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Passive, water fuelled, actuators:  
inspiring examples from nature 
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Natural tissues: molecular materials with a 
hierarchical organisation

! simple building blocks made from a 
limited library of atoms 

! self-assembled macromolecular units 
that are actively hierarchically organised

! Cellulose

! Collagen

! Chitin

from JOURNAL OF THE MECHANICAL BEHAVIOUR OF BIOMEDICAL MATERIALS 4 (2011) 129–145 
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1 billion Tons/Year

1500 billion tons/Year (40% of the organic molecules)
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Natural tissues: tailored to deal with water

! Water is an ubiquitous molecule in nature 

! Tissues’ design: organisms have to “make a choice” (over millions of years) 
about materials to be employed and their organisation

Natural environment

Gao X.F, Jiang L 2004 Biophysics: water-repellent legs of water striders. Nature. 432

Condensation

Parker A.R, Lawrence C.R 2001 Water capture by a 
desert beetle. Nature. 414, 33–34
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Plant cell walls - water fuelled devices

! Wheat Awns! Pine cones ! Erodium awn
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Large stresses and high energy densities

INCA

EGYPTIANS

Chemical energy is converted, through the 
wood structure, into mechanical work  

(silent forces, 1879, Canada)
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Batteries: 100 J/gbattery

100 g of wood + 20 ml water = 2 AAA batteries

10-20 J/gwood
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Plant cell walls: a one-parameter nanocomposite

! Wood structure
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expansion coefficients and driven by resistive heaters have been designed 
for the same purpose49.

Lessons from plant tissue in complex actuation by swelling
Other ideas for actuator systems are inspired by plants that are able to 
move as a result of water absorption50. Plants, most of whose movements 
are slow, are not as highly dynamic as animals. Nonetheless, they have 
developed a variety of motion systems, mainly based on hygromorphic 
principles51. Some of these systems have been described and compared 
in a recent review52. Generally, water-based movements and water trans-
port are essential functions in plants. The systems associated with these 
functions are potentially interesting for biomimetic research. Recently, a 

synthetic water transport system was devised in which the transpiration 
principle of trees was translated into a technological device53. The under-
lying principle is that water is lost by evaporation from the leaves, which 
creates a negative pressure inside the plant’s water-conducting tissues 
and results in the water being pushed upwards54. This means that the 
energy needed to raise the water in a tree is directly provided by the sun 
evaporating water at the leaves’ surfaces. The key problem, which was not 
resolved until recently, is to prevent the disruption of the water column 
under the large tension necessary in a microfluidic water-conducting 
vessel in a high tree. This is an example of a system in which detailed 
elucidation of the physical principles underlying the biological process 
led to the construction of a synthetic device with the same properties53. 
Similar developments may be expected once the physical principles of 
plant actuators are fully understood.

One of the problems is that different types of plant movement, such as 
growth, seed dispersal and the catching of prey, occur at different speeds. 
This has been analysed, and plant movements have been classified55 
according to temporal and spatial scales. Water swelling and shrinking 
are generally responsible for slow and small-scale movements, whereas 
elastic instabilities cause fast and large-scale movements. Another way of 
discussing these differences is to consider the manner in which energy is 
stored before being transformed into the kinetic energy associated with 
movement. In movements in which metabolic processes are directly 
involved, chemical energy is typically used to fuel the actuation. This 
implies some delay in the generation of movement, because any chemical 
reaction requires a certain time to reach completion. This is true for plant 
movements induced by turgor pressure, in which an osmotic pressure is 
built up by active cell processes. Molecular motors in animal muscle cells 
also need chemical energy for contraction, limiting the contraction rate of 
muscles and therefore the speed of animal movement56,57. For extremely 
fast movements in plants, such as the propelling of seeds, energy has to 
be stored in a different, more immediately accessible, way. An interesting 
method is the storage of energy in elastic form, such as in a spring. This is 
also known in animals, for example in powering the jumping of a flea58. 
Processes resulting in slow movement, for example water absorption and 
desorption in a hygroscopic tissue, such as cellulose-based cell walls, may 
occur passively as a consequence of changing air humidity. Examples are 
the opening of pine cones50,59 or the movement of wheat seeds60.

In this section, we discuss two examples of plant movements recently 
described. In the first example, the swelling of the plant cell wall induces 
static stress, as in softwood branches (Fig. 3a, c, d), or slow movements, 
as in pine and spruce cones (Fig. 3b) and various seeds60–62. In the sec-
ond example, an elastic instability is used to trigger a fast movement in 
the Venus flytrap, which catches insects mainly to increase its nitrogen 
supply (Fig. 4).

