniferum has the 
highest value (2,27[1/s]) 
because of it’s high frequency 
(see below). Compared to it 
Equisetum hyemale has only a 
mid decay constant of 1.18 
[1/s]. Cyperus alternifolius and 
Allium tuberosum have again only 
a low value of 0,50 [1/s] for 
Cyperus and 0,34 [1/s] for Allium. 
C) angular frequency: 
Papaver somniferum has by far 
the biggest angular frequency 
with 55.2 [rad/s]. The next one 
is Allium tuberosum with an 
angular frequency of 30.5 
[rad/s]. Cyperus alternifolius 

(18.7 [rad/s]) and Equisetum hyemale (17.9 [rad/s]) have almost equally low frequencies.  
The following table 1 show the mean values for every species. For more information and 
the diagramms see Annex 8 - ‘damping results’. 
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Table 1: 
Summing up of the results containing  
- damping results (decay constant, damping ratio, logarithmic decrement and relative 
damping) 
- frequencies (frequency and angular frequency) 
- mass parameters (stem mass, apical mass and mass per volume) 
- geometry (length, diameter and aspect ratio) 
- number of evaluated periods 
 

 
Allium 
tuberosum 

Cyperus 
alternifolius 

Equisetum 
hyemale 

Papaver 
somniferum 

decay constant [1/s]  0,34 ± 0,04 0,50 ± 0,24 1,18 ± 0,19 2,27 ± 0,97 
damping ratio* [/] 0,011 ± 0,001 0,027 ± 0,007 0,066 ± 0,005 0,041 ± 0,013 
logarithmic decrement [/] 0,070 ± 0,008 0,170 ± 0,042 0,417 ± 0,033 0,256 ± 0,083 
relative damping [/]  0,022 ± 0,003 0,054 ± 0,013 0,133 ± 0,010 0,081 ± 0,026 
angular frequency [rad/s] 30,5 ± 2,3 18,7 ± 6,6 17,9 ± 3,2 55,2 ± 11,2 
frequency [1/s] 4,9 ± 0,4 3,0 ± 1,1 2,8 ± 0,5 8,8 ± 1,8 
length [cm]  42,4 ± 1,7 70,0 ± 10,3 62,3 ± 8,5 49,4 ± 3,9 
stem mass [g]  3,1 ± 0,4 5,7 ± 2,0 3,0 ± 0,7 18,2 ± 5,1 
apical mass [g]  1,9 ± 0,7 3,0 ± 1,2 0,0 ± 0,0 28,4 ± 7,0 
diameter [mm]  3,4 ± 0,4 3,8 ± 0,6 3,4 ± 0,2 7,2 ± 0,6 
aspect ratio [/]  125,6 ± 16,6 185,4 ± 34,7 185,6 ± 21,7 69,0 ± 8,3 
mass per volume [kg/(m^3)]  814,3 ± 148,7 685,5 ± 42,3 536,5 ± 38,8 885,3 ± 107,0 
number of evaluated periods  28,6 ± 3,4 12,8 ± 5,7 5,1 ± 0,9 6,2 ± 2,6 

 
 * approximated because damping is less then 20%  => undamped angular frequency 
almost equal damped angular frequency => damping ratio = decay constant / damped 
frequency 
 
 
 
 
 
 
 
 
 
 
 
 



 

3.2. Plant anatomy  

3.2.1. Geometric modeling 
 
The first step of the cross-section analysis was to measure the geometry of each species 
and to implement it into a model (for pictures of the geometry and the model see Annex 1 
– ‘plant images’) which can be used and modified in Matlab at any moment (numbered 
file names, the name of the tissue, the shape that was used to model it and all the 
parameters necessary to define this shape are in Annex 9 - ‘cross-section infos’). The 
results of the four species tested where calculated using the single tissue values (both in 
Annex 9- ‘cross-section infos’).  
 
For the entire stem these results can be found further down in Table 3.  
It shows that Papaver somniferum has a high cross-sectional area of 40.7 mm2 and an 
extremely high moment of inertia (131.7 mm4). The biggest contribution to the cross-
sectional area has the parenchyma with 67.7 % and it has as well the biggest contribution 
to the moment of inertia (63.86 %). 
The second biggest species Cyperus alternifolius is much smaller. It’s cross-sectional 
area is 11.6 mm2 with 91.5 % consisting of parenchyma. The moment of inertia is 10.7 
mm4 and is made to 87 % of parenchyma. 
Equisetum hyemale has a cross-sectional area of 8.59 mm2 and a moment of inertia of 
5.87 mm4. The biggest part of the cross-sectional area (41 %) is empty. The parenchyma 
makes 46.4 % of the moment of inertia. 
Allium tuberosum was the smallest species tested. 42 % of its cross-sectional area (7.66 
mm2) are filled with sclerenchyma. 45.8 % of the moment of inertia (4.68 mm2) are 
constituted by parenchyma. 
 

3.2.2. Results of Young’s modulus and flexural stiffness 
  
Without some more information about the tissues, the results described above are not 
very meaningful. That’s why we made an estimate of the flexural stiffness of the anatomy 
of the tested species. Therefore the ratio of the cell wall area to the total cell area (Acw/At) 
was measured. With this and the Young’s modulus for pure cell wall from literature (both 
can be found in table 2A-D) we calculated the Young’s Modulus for each tissue. This 
allows to calculate the flexural stiffness for each tissue as well as for the total stem. 
 
 
Tables 2A-D: Cross-section information of the species tested.  
These tables show the cell wall to total volume ratio (Acw/At), the Young’s Modulus of 
pure cell wall, the Young’s Modulus of the tissue, the area (A), the moment of inertia (Ia) 
and the flexural stiffnes for each tissue of the species tested: 2A) Allium tuberosum, 2B) 
Cyperus alternifolius, 2C) Equisetum hyemale and 2C) Papaver somniferum. 
 



Table 2A: Allium tuberosum 
  sclerenchyma vascular 

bundles 
parenchyma pith total 

Acw/At  0.17 0.51 0.23 0.13   
Young's Modulus pure cell wall 
[GN/m2] 

12.00 3.15 0.20 0.20   

Young's Modulus tissue [GN/m2] 2.09 1.62 0.05 0.03 0.96 
A [mm^2] 3.22 0.13 2.01 2.30 7.66 
Ia  [mm^4] 2.04 0.08 2.15 0.42 4.68 
flexural stiffness [10^-3  Nm^2] 4.26 0.13 0.10 0.01 4.50 

 
Allium tuberosum has a relatively big area of sclerenchyma which has relatively large 
cells (Acw/At = 0.17). This leads to a smaller Young’s Modulus for its sclerenchyma 
than for the other species. Appart from that, the sclerenchyma is not located at the outer 
border. Anyhow the sclerenchyma is the most important tissue for the stiffness (4.26 
[10^-3  Nm^2]). Due to their soft cell walls and their big cells, the other all contribute to 
the flexural stiffness of the total stem with less then 3 %.  The total stiffness of Allium is 
4.5 [10^-3  Nm^2]. 
 
