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In‑situ quantification of microscopic 
contributions of individual cells 
to macroscopic wood deformation 
with synchrotron computed 
tomography
Sergio J. Sanabria1*, Franziska Baensch2, Michaela Zauner3 & Peter Niemz3

Wood‑based composites hold the promise of sustainable construction. Understanding the influence 
on wood cellular microstructure in the macroscopic mechanical behavior is key for engineering high‑
performance composites. In this work, we report a novel Individual Cell Tracking (ICT) approach for 
in‑situ quantification of nanometer‑scale deformations of individual wood cells during mechanical 
loading of macroscopic millimeter‑scale wood samples. Softwood samples containing > 104 cells were 
subjected to controlled radial tensile and longitudinal compressive load in a synchrotron radiation 
micro‑computed tomography (SRµCT) setup. Tracheid and wood ray cells were automatically 
segmented, and their geometric variations were tracked during load. Finally, interactions between 
microstructure deformations (lumen geometry, cell wall thickness), cellular arrangement (annual 
growth rings, anisotropy, wood ray presence) with the macroscopic deformation response were 
investigated. The results provide cellular insight into macroscopic relations, such as anisotropic 
Poisson effects, and allow direct observation of previously suspected wood ray reinforcing effects. 
The method is also appropriate for investigation of non‑linear deformation effects, such as buckling 
and deformation recovery after failure, and gives insight into less studied aspects, such as changes 
in lumen diameter and cell wall thickness during uniaxial load. ICT provides an experimental tool for 
direct validation of hierarchical mechanical models on real biological composites.

�e end of a period of easy resource extraction and the serious ecological problems are challenges for the twenty-
�rst century. Wood is an environmental-friendly material, engineered by nature. Worldwide there exists 4 billion 
ha forest, representing 531 × 109  m3 of growing  biomass1. �e usage of wood as a construction material coupled 
with integration of wood residues into energy systems can reduce both greenhouse emissions into atmosphere 
and fossil fuel use, while continuously increasing wood carbon  storage2,3. High strength-to-weight ratio, dura-
bility, easy machining, predictable �re performance and aesthetic appearance provide wood with a competitive 
edge with respect to classical construction materials such as steel or reinforced  concrete4,5. Developments in 
manufacture and a decline volume of large, old-growth timber have seen a technological transition from solid 
wood elements into highly engineered wood composites, which allow design of application-tailored load-bearing 
 structures6–8. A motivating example is the emerging use of wood-based composites as structural members in 
multi-story residential  buildings9,10.

Safe exploitation of wood biomass as structural material depends on the correct understanding of its complex 
mechanical deformation and failure mechanisms. At macroscopic scale, wood is recognized as an orthotropic 
solid with respect to the three material axes, respectively corresponding to the stem growth direction (grain 
L), and the radial R and tangential T directions of the seasonal growth rings. At the microscopic scale, wood 
is a cellular solid, which simplest design is found in so�woods (Fig. 1). �ey consist of > 90% tube-shaped tra-
cheids, which transport water (cell lumens) and provide mechanical support (cell wall) in the grain direction. 
Tracheids di�er in size and geometry between the thin-walled earlywood cells (EW) formed at the beginning 
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and the thick-walled latewood (LW) cells formed in the latter seasonal growth period. �e remaining cells are 
brick-shaped parenchyma cells that form wood rays, which provide additional reinforcement, as well as nutri-
ent transport and storage in the radial direction; together with < 1% resin canals, which store nutrients and 
do not in�uence the mechanical  behavior7,11,12. Multi-scale mechanical modelling of wood is hindered by this 
inhomogeneous cellular arrangement, which leads to strong variations of mechanical properties even within 
samples of the same  species13.

An improved knowledge of structure-functional relations down to the cellular level is necessary to under-
stand and optimize wood-based  components14. Mechanical properties of wood derive from the geometry of its 
cells, and yet current practice is to predict them based on variables, such as bulk density, which do not directly 
describe the cell  structure15. Understanding the interactions between micro- and macro-scale allows modeling of 
mechanical  properties16, and informs strategies to improve them, for instance, through chemical  modi�cation17. 
Best wood species can then be chosen according to mechanical stability for a certain application. Wood-based 
composite production processes can be  optimized18,19. New, more damage resistant wood-based products with 
better performance and improved durability can be  designed20. Furthermore, the knowledge can be transferred 
to create new types of materials, for instance, �ber-reinforced polymer-matrix composites in a biomimetic 
 approach21, adaptive bioclimatic  architecture22, or additive manufactured  materials23. Finally, in the �eld of 
production or in-service of wood products, non-destructive testing methods are increasingly important, and 
basic research is needed to single out suitable monitoring procedures and pave the way for  application24.

In this context, in situ observation and quanti�cation of wood cellular elements undergoing mechanical defor-
mation is a key experimental goal. Microscopic failure mechanisms in wood have been traditionally visualized 
with optical and environmental scanning electron microscopy (ESEM)25. However, these procedures provide two-
dimensional observations of microtome cut slices and show limitations for the monitoring of the small and three-
dimensional elastic deformations. Computerized tomography (CT) allows for non-destructive three-dimensional 
reconstruction of microscopic structures from multiple radiographic observations. In particular, synchrotron 
radiation micro-computed tomography (SRμCT), which consists of sharply focused and o�en monochromatic 
X-rays, achieves sub-micrometer spatial resolution in millimeter-size  volumes26. �e application of SRμCT in 
wood science is relatively recent, and has progressed from qualitative observation of cellular structures to the 
computer-assisted quanti�cation of cell geometry, porosity and  connectivity27–32. SRμCT-compatible mechanical 
testing devices are also now  available33, which allow for in situ imaging of the same wood specimen at di�erent 
deformation  states34,35 and the visualization of cellular failure  mechanisms36,37.

