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ABSTRACT

The awned seeds of the family Geraniaceae are special seed-dispersal units. The

awns can generate periodic coiling and uncoiling movement through interaction

with the diurnal humidity cycle. To investigate how this natural actuator

acquires the remarkable property, we determined the three-dimensional mor-

phological features of the coiling awns of Pelargonium peltatum through X-ray

microtomography (micro-CT). Many streaks with sharp corners were found

distributed in the surface of the inner layer cells, indicating there are two dif-

ferent microfibril angles (MFAs) in the special tilted helix structure of each one

cellulose fiber within the cell wall. A simplified mechanical model of the cell

wall was developed. Moreover, finite element method was conducted based on

the proposed model to analyze the basic mechanism of the coiling deformation.

The results showed that stiff cellulose fibers with special tilted helix structures

could direct the shrinkage forces resulted from the matrix, so as to generate

torsional and bending movement simultaneously. Therefore, the inner layer cell

could generate an anti-clockwise coiling deformation macroscopically. In

addition, effects of other structural factors including fiber frequency of the

cellulose fiber skeletons, modulus ratios between the fibers and matrix, and

macroscopical combination among the cells on the degree of the coiling defor-

mation were also studied. The results determined in this work may benefit the

development of new kind of intelligent composites.

Introduction

Living creatures suffer from various stimuli such as

sound, light, electricity, heat, and gravity. Of these,

passive actuation is a unique natural system in seed-

dispersal units of some plants [1]. Tissues attached to

these units undergo senescence and eventually die

after being separated from their mother plant. How-

ever, these units can still direct their hygroscopically

active accessories to propel ripe seeds into the soil or
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release them in a suitable space by interacting with

environmental changes in humidity. This passive

actuation mechanism has evolved in various plants,

such as pine cones [2, 3], moisture sensitive spore

capsules of some kinds of mosses [4], desert plant

Anastatica hierochuntica [5], seed pods of Bauhinia

variegate [6], wild wheat awns [7, 8] and awned seeds

of family Geraniaceae [9–14].

Passive hygroscopic movements rely on reversible

anisotropic swelling or shrinkage deformation of

plant tissues controlled by the complex architecture

of the cell wall. These plant tissues typically consist of

fiber cells whose cell wall consists of cellulose

macrofibrils (formed from bundles of cellulose

microfibrils approximately 10–20 nm in diameter,

and aligned parallel to one another) with a preferred

orientation [15, 16]. Macrofibrils are embedded in a

highly swellable matrix, which consists of amor-

phous materials, such as hemicelluloses, lignin, pec-

tin, and structural proteins [17–19]. This cell wall

assembly can be considered a natural fiber reinforced

composite because of significant differences in stiff-

ness between the reinforcement fibers (cellulose

microfibrils) and the matrix material [20, 21]. The

angle between cellulose microfibrils and the cell axis

(MFA) is a critical parameter that can passively

change tissue geometry [22]. The intermolecular

hydrogen bonding between the network structures of

the swellable matrix can reversibly combine with

water molecules. Consequently, the hemicelluloses

and other swellable matrix materials between the

cellulose macrofibrils has the property of swelling (or

shrinkage) reversibly. Therefore, deformation of the

cell wall becomes extremely anisotropic, and occurs

in the direction perpendicular to the fibril orientation

more easily [23].

Many studies have shown that most dead hygro-

scopic tissues primarily consist of two basic fibrous

layers with different MFA; hence, hydration-medi-

ated expansion/shrinkage characteristics vary when

wetted or dried. Two attached layers that swell or

shrink in different directions can induce different

passive movements of plant organs because the

deformation of one layer is restricted by another.

Through this complicated mechanism, biological

actuators can generate various deformations, such as

bending, rolling, twisting, and torsion [24–26].

However, in the family Geraniaceae, the coiling

motion of their awns requires only one homogenous

inner layer, which consists of a cluster of inherently

coiling cells. Cellulose microfibrils embedded in

their cell walls are arranged in a tilted helix [11]. In

contrast to a normal helix, where MFA keeps con-

stant for any azimuthal direction, MFA in the tilted

helix arrangement changes with the azimuthal

direction, with different signs at opposite sides of

the cell wall [13]. Furthermore, this type of coiling

cells is manifested by the awns of all genera in the

Geraniaceae family [12]. Our long-term goal is to

develop a biomimetic fibrous actuator inspired from

the hygroscopic coiling awns of Geraniaceae. This

new actuator with small size and light weight can

generate coiling deformation spontaneously and no

additional energy source and electronic control

system are required. Up to date, numerous studies

are mainly based on 2D cross-section investigation

of hygroscopic tissues through scanning electron

microscopy, small-angle X-ray scattering (SAXS), or

polarized light microscopy to infer the entire con-

figuration of hygroscopic coiling awns. As such, the

effects of structural complexity of coiling awns,

especially the specific configuration of the fiber

skeleton within one cell and mechanism of the

connection among cells have not been paid more

attention.