Table 2B: Cyperus alternifolius 
  sclerenchyma vascular bundles parenchyma total 

Acw/At 0.68 0.71 0.13   
Young's Modulus pure cell wall 
[GN/m2] 

12.00 4.03 0.20   

Young's Modulus tissue 
[GN/m2] 

8.11 2.86 0.03   

A [mm^2] 0.46 0.53 10.61 11.60 
Ia [mm^4] 0.82 0.57 9.32 10.71 
flexural stiffness [10^-3  Nm^2] 6.64 1.64 0.24 8.51 

 
Although the cross-sectional area of sclerenchyma of Cyperus alternifolius is very small 
(0.46 mm2) the sclerenchyma has a high flexural stiffness of 6.64 [10^-3  Nm^2]. This 
means that 78 percent of the stiffness are due to 4 percent of the area. 19 % of the 
stiffness are due to the vascular bundles (5% of the area). The parenchyma that has over 
90 % of the area makes less than 3 % of the stiffness. The total stiffness of Cyperus is 
8.51 [10^-3  Nm^2].   
 
Table 2C: Equisetum hyemale 
  sclerenchyma vascular bundles parenchyma empty total 
Acw/At 0.96 0.60 0.21 0.00   
Young's Modulus pure cell wall 
[GN/m2] 

12.00 10.80 0.20 0.00   

Young's Modulus tissue [GN/m2] 11.56 6.50 0.04 0.00 3.49 
A [mm^2] 1.60 0.06 3.39 3.54 8.59 
Ia [mm^4] 1.74 0.03 2.72 1.37 5.87 
flexural stiffness [10^-3  Nm^2] 20.16 0.22 0.11 0.00 20.49 

 



Equisetum hyemale has a big empty central cavity which doesn’t contribute to the 
flexural stiffness. 98 % of the flexural stiffness are again due to the stiff sclerenchyma. 
The vascular bundles and the parenchyma make together 1.6% of the stiffness. The total 
stiffness of Equisetum is 20.49 [10^-3  Nm^2]. 
 
Table 2D: Papaver somniferum 
 
  sclerenchyma vascular 

bundles 
parenchyma pith total 

Acw/At 0.58 0.51 0.28 0.21   
Young's Modulus pure cell wall 
[GN/m^2] 

12.00 4.13 0.20 0.20   

Young's Modulus tissue 
[GN/m^2] 

6.91 2.09 0.06 0.04 1.79 

A [mm^2] 4.80 4.36 27.54 3.97 40.67 
Ia  [mm^4] 27.69 18.62 84.07 1.26 131.64 
flexural stiffness [10^-3  Nm^2] 191.49 38.93 4.73 0.05 235.21 

 
Papaver somniferum has a big layer of stiff sclerenchyma at the outer border. It has a 
flexural stiffness of 191.5 [10^-3  Nm^2] which is 81.5 % of the total stiffness. It’s 
vascular bundles are very stiff (Young’s Modulus = 2.09 [GN/m2]), too. They make 
however 16.6 % of the total stiffness of 235.2 [10^-3  Nm^2]. The parenchyma 
contributes with ca. 2 % and the pith (very big and soft cells) only with 0.02%. 
 
Table 3: Overview of the Young’s Modulus, the area (A), the moment of inertia (Ia) and 
the flexural stiffness for the species tested. 
 
  Allium 

tuberosum 
Cyperus 
alternifolius 

Equisetum 
hyemale 

Papaver 
somniferum 

Young's Modulus 
tissue [GN/m2] 

0.96 0.79 3.49 1.79 

A [mm^2] 7.66 11.60 8.59 40.67 

Ia  [mm^4] 4.68 10.71 5.87 131.64 

flexural stiffness 
[10^-3  Nm^2] 

4.50 8.51 20.49 235.21 



 

4. Discussion 
 
Modelling the cross-sections of the plants in polar coordinates turned out to be insightful. 
It allowed estimating the mechanical properties of the plants without direct 
measurements. Using this method has the advantage that the effect of changes in 
geometry on the mechanical properties can easily be predicted. Unfortunately time 
limitations did not permit deeper analyses with this promising method.  Any results from 
deeper analysis would provide valuable input to FEM simulations. Due to the lack of 
time we could only check the possibilities of this method and judge them. You will find 
more about FEM and suggestions for further research in a separate section below. 
 
For future studies of this kind it seems appropriate to insert suggest a second phase of 
experiments after approximately one third of the total time. After having tested the 
method of measuring the oscillation damping and automation of its evaluation, one could 
then decide to do additional measurements to go further than this pilot study. 
 
Some things have to be taken into account for the calculated mechanical values. The 
method for the calculation of Young’s Modulus and flexural stiffness was developed to 
estimate the properties of extinct species. In these cases a direct measurement of the 
mechanical properties of these species is not possible. On one hand they are fossilised 
and obviously have changed mechanical properties. On the other hand for the most only 
fragments are conserved. In our case, a direct measurement was not possible either 
because neither the plant species nor the measuring device were available. Therefore 
modelling the mechanical properties was a useful alternative to direct measurements. Of 
course, modelling is not as precise as a direct measurement. Originally the binocular 
photographs were not made for measuring the cell wall thickness, and the precision could 
be improved with resolution. Therefore the cell wall thickness may be overestimated. 
When it is evident from the beginning, that this method will be used, microscopic 
pictures with a high resolution would be made. 
 
Furthermore only few values for the Young’s Modulus of the cell walls of very few 
species exist in literature and we couldn’t measure it directly. Different publications use 
different fractions of the value for secondary xylem of Araucaria heterophylla. The 
values of Speck (1994) are slightly higher (3/4) than the values of Rowe et al (1993) and 
Speck and Rowe (1994) (2/3). The values of the two last-mentioned publications were 
used, in order not to overestimate the material’s properties. This holds a source of error, 
too. 
 
Our expectation was that plants with a big apical load should have better damping 
properties. This expectation was not confirmed. Good damping seemed to be independent 
from the apical mass. Actually, Equisetum hyemale – the species with the best damping 
ratio – had almost no apical mass. For those species the driving force for a good damping 
didn’t seem to be the apical mass. 



The damping properties could not be linked either to the geometry, or to any other 
parameter describing the habitus of the species. 
 
Allium tuberosum has a mean frequency, relatively bad damping properties and the 
smallest flexural stiffness of the four species. It was the only tested species that didn’t 
have its stabilisation tissue (sclerenchyma) at the external border of the cross-section.  
It had the lowes length of the species tested and grows in clusters near to the ground 
where the wind loads are not so big. The aerial part of Allium fades at the beginning of 
the winter and has to be “rebuild” every spring. Therefore Allium tuberosum might be 
adapted predominantly to fast growth and reproduction. Having the seeds dropping to the 
ground when they are mature is not a disadvantage. Therefore it doesn’t matter if the 
stalk of the mature seed is damaged. This might be a reason why Allium doesn’t have a 
good damping despite its considerable apical load. 
In conclusion Allium tuberosum is not a promising model for a technical structure with 
good damping properties. 
 