Movement by cell-wall swelling
Many actuation systems in plants have the common feature that the move-
ment is generated by a differential swelling of different parts of the tissue, 
similar to the function of a bimetal strip measuring temperature. A pas-
sive movement of this kind was first described as a feature of the opening 
of pine cones50,59, which happens when they dry in the air, similarly to 
the spruce cone shown in Fig. 3b. The basis for the differential swelling 
of different parts of the tissue is the intricate structure of the plant cell 
wall4,52. Not unlike the fibrous structure of arthropod cuticle, the major 
part of this wall is composed of cellulose fibrils that are just a few nano-
metres in diameter and are embedded in a hygroscopic matrix containing 
hemi celluloses and lignin. The cellulose fibrils wind in spirals around the 
central cell lumen. Their angle relative to the cell’s long axis is called the 
microfibril angle (MFA). Figure 3c shows schematics of the distribution 
of cells with different MFAs in the branch of a spruce63. Cells with cellu-
lose fibrils oriented almost in parallel to their long axes are located on the 
upper side of the branch, whereas on the lower side the MFA is close to 
40°. Recent studies64,65 have shown that in this system swelling generates 
internal stresses that bend the branch upwards as shown in Fig. 3a.

In this case, the physical origin of the anisotropic distribution of 
stresses is in simple geometric constraints. A section of cell wall that is 

Figure 3 | Common actuators in spruce trees based on cell-wall swelling. 
a, Spruce branches typically curve upwards (arrow). b, Depending on the 
ambient humidity, spruce cones change shape, opening when they dry (right) 
and closing when rewetted (left). c, Distribution of cellulose microfibril angles 
in a spruce branch (based on data from ref. 63). Tube-like cells have a thick 
cell wall containing cellulose fibrils embedded in a matrix of hemicelluloses 
and lignin. Within the main part of the cell wall (the S2 layer), the cellulose 
fibrils have a spiral arrangement around the central lumen of the cell. The 
spiral angle with respect to the cell axis, called the microfibril angle, varies 
throughout the branch as indicated by the colour distribution. d, Schematic 
illustration of the effect of the microfibril angle on the swelling behaviour of 
cylindrical cells. The blue and purple curves show the variation of the axial 
stress (when the cell is not allowed to change length) and the axial strain (when 
no constraint is put on the cell), respectively. The black dashed curve shows 
the Young’s modulus of the cells. For microfibril angles larger than 45°, the 
cells expand in the axial direction; whereas, for smaller microfibril angles, they 
contract. This implies that, on swelling, cells on the lower side of the branch 
expand in the axial direction, whereas cells on the upper side contract. We 
note that the largest contractile stress and contractile strain occur at different 
microfibril angles (minima of the blue and purple curves, respectively), 
implying that the optimal configurations for generating contractile stresses 
and movement are different. The stiffness of the cylinder in the axial direction 
also depends to a large extent on the microfibril angle52,64,65.
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spongy type of bone found for example inside the vertebral body or
close to joints in long bones (Fig. 1). Elements in the network-like
architecture are referred to as trabeculae and are rod- and plate-like in
shape with a smallest dimension of about 150 μm. Each trabecula is a
patchwork of several bone packets. The second possibility is that the
lamellae are curved to form a hollow cylinder. Around 15 of these
cylinders with different diameters form together an osteon (Fig. 1),
which is a cylindrical structure with a diameter of roughly 200 μm and
with a channel in the middle accommodating a blood vessel. Osteons
build up a denser version of bone called compact bone. The typical

combination of compact and trabecular bone in long bones and
vertebrae is that compact bone forms a dense shell, while the inner
part is filled with bone marrow or additionally with trabecular bone.

2.2. Wood

Wood, like bone, is also a nanocomposite, where 2.5 nm thick
cellulose microfibrils are embedded in a matrix of hemicellulose and
lignin (Fig. 2). The hemicelluloses are probably well anchored with
one end at the crystalline parts of the cellulose fibrils, while the other

Fig. 1. Hierarchical structure of bone: 1) the nanocomposite of collagen and mineral particles; 2) collagen fibrils sticking out of a fracture surface; 3) lamellar arrangement of bone
around an osteocyte lacuna (on top); 4) one trabecula consisting of several bone packets; 5) osteons forming compact bone; and 6) cross section through a proximal femur showing
trabecular bone in the upper part and compact bone at the shaft (adapted from [2]).

Fig. 2. Hierarchical structure of wood: 1) the crystalline part of a cellulose microfibril; 2) model of the arrangement of the cellulose fibrils in a matrix of hemicelluloses reinforced by
lignin within the S2-layer; 3) structure of the cell-wall of softwood tracheids with the S1-, S2- and S3-layer; 4) broken tracheids within a fracture surface of spruce wood; the
schematically drawn wood cell and the cellulose fibrils spiralling around with an inclination against the long cell axis known as the microfibril angle (MFA); and 5) cross-section
through the stem showing the sequence of earlywood (cellular structure of low density, darker gray) and latewood (light gray) within an annual ring (adapted from [2]).