�e quanti�cation of deformation is one of the most actively studied areas of computer vision, both in bio-
medical and material science  applications33,38–40. Image registration �nds a geometrical transformation which 
spatially aligns two images according to a distance measure. Two-dimensional stacks of wood cellular matrices 
at di�erent moisture-induced swelling states have been aligned with these methods and a�ne and non-a�ne 
deformation components have been  quanti�ed41,42. Isolated wood cells have also been  registered43. Digital Vol-
ume Correlation (DVC), a three-dimensional extension of Digital Image Correlation (DIC), allows a generalized 
analysis of three-dimensional deformations in textured CT datasheets. By correlating image subsets within an 
adjoint search window, local displacement vectors and strain �elds are estimated. Commercial tools are avail-
able, and the method is popular for the analysis of geomaterials, granular materials or foams, as well as bone and 
biological so� tissues. It has also been applied to wood cellular  structures34,44 and to wood-based  composites45,46. 
However, it su�ers from some limitations. �e spatial resolution of the strain estimates is directly related to 

Figure 1.  (a–c) Setup for Synchrotron Radiation Micro-Computed Tomography (SRμCT) of wood. 
Experiments were performed (a) at Swiss Light Source (SLS) of Paul Scherrer Institute, (b) at the Tomograhic 
Microscopy and Coherent Radiology Experiments (TOMCAT) beamline, (c) with an integrated uniaxial loading 
device. For so�wood R-specimen (d), typical (e) tomoslices are shown, which illustrate the periodic (f) latewood 
(LW) and so�wood (EW) layers in radial direction (R). �e anatomic model (g) shows the tubular symmetry of 
tracheids along the grain direction (L) and of wood rays along R.



3

Vol.:(0123456789)

Scientific Reports |        (2020) 10:21615  | https://doi.org/10.1038/s41598-020-78028-4

www.nature.com/scientificreports/

the correlation subset  size47, which in the case of wood (100–200 μm) requires tenths of unit cells for a robust 
 tracking34. Moreover, the method assumes continuous deformation �elds, and can fail at strong strain gradients 
as typically found upon strong plastic deformation and  failure46. 3D deformation tracking/registration methods 
are also computationally expensive, a recent benchmark requiring one day of computation for samples of < 5003 
 voxels42.

Particle tracking (PT), on the other hand, is based on the automatic segmentation of discrete elements (e.g. 
pores, particles) and the tracking of their geometrical changes upon successive deformation states. It currently 
�nds application in the analysis of crack tip morphology during fracture, the analysis of deformation in granular 
geomaterials or in volumetric �ow  velocimetry48–50. Since PT does not treat the material as a continuum, it can 
identify, for instance, individual particle rotations and their contribution to the total deformation  �eld51. On the 
other hand, it requires a dedicated image analysis for each application in hand. To the best of our knowledge, PT 
has not been applied to densely packed cellular matrices, such as wood.

Building from PT concepts, in this work we introduce Individual Cell Tracking (ICT) as a novel approach 
for automatic deformation measurements at wood microscale.

Miniaturized wood specimens were manufactured from Norway spruce (Picea abies [L.] Karst), which cellular 
microstructure is representative of commonly used wood construction biomass. SRμCT imaging (Fig. 1a,b) of 
complete wood cellular structure was performed under controlled specimen deformation conditions. For this 
purpose, a custom-designed uniaxial loading device was installed into the TOMCAT beamline of the Swiss Light 
Source (SLS) synchrotron light source (Fig. 1c). �e wood specimens (Fig. 1d) were mechanically loaded while 
acquiring in situ SRμCT tomograms at successive deformation states until failure (Fig. 1e).

For ICT analysis, �rst, individual cells of di�erent categories (tracheids, wood rays) (Fig. 1g) were segmented 
from SRμCT tomograms with 3D morphological operations (Fig. 2). �en, corresponding cell pairs were regis-
tered in successive deformation states, the geometrical changes of individual cells were analyzed, and deformation 
vectors were calculated. �e proposed procedure runs automatically over thousands of cells in realistic wood 
cellular structure and:

(a) Provides deformation �elds at single cell scale spatial resolution,
(b) Can be applied at high deformation levels, including cell failure, and
(c) Allows the direct quanti�cation of deformation mechanisms of di�erent cell types (tracheids, wood rays) 

and their structure–functional relation to the total sample deformation.

In Sect. Deformation measurement accuracy, we quantify the strain resolution of the new method and dem-
onstrate its applicability for the three-dimensional deformation analysis (Fig. 3). Next, in Sects. Multi-scale 
deformation analysis of growth ring loaded radially in tension until fracture and Multi-scale analysis of so�wood 

Figure 2.  (a) Segmentation of wood tracheids, wood cells, and resin canals from SRμCT. �e segmentation 
is performed based on the binarization and morphological analysis of the cell lumens -air voids- which 
provide approximately closed tubular geometries. (b) High-resolution renders of wood tracheids. �e split 
cell structure visualizes in di�erent colors the cell lumens of each tracheid. �e tubular cell structure allows 
one-dimensional parametrization of tracheid lumen cross-sections along the grain direction L. �e cell wall 
thickness t is determined from the skeletonization of cell wall substance with respect to the adjacent tracheid 
cell lumens. Wood pits are preserved during the segmentation process as landmarks for deformation tracking. 
(c) One-dimensional parametrization of wood rays along the radial direction R, including clustering of 
lumens belonging to the same wood ray. �e ray lumen parameterization procedure along R is analogue to the 
parameterization of tracheid cells along L.
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compressed longitudinally until densi�cation we describe in situ investigations of anisotropic tension and com-
pression from small elastic deformation until failure. Two representative experiments were carried out: tension 
load in radial direction until fracture (R-specimen) (Figs. 4, 5), and compression in grain direction until wood 
densi�cation (L-specimen) (Figs. 6, 7, 8). By visualizing spatial deformations distributions calculated indepen-
dently from individual cell categories and by performing correlation analysis, we correlate macroscopic and 
microscopic deformation features and investigate structure–function interactions between di�erent cell types.