X-ray microtomography (micro-CT) is a valuable

tool used to repeatedly and nondestructively mea-

sure the three-dimensional (3D) characteristics of

biological tissues at the same sites with a microm-

eter-level precision. This tool has been widely

employed to study plant anatomy at the tissue or

cellular level [27, 28]. Besides, in this study, we

highlight Pelargonium (Fig. 1), a representative genus

of the Geraniaceae family. The coiling awn of seeds

from this plant is very thin and delicate and is,

therefore, suitable for micro-CT measurement (to

produce high-resolution results). Moreover, the

inner layer consists of only one row of parallel

arranged cells. This kind of arrangement is simpler

than that of Erodium. Thus, 3D microstructure of the

hygroscopic coiling awn of Pelargonium peltatum was

examined through micro-CT to find the structural

factors which may influence the deformation.

Finally, the basic mechanism of the coiling behavior

was analyzed using a simplified mechanical model

and Finite Element (FE) method. The results deter-

mined in this work elucidate the mechanism of

passive actuation of hygroscopic coiling further and

could benefit the development of new kind of

intelligent composites.
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Materials and methods

X-ray microtomography scanning

Fresh awned seeds of P. peltatum were obtained from

local commercial sources. Dry and saturated awn

specimens from the same seed were scanned by

SkyScan 1172 high-resolution micro-CT scanner

(Skyscan, Bruker, Belgium) at room temperature. The

saturated specimen was enclosed in a hermetically

sealed clear plastic tube. Distilled water (15–20 ml)

was added to the tube to maintain the saturated state.

After scanning, 2525 section images of the dry (pixel

size of 0.67501 lm) and saturated (pixel size of

0.74315 lm) specimens were reconstructed in SkyS-

can software (SkyScan NRecon 1.6.9.4). For the dry

specimen, reconstruction parameters including ring

artifact correction, beam hardening artifact correc-

tion, and smoothing level, were defined as 6, 34, and

1 %, respectively, as well as 7, 3, and 0 %, respec-

tively, for the saturated specimen. After the recon-

struction, the high-quality images were imported into

SkyScan DataViewer 1.5.0 software to generate three

section views, namely, coronal (x–z plane), sagittal

(y–z plane), and transaxial (x–y plane) (Fig. 2). More

than 50 consecutive orthographic views of the satu-

rated awn specimen were captured to determine

geometric parameters. Length, cross-section width,

and wall thickness of cells in the inner layer of the

awn tissue were measured by image analysis soft-

ware SkyScan CTAn1.13.5.1.

A total of 500 consecutive slice images from one

part of the specimen were captured and recon-

structed as a volume element. Volume variations in

each of the three volume elements were measured by

SkyScan CTAn, and the average value was

determined. Thus, the average volume strain of the

awn tissue (DV) was obtained:

DV ¼ V0 � V

V
� 100 %ð Þ; ð1Þ

where V and V0 are the volume of the specimen with

saturated and dry state, respectively.

Finite element analysis

S2 layer (the thickest and mechanically dominating

layer of the whole cell wall [22]) in the inner layer of

the coiling awn was idealized as a thin-walled hollow

fiber reinforced rectangular tube (Fig. 3). The geom-

etry parameters of the rectangular tube including

height, width, and wall thickness were assumed to be

H, W, and t, respectively. The model was then

imported into Abaqus (V12-1, Simulia, USA) for finite

element simulation. Cellulose macrofibrils embedded

in the S2 layer were defined as linear beams with

circular profiles (radius of r) and composed of B31

elements (2 node linear beam in space). Young’s

modulus (Ef) and Poisson’s ratio (vf) of these beams

were set to 135000 (MPa) and 0.1, respectively. These

values are comparable with plant cells used in pre-

vious studies [29–32]. One beam is arranged in a

special tilted helix. Consequently, there are two dif-

ferent MFAs h1 and h2 in the opposite sides of the

helix (Fig. 3a). Assemble of the beams with same

structures constitute the complete fiber skeleton of

the FE model and denoting I as the interval between

two adjacent beams (Fig. 3). Here, a dimensionless

parameter F (F = 2r/I) was employed to indicate the

frequency of the fiber skeleton.