1166 R. Weinkamer, P. Fratzl / Materials Science and Engineering C 31 (2011) 1164–1173

1 mm 20  µ!m 

Querschnitt 

Licht  
mikroskopie 

! Bi-component: chemistry + mechanics 
! Swelling of the matrix under the 

constraint of the stiff fibres 
! Anisotropy: functionality

Weinkamer, R. & Fratzl, P. Materials Science and 
Engineering: C (2010).

Fratzl, P. & Barth, F. G. Nature 462, 442–448 (2009).

! Architectural 
organisation allows for 
complex movements
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Molecular understanding: a ‘simple’ force balance
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dGch(⌘) + dGel(⌘) = V⇧d⌘

 
Following the treatment in [1], the elastic behaviour is described as follows (with the 
assumption of plane stress ( 3 0V  ) 
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These equations are written such that the behaviour of the (isotropically) swelling matrix is 
shown on the right side and the constraints (by the applied stresses and by the cellulose fibrils, 
that is, f İ1) on the left side. Please note that the right side depends on the difference between 
total strain and eigenstrain, while the term due to fibril stretching on the left side is 
proportional to the total strain. To make this clear we show in Fig 2 a proxy for this model 
with no external stresses 
 

Swellingmatrix
Eigenstrainɻ

Elastic
Fibers
˜�f

Fig. 2 
 
 

In this model, the fibers act as a external constraint with respect to the swelling matrix. 
Without any constraints, the matrix would swell by Ș in each direction and no elastic energy 
would be stored at all. The fibers, however, counteract this swelling and introduce elastic 
strains (so that the total strains are in fact smaller than Ș on average). Note that the boundary 
condition (plane stress) implies: 
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. (7) 

 
E and Ȟ are Young’s modulus and Poisson coefficient of the (isotropic) matrix surrounding 
the cellulose fibrils, respectively. The parameter f corresponds to the stiffening of the 
composite in 1-direction (see Fig. 1) due to the cellulose fibrils.  
 
With the standard equations for tensor rotation, we obtain a stress-strain curve in x-direction:  
 

 � �x eff xYV  H �D K , (8) 
 

where Yeff is the effective Young’s modulus.  
 

! Hydration Force
! Hemicelluloses 

H-Bonding! Conformational 
entropy

! Mechanical energy 
stored in the composite

Repulsive terms
Attractive terms

Bertinetti et al. PRL 111, 238001 (2013)

Bertinetti, L., Fratzl, P., & Zemb, T. (2016). New Journal of Physics, 18(8), 083048.
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REVIEW   Artful interfaces within biological materials

MARCH 2011  |  VOLUME 14  |  NUMBER 376

(Fig. 6d) giving rise to a marked stiffening of the interface as schematized 

in Fig. 6e. Other examples of similar interlocking structures include the 

bony sutures found in skulls92, the bony armor-plates of the three-

spine stickleback93 that provide a flexible protective system, and the 

interlocking mineralized tesserae found in sharks and rays94-96. How the 

free space between interlocking elements provides flexibility and hinders 

crack propagation has also been demonstrated by materials engineered 

by “prefragmentation”97,98. Structures can be made by specially shaped 

bricks which geometrically interlock such that the failure of an individual 

brick does not propagate into the rest of the structure99.

Interfaces to develop forces and motion
Many plant organs move or develop stresses upon changes in humidity, 

in contrast to the fast movements of the well-known Venus fly 

trap100 which requires that active chemical energy be provided by the 

organism86. Plant organs that move upon hydration include the wheat 

awn19,101, the pine cone18,102, the seed capsules of Acanthaceae21, 

and examples of stress generating organs include tension wood103 

and contractile root systems104. The governing principal behind all 

of these hydroscopic actuators is that they consist of at least two 

types of tissues which can contract or expand with differing amounts 

upon hydration or drying9,105. Possibilities are that two materials with 

different swelling properties constrain each other over a tight interface 

like in a bimetallic strip. An alternative is to make use of external 

geometric constraints to control the direction of swelling of a tissue.

Two examples from actuating plants, where swelling of different 

tissues is mediated by the architecture of the stiff cellulose fibrils, 

are the pine cone and the wheat awn. The hygroscopic component of 

the cell walls is the hemicellulose matrix responsible for the plastic 

deformation of wood encountered in the previous section (Fig. 5a). 

The pine cone (Fig. 7) is a well-known natural actuator in which the 

dead tissue that makes up the scales moves upon changes in humidity 

allowing the seeds inside the pine cone to be released18. Each scale 

consists of two types of tissues, one consisting of cells in which the 

cellulose microfibrils are aligned along the length of the scale and the 

other in which they are perpendicular102. Upon drying the interfacial 

matrix between the fibers shrinks on the lower half of the scales (Figs. 