Results and discussion
Deformation measurement accuracy. To evaluate the accuracy of ICT, synthetic deformation �elds 
were added to the R-specimen datasets (Fig. 3a). For this purpose, constant strain was simultaneously intro-
duced in both R and L directions ( εRR,εLL ). Absolute accuracy ε̂ was measured by adding synthetic deformation 
to the reference state #1 (#1 + synthetic), and then measuring with ICT strain of #1 + synthetic with respect to 
#1. Di�erential accuracy �ε̂ was measured by adding synthetic deformation to the deformed state #2 (#2 + syn-
thetic), measuring with ICT strain of #2 + synthetic with respect to the reference state #1, and �nally subtracting 
the ICT measured strain between #2 and #1.

Figure 3 shows ICT strain estimates for tracheids and wood rays. �e accuracy is highest along the cell-cross 
section (RT for tracheids, LT for wood rays) and lowest in the cell longitudinal direction (L for tracheids, R for 
wood rays). Due to the tubular cell geometry (Fig. 2b,c) of both cell types, tracking is more challenging in the 
longitudinal cell axis, for which symmetry reduces the available landmarks (for instance, wood pits in Fig. 2) 
and deformation tracking accuracy. Absolute accuracy is limited by both cell segmentation and deformation 
parametrization. Di�erential accuracy is further in�uenced by experimental uncertainties between #1 and #2 
acquisitions, such as vibration artifacts and sample relaxation strains. While absolute and di�erential accuracy 
are similar in cell-cross sections, di�erential accuracy is reduced with respect to absolute accuracy along the 

Figure 3.  Validation of Individual Cell Tracking (ICT) method by estimation of synthetic deformation �elds, 
which are introduced in experimental so�wood SRμCT. (a) Data processing work�ow for estimation of absolute 
ε̂ and di�erential �ε̂ accuracy of ICT strain measurements. For absolute accuracy, the same experimental 
dataset #1 is used as reference and to introduce synthetic deformation. For di�erential accuracy, deformation is 
introduced in a second experimental dataset #2, and estimated with respect to #1. Strain estimation results are 
shown for tracheids (b) and wood rays (c) for macroscopic strains εii , cell lumen ε� and cell wall εt swelling, 
and wood ray a�ne strain εray . ICT strain estimation error is anisotropic and lowest over the cell cross-section. 
Consequently, for tracheids, the lowest error is observed in the RT plane, and for wood rays in the LT plane.
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longitudinal cell axis. �e sensitivity limit for strain measurements in tracheids is εRR < 5 × 10–5 and εLL < 2 × 10–3, 
whereas for wood rays εLL < 2 × 10–4 and εRR < 2 × 10–3. By evaluating deformations at individual cell level, ICT 
optimizes strain tracking accuracy, since εLL estimates from wood rays are not in�uenced by the lower εLL 
accuracy of adjacent wood tracheids and vice versa for εRR . Since the average tracheid lumen diameter is 35 µm, 
εRR < 5 × 10–5 corresponds to a deformation of 1.8 nm, i.e. three orders of magnitude below the voxel size. A simi-
lar precision is observed for tracking changes in the tracheid lumen area ε� < 5 × 10–5. Tracheid cell wall thickness 
deformation down to εt < 5 × 10–3 also follows accurately the synthetic strain trends. �is high sensitivity to small 
strains is explained by the fact that ICT computes strains using global metrics (lumen centroid, area and inclina-
tion), which average the contributions of all lumen voxels, thereby reducing the e�ect of discretization noise. 
Due to the smaller lumen diameters, wood ray lumen area deformation can presently only be tracked down to 
ε� < 5 × 10–3. Similarly, for wood rays, due to the small lumen size and the simultaneous presence of multiple cell 
lumens per cluster, cell wall deformation analysis is more involved, and was le� out of the scope of this work.

�e tracking accuracy obtained with ICT is comparable or superior to values reported for DVC, for which 
typical displacement uncertainties are 0.1–0.01 voxels 33. Gillard et al.52 measured strains in bone with DVC down 
to 2 × 10–4–8 × 10–4. As for lateral resolution, minimum DVC correlation subsets to track displacements in wood 
have been reported in the range 110–330 µm, i.e. 3–9 tracheid diameters or 16–47 wood ray  diameters34. ICT, 
on the other hand, operates at single cellular level.

Figure 4.  ICT for radial tension experiment (R-specimen). (a) Segmentation of tracheids and wood rays 
in reference state #1. (b) Tracheid density pro�le along a full growth ring. (c) Wood ray density pro�le. (d) 
Average strains calculated from tracheids in function of radial coordinate R. (e) Strains calculated from wood 
rays. For both (c) and (d), the elastic state #2 shows a heterogenous strain distribution along the growth ring, 
which is released upon fracture #3. �e fracture line occurs at R = 1200 μm, a�er the �rst LW/EW transition, 
and is marked with a dashed red line in (a). Wood rays and tracheids follow similar strain patterns, indicating 
composite deformation.



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21615  | https://doi.org/10.1038/s41598-020-78028-4

www.nature.com/scientificreports/

Multi‑scale deformation analysis of growth ring loaded radially in tension until fracture. Mac-
roscopic deformation with independent analysis of tracheids and wood rays. Figure 4a shows a 3D segmentation 
of the R-specimen, corresponding to the region of interest of (R, T, L) = (2.6, 1.5, 1.8) mm marked in Fig. 1e. 
Out of the segmented 1.67 × 109 voxels, 3700 tracheids were automatically detected in �rst iteration (67.9% of 
void voxels), with 232 additional ones (all LW cells) in second iteration. 312 wood rays were detected, which 
account for ~ 3% void voxels. Figure 4b shows a density pro�le along R, which was calculated based on the cell 
wall amount of tracheid cells. Discrepancies with the specimen’s gravimetric density (400 kg m−3 ± 60 kg m−3) are 
explained by the natural density variability of wood and the small sample dimensions.