Cyperus alternifolius has a mean/low oscillation frequency and comparatively low 
damping properties. It was the species with the second-lowest stiffness we tested. Its 
sclerenchyma forms a thin serrated layer at the outer border of the cross-sections. 
One possible reason for the bad damping properties of Cyperus alternifolius is its origin 
from swampland biotopes. The roots and the lower parts of the stalks are covered by 
water most of the time. This water and the soft soil may provide additional damping due 
to it’s viscosity that is much higher than that of air. Additionally the parenchyma is 
differentiated to an aerenchyma. This tissue provides the roots and other parts of the plant 
that are covered by water, with air. Otherwise those parts would get no oxygen. The main 
role of aerenchyma is not to provide stiffness but to transport air. 
Furthermore Cyperus grows in clusters so that the stalks provide mutual support. They 
are able to make offshoots at the top of their stalks. When the stalk buckles the roots of 
the offshoot get contact to the substratum and it will become an independent individual. 
Because of this important process it might make sense that buckling is not avoided. 
Stems that were already buckled were not used for the measurements. This “selection” 
may have had an influence on the results. 
Cyperus alternifolus does not appear to be a good model for technical structures in 
respect to damping properties. 
 
Equisetum hyemale had the highest damping ratio of the four species tested. With its 
value of 0.06 it is better than composite materials (see more below). Equisetum has a low 
oscillation frequency. It has a light-weight and hollow construction and has therefore 
already been used as one of the models for the “technical plant stem”. For more 
information about this fibrous composite material developed by the Institute of Textile 
Technology and Process Engineering (ITV) Denkendorf, Denkendorf, Germany, and the 
Plant Biomechanics Group, Univerity of Freiburg, Germany, compare Milwich et al. 
(2007), Knecht (2006) and Milwich et al (2006). 
Unfortunately there are no damping values of the “technical plant stem” available, yet. It 
might have good damping properties just like its model, but gives space for optimisation 
as well. 



On the other hand the influence of the nodes on damping is still not quantified. They may 
act like a joint to a certain amount. A more detailed examination of the nodes could show 
their influence on the damping. They could then perhaps be a model for joints connecting 
different parts of a boom. For modelling the stiffness of Equisetum the silicate crystals 
were not taken into account. They may influence the stiffness as well. In its natural 
habitat, Equisetum is semi self-supporting just like Cyperus alternifolius.  
 
Papaver somniferum has a high oscillation frequency. Therefore it has the highest decay 
constant of the four species tested but only the second highest damping constant. 
It showed a wide distribution of the damping and frequency results.  
When the big capsule matures the stalk lignifies and gets considerably stiffer. It is very 
likely that our plants were in this phase of their development. Some were already very 
lignified and others less. 
The fact that Papaver was purchased at a flower shop makes it difficult to determine its 
harvest date. It is theoretically possible that some stalk was damaged during transport. 
The lower parts of the stalks were containing nodalities. Their fibres are orientated less 
regularly than in the upper part of the cross-section. This can change the behaviour of the 
oscillating plant, depending on the orientation in which the stalk is fixed for measuring. 
All these facts could be reasons for the high variation of the measuring results of Papaver 
somniferum. 
Compared to the other species Papaver somniferum has a very high flexural stiffness. 
Several facts could be responsible for that: The size of the cross-section is considerably 
bigger which influences the moment of inertia and the other values. It has a relatively big 
percentage of sclerenchyma which provides a lot of stiffness, and the sclerenchyma is 
placed at the outer border of the cross-section. 
  
To be able to classify the damping of the species it is important to know the properties of 
some technical materials. The three following values for damping ratios (Lucio 
Scolamiero, personal communication) allow this: 
Metal has a value of approximately 0.005, composite structures of 0.04 and structures 
with many bolted joints reach between 0.05 and 0.1. Those values refer to measurements 
in vacuum. 
 
Our method doesn’t allow measurements in vacuum. Furthermore vacuum would highly 
influence the plants. Therefore we propose to make measurements with a method 
common in engineering setups (see below) or to make an estimation of the influence of 
air friction. 
 
Allium tuberosum has the lowest damping ratio (0.011) and lies between the values for 
metal and composite structures. For Allium the biggest part of the damping is probably 
due to aerodynamic damping. Cyperus alternifolius with a value of 0.027 has already a 
damping that is more than twice as much. Equisetum hyemale has the same aspect ratio as 
Cyperus and is almost as long. Nevertheless it has a much higher damping ratio although 
both should have a similar air friction. With 0.066 it lies in the area of structures with 
many bolted joints. Papaver somniferum, the species with the second highest damping 
ratio (0.04) – has a damping similar to the values of composite materials. 



Although the value of the plants are overestimated due to the aerodynamic damping, 
some of them are still interesting for engineering. 
 
Many different kinds of booms exist. Some are tubes, others are inflatable, foldable, 
coilable and so on. So they all have very different properties. This makes them difficult to 
compare with plants. Even comparisons within one of those groups are very challenging. 
In Annex 10 – ‘boom data’ you find a set of data about different booms.  
 
It is apparent that the booms, which measure 2 to 14 meters, are much longer than the 
plants we have analysed (average: 42 to 70 cm). But their length can very well be 
compared to one element or one section of a boom and their aspect ratios are comparable. 
Since the mass of the plants is much lower and their density is lower, too, it should be no 
problem to scale this element to the length of the boom. 
 
The Young’s Modulus of the plants (between 1 and 3.5 GPa) are by trend smaller than 
the one for booms (3.5 to almost 60 GPa). This gives enough scope to scale the diameter 
of the “technical Plant” up to the diameter of booms. 
 
Unfortunately we only have the damping properties of one boom, the “micromega 
cylinder with bidirectional fibers”. It has a structural damping of 0.5 % which is much 
less than the value of Equisetum (6.6%). 
However it is not possible to transfer only the damping properties without changing the 
other properties. But those other properties (e.g. mass, length, pay load, stiffness, 
frequency,…) play a major role for the design of booms. They are optimised first. Only 
once this is done, the damping properties are checked. Good damping is at the moment 
looked at only as a nice extra. However, with this work we were able to show that plants 
can be interesting models and that Papaver somniferum and Equisetum hyemale are more 
promising than Allium tuberosum and Cyperus alternifolius in terms of damping. Still 
e.g. a comparison to more other species is indicated.  
     
 
Outlook (FEM and other plans for the future) 
 
There is still a lot of interesting work that could not be done in this period. For example it 
would be very interesting to look at more other plant species. We analysed only four out 
of about 350,000 plant species. To get an understanding of the structures that are 
responsible for good damping in plants, it would be important to compare more “good 
damping species” to more “bad damping species”. Only then, we can really identify the 
right structures. The structure of a complete plant with good damping is much too 
complex to be mimicked. And for a technical structure, reproducing the plant is not of 
interest, but only taking those parts, adapted to provide a better damping. 
 
Another path is to do some damping measurements in Helium atmosphere, since about 85 
% of the aerodynamic damping can be eliminated like that. For applications in space, this 
would be very interesting, since measurements in vacuum are not possible. Vacuum 
would change the material of the water filled plants too drastically to remain reliable. 
 



During the summer months I would like to measure the stiffness of the plants directly, to 
compare it with the results of the models. Since the ratio of cell wall to cell area and 
along with this the stiffness may have been overestimated, it would be very good to 
cross-check the stiffness values. 
 
Additionally I would like to have some mechanical tests on the nodes of the horsetail, 
because I suppose, that they could have the function of joints. Knowing the mechanical 
properties of the nodes would be important to know, what Equisetum hyemale can be 
compared to. 
 