7c and d). The presence of the fibers leads to anisotropic contraction 

which is hindered by the stiffer surrounding tissue, thus leading to a 

bending of the scales (Figs. 7a and b). A similar principle to the bilayer 

is observed in wheat awns; the “antenna-like” structures attached 

to the wheat grain19,101. A cross-section through the awn again 

reveals two tissue types with different cellulose organization. One 

with cellulose fibrils aligned along the awn, thus constrained to swell 

anisotropically, and the other with more randomly oriented cellulose 

fibrils, which swell more isotropically. This allows the awns to open and 

close in a “swimming movement”, thus propelling the seed along the 

ground.

Another example of geometric constraints on a swelling tissue is 

found in the red clover. This has a contractile root system that enables 

it to actively pull the foliage buds into the ground as the plant grows104. 

It is thought that this contractile process helps protect underground 

organs from external environmental changes as well as facilitate 

vegetative spreading of the root system. The active root contraction 

Fig. 7 A sketch of actuation of scales in a pine cone upon (a) drying and (b) wetting. Each scale can be viewed as a bilayer structure (c,d) in which the swelling/
shrinking direction in each layer is constrained by the orientation of the stiff cellulose microfibrils. The bottom layer (blue) upon shrinking will contract along the 
length of the scale however, the stiff upper layer will not contract, thus causing the pine cone to open (figure based on18 and 86 ).
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expansion coefficients and driven by resistive heaters have been designed 
for the same purpose49.

Lessons from plant tissue in complex actuation by swelling
Other ideas for actuator systems are inspired by plants that are able to 
move as a result of water absorption50. Plants, most of whose movements 
are slow, are not as highly dynamic as animals. Nonetheless, they have 
developed a variety of motion systems, mainly based on hygromorphic 
principles51. Some of these systems have been described and compared 
in a recent review52. Generally, water-based movements and water trans-
port are essential functions in plants. The systems associated with these 
functions are potentially interesting for biomimetic research. Recently, a 

synthetic water transport system was devised in which the transpiration 
principle of trees was translated into a technological device53. The under-
lying principle is that water is lost by evaporation from the leaves, which 
creates a negative pressure inside the plant’s water-conducting tissues 
and results in the water being pushed upwards54. This means that the 
energy needed to raise the water in a tree is directly provided by the sun 
evaporating water at the leaves’ surfaces. The key problem, which was not 
resolved until recently, is to prevent the disruption of the water column 
under the large tension necessary in a microfluidic water-conducting 
vessel in a high tree. This is an example of a system in which detailed 
elucidation of the physical principles underlying the biological process 
led to the construction of a synthetic device with the same properties53. 
Similar developments may be expected once the physical principles of 
plant actuators are fully understood.

One of the problems is that different types of plant movement, such as 
growth, seed dispersal and the catching of prey, occur at different speeds. 
This has been analysed, and plant movements have been classified55 
according to temporal and spatial scales. Water swelling and shrinking 
are generally responsible for slow and small-scale movements, whereas 
elastic instabilities cause fast and large-scale movements. Another way of 
discussing these differences is to consider the manner in which energy is 
stored before being transformed into the kinetic energy associated with 
movement. In movements in which metabolic processes are directly 
involved, chemical energy is typically used to fuel the actuation. This 
implies some delay in the generation of movement, because any chemical 
reaction requires a certain time to reach completion. This is true for plant 
movements induced by turgor pressure, in which an osmotic pressure is 
built up by active cell processes. Molecular motors in animal muscle cells 
also need chemical energy for contraction, limiting the contraction rate of 
muscles and therefore the speed of animal movement56,57. For extremely 
fast movements in plants, such as the propelling of seeds, energy has to 
be stored in a different, more immediately accessible, way. An interesting 
method is the storage of energy in elastic form, such as in a spring. This is 
also known in animals, for example in powering the jumping of a flea58. 
Processes resulting in slow movement, for example water absorption and 
desorption in a hygroscopic tissue, such as cellulose-based cell walls, may 
occur passively as a consequence of changing air humidity. Examples are 
the opening of pine cones50,59 or the movement of wheat seeds60.

In this section, we discuss two examples of plant movements recently 
described. In the first example, the swelling of the plant cell wall induces 
static stress, as in softwood branches (Fig. 3a, c, d), or slow movements, 
as in pine and spruce cones (Fig. 3b) and various seeds60–62. In the sec-
ond example, an elastic instability is used to trigger a fast movement in 
the Venus flytrap, which catches insects mainly to increase its nitrogen 
supply (Fig. 4).