A growth ring (thickness 1500 µm) is de�ned by two sharp LW–EW discontinuities at R = 850 µm and 
R = 2350 µm, corresponding to the start and end of the growth season. �e density increases gradually between 
EW and LW cells. Deformation state #2 (elastic) shows a barely visible 20 µm displacement of the density pro�le 
with respect to #1 (preload). �e fracture line (density drop in state #3) occurs at 20% of the growth ring width 
within the EW region (R = 1150 µm). For comparison, the fracture line is also marked with an dashed red line 
and an arrow in Fig. 4a. Figure 4c shows the wood ray density (percentage of wood ray voxels) across the growth 
ring (0.5–2%). As it is also visible in Fig. 4a, wood rays extend in R direction over several growth rings. Wood 
ray density increases smoothly from EW and LW cells. Opposite to tracheids, it does not show a sharp LW–EW 
discontinuity, but reduces gradually until R = 1200 µm, where the fracture line (#3) occurs. Deformation #2 is 
visible as a displacement of the density pro�le.

Figure 4d shows macroscopic strains calculated with ICT by analyzing tracheids. �e elastic deformation #2 
induces heterogeneous strains along the growth ring. Radial strain εRR shows a peak of 0.8% at mid-width of the 

Figure 5.  Geometric cell deformation during radial tension experiment (elastic state #2 of Fig. 4). (a) shows 
cell dimensions, (b) strains and (c) deformation schematic for wood tracheids. Due to tension in R and Poisson 
e�ect in T, tracheid lumen’s major axis ea expands and minor axis eb compresses; with strains along the growth 
ring following εRR and εTT , respectively (Fig. 4). An overall increase of lumen area � is observed, with a 
corresponding thinning of the cell wall t. (d) shows cell dimensions, (e) strains and (f) deformation schematic 
for wood rays. Due to tension in R and Poisson e�ect in T and L, both major ea and minor eb cell axes compress, 
with an overall decrease of lumen area �.
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growth ring (R = 1600 µm) with respect to a minimum εRR of 0.4% at the LW region. εRR is accompanied by an 
approximately proportional compressive tangential strain εTT , with average Poisson ratio vTR = −

εTT

εRR
= 0.94 . 

εTT shows a smoother pattern than εRR , and vTR varies between 0.69 (LW) to 1.25 (R = 1300 µm). Signi�cant 
shear strains εRT up to 0.5% are observed in the RT plane, with a similar trend to εRR . Figure 4e shows strains 
calculated with ICT by analyzing wood rays. �e strains are consistent with Fig. 4d, suggesting that wood trac-
heids and wood rays deform together as a single composite unit. εRR and εTT are slightly lower (0.2%) than for 
tracheids, which indicates a deformation restraining e�ect in R direction by wood rays. εLL is well-resolved based 
on wood rays, with vLR = −

εLL

εRR
= 0.07 . Fracture state #3 leads to deformation release for both tracheids and 

wood rays, with most of strain of state #2 vanishing. Strains εRR and εTT are reduced below 0.1%, and εLL below 
0.02%. Both εLL calculated based on tracheids and εRR calculated based on wood rays show noisy patterns, which 
are explained by the lower accuracy of the ICT method along the longitudinal cell axes (see Sect. Deformation 
measurement accuracy, Fig. 3).

Farruggia et al.53 found vTR > 1 in microtensile tests of EW, with smaller values in LW, in agreement with 
our values. �e heterogeneous εRR, εRT pattern across the growth ring observed in this work resemble moisture-
induced free swelling in so�wood, with anisotropy ratio εRR/εTT increasing at mid-growth  ring54,55. Yet, for 
moisture-induced strain, εTT shows a constant pattern and εRR peaks closer to the LW region. On a constrained 
unit cell, Rafsanjani et al.56 found highest hygroscopic R displacements at mid-width of the growth ring, with the 
sti�er LW pushing radially the so�er EW. Jernkvist et al.57 optically measured deformation in so�wood growth 
rings loaded in tension and found εRR and εTT peaking at mid-growth ring width and with a 50% decrease at 
LW–EW transition, together with signi�cant εRT , in close agreement with our observations. �ese were explained 
by the apparent sti�ening of the so�er EW by the sharp interface to the signi�cantly sti�er LW region. Similar 
trends were observed by Moden et al.58, who found less pronounced strain variations than in the growth ring 
density pro�les. �is is associated to the constraining between adjacent cells. εRR is more heterogeneous than 
εTT . A possible explanation is that EW and LW cells act as a parallel system of strings in T direction, deforming 
as a single composite unit, while in R direction they act as a series system of elastic strings, thus allowing for 
heterogeneous strain behavior across cells.

We observed deformation release a�er fracture and no signi�cant strain close to fracture surface, indicating 
fast failure and small plastic deformation. Fracture occurs in the EW region, which is structurally weaker than 
 LW59. Wood rays act as a reinforcement preventing crack  propagation60. A previous fractographic analysis of 
radially tensioned wood  samples36 associated radial failure to the weaker ray section. Accordingly, we observed 
a smooth decrease of wood ray lumen diameter within the EW region, which roughly corresponded to the posi-
tion of the fracture plane.

Figure 6.  ICT for longitudinal compression experiment (L-specimen). (a) In-situ LT slices for deformation 
states #1 (baseline), #2 (elastic deformation), #3 (plastic onset), and #4 (densi�cation). (b) LT projection of 
segmented wood rays. (c) �ree-dimensional render of segmented tracheids. Co-registered cells are painted 
with the same color. In #3, the fracture plane F1 starts developing. With additional compression #4, F1 extends 
over the specimen cross-section and to an additional plane F2.
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Microstructure deformations at subcellular scale. Figure 5a,b quantify the geometric deformation of wood tra-
cheids in function of the growth ring position. �e tracheid lumen size ranges between 22 and 48 µm, with 
smallest values at LW. �e lumen geometry is anisotropic in EW (aspect ratio R/T = 1.6) and more isotropic in 
LW (aspect ratio R/T = 1.3). �e cell wall thickness ranges between 3.4 and 4.2 µm, with thinnest values in EW 
(Fig. 5a). �e lumen deformation (Fig. 5b) follows the macroscopic strain patterns of Fig. 4d, with the major axis 
following εRR and the minor axis following εTT . In the LW region, vTR < 1 and the cell lumen accordingly shows 
a surface increase ε∑

