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Abstract. When wood is split or cut along the 

grain, a reduction in tensile stiffness has been 

observed. The averaged mechanical properties 

of wood samples, veneers or splinters therefore 

change when their thickness is less than about 1 

mm. The loss of stiffness increases as the 

thickness approaches that of a single cell. The 

mechanism of the effect depends on whether 

the longitudinal fission plane is between or 

through the cells. Isolated single cells are a 

model for fission between cells. Each cell 

within bulk wood is prevented from twisting by 

attachment to its neighbours. Separation of 

adjacent cells lifts this restriction on twisting 

and facilitates elongation as the cellulose 

microfibrils reorientate towards the stretching 

direction. In contrast when the wood is cut or 

split along the centre of the cells, it appears that 

co-operative action by the S1, S2 and S3 cell-

wall layers in resisting tensile stress may be 

disrupted. Since much of what is known about 

the nanoscale mechanism of wood deformation 

comes from experiments on thin samples, 

caution is needed in applying this knowledge to 

structural-sized timber. The loss of stiffness at 

longitudinal fracture faces may augment the 

remarkable capacity of wood to resist fracture 

by deflecting cracks into the axial plane. These 

observations also point to mechanisms for 

enhancing toughness that are unique to wood 

and have biomimetic potential for the design of 

composite materials. 

Keywords:   Single cells, tensile modulus, 

shear, Poisson ratio, fracture 

 

Introduction 

Trees can be taller than any other living 

structures on earth, and are subjected to great 

forces by wind loading and their own weight 

(Koch et al. 2004). Nevertheless wood is not 

usually classed with strong biological materials 

like spider silk and bivalve byssus, which 

derive their exceptional fracture resistance from 

energy-absorbing flexibility (Bradley 2018, Liu 

et al. 2019). Wood is not flexible. Its stiffness 

varies from moderate to high depending on its 

position and structural function in the tree 

(Lachenbruch et al. 2011). Wood with cellulose 

microfibrils well-oriented along the cell axis 

has stiffness-to-weight and strength-to-weight 

ratios greater than other biological materials 

and comparable with steel (Ashby et al. 1995).  

Within a trunk the longitudinal modulus can 

vary by an order of magnitude between flexible 

juvenile wood at the base, laid down when the 

tree was a sapling bending freely, to very stiff 

mature wood in the outermost annual rings 

(Lachenbruch et al. 2011). The stiff mature 

wood is well placed to protect the trunk from 

buckling failure when subjected to compressive 

load under the weight of the fully-grown crown 

(Gardiner et al. 2016). The variation in stiffness 

within a tree is controlled mainly by the 

microfibril angle (MFA), the helical angle at 

which the cellulose microfibrils are wound 

round each wood cell in the dominant S2 layer 

of the wood cell wall (Reiterer et al. 1999). 

Microfibril angles range from 5-10° in stiff 

mature wood up to 45° in flexible juvenile 

wood (Barnett and Bonham 2004). 

In materials like glass fibre, thin dimensions 

impart freedom from flaws and therefore 

resistance to fracture (Griffith, 1920). Similarly 

at length scales larger than millimetres, cutting 

wood into thin, knot-free laminations and 

gluing these together can yield laminated beams 

that are stronger than the original wood, in 

which fracture begins at knots (Blank et al. 

2017). However, there is evidence that at 

smaller length scales, thin dimensions can 

degrade mechanical performance. Despite 

experimental difficulties in measuring tensile 

stiffness (Burgert and Keplinger 2013), a loss 

of stiffness has repeatedly been observed (Eder 

et al. 2013) when the lateral dimensions of a 

wood specimen approach the width of its 

constituent cells, approximately 30 m.  

This ‘thin sample effect’ implies that 

deformation mechanisms are facilitated, or that 

additional mechanisms come into play in thin 

wood samples under tension. Much of what is 

assumed about the molecular-scale deformation 

of structural timber is extrapolated from 

experiments on thin samples or single cells. 