Since this is a very promising method, I would like to suggest some things that would be 
very interesting to be implemented with FEM. 
It would be nice to be able to predict the frequency and the damping from the structure. 
Furthermore the model could be optimised by adding the viscous damping of the air to 
the model and simulating the gradients in the finite element model. 
I hope that a higher degree of simplification of the shape and the usage of other materials 
could help to get a better insight in the mechanical function of the tissues. Furthermore it 
could be very interesting to enable the shape to change in the model. Because most 
probably hollow stems like the one of the horsetail, may encounter ovalization.   
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Annex 1 – Plant images 
 

1. Allium tuberosum 
a) b) 

c) 

 

d) 

 

  
e) 

 

 
f) 

 



1. Allium tuberosum 
 
1a) Cross-section at the top of the stalk 
1b) Detail of the cross-section at the top of the stalk 
1c) Detail of the cross-section at the bottom of the stalk 
1d) Cross-section at the bottom of the stalk 
1e) Habitus of  Allium tuberosum 
1f)  Image of the cross-section (Bottom) and of the model for Allium tuberosum 
 1 = parenchyma 
 2 = outer vascular bundles 
 3 = inner vascular bundles 
 4 = pith parenchyma 
 5 = sclerenchyma 
 
 



 
2. Cyperus alternifolius 
a) b) 

 
c) 

 

d) 

 

  
e) 

 
 

f) 

 
 
 
 
 



2. Cyperus alternifolius 
 
1a) and 1b) Cross-section of the stalk 
1c) and 1d) Detail of the cross-section of the stalk 
1e) Habitus of  Cyperus alternifolius 
1f)  Image of the cross-section and of the model for Cyperus alternifolius 
 1 = sclerenchyma 
 2 - 13 = vascular bundles 
 14 = parenchyma / aerenchyma 

 



 
3. Equisetum hyemale 
a) b) 

c) d) 

  
e) 

 
 

f) 

 



3. Equisetum hyemale 
 
1a) Cross-section of the stalk 
1b) – 1d) Detail of the cross-section of the stalk 
1e) Habitus of  Equisetum hyemale 
1f)  Image of the cross-section and of the model for Equisetum hyemale 
 1 = sclerenchyma and epidermis 
 2 = valecular canals (empty) 
 3 = sclerenchyma 
 4 = endodermis 
 5 = central cavity 
 6 = vascular bundles 
 7 = parenchyma 



 
 

4. Papaver somniferum 
a) b) 

c) d) 

  
e) 

 
 

f) 

 
 
 
 
 



4. Papaver somniferum 
 
1a) Cross-section of the stalk 
1b) Detail of the cross-section of the stalk 
1c) Detail of the cross-section at the bottom of the stalk with leaf basis 
1d) Cross-section at the bottom of the stalk with leaf basis 
1e) Habitus of  Papaver somniferum 
1f)  Image of the cross-section and of the model for Papaver somniferum 
 1 = epidermis 
 2 = sclerenchyma 
 3 - 6 = vascular bundles 
 7 = pith parenchyma 
 8 = parenchyma 
 



Annex 2 – About Raw Data 
 
Raw data: 

 
 
 
 
The raw data obtained with LabView consists of one .txt file for each measurement. Each 
file contains a list of voltages measured at 1 ms interval by the detector unit.  
 
Each time the oscillating plant stem crosses the laser beam, a lower voltage was 
measured. This way, the times at which the plant is positioned between one of the lasers 
and the slit of the detector unit were recorded. 
 
Due to the difference of power of the two different lasers, two different peak heights can 
be seen. The time between to peaks of different heights is the time the plant needs for the 
distance of the two lasers. This time and the distance between the two laser beams were 
used to calculate the amplitude of the plant’s oscillation. During the time between to 
peaks of the same height the plant reached its most distant point and came back to the 
same laser. 
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Figure 2: Typical recording of oscillation experiment of Equisetum hyemale (individual 9; 
measurement 5) 
Left side: Detail of the recording of the oscillation of Equisetum hyemale. The voltage over the 
time is shown. Each negative peak is an interruption of the laser by the oscillating plant. When 
the stem is in the way of the laser ray, it decreases its intensity at the detector unit and a lower 
voltage is recorded. The peaks have two different lengths because the two lasers have a different 
intensity. All peaks with the same length belong to the same laser (exception: end of the 
oscillation like shown in the right image). 
The time between two peaks with the different height (=two different lasers) increases when the 
stem slows down. The time between two peaks with the same height (=same laser) decreases 
because the stem “spends less time outside the lasers. 
Right side: Entire recording for the same measurement. At the end two peaks become one 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Evaluation: 
For the evalu ation of the data Matlab 7.4.0 was used. All the .m-files are added to the 
report as (Annex 4 – ‘Matlab routines’)as well as a diagram showing the function of 
every file.  
 
The first script (‘alles.m’) and its subscripts load and save all information from the txt.-
files with the LabView-results and the xls.-files containing the measured parameters for 
each individual automatically in a structure. At the end it adds the comments wrote down 
during the experiments and changes the concerned values if necessary.   
 
The actual evaluation is done by the mat-file evaluation.m.  
 
The first task of this script is to correctly identify the times of the peaks using an 
appropriate threshold. Three major cases can occur, when the wrong times are identified: 

 
Fig. 3: Fitting a curve of the form y = y0 e

-δt cos(ωt) to the to the times when the lasers 
where interrupted. 
The graph shows the measured (black) and the fitted (red) distance from the midline 
over the time. The black dots are the times of the interruptions of the lasers that were 
obtained from the raw data. The two different distance values for the points are the 
distances of the two different lasers from the midline. 
The red curve with the function ‘y = y0 e

-δt cos(ωt)’ was fitted to these points using the 
Matlab function cftool.m.  
 



e) if the threshold is to small, only the peaks of the stronger laser may be recorded. 
f) if the velocity of the stem was to high at the beginning, the two different peaks 

may have been recorded as one due to the resolution limit of the detector unit. 
g) when the oscillation has been damped to a certain amount and the time the plant 

spends ‘outside’ the lasers gets too short, the two peaks of the same laser are 
recorded as one. 

 
In all of these cases the time interval between to measured peaks is constantly 
approximately half the period of one oscillation. The expected values however should 
have different values, a short time interval between the lasers and a long time interval 
‘outside’ the lasers. A short time interval should always be followed by a long one and 
vice versa, so the absolute value of the difference between two successive time intervals 
should be significantly different from zero. 
 
Taking this into account, the absolute difference between two successive time intervals 
was plotted over the time and used to visually define the domain of the data, that can be 
evaluated, and to find the best threshold. Irregularities in the plot were a sign that the 
threshold and the limits of the evaluated domain had to be adjusted. Afterwards in a 
second step, the peaks that had been found this way were plotted together with the 
original data to check their right position and completeness again. The main aim of the 
first step is to speed up the definition process, and the second step aims at checking the 
correctness of the first one and, if necessary, make the corrections. 
 
The actual time of each peak was calculated as the mean value between the time of the 
first and the last value below or equal to the threshold for each single peak. To find those 
values, a  zero was attributed to all values bigger than the threshold and a one was 
attributed to all values smaller or equal to the threshold. By calculating the difference of 
the actual attributed number and the number attributed to the next value the start of each 
peak gets defined by a minus one and the end of each peak gets defined by a plus one.  
 