Movement by cell-wall swelling
Many actuation systems in plants have the common feature that the move-
ment is generated by a differential swelling of different parts of the tissue, 
similar to the function of a bimetal strip measuring temperature. A pas-
sive movement of this kind was first described as a feature of the opening 
of pine cones50,59, which happens when they dry in the air, similarly to 
the spruce cone shown in Fig. 3b. The basis for the differential swelling 
of different parts of the tissue is the intricate structure of the plant cell 
wall4,52. Not unlike the fibrous structure of arthropod cuticle, the major 
part of this wall is composed of cellulose fibrils that are just a few nano-
metres in diameter and are embedded in a hygroscopic matrix containing 
hemi celluloses and lignin. The cellulose fibrils wind in spirals around the 
central cell lumen. Their angle relative to the cell’s long axis is called the 
microfibril angle (MFA). Figure 3c shows schematics of the distribution 
of cells with different MFAs in the branch of a spruce63. Cells with cellu-
lose fibrils oriented almost in parallel to their long axes are located on the 
upper side of the branch, whereas on the lower side the MFA is close to 
40°. Recent studies64,65 have shown that in this system swelling generates 
internal stresses that bend the branch upwards as shown in Fig. 3a.

In this case, the physical origin of the anisotropic distribution of 
stresses is in simple geometric constraints. A section of cell wall that is 

Figure 3 | Common actuators in spruce trees based on cell-wall swelling. 
a, Spruce branches typically curve upwards (arrow). b, Depending on the 
ambient humidity, spruce cones change shape, opening when they dry (right) 
and closing when rewetted (left). c, Distribution of cellulose microfibril angles 
in a spruce branch (based on data from ref. 63). Tube-like cells have a thick 
cell wall containing cellulose fibrils embedded in a matrix of hemicelluloses 
and lignin. Within the main part of the cell wall (the S2 layer), the cellulose 
fibrils have a spiral arrangement around the central lumen of the cell. The 
spiral angle with respect to the cell axis, called the microfibril angle, varies 
throughout the branch as indicated by the colour distribution. d, Schematic 
illustration of the effect of the microfibril angle on the swelling behaviour of 
cylindrical cells. The blue and purple curves show the variation of the axial 
stress (when the cell is not allowed to change length) and the axial strain (when 
no constraint is put on the cell), respectively. The black dashed curve shows 
the Young’s modulus of the cells. For microfibril angles larger than 45°, the 
cells expand in the axial direction; whereas, for smaller microfibril angles, they 
contract. This implies that, on swelling, cells on the lower side of the branch 
expand in the axial direction, whereas cells on the upper side contract. We 
note that the largest contractile stress and contractile strain occur at different 
microfibril angles (minima of the blue and purple curves, respectively), 
implying that the optimal configurations for generating contractile stresses 
and movement are different. The stiffness of the cylinder in the axial direction 
also depends to a large extent on the microfibril angle52,64,65.
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expansion coefficients and driven by resistive heaters have been designed 
for the same purpose49.

Lessons from plant tissue in complex actuation by swelling
Other ideas for actuator systems are inspired by plants that are able to 
move as a result of water absorption50. Plants, most of whose movements 
are slow, are not as highly dynamic as animals. Nonetheless, they have 
developed a variety of motion systems, mainly based on hygromorphic 
principles51. Some of these systems have been described and compared 
in a recent review52. Generally, water-based movements and water trans-
port are essential functions in plants. The systems associated with these 
functions are potentially interesting for biomimetic research. Recently, a 

synthetic water transport system was devised in which the transpiration 
principle of trees was translated into a technological device53. The under-
lying principle is that water is lost by evaporation from the leaves, which 
creates a negative pressure inside the plant’s water-conducting tissues 
and results in the water being pushed upwards54. This means that the 
energy needed to raise the water in a tree is directly provided by the sun 
evaporating water at the leaves’ surfaces. The key problem, which was not 
resolved until recently, is to prevent the disruption of the water column 
under the large tension necessary in a microfluidic water-conducting 
vessel in a high tree. This is an example of a system in which detailed 
elucidation of the physical principles underlying the biological process 
led to the construction of a synthetic device with the same properties53. 
Similar developments may be expected once the physical principles of 
plant actuators are fully understood.

One of the problems is that different types of plant movement, such as 
growth, seed dispersal and the catching of prey, occur at different speeds. 
This has been analysed, and plant movements have been classified55 
according to temporal and spatial scales. Water swelling and shrinking 
are generally responsible for slow and small-scale movements, whereas 
elastic instabilities cause fast and large-scale movements. Another way of 
discussing these differences is to consider the manner in which energy is 
stored before being transformed into the kinetic energy associated with 
movement. In movements in which metabolic processes are directly 
involved, chemical energy is typically used to fuel the actuation. This 
implies some delay in the generation of movement, because any chemical 
reaction requires a certain time to reach completion. This is true for plant 
movements induced by turgor pressure, in which an osmotic pressure is 
built up by active cell processes. Molecular motors in animal muscle cells 
also need chemical energy for contraction, limiting the contraction rate of 
muscles and therefore the speed of animal movement56,57. For extremely 
fast movements in plants, such as the propelling of seeds, energy has to 
be stored in a different, more immediately accessible, way. An interesting 
method is the storage of energy in elastic form, such as in a spring. This is 
also known in animals, for example in powering the jumping of a flea58. 
Processes resulting in slow movement, for example water absorption and 
desorption in a hygroscopic tissue, such as cellulose-based cell walls, may 
occur passively as a consequence of changing air humidity. Examples are 
the opening of pine cones50,59 or the movement of wheat seeds60.