Uncertainty therefore arises from this 

extrapolation, which has been hard to avoid 

because the relevant spectroscopic and 

scattering techniques (Eder et al. 2013) are 

mostly based on radiation that does not pass 

through more than 1 mm of wood. Exceptions 

are near-infrared spectroscopy (Guo and 

Altaner 2018), neutron scattering and 

synchrotron X-ray scattering experiments on 

wood deformed in bending mode (Alméras et 

al. 2017; Montero et al. 2012). Consequently 

these techniques are valuable for understanding 



nanoscale deformation mechanisms in wood 

with larger dimensions and identifying where 

we may have been misled by experiments on 

thin samples. 

This review discusses a) some possible 

mechanisms for the observed loss in stiffness in 

thin sections and single cells of wood, and b) 

the implications for fracture processes in solid 

wood. Most of the published evidence concerns 

softwoods. Hardwoods and woody 

graminaceous plants like bamboo have cell 

walls of rather different polymer composition 

and architecture (Keplinger et al. 2014) and it 

needs to be confirmed whether the following 

considerations are applicable to hardwood and 

bamboo too.  

 

Observations of reduced stiffness in thin 

wood samples  

When softwoods are split or cut along the grain, 

the cells can either separate along the line of the 

middle lamella or split by rupture of the cell 

walls (Figure 1). On separating softwood 

material into single cells, even with great care 

to minimise damage, the tensile modulus is 

reduced (Keckes et al. 2003). Eder et al. (2013) 

collected data from a number of studies to show 

that single cells with low microfibril angle had 

smaller tensile modulus than solid wood, while 

at high microfibril angles there was little 

difference. If an isolated wood cell is free to 

twist under tensile load, the tensile modulus is 

reduced further (Keckes et al. 2003). When a 

single cell is anchored at the ends for tensile 

testing it cannot twist overall, but local twisting 

remains possible at compliant domains along 

the cell's length (Keckes et al. 2003; Eder et al. 

2009). Twisting is of course prevented when the 

cells adhere together in solid wood.  

It has been less widely recognised that splitting 

wood cells also reduces their stiffness, but 

Gierlinger (2018) showed that thin sheets of 

split cells (Figure 1), such as longitudinally 

microtomed sections, retain even less tensile 

stiffness than separated cells (Navi et al. 1995; 

Reiterer et al. 1999; Burgert and Jungnikl 2004; 

Yu et al. 2009). Mature spruce earlywood 

samples with relatively low microfibril angle 

prepared in this way for FTIR spectroscopy, 

with a nominal section thickness of about 20 

m comprising one double-wall sheet, had a 

tensile modulus of approximately 2 GPa when 

dry or 1 GPa when wet (Salmén and Bergström 

2009; Altaner et al. 2014), much lower than the 

tensile modulus that would be expected for 

earlywood of macroscopic samples of the same 

species with the same microfibril angle (Eder 

2009; USDA 2010). The difference in tensile 

modulus between the dry and wet states was 

also greater than in macroscopic wood samples. 

Smaller and more variable reductions in tensile 

modulus have been recorded for sections 200 

m to 500 m in thickness used for X-ray 

scattering experiments (Peura et al. 2007; 

Müller et al. 2011; Reiterer et al. 1999). Biblis 

(1970) observed a positive relationship of 

tensile modulus to sample thickness over the 70 

m to 300 m range. Wang et al. (2017) found 

that dry 500 m thick microtomed sections had 

approximately the tensile moduli that would be 

expected for bulk pine samples of similar 

microfibril angle, but effects on stiffness have 

been observed in veneers up to a thickness of 

about 1 mm (Buchelt and Pfriem 2011).  

 

 

Figure 1: Cross-sections of wood separated in 

different ways: (left) single cell separated along 

the middle lamella; (right) thin sheet excised by 

cutting the cells lengthwise. Grey: secondary 

cell wall: black: compounds middle lamella; 

white: cell lumen. 

 

Potential mechanisms  

We will first describe the stretching 

mechanisms proposed for thin samples 

including separated cells. In particular we will 

explore the evidence on how interfibrillar shear 

is facilitated. We will then return to the question 

of how wood in larger dimensions may differ. 

The mechanism of tensile deformation depends 

on whether the microfibril angle is high or low. 