 



Annex 3 – Species files 
 
Each species has an excel sheet containing information about it: the measurement 
number, the total mass, the mass without apical load, the total length, the distance of the 
lasers, the diameter at the height of the lasers, and the changing diameter at different 
heights. Additionally some comments where added, e.g. when a value changes for the 
different measurements of an individual. 
 
Species: Allium tuberosum           
           
measurment number 1 2 3 4 5 6 7 8 9 10 
total mass [g] 6.9 5 5.8 4.4 4.5 4.2 4.5 5 6.3 3.5 
mass without apical load [g] 4 3 3.3 2.9 2.7 2.9 3 3.2 3.4 2.6 
length [cm] 44.4 41.4 41.1 39.3 41.9 43.6 41.9 41.7 45 43.4 
distance of the lasers [mm] 5.78 4.46 5.42 5.6 4.21 5.26 5.32 4.25 4.93 4.18 
diameter at laser height [mm] 2.78 2.36 2.51 2.52 2.18 2.53 2.48 2.23 2.68 2.19 
height of the the lasers [cm] 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 
diameter [mm] at x cm:                     

0 3.38 2.87 2.97 2.91 2.36 2.82 3 3.18 3.09 2.3 
10 3.48 2.9 3.31 3.02 2.41 2.99 3.05 3.56 3.64 2.67 
20 3.93 3.19 3.77 3.37 2.88 3.4 3.54 3.85 4.02 2.8 
30 4.24 3.45 3.95 3.62 3.24 3.88 3.94 4.13 4.22 3.08 
40 4.41 3.69 3.97 3.71 2.59 4.14 3.89 4.32 4.34 3.19 
50 4.3                   

 
 
Species: Cyperus 
alternifolius           
           
measurment number 1 2 3 4 5 6 7 8 9 10 
total mass [g] 8.49 12.9 6.7 12.4 8.7 6.5 13.3 6.4 4.8 7.3 
mass without apical load [g] 5.9 9 4.4 7.6 5.8 4.7 8.4 3.9 3.2 4.2 
length [cm] 73.5 91.3 65.9 68.8 73.5 81.2 62.2 56.3 64 63.6 
distance of the lasers [mm] 8.5 9.6 7 7.5 7 7.25 8.7 7.09 6.56 6.1 
diameter at laser height [mm] 4.06 4.18 3.54 4.7 3.92 3.44 5.07 3.86 3.36 3.71 
height of the the lasers [cm] 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 
diameter [mm] at x cm:                     

0 3.5 3.65 3.06 4.15 3.43 3.23 4.38 3.11 2.7 3.38 
10 3.68 3.68 3.26 4.36 3.54 3.24 4.86 3.63 2.99 3.5 
20 3.91 4.01 3.32 4.35 3.76 3.35 5.09 3.73 3.2 3.63 
30 3.99 4.06 3.42 4.51 3.84 3.44 5.13 3.7 3.25 3.67 
40 4.09 4.08 3.43 4.57 3.85 3.4 5.2 3.78 3.09 3.61 
50 4.07 4.07 3.57 4.59 3.88 3.46 5.25 3.78 3.15 3.72 
60 3.92 4.1 3.58 4.64 3.93 3.5 5.34 3.81 3.26 3.67 
70 3.99 4.09 3.53 5.02 3.89 3.65         
80   4.12       3.67         
90   4.58                 

Value with leaf sheath           



Species: Equisetum hyemale           
           
measurment number 1 2 3 4 5 6 7 8 9 10 
total mass [g] 3.2 2.8 1.9 2.5 2.9 3.5 4.2 2.8 2.5 3.8 
mass without apical load [g] 3.2 2.7 1.9 2.5 2.9 3.5 4.2 2.7 2.5 3.8 
length [cm] 59.8 55.9 51.1 55.9 56.9 73.8 73.4 63.2 59 74.4 
distance of the lasers [mm] 6.8 4.59 4.66 3.82 6.14 7.14 8.58 5.94 5.07 6.58 
diameter at laser height [mm] 3.42 3.31 2.77 2.92 3.17 3.9 4.24 3.15 3.48 3.79 
height of the the lasers [cm] 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 
diameter [mm] at x cm:                     

0 1.9 2.37 2.13 2.3 2.88 1.34 1.78 2.21 1.9 2.03 
10 2.15 2.57 2.37 2.56 2.93 2.41 2.34 2.33 2.4 2.49 
20 2.81 3.1 2.9 2.78 3.47 2.92 3.16 2.71 2.89 2.6 
30 3.56 3.46 3.16 3.43 3.63 3.19 3.52 3.5 2.48 3.46 
40 3.93 4.14 4.05 3.66 4.57 3.98 4.35 3.72 3.71 3.79 
50 4.44 4.51 4.16 4.46 4.62 4.18 4.75 3.86 4.09 3.98 
60 4.57         4.23 4.65 4.43 4.2 4.59 
70           4.65 4.82     4.89 
80                     
90                     

100                     
     values not good from 7.10 on  
Didn’t have a strobilus or 
strobilus fell of before           
don’t use equi1.1; pipett tip 
didn’t stay in the stem           
 
 



 
Species: Papaver somniferum           
           
measurment number 1 2 3 4 5 6 7 8 9 10 
total mass [g] 61.1 35.3 49.6 56.1 55.8 46.6 51.8 32.3 26 51 
mass without apical load [g] 28.8 14.3 18.7 20.9 19.4 17.5 20.1 12.4 10.3 19.1 
length [cm] 53.2 51.2 49.6 49.5 50.1 44.7 53.7 41.4 52.6 47.5 
distance of the lasers [mm] 9.22 8.32 8.53 8.73 10.22 9.48 10.07 9.88 7.24 7.53 
diameter at laser height [mm] 6.8 6.23 6.13 6.56 6.53 6.34 6.25 6.14 5.09 6.18 
height of the the lasers [cm] 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 35.5 
diameter [mm] at x cm:                     

0 7.82 7.58 7.69 7.66 7.8 8.02 7.47 6.96 6.26 7.22 
10 6.52 6.13 6.49 6.53 6.47 6.52 6.32 6.67 5.34 6.36 
20 6.99 6.23 6.55 6.98 6.65 6.66 6.43 6.37 5.5 6.35 
30 7.88 6.31 6.94 8.09 7.25 7.37 7.07 6.8 6.31 7.22 
40 9.17 6.97 7.58 8.74 7.48 8.74 7.53 7.75 6.63 7.95 
50 10.39 6.12 8.51 9.04 8.06   7.68   6.93 8.35 
60                     
70                     
80                     
90                     

100                     
           
Mass at the end of the 
Measurement: 25.8g; 
Peparation of the Measuement 
took long time           
from 2.15 on: distance between 
the lasers: 7.63 mm           
from 5.6 on: distance between 
the lasers: 8.18mm           
at 5.8 and later: noise            
from 6.9 on: distance between 
the lasers: 9.05mm           
lengths and diameters were 
measured approximately one 
hour after the measurement 
(meeting)           

 



Annex 4 – Matlab routines  

This Annex is a separate folder which contains all the Matlab routines. 