= 1.1%. In EW at peak εRR strain, the cell lumen surface does not change ( ε∑
≈ 0%) con-

�rming the macroscopic observation vTR ≈ 1 . �e tension load stretches the cell wall, reducing its thickness in 
a range εCW =[− 0.3%, − 1.4%]. Even at EW positions where ε∑

≈ 0%, due to the cell stretch along R the lumen 
perimeter increases and consequently the cell wall thickness is reduced. Figure 5d,e quantify the deformation 
of wood rays. �e lumen size ranges between 5 and 13 µm (Fig. 5d). Opposite to wood tracheids, for wood rays 
the largest lumen sizes are observed in LW. �e radial load induces an overall compression of the lumen size 
( ε∑ = 2%) for both major and minor cell axes (Fig. 5d). �e compression is largest in the EW region, where the 
R strain of the wood rays is highest, thereby showing a Poisson e�ect in both T and L directions.

�e ICT method allows direct visualization of the subtle geometric contributions of di�erent cell types to the 
global deformation state. Upon tensile deformation, we quanti�ed a thinning of the cell wall thickness of around 
0.8% accompanied by a similar increase of the lumen section, which accounts for a detection of 28 nm deforma-
tion in a 3.5 µm thick cell wall. Cell wall stretching upon tensile deformation has been previously hypothesized 
based on the observed linear dependence of elastic modulus with density over a broad range of wood  species58. 
�e lumen area remained unchanged at the center of the growth ring, with approximately equal opposed defor-
mation of the major and minor lumen axes, allowing geometric observation of Poisson ratio vTR ≈ 1.

Correlations between microscopic and macroscopic deformation properties. Voxel-wise correlation coe�cients r 
between deformation parameters for elastic deformation state #2 are provided in Appendix B as Supplementary 
Tables S1–S3. All r > 0.001 are signi�cant (p < 0.05). Due to Poisson e�ect, εRR shows a negative correlation with 
εTT (r = − 0.639), and εTT positively correlates with εLL (0.372). From all calculated strain �elds, εTT calculated 
with both wood rays and tracheids show the strongest agreement (0.835). Shear strain εRT increases at larger 
deformations εRR (0.225).

As for geometric wood tracheid deformation, εRT is correlated with shi�s in lumen orientation �e� (− 0.312). 
Strain εRR increases for larger tracheid cell lumens � (0.166) and thinner cell walls t  (− 0.229), both characteristic 
of EW cells. �e correlation with cell size is strongest for εTT , with r = − 0.262 for � and r = 0.457 for t. �e cell 

Figure 7.  Individual Cell Tracking (ICT) method for single tracheid of L-specimen subject to compression. 
Based on one-dimensional cell parametrization (Fig. 2), cell geometry parameters are obtained for reference 
(#1) and densi�cation (#4) states and co-registered with texture correlation in Z. �e deformation �elds reveal 
two fracture plane F1 and F2. Buckling ( �θ > 0 ) is observed in F1, while for this cell F2 shows telescopic 
shortening ( εLL < 0, ε� < 0 ) only.
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wall t is also negatively correlated with tracheid inclination θ (− 0.459), while εRR increases with θ (0.179). �e 
cell wall swelling εt is negatively correlated with increase of lumen size ε� (r = − 0.344).

As for geometric wood ray deformation, εRT is correlated with shi�s in ray cell inclination �θ (r = − 0.512). 
Tracheid lumen areas � are correlated with wood ray inclination θ . Poisson compression strain εLL results in 
ray cluster compression εray (r = 0.259), which reduces the inner distances between ray lumens, and a reduction 
of ray lumen size ε� (0.237). Larger ray lumen areas � are correlated with larger adjacent tracheid cell walls t 
(r = 0.383), as found in LW regions, and show smaller deformations, with r = − 0.355 for εRR.

As the distance to wood rays dray increases, the strains εRR (0.052) and εTT (− 0.108) signi�cantly increase in 
absolute terms, and the tracheid inclination θ is reduced (− 0.060).

Correlation analysis reveals larger deformations for thinner cell walls t and larger lumen areas, which are 
characteristic of EW cells. It is known from previous work that LW and EW di�erentiate in their chemical and 
nanoscopic building. For instance, the micro�bril angle varies from LW and EW, and the S2-layer reduces in 
thickness from LW and EW, which leads to di�erent amount of lignin/cellulose over the complete cell wall and 
sti�er LW than EW  cells61.

�e role of wood rays in wood composite structure: comparison with previous studies. Wood rays have been 
associated to both nutrient transport and storage and to adaptive tree reinforcement in radial direction. Burgert 
and Eckstein isolated single wood ray cells and subjected them to microtensile  tests62. �ey found signi�cantly 
higher strength in isolated wood ray cells than in the macroscopic wood material, which veri�ed the radial 
reinforcement of wood  rays63. Reiterer et al.60 and Burgert et al.64 analyzed the macroscopic e�ect of wood rays 
by identifying improved radial strength properties in wood species with similar wood structure except for the 

Figure 8.  Average deformation pro�les along grain direction for L-sample of Fig. 6. (a–f) are computed with 
ICT of tracheids, (g–i) with ICT of wood rays. Macroscopic strains εLL, εRT and geometric cell deformations 
(cell lumen area ε� , cell wall thickness εt , cell inclination �θ ) are shown. Strong densi�cation e�ects are 
observed for wood tracheids concentrated in fracture lines F1 and F2, while wood rays show more distributed 
deformation patterns. ε� , εRT and �θ provide clear indications for the onset of plastic deformation (#3), while 
macroscopic density and compression εLL are less apparent.
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distribution of wood ray cells. Similarly, Elaieb et al.65 recently linked wood ray presence with hygroscopic stabil-
ity, by showing signi�cant correlations across species between microscopic wood ray proportion and reduced 
drying-induced macroscopic shrinkage. �e functional adaption of wood rays has been investigated by subject-
ing growing trees to radial  loads12, and analyzing wood microstructure and macroscopic mechanical properties 
at di�erent stem locations. Wood rays act as sti� radial pins to prevent shear slipping of EW and LW layers dur-
ing stem bending due to wind  loads12.