In this section, we discuss two examples of plant movements recently 
described. In the first example, the swelling of the plant cell wall induces 
static stress, as in softwood branches (Fig. 3a, c, d), or slow movements, 
as in pine and spruce cones (Fig. 3b) and various seeds60–62. In the sec-
ond example, an elastic instability is used to trigger a fast movement in 
the Venus flytrap, which catches insects mainly to increase its nitrogen 
supply (Fig. 4).

Movement by cell-wall swelling
Many actuation systems in plants have the common feature that the move-
ment is generated by a differential swelling of different parts of the tissue, 
similar to the function of a bimetal strip measuring temperature. A pas-
sive movement of this kind was first described as a feature of the opening 
of pine cones50,59, which happens when they dry in the air, similarly to 
the spruce cone shown in Fig. 3b. The basis for the differential swelling 
of different parts of the tissue is the intricate structure of the plant cell 
wall4,52. Not unlike the fibrous structure of arthropod cuticle, the major 
part of this wall is composed of cellulose fibrils that are just a few nano-
metres in diameter and are embedded in a hygroscopic matrix containing 
hemi celluloses and lignin. The cellulose fibrils wind in spirals around the 
central cell lumen. Their angle relative to the cell’s long axis is called the 
microfibril angle (MFA). Figure 3c shows schematics of the distribution 
of cells with different MFAs in the branch of a spruce63. Cells with cellu-
lose fibrils oriented almost in parallel to their long axes are located on the 
upper side of the branch, whereas on the lower side the MFA is close to 
40°. Recent studies64,65 have shown that in this system swelling generates 
internal stresses that bend the branch upwards as shown in Fig. 3a.

In this case, the physical origin of the anisotropic distribution of 
stresses is in simple geometric constraints. A section of cell wall that is 

Figure 3 | Common actuators in spruce trees based on cell-wall swelling. 
a, Spruce branches typically curve upwards (arrow). b, Depending on the 
ambient humidity, spruce cones change shape, opening when they dry (right) 
and closing when rewetted (left). c, Distribution of cellulose microfibril angles 
in a spruce branch (based on data from ref. 63). Tube-like cells have a thick 
cell wall containing cellulose fibrils embedded in a matrix of hemicelluloses 
and lignin. Within the main part of the cell wall (the S2 layer), the cellulose 
fibrils have a spiral arrangement around the central lumen of the cell. The 
spiral angle with respect to the cell axis, called the microfibril angle, varies 
throughout the branch as indicated by the colour distribution. d, Schematic 
illustration of the effect of the microfibril angle on the swelling behaviour of 
cylindrical cells. The blue and purple curves show the variation of the axial 
stress (when the cell is not allowed to change length) and the axial strain (when 
no constraint is put on the cell), respectively. The black dashed curve shows 
the Young’s modulus of the cells. For microfibril angles larger than 45°, the 
cells expand in the axial direction; whereas, for smaller microfibril angles, they 
contract. This implies that, on swelling, cells on the lower side of the branch 
expand in the axial direction, whereas cells on the upper side contract. We 
note that the largest contractile stress and contractile strain occur at different 
microfibril angles (minima of the blue and purple curves, respectively), 
implying that the optimal configurations for generating contractile stresses 
and movement are different. The stiffness of the cylinder in the axial direction 
also depends to a large extent on the microfibril angle52,64,65.
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keeping the material which is necessary for the mechanical
performance. A basic construction principle of a truss structure is to
avoid bending in the single beam elements of the truss, because a
beam is more vulnerable to bending than to axial compression or
tension. The network of trabeculae in trabecular bone (Fig. 1) is a close
realization of a truss. It has been argued that its construction principle,
referred to as Wolff's law, is exactly to avoid bending of the single
trabeculae by placing all the material along the main loading
directions (for a detailed discussion see [53,54]). Even though the
trabecular architecture is adapted to a standard loading pattern at a
specific point in time, the question remains of how does bone deal
with a possible change in this external loading pattern? Fig. 6 shows
an example of how such a change in the loading pattern can occur
[55]. Due to a pathological ossification a bony bridge formed between
two adjacent vertebrae (visible in the bony spur at the upper left part
of the vertebra). The loading on the vertebra, therefore, stopped to
occur via the intervertebral disc as usual, but changed to a loading via
this bony bridge. This altered loading pattern caused an adaptive
response of the structure as can be seen by the diagonal stress bridges,
which are not observed in normally loaded trabecular bone. Since not
only new bone can be deposited but also old bone can be removed, the
sketch in Fig. 6, left, demonstrates how a reorientation of a trabecula
can be realized. Computer simulations, however, demonstrated that
although the reorientation of a single trabecula can be realized rather
fast, the time needed for a collective reorientation of the full
trabecular architecture is approximately 12 years [28].