Studies on hydrated single cells with high MFA 

have shown that elongation comes from 

rotation of the microfibrils towards the line of 

stress, is partially irreversible when the stress 

exceeds the yield point corresponding to a 

prominent break in the slope of the load-

deformation curve, and is time-dependent 

(viscoelastic) (Keckes et al. 2003). Assuming 

that the microfibril and macrofibril spacings 

remain constant and the cell is prevented from 

twisting, microfibril rotation needs to be 

accompanied by shear so that the opposite-

handed twisting tendencies of rotation and 

shear cancel (Keckes et al. 2003; Schniewind, 

1972). Being observable in single cells, shear 

must take place within the cell wall and not 

between cells (Keckes et al. 2003). After 

irreversible shear deformation, the displaced 

microfibrils are mechanically effective in their 

new configuration. Irreversible elongation then 

absorbs energy without loss of strength (Keckes 

et al. 2003; Altaner and Jarvis 2008). 

Functionally, the deformation mechanism of 

wood resembles the different mechanisms that 

provide fracture energy in strong, but less stiff, 

protein-based materials like spider silk 

(Koebley et al. 2017).  

In contrast, when the microfibril angle is 

initially low there is not much room for 

cellulose fibrils to rotate (Reiterer et al. 2001; 

Peura et al. 2007; Wang et al. 2017) and the 

rotation contributes little increment in length. 

The relative elongation is ε = L/L0 = cos  - 

cos0, where L is length,  is the microfibril 

angle and the index 0 denotes the starting 

position. The derivative is ε/d = -sin. Thus, 

the effect of, e.g., 1° rotation becomes 

vanishingly small as 0 approaches zero. So 

does the leverage transforming axial force into 

rotational force. These geometric 

considerations also apply to local deviations of 

microfibril orientation within the cell wall, such 

as waves and kinks.  

Thin samples with low microfibril angle do not 

show a distinct yield point in their load-

deformation curves (e.g. Salmén and Bergström 

2009). There is surprisingly little direct 

information on the extent to which their tensile 

deformation is irreversible. 

The principal mechanism of elongation at low 

microfibril angles is the elastic stretching of the 

cellulose chains themselves (Altaner et al. 

2014). However, if this were the only 

mechanism the projected strain on cellulose 

(crystallographic strain) would exactly match 

the macroscopic strain. It does not, especially 

when the wood is hydrated (Alméras et al. 

2017). In thin wood samples with split cells at 

the surface, reduced macroscopic stiffness is 

associated with reduced stretching of the 

cellulose microfibrils as assessed by diffraction 

(Nakai et al. 2005; Peura et al. 2007). At a given 

macroscopic elongation, bandshifts in 

vibrational spectroscopy, a relative measure of 

the molecular stretching of cellulose chains, are 

time-dependent (Altaner et al. 2014) and 

reduced by hydration (Alméras et al. 2017).  

The simplest interpretation of these 

observations is that the cellulose fibrils are not 

infinitely long (Abraham and Elbaum 2013; 

Reza et al. 2014) and that there is axial shear 

between them, making up the discrepancy 

between macroscopic and projected 

crystallographic strain. Cellulose strain returns 

to zero on unloading even when macroscopic 

strain does not, implying that axial shear is at 

least partially irreversible (Nakai et al. 2006; 

Gierlinger 2018; Peura et al. 2007).  

Shear, in a plane parallel to the fibril 

orientation, is thus a key feature of the 

stretching of thin wood samples whether they 

have high or low MFA. At high MFA its 

presence is inferred from measurements of 

fibril rotation unaccompanied by net twisting of 

the wood cell (Reiterer et al. 2001). At low 

MFA its presence is inferred from the 

discrepancy between macroscopic and 

projected cellulose crystallographic strain. It 

may be asked whether, at the molecular scale, 

the mechanism of shear is the same at high and 

low MFA. In both situations shear is time-

dependent, partly irreversible and facilitated by 

moisture (Reiterer et al. 2001; Keckes et al. 