 

 

Annex 5 – programming diagram 

 

Fig. 9: Programming diagram of the project. 

The yellow fields are the data, the blue ones are the procedures and the routines for 
processing the data and obtaining the results / new data. All these routines are stored in 
Annex 4. 
 
 
 



Subfolders of the routines: 

Subfolder(s) routines 
� Data_umbenannt sammeln.m 

sammeln2.m 
sammeln3.m 
sammeln4.m 
 
sammelnexcel.m 
sammelnexcel2.m 
sammelnexcel3.m 
sammelnexcel4.m 
comments.m 

� Data_umbenannt  
� alternative 

evaluation.m 
 
newprepareforfit.m 
 
mysort_extended.m 
mysort_extended_first_three.m 
 
plotnfit.m 
 
visual_comparision_3rd_version.m 
(every species in one subplot) 
visual_comparision_4th_version.m 
(every species in one subplot with linear fit) 
visual_comparision_5th_version.m 
(all species in one plot) 
 
show_meanbasis_results_long.m 
show_meanbasis_results.m 
show_basis_results_long.m 
show_basis_results.m 
 
graphs_with_calculation_extended_b.m 
 
graphs_results_papaver_b.m 
graphs_results_equisetum_b.m 
graphs_results_cyperus_b.m 
graphs_results_allium_b.m 
 
graphs_results_papaver_b_real.m 
graphs_results_equisetum_b_real.m 
graphs_results_cyperus_b_real.m 
graphs_results_allium_b_real.m 

 



Annex 6 – comparison 

This annex is a separate folder which contains jpg-files of the plots of every habitus 

parameter (e.g. mass, length … ) against every damping and frequency result. 



Annex 7 – FCA-Colouration 
 
Fuchsin-Chrysoidin-Astralblau nach Etzold (FCA-Colouration)   
  
Benötigte Chemikalien : 
Neufuchsin (C.I. 42520), Chrysoidin (C.I. 11270), Astrablau (C.I. 48048), denat. Ethanol (kein 
Brennspiritus), Isopropanol 100%ig, Eisessig, evtl. Xylol  

Bemerkung : 
Nach Mitteilung der Mikroskopischen Gesellschaft Wien  

Literatur :   

Arbeitsablauf :  

1. Entparaffinierte Schnitte gründlich in Aqua dest. spülen.  
2. FCA-Farblösg.     5-8 Min. gelegentlich schwenken.  
3. Kurz abspülen in Aqua dest.  
4. In zwei Portionen Ethanol 30%ig abspülen.     je 30 Sek.  
5. In Ethanol 70%ig differenzieren     ca. 30 Sek.  
6. In zwei Portionen Ethanol 30%ig abspülen.     je 30 Sek. 

der Rest des überschüssigen Farbstoffes geht ab.  
7. Entwässern in zwei Portionen abs. Isopropanol     je 1 Min.  
8. Je nach Einschlußmittel über Xylol oder gleich einschließen.  

Schonende Schnellmethode : 
Wie oben, nur nach dem Aufbringen des Farbstoffes auf den Objektträger, diesen ca. 40 Sek erhitzen, so 
daß er mit der Hand gerade noch gehalten werden kann. 
Nicht kochen oder gar eintrocknen lassen.  

Ergebnis : 
Verholzte Zellwände rot, oft in verschiedenen Farbtönen (Sklerenchym purpurrot, Xylem: ziegel- bis 
gelbrot). Eingewachsenen Steinzellen orange. Holzfasern dunkelrot, Markstrahlenzellen mehr gelbrot, 
cutinisierte Zellwände gelb bis orangerot. Unverholzte, nicht cutinisierte Zellwände blau, Korkschichten 
ungefärbt. Mittellamellen verkorkter Zellen oft rot (verholzt). Kallose sowie Reservezellulose in Samen 
ungefärbt. Plasma meist rötlich. Zellkerne rot oder blau. 
Bei der Betrachtung wird eine Kontrastverbesserung bei Verwendung eines BG 38 Filters (blaugrün, 3mm 
dick) erreicht.  

Ansätze :  

• FCA-Farblösung: In 1000 ml Aqua dest. werden nacheinander 0.1g Neufuchsin, 0.143g 
Chrysoidin und 1.25g Astrablau gelöst und 20ml Eisessig zugegeben. Die Farblösung ist gut 
verschlossen lange haltbar.  

 
 



Annex 8 – damping results 
 
Results of the damping measurements per individual 
The figures of the following graphs can be found in the file basisresults_extended.xls. 
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Fig. A8.1: Damping ratio ξ of all individuals of the four species. 
Allium tuberosum: 
- very low damping ratio 
- very constant results 
Cyperus alternifolius: 
- problems with the measuring device, the measurements of only 6 individuals could 
be evaluated. 
- mid damping ratio 
Equisetum hyemale: 
- best damping ratio 
- relative constant results 
Papaver somniferum: 
- good damping ratio 
- higher deviation 
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Fig. A8.2: Logarithmic decrement ∆ of all individuals of the four species. 
Because of formula (5) ξ = δ / ωn   =  ∆ / 2 π  it is evident, that the results for the 
logarithmic decrement are proportional to those of the damping ratio.                      
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Fig. A8.3: Relativ damping E’’ / E’ of all individuals of the four species. 
Because of formula (4) E’’ / E’= ∆ / π the results for the relative damping are proportional 
to those for the logarithmic decrement. 
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Fig. A8.4: Decay constant δ of all individuals of the four species. 
The decay constant depends on the frequency because of (3) δ = ∆ / T. It describes the 
decay within a certain time not for a certain number of periods. 
Allium tuberosum: 
- again very low decay constant 
- again very constant results 
Cyperus alternifolius: 
- has relatively low decay constant 
Equisetum hyemale: 
- has a mid decay constant though the damping ratio is high 
Papaver somniferum: 
- has a high decay constant (because of it’s high frequency) 
- with a remarkably high standard deviation 
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Fig. A8.5: Angular frequency ω of all individuals of the four species. 
Allium tuberosum: 
- mid agular frequency 
Cyperus alternifolius: 
- mid/low angular frequency 
Equisetum hyemale: 
- low angular frequency 
Papaver somniferum: 
- high frequency  
- lower deviation than for the different values describing the damping 
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Fig. A8.6: Frequency f of all individuals of the four species. 
Because of f  is equal to ω / (2 π) , these results are proportional to those of the angular 
frequency 
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Fig. A8.7: Length of all individuals of the four species. 
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Fig. A8.8: Stem mass of all individuals of the four species. 
Papaver somniferum has a significantly higher mass than the other species 
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Fig. A8.9: Apical mass of all individuals of the four species. 
Equisetum hyemale has no or a very small apical mass. 
Papaver somniferum has a very high apical load, the capsule. 
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Fig. A8.10: Diameter of all individuals of the four species. 
Papaver somniferum is significantly bigger 
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Fig. A8.11: Density of all individuals of the four species. 
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Fig. A8.12: Aspect ratio of all individuals of the four species. 
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Fig. A8.13: Number of evaluated period for every individual of the four species. 
The better the damping, the lower the time of recordable oscillation and the less 
periods measured. 



Results of the damping measurements per species 
The these figures and graphs can be found in meanbasisresults.xls. 
 