From the morphology features exported by SkyS-

can CTAn, we found that the span S (S = t/W) was

Fig. 1 Representative frames showing the recoiling process of Pelargonium peltatum awned seed dried at room temperature from the

initially wet condition (scale bar 5 mm).
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much less than 1/10. Thus, the matrix material of the

cell wall was simplified as a continuum shell (ho-

mogeneous) which composed of S4R elements (4

node doubly curved thick shell with finite membrane

strains, reduced integration) and the accuracy of the

mesh was ascertained (Fig. 3b). The components of

Fig. 3 Diagram illustrated the

microstructure of the FE cell

wall model (axes represent the

local coordinate systems).

a Cellulose fiber was modeled

as a linear beams with radius

of r and in a tilted helix

arrangement, h1 and h2
indicate two different MFAs of

the helix, I indicate the interval

between two adjacent beams.

b An entire cell wall was

modeled as the fiber skeleton

embedded in the matrix shell

with height of H and width of

W.

Fig. 2 Three section views of the awn specimen under saturated condition generated by the SkyScan DataViewer (scale bars 200 lm).
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the matrix material are quite complicated and the

property may change during extraction from the

plant due to technical limitations. Combined the data

obtained from Cousins and Salmén [33–36] and the

recent work about the mechanical properties of plant

cell walls soft material at the subcellular scale [37], we

considered those components as a homogenous

material and its Young’s modulus (Em) and Poisson’s

ratio (vm) were assumed to be 600 and 0.25 MPa,

respectively. Meanwhile, it was assumed ideal

bonding existed at the fiber-matrix interfaces and no

strain discontinuity occurred between them. Fur-

thermore, the sequentially coupled thermal-stress

analysis module of Abaqus was employed to simu-

late the isotropic shrinkage of the compliant matrix.

The expansion coefficient was set as g ðg ¼ DV=3Þ.
The 3D analysis results exported by SkyScan CTAn

reveal that the volume strain (3g) of the awn speci-

men is 24 ± 3.52 % (g = 0.08). Then, the slow

recoiling process of the simplified model was seg-

mented into five analysis steps in Abaqus standard

solver. The initial temperature field of the model was

predefined as 1 �C, which will reduce 0.2 �C at each

step during the whole analytical process. For

boundary conditions, the bottom surface of the tube

model (MNPQ) was pinned and no constraints were

defined for the remaining surfaces.

Results

Three-dimensional morphology features
of the awn tissue

In the study, the top part of the active saturated awn

tissues is examined using 3D images reconstructed

from SkyScan NRecon (Fig. 4). The cross-section

images show two homogeneous layers, which exhibit

different cell wall morphologies and are connected by

a layer of middle lamella tissue (Fig. 4c). The inner

layer (facing inward to the coil) consists of a row of

parallel cells with relatively large profile dimension.

Shapes of the ventral and dorsal sides of the cell walls

are arc and those of their anterior and posterior sides

are flat. The width and wall thickness of these cells

are 71.27 ± 9.11 and 5.72 ± 1.26 lm, respectively.

The lateral sides of two adjacent cells are bound by

thin middle lamella layer. One column of cells

aligned with the longitudinal direction of this part

consists of four or five cells (300–600 lm in height), as

shown in Fig. 4d. The joint part between two end-to-

end cells exists an obvious malposition, come into

being an abnormal middle lamella region (indicated

by the arrows).The outer layer (facing outward from

the coil) consists of four layers of regular arranged

cells with large ratio of length-to-diameter (Fig. 4e).

The configuration of this layer is similar to that of the

laminated composite material.

Figure 5 shows the 3D images of the dry awn. A

column of cells hinged with one another, similar to a

head and tail-connected string shaped link, cooper-

ates to produce a macroscopic coil. Moreover, the

structure of the middle lamella tissues, which connect

two cells with side-to-side arrangement, is not com-

pact and possesses many small cavities (indicated by

the arrows in Fig. 5c). Numerous streaks aligned

along the cell axis can be observed on the surface of

the coiling cells (inner layer) because crystalline cel-

lulose fibers could be irradiated by X-ray (Fig. 5d).

Morphology of each streak shows the change in its

orientation. This feature supports the assumption

that cellulose fibers are arranged in a tilted helix

[11–13] from a 3D perspective. Thus, we propose that

the complete skeleton within the inner layer cell wall

consists of numerous cellulose fibers with tilted helix

arrangement and these fibers are aligned along the

cell axis with small intervals (shown in Fig. 3b).

Simplified mechanical model of the inner
layer cell wall

To verify the proposed structure, a simplified

mechanical model is built. A small cuboid with h in

height and W in width is extracted from the cell wall

model randomly. As shown in Fig. 6a, a rectangular

sheet with 4 W in width is obtained after virtually

cutting the cuboid along a vertical line. Diagonal of

this rectangular sheet represents the longest cellulose

fiber within the cuboid. According to the mechanical

property that listed in ‘‘Finite Element Analysis’’

section, the cellulose fibers with huge stiffness could

be considered as inextensible compared to the soft

matrix. Consequently, shrinkage of the matrix in the

fiber direction was restricted and strain of the whole

sheet (eh) will occur preferentially in the direction that

is normal to stiff fibers.