2003; Salmén and Bergström 2009; Alméras et 

al. 2017; Wang et al. 2017). Differences include 

the lack of any apparent yield threshold in the 

load-deformation curve at low MFA 

(Kamiyama et al. 2005; Salmén and Bergström 

2009). It is possible that at low MFA 

irreversibility only occurs above a threshold 

stress, but this is not clear from the data 

available (Nakai et al. 2006; Peura et al. 2007). 

It seems reasonable that there should be at least 

some common features between the molecular 

mechanisms of shear at high and low MFA, but 

it does not follow that the detailed mechanism 

and molecular-scale location are identical. 



Creep, which can happen at low stress level 

(USDA, 2010), is likely accompanied by 

molecular shear but again the mechanistic 

details and location are unclear. 

 

Molecular-level shear 

The original formulation of the molecular shear 

mechanism proposed by Keckes et al. (2003) 

was based on models for the molecular 

structure of the wood cell wall that have since 

been superseded. It was assumed that single 

microfibrils were embedded in a hemicellulose-

lignin matrix within which shear took place (Jin 

et al. 2015), resisted by polymer entanglement 

(Keckes et al. 2003) or by slanting 

hemicellulose bridges adherent to the 

microfibril surfaces (Altaner and Jarvis 2008).  

It is now evident that in softwoods the ~3 nm 

thick cellulose microfibrils are irregularly 

aggregated into larger units or macrofibrils, 

typically 10-20 nm thick (Donaldson 2007). A 

key question is therefore whether shear occurs 

between macrofibrils, or between microfibrils 

within each macrofibril. The visibility of 

macrofibrils at fracture faces (Zimmermann et 

al. 2007) suggests that shear takes place 

between macrofibrils at the fracture stress, 

although these observations do not rule out 

shear within macrofibrils as well, or at lower 

stresses. The matrix-filled spaces between 

hydrated macrofibrils are several nm wide 

(Cheng et al. 2014; Plaza et al. 2016), much 

wider than the spaces between microfibrils, and 

of the same order as the persistence length of 

hemicelluloses (Altaner and Jarvis 2008). Thus 

random coiling and entanglement involving 

molecular confinement (Keten and Buehler 

2008) or molecular frustration (Silveira et al. 

2013) might be possible for the matrix 

polymers. However, these polymers all have 

some degree of orientation (Simonović et al. 

2011), which would make polymer 

entanglement less plausible than some form of 

axial sliding mechanism.  

Until now our understanding of softwood 

structure has been insufficient to allow sliding 

mechanisms between microfibrils or between 

macrofibrils to be elaborated. However, the 

recent 13C spin-diffusion NMR experiments of 

Terrett et al. (2019) have revealed interfibrillar 

structures within the macrofibrils. Xylan 

segments with alternating substituent pattern 

are hydrogen-bonded edge-on to cellulose 

microfibrils. Galactoglucomannan and lignin 

chains also interact with microfibril surfaces, in 

ways that are less clear (Terrett et al. 2019). 

Any or all of these three non-cellulosic 

polymers would be suitably located to bridge 

non-covalently between microfibrils. There are 

also direct, hydrogen-bonded cellulose-

cellulose contacts, which can be partially 

separated by hydration (Fernandes et al. 2011). 

In principle, shear within macrofibrils is 

possible at any of these non-covalent interfaces. 

The 13C spin-diffusion NMR experiments of 

Terrett et al. (2019) provide information on the 

relative location of polymer chains up to about 

1 nm apart, and are therefore less suitable for 

discerning structures on the >10 nm scale of the 

macrofibrils. However, the spectral 

assignments of Terrett et al. (2019) allow new 

information to be extracted from earlier 1H 

spin-diffusion experiments (Altaner et al. 2008) 

which are more appropriate for longer length 

scales. In particular, a hemicellulose with 13C 

C-1 signal at 101 ppm (Altaner et al. 2006) can 

now be identified as galactoglucomannan 

(Terrett et al. 2019). The main components of 

domains at a distance of several nm from 

cellulose can thus be identified as acetylated 

galactoglucomannan and lignin (Altaner et al. 