 Allium tuberosum Cyperus alternifolius Equisetum hyemale Papaver somniferum 
decay constant [1/s]  0,337 ± 0,0369 0,5025 ± 0,2357 1,1769 ± 0,1927 2,2653 ± 0,9747 
damping ratio* [/] 0,0111 ± 0,0012 0,027 ± 0,0066 0,0663 ± 0,0052 0,0407 ± 0,0132 
logarithmic decrement [/] 0,0695 ± 0,0077 0,1699 ± 0,0417 0,4166 ± 0,0325 0,2555 ± 0,0829 
relativ damping [/]  0,0221 ± 0,0025 0,0541 ± 0,0133 0,1326 ± 0,0103 0,0813 ± 0,0264 
angular frequency [rad/s] 30,5335 ± 2,3286 18,7143 ± 6,6254 17,8647 ± 3,2428 55,2401 ± 11,2439 
frequency [1/s] 4,8596 ± 0,3706 2,9785 ± 1,0545 2,8433 ± 0,5161 8,7917 ± 1,7895 
length [cm]  42,37 ± 1,7153 70,03 ± 10,26 62,34 ± 8,5396 49,35 ± 3,8962 
stem mass [g]  3,1 ± 0,4028 5,71 ± 2,0075 2,99 ± 0,6887 18,15 ± 5,1368 
apical mass [g]  1,91 ± 0,6724 3,039 ± 1,1534 0,02 ± 0,0422 28,41 ± 7,0208 
diameter [mm]  3,4201 ± 0,4238 3,8433 ± 0,5737 3,3565 ± 0,2048 7,1962 ± 0,5723 
aspect ratio [/]  125,609 ± 16,56 185,373 ± 34,705 185,649 ± 21,712 69,0043 ± 8,3119 
mass per volume [kg/(m^3)]  814,252 ± 148,74 685,485 ± 42,311 536,527 ± 38,77 885,324 ± 106,95 
number of evaluated 
periods  28,6345 ± 3,4103 12,8286 ± 5,6672 5,1128 ± 0,9115 6,2055 ± 2,6054 

 
* approximated because damping is less then 20%  => undamped angular frequency almost 
equal damped angular frequency => damping ratio = decay constant / damped frequency 



Graphs describing the habitus: 

 

0

20

40

60

80

100

Allium
tuberosum

Cyperus
alternifolius

Equisetum
hyemale

Papaver
somniferum

le
n

g
th

 [
cm

]

0

5

10

15

20

25

Allium
tuberosum

Cyperus
alternifolius

Equisetum
hyemale

Papaver
somniferum

st
em

 m
as

s 
[g

]

-10

0

10

20

30

40

Allium
tuberosum

Cyperus
alternifolius

Equisetum
hyemale

Papaver
somniferum

ap
ic

al
 m

as
s 

[g
]

0

2

4

6

8

10

Allium
tuberosum

Cyperus
alternifolius

Equisetum
hyemale

Papaver
somniferum

d
ia

m
et

er
 [

m
m

]

0

200

400

600

800

1000

1200

Allium
tuberosum

Cyperus
alternifolius

Equisetum
hyemale

Papaver
somniferum

d
en

si
ty

 [
kg

/(
m

^3
)]

 

0

50

100

150

200

250

Allium
tuberosum

Cyperus
alternifolius

Equisetum
hyemale

Papaver
somniferum

as
p

ec
t 

ra
ti

o
 [

/]

0
5

10
15
20
25
30
35

Allium
tuberosum

Cyperus
alternifolius

Equisetum
hyemale

Papaver
somniferum

n
u

m
b

er
 o

f 
ev

al
u

at
ed

 p
er

io
d

s



Graphs describing the oscillation: 
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Annex 9 – cross-sectional results 
 
For those results see also my-cross-sections.xls 
 
Allium tuberosum 
 
All the values for a mean diameter of 1.7101 mm. 
 
 file name tissue shape parameters in mm 
1 alli_aussen.mat parenchyma star with ‘two 

arm length’ 
k = 12; rmax1 = 1.7101; rmax2 
= 1.539; rmin = 1.539; 

2 alli_leit1.mat vascular 
bundles 

circles in a ring n =  27; rs = 0.0513; rp = 
1.3595; 

3 alli_leit2.mat vascular 
bundles 

circles in a ring n =  9; rs = 0.0513; rp = 0.9063; 

4 alli_pith.mat pith 
parenchyma 

circle r = 0.855; 

5 alli_scler.mat sclerenchyma circle r = 1.3338;  
 
  sclerenchyma vascular 

bundles 
parenchyma pith total 

contained shapes 5 2; 3; 1 4   
Acw/At  0.17 0.51 0.23 0.13   
Young's Modulus pure cell wall 
[GN/m2] 

12.00 3.15 0.20 0.20   

Young's Modulus tissue [GN/m2] 2.09 1.62 0.05 0.03 0.96 
A [mm^2] 3.22 0.13 2.01 2.30 7.66 
Ia  [mm^4] 2.04 0.08 2.15 0.42 4.68 
flexural stiffness [10^-3  Nm^2] 4.26 0.13 0.10 0.01 4.50 
contribution to cross-sectional area 42.03 % 1.70 % 26.27 % 30.00 % 100.00 % 

contribution to flexural stiffness 94.64 % 2.96 % 2.16 % 0.24 % 100.00 % 

contribution to moment of inertia 43.46 % 1.75 % 45.82 % 8.96 % 100.00 % 

 
 



Cyperus alternifolius 
 
All the values for a mean diameter of 1.9217 mm. 
 
 file name tissue shape parameters in mm 
1 cyper_aussen.mat sclerenchyma circle r = 1.9217;  
2 cyper_in1.mat vascular bundles circles in a 

ring 
n = 3; rs = 0.048; rp = 
0.2498 

3 cyper_in10.mat vascular bundles circles in a 
ring 

n = 3; rs = 0.048; rp = 
1.6334 

4 cyper_in2.mat vascular bundles circles in a 
ring 

n = 3; rs = 0.048; rp = 
0.5188 

5 cyper_in3.mat vascular bundles circles in a 
ring 

n = 3; rs = 0.048; rp = 
0.6726 

6 cyper_in4.mat vascular bundles circles in a 
ring 

n = 3; rs = 0.048; rp = 
0.8744 

7 cyper_in5.mat vascular bundles circles in a 
ring 

n = 3; rs = 0.048; rp = 
0.9608 

8 cyper_in6.mat vascular bundles circles in a 
ring 

n = 3; rs = 0.048; rp = 
0.9993 

9 cyper_in7.mat vascular bundles circles in a 
ring 

n = 3; rs = 0.048; rp = 
0.9993 

10 cyper_in8.mat vascular bundles circles in a 
ring 

n = 9; rs = 0.048; rp = 
1.3259 

11 cyper_in9.mat vascular bundles circles in a 
ring 

n = 9; rs = 0.048; rp = 
1.4989 

12 cyper_leit1.mat vascular bundles circles in a 
ring 

n = 27; rs = 0.048; rp = 
1.7871 

13 cyper_leit2.mat vascular bundles circles in a 
ring 

n = 27; rs = 0.0192; rp = 
1.816  

14 cyper_scler.mat parenchyma / 
aerenchyma 

star k = 120; rmax = 1.9217; 
rmin = 1.8448; 

 
  sclerenchyma vascular bundles parenchyma total 
contained shapes 1 2; 3; 4; 5; 6; 7; 8; 