Also for a growing tree the necessity of a reorientation of load-
bearing structures can occur. Examples are that a small landslide
resulted in a new inclined location of the tree (Fig. 6, right) making it
preferable for the tree to reorient the whole stem to a new upright
position. Also during the growth of a branch an upward reorientation
of the branch can be mechanically advantageous to reduce the strong

bending moments due to the increasing lever arm of the branch. The
elegant solution employed by Nature to perform reorientations is by
generation of internal stresses in specific wood tissues [21,56,57]. To
reorient the stem or a branch in a more upright position, either so
called compression wood, which exerts compressive stresses on its
environment, can be formed on the lower part of the stem/branch, or
tension wood on the upper part (Fig. 6, bottom, right). Both strategies
are found in trees with compression wood found in softwood, and
tension wood in hardwood. The stress generation is controlled by the
architecture of the wood cell wall where the orientation of the
cellulose microfibrils described by the microfibril angle (MFA) plays a
crucial role.

In softwoods the MFA in the S2 layer of the cell wall of normal
wood tracheids is rather small with values around 10° and the cells
have a rectangular shape. Compression wood tracheids, however,
feature larger MFAs and the cells have a rounder shape. With swelling
experiments it was demonstrated that this different cell wall
architecture leads in normal wood tracheids to a small decrease in
length, while the compression wood cell reacts with a large increase
in length [58]. This behaviour of the cell could be well described by a
simple mechanical model, which includes as main parameters the
MFA and the ratio between the elastic moduli of the cellulose fibrils to
the softer matrix [59].

The strategy employed by hardwoods to generate even higher
tensile stresses often involves a so-called G-layer [60–63]. In tension
wood fibres such a G-layer can fill most of the otherwise empty
central lumen of the cell. Within the layer consisting almost of pure
cellulose, the fibrils are well aligned along the cell axis, i.e. the MFA is
close to zero. This alignment of the fibril makes the G-layer stiff in
axial direction, while it is strongly swellable in the transverse
direction. Modelling the interaction of an expanding G-layer with a
secondary cell wall showed that an adjusted MFA in the cell wall can

Fig. 6. Different ways of reorientation of trabecular bone and trees. Left, due to a pathology the trabecular bone and the resulting change in the external loading (see text), the
orientation of the trabecular architecture shows unusual diagonal structures [55]. The reorientation of trabeculae can occur by removing and depositing material at the appropriate
places, leading in a computer model to a reorientation of the trabeculae after the main loading direction was changed [28] (left bottom, with permission). The bone material remains
free of internal stresses. Right, crooked trees growing on an inclined ground in the Carnic Alps. The reorientation of the stem can occur by either growing compression wood on the
outer side as found in softwood or tension wood at the inner side as found in hardwood. Corresponding to the formation of compression or tension wood the cross-section of the
stem changes [16] (with permission). Note the analogy to bimetallic stripes where also internal stresses (in this case thermal stresses) are used to reorient structures.
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expansion coefficients and driven by resistive heaters have been designed 
for the same purpose49.

Lessons from plant tissue in complex actuation by swelling
Other ideas for actuator systems are inspired by plants that are able to 
move as a result of water absorption50. Plants, most of whose movements 
are slow, are not as highly dynamic as animals. Nonetheless, they have 
developed a variety of motion systems, mainly based on hygromorphic 
principles51. Some of these systems have been described and compared 
in a recent review52. Generally, water-based movements and water trans-
port are essential functions in plants. The systems associated with these 
functions are potentially interesting for biomimetic research. Recently, a 

synthetic water transport system was devised in which the transpiration 
principle of trees was translated into a technological device53. The under-
lying principle is that water is lost by evaporation from the leaves, which 
creates a negative pressure inside the plant’s water-conducting tissues 
and results in the water being pushed upwards54. This means that the 
energy needed to raise the water in a tree is directly provided by the sun 
evaporating water at the leaves’ surfaces. The key problem, which was not 
resolved until recently, is to prevent the disruption of the water column 
under the large tension necessary in a microfluidic water-conducting 
vessel in a high tree. This is an example of a system in which detailed 
elucidation of the physical principles underlying the biological process 
led to the construction of a synthetic device with the same properties53. 
Similar developments may be expected once the physical principles of 
plant actuators are fully understood.