2006), implying that these two polymers are 

present in the matrix between macrofibrils and 

could participate in shear at that location. 

Alternatively, single slanting microfibrils might 

bridge from one macrofibril to the next (Jarvis 

2018), retained by direct cellulose-cellulose 

adhesion (Oehme et al. 2015). Numerical 

simulations based on earlier models of wood 

structure have yielded predictions of softwood 

deformation in some agreement with 

observation (Eitelberger et al. 2012; Jin et al. 

2015), but that does not prove that the structures 

assumed were correct, and more detailed 

structural information will be needed before we 

can assemble a realistic picture of how the 

nanoscale structure deforms under tensile load. 

A further question is the mechanism by which 

extension dependent on interfibrillar shear is 

facilitated by proximity to the wood surface. Yu 

et al. (2009) attempted to describe the surface 

effects in terms of shear between cell-wall 

layers. In the case of surfaces where high-MFA 

cells have separated, reduced stiffness was 

attributed to removal of the shear resistance 

along the middle lamella that, in intact wood, 



balances the twisting tendencies of adjacent 

cells. The analysis of Yu et al. (2009) then 

approximates to the more quantitative single-

cell analyses of Schniewind (1972), Keckes et 

al. (2003) and especially Fratzl et al. (2004) 

describing plastic deformation of high-MFA 

samples.  

In split cells with low MFA the nature of the 

surface effect must be different and is unclear, 

but the inclusion of shear between the S1, S2 and 

S3 layers of each cell wall (Schniewind 1972; 

Yu et al., 2009) suggests possibilities equally 

unique to wood and rich in biomimetic 

potential. In wood with high strength and 

stiffness the well-oriented cellulose (<10° to the 

cell axis) occupies the thick, middle (S2) layer 

of the secondary cell wall  (Figure 2), the layer 

that is considered to dominate the tensile 

performance of the wood (Barnett and Bonham 

2004). Lying nearly parallel to the splitting 

direction, cellulose microfibrils in the S2 layer 

would be damaged least if the cell is split 

longitudinally, with little reduction in their 

length, and no great loss of stiffness would 

therefore be expected. Most of the rupture of 

microfibrils would be in the thin, outer (S1) and 

inner (S3) wall layers where the winding angle 

is higher (Barnett and Bonham 2004; Reza et al. 

2017), probably too high for these microfibrils 

to contribute much stiffness directly.  

 

 

Figure 2: A single wood cell split to show the 

thin S1, thick S2 and thin S3 layers and the 

microfibril orientations (double headed arrows) 

within each layer. The microfibril orientation in 

the S2 layer is taken as the microfibril angle 

(MFA). 

The observation of greatly reduced tensile 

stiffness of the cell wall as a whole, 

accompanying damage to cellulose microfibrils 

in the S1 and S3 layers, suggests that when intact 

these thinner layers may have an indirect role in 

the tensile performance of wood (Plaza et al. 

2016), perhaps through restraining the 

circumferential contraction of the S2 layer that 

accompanies elongation as described by the 

Poisson ratio of approximately 0.5 (Davies et 

al. 2016). Non-specific damage to cell walls 

during sample preparation when cells are split 

or separated may also compromise wood 

stiffness.An additional - or alternative - 

observation is that the tensile stiffness is not 

constant along the length of any one cell but 

differs in localised domains (Navi et al. 1995; 

Keckes et al. 2003). Such domains are found in 

the neighbourhood of pits where the microfibril 

orientation deviates from axial to sweep around 

bordered pits (Lichtenegger et al. 2003), and the 

local tensile modulus is therefore reduced. In 

intact wood these extensible regions are 

supported by the attached neighbouring cells, 

but for single isolated cells there is no such 

support (Sedighi-Gilani and Navi 2007), while 

at a surface where the cells have been separated 

or cut, the amount of support is reduced (Navi 

et al. 1995). The elongation of the unsupported 

cell wall may then be concentrated in limited, 

high-MFA domains along the cell length (Navi 

et al. 1995), which stretch successively on 

reaching a yield threshold like cells of 

uniformly high MFA (Fratzl et al. 2004). 