Our work for the �rst time directly measures the mechanical deformation of wood rays embedded within a 
tissue composite structure. In real wood composites, due to the cells not being isolated, they in�uence and are 
in�uenced by the surrounding cellular microstructure. In so�woods, wood rays are small and di�cult to isolate; 
in our experiments they accounted for only 3% of total material volume. We observed in 2.2.1 that wood rays 
followed similar deformation trends to wood tracheids, showing that interactions between both cell types result 
in macroscopic composite deformation. �e strain of wood rays is locally smaller than in tracheids, showing a less 
compliant behavior. �e negative correlation between distance to wood rays and strain shows the reinforcement 
e�ect of wood rays. Accordingly, Xue et al.66 found in cryomicrotome sections of hardwood largest shrinkages 
for cells most separated from wood rays.

�e presence of wood rays a�ected the inclination of wood tracheids θ , which wrap around the wood ray 
cells. Similar weaving e�ects were observed  by28 for hardwood vessels cells. Changes in θ are known to a�ect 
mechanical properties in grain  direction67. �e radial stretching of wood rays was observed to reduce their lumen 
sections, showing a Poisson e�ect at cellular scale. Ray cells within a single ray cluster also modi�ed their relative 
L-distances when pulled in radial direction. Together with the heterogeneous EW/LW cell microstructure, the 
geometric imbalances resulting from the embedding of tracheids and wood rays in the same composite struc-
ture, introduce shi�s in tracheid lumen tension and wood ray inclination, which result in shear strains during 
the tension experiment.

�e role of wood rays in wood fracture has also been indirectly analyzed with microscopic and micro-tomog-
raphy methods, which allow visualizing cell distribution in fracture  surfaces36,60. Baensch et al.36 associated radial 
wood failure with the weakest ray sections. Similarly, we observed smallest ray lumen diameters in earlywood 
at the position of the fracture plane. Reiterer et al.60 found that, for similar number of wood rays in a volume, 
wood species with larger wood rays show higher radial sti�ness properties. Accordingly, we observed that ray 
lumens were larger surfaces were less compliant, showing smaller radial strains. Overall, our results suggest that 
wood ray with larger lumens are mechanically stronger.

Multi‑scale analysis of softwood compressed longitudinally until densification. Despite large 
non-linear deformations due to cell densi�cation, ICT successfully co-registers individual tracheids and wood 
rays in specimen L between successive compression states (Fig. 6). A main densi�cation line develops at the 
sample mid-point (F1), with a secondary densi�cation line being visible at the bottom of the sample (F2). Fig-
ure 7 exempli�es the data evaluation process of the geometrical changes of a single tracheid from reference #1 to 
densi�ed state #4. F1 is visible by eye comparing the renders before (state #1) and a�er (state #4) densi�cation. 
Longitudinal compression strain ( εzz < 0) and a reduction of the tracheid section area ( ε∑ < 0) at the compres-
sion plane are observed. Moreover, a shear shi� in the tracheid lumen centroid ( �cY ) and an increase of the 
tracheid inclination (∆θ > 0) were assesed below the compression plane, which indicate cell buckling. F2 is not 
visible by eye in the segmented datasets but can be identi�ed in the deformation �elds with simultaneous εzz < 0 
and ε∑ < 0 at the compression plane, which indicate cell densi�cation. For further veri�cation of F2, Contrast 
to Noise Ratio calculations are included in Supplementary Materials—Appendix C (Figure S2), where F1 shows 
a CNR of 11.5, followed by F2 with a CNR of 4.7. Since no shear e�ects are present in F2, the deformation is 
interpreted as telescopic  shortening37.

Even if the deformation e�ects are small for single cells, the ICT method automatically analyzes thousands 
of cells, revealing consistent deformation patterns. Accordingly, Fig. 8 shows pro�les of the average deforma-
tion �elds along the grain direction L. For state #4, an increase of density (Fig. 8a) is observed at L = 940 µm and 
L = 1510 µm, corresponding to compression planes F1 and F2, with a third intermediate plane F3 (L = 1150 µm) 
connecting F1 and F2. �e compression planes are characterized by peak compression strains εLL = − 60% 
(Fig. 8b). Densi�cation is also characterized by an increase of cross-grain shear strain εRT above F1 (Fig. 8c), 
which indicates cell buckling.

�e ICT method allows visualization of the compression process at the microstructural level. A reduction of 
the tracheid lumen area ε∑ < 0 (Fig. 8d) and an increase in cell wall thickness εt > 0 (Fig. 8e) indicate densi�ca-
tion, which was concentrated at F1 and distributed more homogeneously over the specimen top part. �e bot-
tom part of the specimen below F1 was slanted at a constant tracheid inclination ∆θ = 2.5° and not compressed 
(Fig. 8f). �e densi�cation was clearly dominant in plane F1, but buckling e�ects propagated to top sample planes 
F2 and F3 as the deformation increased.

Wood rays show more distributed deformation patterns than tracheids. A localized increase of ray density 
at F1 was not observed (Fig. 8g) and the cell lumen compression was more distributed over the top part of the 
specimen (Fig. 8h). Finally, the wood ray inclination (Fig. 8i) was not signi�cantly a�ected by the densi�cation 
process. �ese overall shows that wood rays are less subjected to densi�cation than wood tracheids, acting as 
sti� pins within the composite.