If keeping lengths of the stiff fibers as constant,

distance between the fibers will change from u0 to u
0

under the effect of eh and shape of the sheet deforms

from rectangular into rhomboid. The angle between

J Mater Sci (2017) 52:415–430 419



the horizontal edges of rectangle and rhomboid (x1)

can be calculated according to the geometrical rela-

tionship shown in Fig. 6a:

x1 ¼ h� arctan½ð1� ehÞtanðhÞ� ð2Þ

Applying a similar calculation for the angle between

two vertical edges (x2):

x2 ¼
p
2
� h� arctan½ð1� ehÞcotðhÞ�: ð3Þ

If the bottom line of the rhomboid remains in the same

plane as the original rectangle, the whole sheet will

turn by a total angle of x1 ? x2 and has a smaller

height of h
0
. Eventually, shape of the new cuboid con-

structed by four rhomboid segments will deform into

twisting (Fig. 6b). This phenomenon indicates that

helix structure of the stiff cellulose fibers can direct the

shrinkage forces generated by matrix, so as to form a

torque (T). Shear strain produced by this torque (tanc)
can be calculated by combining Eqs. (2) and (3):

tan c ¼ tanðx1 þ x2Þ
¼ tan

p
2
� arctan 1� ehð Þtanh½ �

�

� arctan 1� ehð Þcoth½ �
�

ð4Þ

Furthermore, the axial strain (eh) (parallel to the cell

axis) of the cuboid can be calculated by geometrical

relationship:

eh ¼
h0 � h

h
¼ sinu

cosh
� 1 ¼ sin arctan 1� ehð Þcothð Þ½ �

cosh
� 1:

ð5Þ

Examples of tanc changing with the MFA (h) for

three different eh are shown in Fig. 7a. Under the

Fig. 4 a Macroscopic morphology of the saturated awned seed of

P. peltatum. b 3D morphology image of the top part of the

saturated active awn tissue. c Micromorphology images of the awn

cross-section at the active region. d Coronal section images of the

inner layer of the saturated awn tissue. Arrows indicate the joint

interface between two articulated cells. e Coronal section images

of outer layer of the saturated awn tissue. Scale bars a 2 mm,

b 200 lm, c 100 lm, and d, e 200 lm.
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same MFA, torsion becomes more pronounced with

the increasing of eh. In the range of 0� < h < 90�, the
graph belongs to a symmetric periodic function and

magnitudes of tanc reach the maximum at h = 45�. As

shown in Fig. 7b, the axial strain (eh) are always

shrinkage, the magnitudes (|eh|) of which mono-

tonically increasing with h and will reach the maxi-

mum when h takes 90�. Thus, within the range of

45� < h < 90�, magnitudes of the tanc and eh have two

different varying patterns. Fibril orientations in awn

of representative species from family Geraniaceae had

been examined by small angle X-ray scattering

(SAXS) [12]. In P. peltatum awn, 2D SAXS pattern

obtained from its inner layer displays a single streak

that is off the meridian. This phenomenon indicated

that there is a tilt angle (ht) between the cellulose

helix axis (black line in Fig. 7c) and the cell axis (red

line in Fig. 7c). The measurement results of ht and the

Fig. 5 a Macroscopic morphology image of the dry awned seed

of P. peltatum. b 3D morphology image of the top part of the dry

active awn tissue. c, d Enlarged views of the surface morphology

of the inner layer cells. Arrows indicate the small cavities in the

structure of the middle lamella tissues. Dash lines indicate change

in the orientation of one streak. Scale bars a 2 mm, b 200 lm,

c 100, and d 30 lm.

Fig. 6 Deformation of the cell wall model during shrinkage with

helix cellulose fibers (example with h = 45�). a A small cuboid

extracted from the cell wall virtually cut open along a vertical line

and deforms from the rectangular sheet into a rhomboid according

to the shrinkage process (distance between the stiff fibers

decreased from u0 to u
0
), x1 indicates angle between the

horizontal edges of rectangle and rhomboid, x2 indicates angle

between two vertical edges of them. b Shape of the new cuboid

constructed by four rhomboid segments deformed into twisting

according to the assumption that the bottom line of the rhomboid

remains in the same plane, h
0
indicates height of the twisting

cuboid, and u ¼ p
2 � h� x2.
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MFA in relation to the cellulose helix axis (hH) are 19�
and 70�, respectively. Moreover, based on the sym-

metry of helix (hH1 = hH2), the magnitudes of two

different MFAs h1 and h2 can be calculated: h1 ¼
hH � ht ¼ 51�, h2 ¼ hH þ ht ¼ 89�. The results are just

close to the extreme values of function (4) and (5).