 

Tensile elongation of thick samples 

The experiments described above on single 

cells and thin microtome sections would not 

have been possible in thick wood samples, but 

a small number of publications describe 

experimental approaches that avoid this 

limitation. The influence of a nearby sample 

surface was evident in the diffraction-based 

bending experiments of Montero et al. (2012) 

and Alméras, et al. (2017): despite considerable 

variability between samples it appeared that 

throughout the thickness of the sample the 

crystallographic strain was less than the 

macroscopic strain, diverging particularly 

within a few tens of m from the tension and 

compression surfaces (Alméras et al. 2017).  

Thin wood sections are normally associated 

with pronounced tensile stress relaxation, but 

lower levels of viscoelastic behaviour can also 

be observed in macroscopic samples 

(Taniguchi and Ando 2010). Guo and Altaner 

(2018, 2019) used transmission NIR on pine 

and eucalyptus samples up to 1 mm thick, 

sufficient to reduce the stress relaxation to only 



2-4% during the measurement. Bandshifts in 

the first overtones of the O-H stretching modes 

of cellulose, indicating molecular strain on 

microfibrils, were reversible at low 

macroscopic strain levels (<0.25%) (Guo and 

Altaner 2019) and linear with tensile strain 

(Guo and Altaner 2018). This implies that shear 

deformation in low MFA wood becomes 

irreversible only when the applied stress 

exceeds a threshold. Taniguchi and Ando 

(2010) observed that the lateral contraction of 

macroscopic softwood samples under tension 

differed from their longitudinal elongation in 

time dependence, stress relaxation and 

reversibility, so that the macroscopic Poisson 

ratio was time-dependent. The macroscopic 

Poisson ratio was also dependent on moisture 

content (Mizutani and Ando 2015). These 

observations would be consistent with 

interfibrillar shear and interactions between 

cell-wall layers as suggested above for thin 

samples, although other explanations are 

possible. At constant relative humidity the 

wood cell walls absorbed water under tensile 

stress (Guo and Altaner 2019), illustrating the 

coupling between mechanical and hygroscopic 

properties of wood (Navi and Stanzl-Tschegg 

2009). 

The phenomenon of mechano-sorptive creep, 

when deformation occurs under load during 

fluctuations in moisture content, is observed in 

timber of structural dimensions (Martensson 

1994). Wood at constant high moisture content 

also exhibited enhanced creep behaviour 

(Hering and Niemz 2012), which is paralleled 

in living trees (Ray and Bret-Harte 2019). Like 

the tensile deformation of thin wood samples 

creep is a molecular phenomenon, time-

dependent and facilitated by moisture 

(Martensson 1994). A decreased elastic 

modulus and increased irreversibility are also 

found in moist bulk wood at high stresses, 

approaching the fracture stress (Smith et al. 

2003). It remains to be established whether 

these parallels with thin samples imply shared 

mechanistic features at the molecular level.  

Summarising what is known about 

mechanisms, the substantial fractions of the 

tensile deformation of single cells and thin 

wood foils that are irreversible and dependent 

on time and moisture require shear between 

microfibrils and/or macrofibrils. Interfibrillar 

shear may also occur in wood of structural 

dimensions at constant high moisture content, 

but if so it would appear to be either smaller in 

magnitude than in thin samples, or largely 

reversible, contributing to the restoring force 

under tension. Extrapolation of mechanistic 

concepts from thin samples to bulk wood 

requires caution until the magnitude of the 

shear contributions to elongation, their 

dependence on sample thickness and the origins 

of threshold stresses are much better 

understood. We can, however, say that features 

of the structure of bulk wood, at the scale of cell 

walls and larger, make a substantial and largely 

unexplored contribution to its stiffness, in ways 

that would inform materials science in general 

if they were better understood. 