One of the problems is that different types of plant movement, such as 
growth, seed dispersal and the catching of prey, occur at different speeds. 
This has been analysed, and plant movements have been classified55 
according to temporal and spatial scales. Water swelling and shrinking 
are generally responsible for slow and small-scale movements, whereas 
elastic instabilities cause fast and large-scale movements. Another way of 
discussing these differences is to consider the manner in which energy is 
stored before being transformed into the kinetic energy associated with 
movement. In movements in which metabolic processes are directly 
involved, chemical energy is typically used to fuel the actuation. This 
implies some delay in the generation of movement, because any chemical 
reaction requires a certain time to reach completion. This is true for plant 
movements induced by turgor pressure, in which an osmotic pressure is 
built up by active cell processes. Molecular motors in animal muscle cells 
also need chemical energy for contraction, limiting the contraction rate of 
muscles and therefore the speed of animal movement56,57. For extremely 
fast movements in plants, such as the propelling of seeds, energy has to 
be stored in a different, more immediately accessible, way. An interesting 
method is the storage of energy in elastic form, such as in a spring. This is 
also known in animals, for example in powering the jumping of a flea58. 
Processes resulting in slow movement, for example water absorption and 
desorption in a hygroscopic tissue, such as cellulose-based cell walls, may 
occur passively as a consequence of changing air humidity. Examples are 
the opening of pine cones50,59 or the movement of wheat seeds60.

In this section, we discuss two examples of plant movements recently 
described. In the first example, the swelling of the plant cell wall induces 
static stress, as in softwood branches (Fig. 3a, c, d), or slow movements, 
as in pine and spruce cones (Fig. 3b) and various seeds60–62. In the sec-
ond example, an elastic instability is used to trigger a fast movement in 
the Venus flytrap, which catches insects mainly to increase its nitrogen 
supply (Fig. 4).

Movement by cell-wall swelling
Many actuation systems in plants have the common feature that the move-
ment is generated by a differential swelling of different parts of the tissue, 
similar to the function of a bimetal strip measuring temperature. A pas-
sive movement of this kind was first described as a feature of the opening 
of pine cones50,59, which happens when they dry in the air, similarly to 
the spruce cone shown in Fig. 3b. The basis for the differential swelling 
of different parts of the tissue is the intricate structure of the plant cell 
wall4,52. Not unlike the fibrous structure of arthropod cuticle, the major 
part of this wall is composed of cellulose fibrils that are just a few nano-
metres in diameter and are embedded in a hygroscopic matrix containing 
hemi celluloses and lignin. The cellulose fibrils wind in spirals around the 
central cell lumen. Their angle relative to the cell’s long axis is called the 
microfibril angle (MFA). Figure 3c shows schematics of the distribution 
of cells with different MFAs in the branch of a spruce63. Cells with cellu-
lose fibrils oriented almost in parallel to their long axes are located on the 
upper side of the branch, whereas on the lower side the MFA is close to 
40°. Recent studies64,65 have shown that in this system swelling generates 
internal stresses that bend the branch upwards as shown in Fig. 3a.

In this case, the physical origin of the anisotropic distribution of 
stresses is in simple geometric constraints. A section of cell wall that is 

Figure 3 | Common actuators in spruce trees based on cell-wall swelling. 
a, Spruce branches typically curve upwards (arrow). b, Depending on the 
ambient humidity, spruce cones change shape, opening when they dry (right) 
and closing when rewetted (left). c, Distribution of cellulose microfibril angles 
in a spruce branch (based on data from ref. 63). Tube-like cells have a thick 
cell wall containing cellulose fibrils embedded in a matrix of hemicelluloses 
and lignin. Within the main part of the cell wall (the S2 layer), the cellulose 
fibrils have a spiral arrangement around the central lumen of the cell. The 
spiral angle with respect to the cell axis, called the microfibril angle, varies 
throughout the branch as indicated by the colour distribution. d, Schematic 
illustration of the effect of the microfibril angle on the swelling behaviour of 
cylindrical cells. The blue and purple curves show the variation of the axial 
stress (when the cell is not allowed to change length) and the axial strain (when 
no constraint is put on the cell), respectively. The black dashed curve shows 
the Young’s modulus of the cells. For microfibril angles larger than 45°, the 
cells expand in the axial direction; whereas, for smaller microfibril angles, they 
contract. This implies that, on swelling, cells on the lower side of the branch 
expand in the axial direction, whereas cells on the upper side contract. We 
note that the largest contractile stress and contractile strain occur at different 
microfibril angles (minima of the blue and purple curves, respectively), 
implying that the optimal configurations for generating contractile stresses 
and movement are different. The stiffness of the cylinder in the axial direction 
also depends to a large extent on the microfibril angle52,64,65.
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RTT: Force generation during dehydration 
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