The feature of h1 ¼ 45� can ensure the matrix generate

enough torque and incompatible elasticity of the

shells with relative lower and higher MFAs (h1 ¼ 45�,
h2 ¼ 90�) in opposite sides of the cell wall will induce

the whole cuboid to bend with a moment (Mn).

Under the combined effect of T and Mn, the cell wall

model generates an anti-clockwise coiling deforma-

tion macroscopically (Fig. 8b). Then the geometric

model shown in Fig. 3b is imported into Abaqus for

FE analysis. Fourteen tube models with different

magnitudes of h1, h2 and ht are built for comparison

(Table 1) and their structural parameters which are

listed in Table 2 remain unchanged. The simulation

results show that configuration of the deformed tubes

are curves in 3D space (Fig. 9a). For ht = 0 (h1 = h2),
the curves are purely twist and the most turns exist in

the case of h1 ¼ h2 ¼ 45�. This is in agreement with

the calculation of function (4). For ht[ 0, the curves

convert from twist to the anti-clockwise coil gradu-

ally and pitch angle of the coil decreases with the

increase of ht. However, configuration of the curves

depend not only on the tilt angle. Even values of ht

Fig. 8 Deformation of the cell wall model during shrinkage with

tilted helix cellulose fibers. a A small cube extracted from the cell

wall virtually cut open along a vertical line (AM) and deforms

from the rectangular sheet into a pentagonal according to the

shrinkage process; c: turn angle of the whole deformed sheet

according to the assumption that the bottom line of the sheet

remains in the same plane. b Schematic illustration of the coiling

deformation of the cell wall model. The tilted helix arrangement of

the stiff cellulose fibers can direct the shrinkage forces, so as to

form a torque (T) and a bending movement (Mn), simultaneously.

Fig. 7 a Interdependency of MFA (h), shrinkage strain normal to

the fibers eh and shear strain (tan c) according to the shrinkage

process. b Interdependency of h, eh, and axial strain (eh) according
to the matrix shrinkage, eh1 and eh2 indicate the axial strains of

shells with different MFAs. c Schematic illustrates the tilted helix

organization of one cellulose fiber which was redrawn according to

the 2D SAXS pattern [12]. h1 and h2 indicate the different MFAs in

opposite of the tilted helix, respectively. ht indicates the tilt angle

between the cellulose helix axis (black line) and the cell axis (red

line). hH indicates the MFA in relation to the cellulose helix axis.
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are the same, shape of the deformed tubes are quite

different. Then two parameters are defined as: c ¼
ðc1þc2Þ

2 and De ¼ eh2 � eh1j j. Combine the results shown

in Fig. 9b and Table 3, a regularity could be found

that: torsion and curvature of the curve are propor-

tional to the magnitudes of c and De, respectively.

Simulation results of one finite element cell
wall model

To further analyze the influence of other factors on the

coiling deformation, a FE model with smaller height

(H = 520 lm) is built. Von Mises stresses on two

Fig. 9 a FE simulation results of tube models with different magnitudes of h1, h2 and ht. b Simulation results of three groups of tube

models and ht of the models in each group are the same.

Fig. 10 a Von Mises stress distributions in two representative

shells with different MFAs (h1 ¼ 51�, h2 ¼ 89�), regions of the

stress concentration are surrounded by the ellipses, b Shear stress

(S12) distributions in these two shells (axes represent the local

coordinate systems), c Axial stress (S22) distributions in the shells

opposite to each other (arrows indicate the directions of the axial

stresses).
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representative shells are selected to illustrate stress

distributions of the model. MFAs of the first (shell

BNPC) and second shell (shell DQMA) are h1 ¼ 51�
and h2 ¼ 89�, respectively.As shown in Fig. 10a, due to

the anisotropic architecture of the fiber skeleton, high

Mises stresses exhibit in the regions closer to the ends

of overall skeleton (surrounded by the ellipses). Under

the effect of T, these two shells are subject to a pair of

shear stresses with the same direction (Fig. 10b).

Moreover, magnitude of the shear stresses distributed

in the stress concentration regions are apparently

higher than those distributed in other area. As shown

in Fig. 10c, it can be found that under the effect ofMn,

opposite sides of the FE model are subject to a pair of

axial stresses with different directions (tensile and

shrinkage). Then, the coiling deformation was char-

acterizedby the torsional angle (/t) of top surface of the

model (ABCD) and its deflection (y). Figure 11 shows

these two parameters are both as linear functions of

DV. In addition, the torsional angle per unit length /0

(/0 = /t/H) of the coil is 0.0762 (�/lm). This means

that height of the tubemodel formeda complete turn of

the coil is about 2362 lm (Ht ¼ 180�=/0 ¼ 2362lm).