9; 10; 11; 12; 13; 
14   

Acw/At 0.68 0.71 0.13   
Young's Modulus pure cell wall 
[GN/m2] 

12.00 4.03 0.20   

Young's Modulus tissue [GN/m2] 8.11 2.86 0.03   
A [mm^2] 0.46 0.53 10.61 11.60 
Ia [mm^4] 0.82 0.57 9.32 10.71 
flexural stiffness [10^-3  Nm^2] 6.64 1.64 0.24 8.51 
contribution to cross-sectional area 3.94 % 4.59 % 91.48 % 100.00 % 

contribution to moment of inertia 7.65 % 5.35 % 87.00 % 100.00 % 

contribution to flexural stiffness 78.01 % 19.21 % 2.78 % 100.00 % 



Equisetum hyemale 
 
All the values for a mean diameter of 1.6783 mm. 
 
 file name tissue shape parameters in mm 
1 equi_aussen.mat sclerenchyma and 

epidermis 
star k = 16; rmax = 1.6783; rmin 

= 1.6279; 
2 equi_canal.mat empty – valecular 

canals 
circles in a 
ring 

n = 16; rs = 0.151; rp = 
1.2587; 

3 equi_endo1.mat sclerenchyma circle r = 1.0489; 
4 equi_endo2.mat endodermis circle r = 1.007; 
5 equi_endo3.mat empty – central 

cavity 
circle r = 0.8727; 

6 equi_leit.mat vascular bundles circles in a 
ring 

n = 16; rs = 0.0336; rp = 
1.0825; 

7 equi_scler.mat parenchyma star with two 
‘arm depth’ 

k = 32; rmax = 1.6111; 
rmin1 = 1.5524; min2 = 
1.2923; 

 
  sclerenchyma vascular 

bundles 
parenchyma empty total 

contained shapes 1; 3; 6 4; 7; 5; 2;   
Acw/At 0.96 0.60 0.21 0.00   
Young's Modulus pure cell wall 
[GN/m2] 

12.00 10.80 0.20 0.00   

Young's Modulus tissue [GN/m2] 11.56 6.50 0.04 0.00 3.49 
A [mm^2] 1.60 0.06 3.39 3.54 8.59 
Ia [mm^4] 1.74 0.03 2.72 1.37 5.87 
flexural stiffness [10^-3  Nm^2] 20.16 0.22 0.11 0.00 20.49 
contribution to cross-sectional area 18.59 % 0.66 % 39.53 % 41.22 % 100.00 % 

contribution to moment of inertia 29.72 % 0.57 % 46.36 % 23.35 % 100.00 % 

contribution to flexural stiffness 98.40 % 1.05 % 0.55 % 0.00 % 100.00 % 

 



Papaver somniferum 
 
All the values for a mean diameter of 3.5981 mm. 
 
 file name tissue shape parameters in mm 
1 pap_aussen.mat epidermis circle r = 3.5981; 
2 pap_epi.mat sclerenchyma circle r = 3.5081; 
3 pap_leit1a.mat vascular bundles circles in a ring n = 14; rs = 0.09; rp = 3.1933; 
4 pap_leit1b.mat vascular bundles circles in a ring n = 14; rs = 0.09; rp = 3.1933; 
5 pap_leit2a.mat vascular bundles circles in a ring n = 14; rs = 0.1799; rp = 3.1034; 
6 pap_leit3a.mat vascular bundles circles in a ring n = ; rs = 0.2249; rp = 2.6986; 
7 pap_pith.mat pith parenchyma circle r = 1.1244; 
8 pap_scler.mat parenchyma circle r = 3.2833; 
 
  sclerenchyma vascular 

bundles 
parenchyma pith total 

contained shapes 2 3; 4; 5; 6; 1; 8; 7   
Acw/At 0.58 0.51 0.28 0.21   
Young's Modulus pure cell wall 
[GN/m2] 

12.00 4.13 0.20 0.20   

Young's Modulus tissue [GN/m2] 6.91 2.09 0.06 0.04 1.79 
A [mm^2] 4.80 4.36 27.54 3.97 40.67 
Ia  [mm^4] 27.69 18.62 84.07 1.26 131.64 
flexural stiffness [10^-3  Nm^2] 191.49 38.93 4.73 0.05 235.21 
contribution to cross-sectional area 11.80 % 10.72 % 67.72 % 9.77 % 100.00 % 

contribution to moment of inertia 21.04 % 14.15 % 63.86 % 0.95 % 100.00 % 

contribution to flexural stiffness 81.41 % 16.55 % 2.01 % 0.02 % 100.00 % 

 
 
Results for the entire stem : 
 
  Allium 

tuberosum 
Cyperus 
alternifolius 

Equisetum 
hyemale 

Papaver 
somniferum 

Young's Modulus 
tissue [GN/m2] 

0.96 0.79 3.49 1.79 

A [mm^2] 7.66 11.60 8.59 40.67 

Ia  [mm^4] 4.68 10.71 5.87 131.64 

flexural stiffness 
[10^-3  Nm^2] 

4.50 8.51 20.49 235.21 

 



Annex 10 – boom data 
 
Source: Mario Toso (ESA; TEC-MCS) 
 
------- D A T A ----------------- 
 
magnetometer study requirements: boom mass ~100gr, 2-6m length,  
freq>2-3Hz, payload mass = 2-5kg on tip 
materials tried: Kapton HN100, NEXTEL 312AF10, 
kevlar: E=3.620GPa,nu~0.3,ro=1440kg/m3 
design estimate for cantilever with end_mass: 
freq[Hz]=1/2pi*sqrt(stiff/mass)=1/2pi*sqrt((3*E*I/(L^3*(0.2357*M_boom+M
_tip))) 
 
Ideamech inflatable boom: carbon fiber impregnated in epoxi polymide,  
E=35GPa,nu=0.3,ro=1820kg/m3,stressmax=150MPa,CTE=1.8e-6,freq=0.5Hz, 
dimension=length14.35mxdiameter340mmxthickenss0.3mm, mass~19kg 
tipical transverse load =40N 
breadboard is 3.2mx160mm,buckling compressive load=20.4N 
flex.stiffness=660N/m 
 
Alenia inflatable boom = vectran or kapton fabric + epoxi resin 
dimension= 5mx150mmx0.3mm 
E1=10.09GPa,E2=24.27GPa,nu=0.81,CTE=4.22e-6,stressmax=200MPa,freq=0.4Hz 
 
Micromega cylinder with bidirectional fibers = 3-5 CFRP  
layers:(+/-45deg. and/or 0-90deg) 
E1=~E2=42.5-58.4GPa,G12=3.35GPa,nu=0.044-0.25,ro=1450-
1510kg/m3,structural  
damping=0.5%,CTE=2e-6 
 
HTS collapsible boom (equivalent properties calculated with ESACOMP  
v2.0) carbon fibres in epoxi matrix 
E1=~E2=45.4-51.4GPa,nu=0.044-0.047,ro=1435.5-1462kg/m3,G12=2.2-2.374GPa 
 
----- 

 
 