 

Implications for fracture 

The above phenomena are relevant to fracture 

processes. The longitudinal tensile strength of 

wood owes much to crack-stopping 

mechanisms at various length scales (Conrad et 

al. 2003; Smith et al. 2003). At the scale of 

macrofibrils (tens of nm), wood cells (tens of 

m) or annual rings (mm) weak interfaces 

deflect transverse cracks into the longitudinal 

plane (Barthelat et al. 2016; Marthin and 

Gamstedt 2019), where they propagate mainly 

in shear (Smith et al. 2003). Wood therefore 

typically splinters, and most of the fracture 

surface area and associated fracture energy 

(Gamstedt et al. 2013; Wang et al. 2019) lie 

along the grain (Figure 3). Whether wood splits 

naturally between the cells or along the cell 

walls depends on its density. The thick-walled 

cells of dense wood tend to separate, whereas 

thin cell walls split (Ashby et al. 1985; 

Lanvermann et al. 2014).    

The reduced stiffness of split or separated wood 

cells has consequences for fracture that are 

largely unexplored and will be only briefly and 

tentatively outlined here. When a transverse 

tensile crack has been deflected along the grain 

(Bodner et al. 1997; Wang et al. 2019) its 

propagation is driven by longitudinal shear 

stress at the same time as the arrested transverse 

crack widens (Figure 4). Transmission of 

elastic energy longitudinally to the crack tip 

will then be reduced by the lower tensile 

stiffness at the longitudinal fracture surfaces. 

Longitudinal unloading of the cells or half-cells 

near the tip of the deflected crack will also make 

it more difficult for the crack to resume a 

transverse path (Bodner et al. 1997).  



 

 

Figure 3: SEM image of the fracture surface of 

a Sitka spruce (Picea sitchensis) earlywood 

sample broken under tensile stress along the 

grain from left to right, showing (centre of 

image) a transverse crack across four cells 

associated with diagonal splits in pit fields with 

relatively high microfibril angle. The transverse 

crack is deflected into the longitudinal plane to 

the right and left, where the shear fracture in the 

longitudinal cell walls is ragged, with curled 

fibres consistent with the residues of bridging. 

The longitudinal fractures in this sample 

continued far beyond the right and left edges of 

the image and the ratio of the longitudinal to 

transverse fracture plane area was 

approximately 40 to 1. Inset: AFM image of the 

same sample at higher magnification showing a 

stepped fracture surface, with transverse cracks 

running across sheets of macrofibrils about 20 

nm in thickness, and deflected into the 

longitudinal plane between these sheets. The 

arrow indicated the longitudinal direction of the 

macrofibrils. 

 Figure 4: Simplified diagram of a transverse 

tensile crack deflected into longitudinal shear. 

Transmission of the shear stress to the 

longitudinal crack tip (B) is predicted to be 

reduced if proximity to the longitudinal fracture 

surface reduces the local tensile modulus.  

The crack-stopping mechanism suggested 

above is at the scale of wood cell diameters 

(tens of m). Energy-dissipation (toughening) 

characteristics are also predicted to occur at the 

scale of macrofibrils (tens of nm) adjacent to 

fracture surfaces where shear between or within 

macrofibrils is facilitated as described above 

(Barthelat et al. 2016; Marthin and Gamstedt 

2019). Images of fracture surfaces (e.g. Figure 

3) are consistent with this prediction 

(Zimmermann et al. 2007). At the mm scale 

every annual ring of a coniferous tree contains 

both low- and high-density wood, in which 

longitudinal fracture is likely to be at 

intracellular and extracellular surfaces 

respectively (Ashby et al. 1985; Lanvermann et 

al. 2014). Ring boundaries are thus a further, 

mm-scale location where cracks may be 

arrested or deflected into a relatively harmless 

longitudinal direction (Thuvander et al. 2000; 

Lukacevic and Füssl 2016; Wang et al. 2019). 

An intriguing possibility is that ring boundaries 

might play a more important role in species 

such as Douglas Fir with a high ratio of 

latewood to earlywood density (USDA, 2010), 

in comparison for example with redwoods in 

which the density is more homogeneous across 

annual rings. 

The splintering of a tree trunk broken by the 

wind can be seen as a survival mechanism, 

protecting the wood that remains unbroken and 

reducing the likelihood of complete failure 

(Müller et al. 2015). If the break is not 

complete, bent splinters may continue to carry 

sap and keep the crown of the tree alive.  
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