According to the measurement of 20 fresh awn speci-

mens, it is found that the length of active awns (with-

out seed and tail) under saturated state are

14.8 ± 1.5 mm and the number of turns in the awns

under completely dry state are 7 ± 1. Thus, length of

the awn tissue composed of each turn is approximately

2114 lm. These results show that the FE models

developed in this study capture the essential feature of

the coiling behavior of the cells during moisture

evaporation.

Configuration of the tilted helix fiber
skeletons

Effect of the fiber configuration on the coiling

deformation is investigated based on FE method. A

series of FE models with different F are developed.

In these models, the fiber profile radius r = 1, F of

the fiber skeleton changed from 0.066 to 0.5, and

other structural parameters remain unchanged. To

better illustrate the stress distributions inside the

fiber reinforced models, one scale bar is used for the

fiber skeleton, another scale bar is used for the

matrix shell. As shown in Fig. 12, when the mag-

nitudes of F are high, stresses are uniformly dis-

tributed throughout the entire model, relatively.

However, each reinforced fiber will take up more

stresses with decreasing of F. To study this phe-

nomenon further, two other groups of FE models

with different fiber profile radius (r0.5 = 0.5 lm,

r1.5 = 1.5 lm) are proposed for comparison. Then,

values of /t and y of the deformed FE models

belong to all three groups were plotted in Fig. 13a

and b, respectively. The results indicate that change

of F and r have certain effect on the coiling defor-

mation. Based on these results, the configuration

parameters of fiber skeleton at F = 0.5 and r = 1 are

determined in the following sections.

Table 1 Values of h1, h2 and ht in the FE models

Model number h1 (�) h2 (�) ht (�)

1 30 30 0

2 45 45 0

3 60 60 0

4 75 75 0

5 30 45 7.5

6 30 60 15

7 30 75 22.5

8 30 90 30

9 45 60 7.5

10 45 75 15

11 45 90 22.5

12 60 75 7.5

13 60 90 15

14 75 90 7.5

Table 2 Structural parameters of each FE model

Ef (GPa) Em (GPa) H (lm) W (lm) t (lm) F DV (%)

135 0.6 2580 70 4 0.5 24

Table 3 c and De for models with different h1 and h2, as calculated from (4) and (5) under the condition of eh = 0.16

h1(�), h2(�) 45, 90 30, 75 30, 60 45, 75 60, 90 30, 45 45, 60 60, 75 75, 90

c (�) 4.97 6.81 8.63 7.47 4.31 9.28 9.28 6.81 2.50

De 0.069 0.10 0.079 0.061 0.032 0.042 0.037 0.024 0.0081
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Modulus ratios between fibers and matrix

The effect of modulus ratios (Ef:Em) on the coiling

deformation is studied and the fiber-matrix modulus

ratios ranged from 1:1 to 160:1. Then, /t and y of the

deformed FE models are plotted with respect to dif-

ferent modulus ratios (Fig. 14). The graph shows that

both /t and y are increasing with the increase of Ef:Em

drastically, while their magnitudes do not change

substantially when the ratio exceeding 40:1.

Representative strain contours of the fiber skeleton

with different modulus ratios of 120:1, 40:1, 15:1, 25:3,

5:1 and 5:3 were shown in Fig. 15. To better illustrate

the shrinkage strain, scale bar of the contours are

spectrums with reversed rainbow. When modulus

ratio is low, the fiber skeleton generates considerable

shrinkage strain in fiber direction (high magnitude of

ef). In brief, in aspect of the coiling deformation, the

most important mechanical property of the cell wall

is the modulus ratio Ef:Em.

Fig. 12 Von Mises stress distributions in the FE models for different fiber frequency (F) ranging from 0.066 to 0.5. Scale bar a is for the

fiber skeletons, and scale bar b is for the matrix shells.

Fig. 11 FE simulation results of one fiber reinforce model indicate

that: degree of the coiling deformation increasing substantially

with the increase of DV and the line graph shows that the torsional

angle /t and the deflection y of the coiling are both linear function

of DV (definition of /t and y indicated by the schematic diagram

at the right side of the line graph).
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Macroscopical combination among the FE
models

Based on the 3Dmorphology features of the inner layer

of the awn tissue shown in Fig. 4d, an abnormalmiddle

lamella region was observed between two end-to-end

cells due to anisotropic structure of the fiber skeletons.

We investigate the effect of this characteristic on the

macroscopic deformation of the cells aligned with the

longitudinal direction by a link chain model. The new

model consists of 11 end-to-end FE models with dif-

ferent height (H1 = 520 lm, H2 = 380 lm). As shown

in Fig. 16a, when overall length of the link chain

(L) reaches 5020 lm, one column of deformed FE

models come into being a complete cycle (two turns) of

the coil. Then, the active part of the fresh awn is cut

crosswise to divide it into several sections with differ-

ent widths. Shape of the awn section with very narrow

width is similar to the deformed FE link chain model

(Fig. 16b). As shown in Fig. 16c, when L change from

520 to 5020 lm, /t of the coils increase linearly while

magnitudes of their /0 stay almost the same.