�e analysis of deformation states #2 and #3 shows which parameters are more sensitive for small linear 
deformations (#2) and the onset of plastic deformation (#3). At state #2, deformation is only clearly visualized 
with ε∑

= 0.4% and εRT = 0.001 . Small deformations were homogeneously distributed over the sample length, 
with a gradual increase of cell RT shearing. In deformation state #3, the development of densi�cation line F1 
becomes clearly visible through ∆θ = 1°, ε∑ = 2% and εRT = 0.01 . εLL is less sensitive than the aforementioned 
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parameters and shows a noisy pattern which does not reveal clearly the densi�cation process even at state #3, 
where εLL = 5%.

In early compression stages, deformation is homogeneously distributed over the tracheid length, whereas 
with higher compression they become localized around fracture lines, which absorb the compressive stresses. At 
the latest densi�cation stage, collapse of tracheid lumens occur, which increase the macroscopic density. Wood 
rays behaved as sti� pins, showing more distributed compression patterns, and their inclination was less a�ected 
by the densi�cation process. At early deformation stages, deformation was only visible by the buildup of shear 
strain and small variations of the tracheid lumen section. With larger deformation, shear build up progressed 
towards cell buckling. In accordance with these observations, Zauner et al.37 observed the failure area of spruce 
wood a�er uniaxial compression and identi�ed changes of fracture line progression when crossing wood rays. 
In �nal densi�cation stages, wood ray cells buckle and are compressed.

Conclusions
Individual cell tracking method. �is work presents an Individual Cell Tracking (ICT) approach to track 
deformations in single cells of a macroscopic wood sample. �e presented method is a valuable tool for under-
standing the interactions between microscopic cellular and macroscopic wood composite deformation, and for 
analyzing the structure–functional relations of di�erent cell types, which can complement conventional mac-
roscopic deformation tracking approaches. �is work can inspire research for systematically characterizing the 
micro-structural mechanical behavior of a wider pallet of wood species than is currently used in wood architec-
ture. �e progress in functional wood-inspired materials also suggests that smart combinations of wood species 
and cellular components can be envisioned—modi�ed or not with chemical or genetic processes. Currently, 
there are several microstructural models available based on density distributions extracted from tomographic 
 measurements68–71, or segmentation of di�erent cell  types72. ICT may contribute to validate deformation �elds 
provided by these models. A key contribution of ICT is that it enables separation of deformations and analysis of 
the structure–functional relationships for di�erent cell types. ICT may therefore provide an experimental basis 
for inferring mechanical material properties of constituent cell components based on inverse FE models of mac-
roscopic deformation observations for de�ned loads. Inverse FE models are for instance nowadays performed 
regularly in medical  elastography73.

�e computational framework presented here can be extended to other hierarchical structured composites, 
for instance wood-based materials (plywood, �berboard, particleboards…) and other cellular materials, for 
instance, trabecular  bone74. Understanding interactions between microstructure and macroscopic mechanical 
behavior is key to engineer high-performance wood composites. High-resolution tomography observations of 
wood micro-structure based on ICT can also help to understand and optimize the e�ect of wood modi�cation 
processes on mechanical  performance75.

Experimental observation of interactions between microscopic deformation, cellular arrange-
ment and macroscopic deformation response of wood. �e overall picture of wood’s mechanical 
behavior that emerges from our experiments is of a composite deforming as a single unit, with both tracheids 
and wood rays contributing to the macroscopic mechanical behavior. Local heterogeneities are caused by the 
geometric embedding of tracheids and wood rays within the same composite structure.

Multi-scale deformation analysis of an annual growth ring, which was loaded radially in tension, revealed 
heterogenous strain distributions. Due to the constrained composite structure, the sti�er LW cells push radially 
the so�er EW cells, leading to a strain peak at mid-width of the growth ring. Most of the strain vanishes a�er 
fracture, indicating small plastic deformation. Poisson ratios close to one were observed in the RT plane, in 
agreement with macroscopic literature. Our work allowed for the �rst time to link this behavior to microstruc-
tural deformations at subcellular scale. In particular, we quanti�ed an increase in the perimeter of the tracheid 
cell lumens, while the cell lumen surface was preserved. Accordingly, we observed that the cell wall thickness 
was subtly stretched (around 0.8% or 28 nm) to accommodate the lumen perimeter increase with the same cell 
wall substance.

Wood rays have been previously hypothesized as reinforcing elements in in-silico models and in isolated 
single-cell experimental studies. In this work, we were for the �rst time able to observe the mechanical deforma-
tion of wood rays embedded in solid wood. Strains were calculated independently for wood ray cells, and showed 
consistent distributions with tracheids, supporting the picture of a composite deforming as a single unit. On 
the other hand, we found several indications of the reinforcing role of wood rays in wood composite structure. 
�ese included a reduction of wood ray density at the fracture line, slightly lower local strains for wood rays 
than tracheids in radial direction, and a signi�cant increase of local strain in regions where less wood rays were 
present. Both longitudinal and tangential Poisson compressive strains a�ected wood rays, reducing their lumen 
surface and the inner distances between lumens belonging to the same ray cluster. �e embedding of wood rays 
and tracheids in solid wood microstructure introduces a geometric imbalance, with both cell types weaving 
around each other. �is imbalance translates into shear strains εRT , which correlate with shi�s in tracheid lumen 
orientation and wood ray cell inclination. In turn, wood ray inclination increases for larger adjacent tracheid 
lumens, and wood tracheid inclination increases with the presence of wood rays. Occurrence of fracture and 
larger strains correlated with smallest ray lumen sections. �is supports the hypothesis of previous works that 
smaller wood ray sizes are associated with weaker mechanical properties.

Looking into so�wood compressed longitudinally until densi�cation, microstructural analysis provides sensi-
tive features predicting composite failure. For instance, tracheid lumen area and shi�s in cell inclination were 
early stage indicators of cell densi�cation. Wood ray deformation is more distributed along the longitudinal 
direction than tracheids, showing that rays are less subject to densi�cation. Overall, our work supports the 
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accepted cellular wood model, in which rays act as sti� pins which reinforce the radial properties of the wood 
composite. On the other hand, we show that wood rays show measurable, albeit small, mechanical deformation 
within a loaded wood composite.