Furthermore,deformationof twoFEmodels connected

side-to-side by a thinmiddle lamella is studied (Fig. 17a).

In these new models, elastic modulus of the middle

lamella (Emd) are considered as variables. Then, magni-

tudes of/t and y of the deformedmodels with respect to

differentEmdareplotted inFig. 17b. The results show that

when Emd keeps in the range of 1–100 MPa, magnitudes

of /t will decrease with the increasing of Emd, while y

increases accordingly. When the middle lamella is softer

than 10 MPa, the constraint effect on torsionwill become

very weak but the magnitudes of y are still greater than

that of single cell models. Finally, combined twenty FE

models with different height together, the study con-

structed a new tissuemodel (Emd ¼ 5 MPa). As shown in

Fig. 17c, this part of tissue still generates a deformation

with tendency of coiling.

Discussion

Abraham et al. first proposed that arrangement of the

cellulose fibers within the coiling cell ofGeraniaceae are

the tilted helixwith very small pitch [11–13].However,

Fig. 14 Plots of the torsional angles (/t) and deflections (y) from

the deformed FE models at different fiber-matrix modulus ratios

(Ef:Em) ranging from 1:1 to 160:1.

Fig. 13 Interdependency of fiber frequency (F), fiber profile radius (r), a torsional angles (/t), and b deflections (y), according to the

coiling deformation of the FE models.
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huge stiffness of the continuous cellulose fibers will

definitely restrain deformation of the cell. Combined

the 3Dmorphology exported by themicro-CT (Fig. 5d)

and 2D SAXS patterns, we proposed that numerous

cellulose fibers aligned with the cell axis direction,

constituted the complete fiber skeleton of the cell wall.

Gaps between two adjacent fibers could make the

strain occur in the direction that is normal to the fibers

more easily. Most researchers in this field put

emphasis on the measurement of the tilt angle (ht) and
inferred that configuration of the coiling cell depend

strongly on it. The mechanical studies in this paper

illustrated that shape of the deformed cell model

would convert from twist to coil gradually with

increase of ht. But themechanism ismore complicated.

In addition to ht, two other parameters c andDedefined
in this paper could also influence the deformation

significantly. The models proposed in ‘‘Simplified

mechanical model of the inner layer cell wall’’ section

are derived from the biomaterial. But it may be appli-

cable to other composites with complicated deforma-

tion behavior.

Aseriesof cellwallmodelshadbeenproposed tostudy

the anisotropic swelling or shrinkage behavior of plant

Fig. 16 a FE simulation result of eleven fiber reinforced models

aligned with the longitudinal direction. b Morphology image of

the coil awn section with the width of about 0.15 mm (scale bar

0.5 mm). c Plots of torsional angles (/t) and torsional angle per

unit length (/0) from the deformed link chain models at different

lengths ranging from 520 to 5020 lm.

Fig. 15 Representative contours of strain in the fiber direction (ef) from the fiber skeleton in the case of fiber-matrix modulus ratios at

120:1, 40:1, 15:1, 25:3, 5:1 and 5:3, respectively.
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cells [38–42]. Equilibrium conditions of these mechanical

models were mainly under the assumption that the cel-

lulose fibers can be regarded as inextensible. In addition,

the specific configuration of the fiber skeleton within the

cell wall and mechanism of connection among the cells

werenot taken into account in thesemodels. Basedon the

results shown inFig. 12andFig. 13, it couldbe found that

the configuration parameter F of the fiber skeleton will

evidently influence the stress distribution pattern in the

whole cell wall, and its deformation. When r was kept

constant and the magnitudes of F were low, high Mises

stresses will exist in the fibers-matrix interface (Fig. 12).

Huge stiffnessof thefiberswill restrict the strainofmatrix

which were jointed (in the fiber direction), thus defor-

mation of the whole model decrease macroscopically.

Under the same F, and size of r meet the condition:

(2rt [ 1
2), continuously increasing r had relatively negli-

gible influence on degree of the coiling deformation

(Fig. 13). Even though it will increase the fiber volume

fraction. According to the results shown in Fig. 14 and

Fig. 15, boundary of the concept ‘‘inextensible’’ of the

reinforced fibers was found. When the modulus ratio

Ef:Emwas lower than 40:1, the hypothesis of ‘‘inextensible

fiber’’ will not be tenable anymore and the anisotropy of

the shrinkage deformation decrease substantially. When

applying the fiber skeletonwith this kind of special tilted

helix structure in biomimetic devices, it is suggested that

the modulus ratios between the fiber and matrix of the

composite should exceed 40:1.

According to the results shown in Fig. 16, it was

found that even though the anisotropic structure of

the fiber skeleton will make high Mises stresses

exhibited in the connection part between two end-to-

end cells. But this feature had relatively negligible

influence on the coiling deformation of the cells

aligned with the longitudinal direction. Both

mechanically and chemically isolated wood fibers

showed an anti-clockwise twist according to change

in water content [42] [43]. However, in normal wood

tissues, the heavily lignified middle lamella reducing

the ability of cells to deform against each other in

shearing thus their torsional deformation were

restrained [40]. P. peltatum for contrast, the inner

layer cells within its awn were bonded by a thin

middle lamella. Structure of the middle lamella were

relatively loose and had many small cavities (Fig. 5c).

Combining these morphological characteristics and

results of the FE analysis (Fig. 17b), it could be found

that soft middle lamella may help the tissue generate

more pronounced coiling deformation.

Conclusions

The coiling movements of awns in P. peltatum seed

caused by anisotropic shrinkage behavior of its inner

layer cell wall are controlled by the structure of stiff

cellulose fiber skeleton embedded in the hygroscopic

matrix:

(1) Fibers of the skeleton arranges in the tilted helix

with two different MFAs. In contrast to a nor-

mal helix, difference between these two MFAs

Fig. 17 a FE simulation result of two fiber reinforced models

connected side-to-side by a thin middle lamella with elastic

modulus of Emd. b Plots of the torsional angles (/t) and deflections

(y) from the deformed FE models at different Emd ranging from 1

to 600 MPa. c FE simulation result of deformation of the tissue

model consisted of 20 fiber reinforced models.
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(ht) could direct the deformed cell convert from

twist to coil. Moreover, torsion and curvature of

the coil are proportional to the parameters c
and De, respectively.

(2) Degree of the coiling deformation increases

substantially with the increase of volume strain.

During the deformation process, high Mises

stresses exhibited in the regions that is closer to

two ends of one cell wall.

(3) High frequency of the fiber skeleton will

increase uniformity of the stresses, and then,

the degree of coiling.

(4) The anisotropic shrinkage of cell wall was

based on the fact that cellulose fibers were

infinitely stiff compared to the soft matrix.

When developed a biomimetic fibrous actuator

based on the inspiration from inner layer cell of

the awn, it is strongly suggested that the

modulus ratio between the fibers and matrix

material should exceed 40:1.

(5) The lateral sides of two adjacent inner layer

cells are bound by a thin middle lamella layer

with pore structure. Finite element analysis

results show that soft middle lamella may

improve the coiling behavior of the tissue.

In conclusion, the biophysical principles revealed

by the inner layer cell of the coiling awn tissue may

help to develop a new kind of artificial penetrator

with small size and light weight. This penetrator

would not require additional energy source and

electronic control system. The architecture of rein-

forcement fibers should be programmed in advance

to attain passive actuation of the whole composite.
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[38] Spatz HC, Köhler L, Niklas KJ (1999) Mechanical beha-

viour of plant tissues: composite materials or structures?

J Exp Biol 202:3269–3272

[39] Yamamoto H, Sassus F, Ninomiya M, Gril J (2001) A model

of anisotropic swelling and shrinking process of wood.

Wood Sci Technol 35:167–181

[40] Burgert I, Eder M, Gierlinger N, Fratzl P (2007) Tensile and

compressive stresses in tracheids are induced by swelling

based on geometrical constraints of the wood cell. Planta

226:981–987

[41] Neagu RC, Gamstedt EK (2007) Modeling of effects of

ultrastructural morphology on the hygroelastic properties of

wood fibers. J Mater Sci 42:10254–10274

[42] Burgert I, Frühmann K, Keckes J, Fratzl P, Stanzl-Tschegg S

(2005) Properties of chemically and mechanically isolated

fibres of spruce (Picea abies [L.] Karst.). Part 2: twisting

phenomena. Holzforschung 59:247–251

[43] Meylan BA, Butterfield BG (1978) Helical orientation of the

microfibrils in tracheids, fibres and vessels. Wood Sci

Technol 12:219–222

430 J Mater Sci (2017) 52:415–430


	A 3D micromechanical study of hygroscopic coiling deformation in Pelargonium seed: from material and mechanics perspective
	Abstract
	Introduction
	Materials and methods
	X-ray microtomography scanning
	Finite element analysis

	Results
	Three-dimensional morphology features of the awn tissue
	Simplified mechanical model of the inner layer cell wall
	Simulation results of one finite element cell wall model
	Configuration of the tilted helix fiber skeletons
	Modulus ratios between fibers and matrix
	Macroscopical combination among the FE models

	Discussion
	Conclusions
	References