Materials and methods
Experiments. �e SRμCT experiments were carried out at the TOMCAT (TOmographic Microscopy and 
Coherent rAdiology experimenTs) beamline of the SLS (Swiss Light Source), a third generation synchrotron 
light source located at the Paul Scherrer Institute in Villigen,  Switzerland26 (Fig. 1a,b). Miniaturized wood speci-
mens (Fig. 1d) were manufactured from defect-free Norway spruce (Picea abies Karst.) and loaded in tension 
for the radial direction (R-specimen) and in compression for the grain direction (L-specimen), while acquiring 
in situ SRμCT tomograms at successive deformation  states35,36. In order to ensure failure within the observation 
window, both specimens were tapered at the center. �e R-specimen (shown in Fig. 1d) was manufactured from 
a 30 × 5.7 × 2.3 mm3 plank and two-sided tapered to a minimum cross-section of 4.15 mm2, while the L-spec-
imen consisted of an 8 mm long, 4 mm diameter cylinder, which was shaped into a hyperboloid of minimum 
1.54 mm2 section. �e density of the samples was 400 kg m−3 ± 60 kg m−3 and the moisture content 8% ± 0.3%. 
�e moisture content (%) was determined by subtracting the dry oven mass of the specimens from the mass dur-
ing measurements, and by dividing the di�erence by the oven-dry  mass76. Twin specimens were manufactured 
for each of the synchrotron tested probes. �e twin specimens were stored intact in the synchrotron station, 
and oven dried a�er the measurements. All specimens were pre-acclimatized to a temperature of 23 °C and a 
relative air humidity of 40% to achieve a nominal moisture content of 8%. �e synchrotron measurement sta-
tion was also acclimatized during the measurements to the same temperature and relative humidity conditions. 
Acoustic emission sensors were available within the synchrotron station, following the setup of Baensch et al.36. 
�ese sensors did not detect any signals, which revealed micro-fractures associated to drying processes during 
the measurements. �e density was calculated with the gravimetric method as the ratio of mass to volume at 
acclimatized conditions, with the volume (width × length × thickness) measured for the plank before tapering.

A 1 kN loading device was custom designed for the  tests35 (Fig. 1c). Tensile or compressive load are exerted 
by respectively pulling the sample downwards or upwards, while a �xed three-pieced plug system at the top 
of the sample functions as counterpart to close the force circuit. �e center tube is made of a thermosetting 
polyamide-imide, which is characterized by low radiation absorption. �e tube connects the loading device with 
the three-pieced plug system. For each loading step, the lower transverse drives at 0.01–0.05 mm/s a de�ned 
deformation into the sample, a 10 min stop time is imposed to minimize movement artifacts due to relaxation, 
and then a SRμCT tomogram is acquired. Each dataset consisted of 1501 scintigrams (2048 × 2048  px2) acquired 
at 0.12° steps in a 180° range. �e R-specimen was measured at 20 keV beam energy using phase-contrast imaging 
(6 min/tomogram), and the L-specimen at 10 keV with absorption imaging (13 min/tomogram). �e synchro-
tron imaging settings were adjusted empirically to maximize the sharpness of the tomograms, allowing visual 
discrimination of wood cell details, for instance, cell wall and wood pits. �e settings for R- and L-specimens 
were adjusted independently by experienced synchrotron operators. �e di�erences between con�guration set 
choice for R-specimen and L-specimen are further related to the di�erent data acquisition times and the di�erent 
microstructure propagation path of the synchrotron beam in R- and L-con�gurations. In both cases a similar 
digital voxel size (1.62 μm and 1.8 μm, respectively) and a �eld of view (40 mm) comprising the full specimen 
section were achieved. �e phase-contrast con�guration is designed to enhance the resolution of materials with 
weak absorbance. It achieved slightly better e�ective lateral resolution (2.5 μm) than the absorption con�gura-
tion (4 μm). �e e�ective resolution was in both cases determined through modulation transfer  function24,77.

Individual cell tracking (ICT). Automatic segmentation of tracheids and wood rays. �e starting point 
is a SRμCT tomogram acquired in 8-bit grayscale (Fig. 1e,f). First, the tomoslice cross-sections were rotated 
so that the three axes (X, Y, Z) were coarsely aligned with the principal material axes (R, T, L). For both R- 
and L-specimens the load direction was respectively well-aligned with the R and L material axes. �e datasets 
show two clearly di�erentiated  phases74: cell wall substance (density ~ 1500 kg m−3) and lumen voids (air, den-
sity ~ 1.2 kg m−3), which are binarized using Otsu’s  method78. For illustration of density pro�les (for instance, 
Fig. 4b), the cell wall voxel density was normalized to 1300 ± 200 kg m−3, so that the average tomogram den-
sity in baseline (undeformed) state corresponded to the specimen’s gravimetric values. �e e�ective cell wall 
density is lower than the nominal value (1500 kg m−3)74 due to the �nite synchrotron lateral resolution. �e 
segmentation of individual cells from the binary image Ax,y,z was performed based on an e�cient combina-
tion of three-dimensional morphological operations (opening, closing, opening by reconstruction, labelling of 
connected elements)79. �e reference elements were the lumen voids, not the cell material, since they allow an 
easier segmentation into separate unconnected geometries. Cell lumens provide approximately closed tubular 
geometries, which are bounded by high-contrast grayscale gradients at the transitions between air and cell wall 
substance. �erefore, the datasets can be binarized and the cells can be well-separated with morphological image 
processing. �e goal is to assign a cell category and a cell index to each voxel in the image, so that (1) a maximum 
number of tracheids are detected with minimum geometry distortion for an accurate deformation analysis, and 
(2) wood rays are correctly discriminated to analyze their in�uence in the deformation build up. To be able to 
measure the cell wall thickness for each wood cell, an additional step is necessary to assign cell wall substance to 
each corresponding wood cell lumen. �e cell wall boundary—that is, the middle  lamella74—does not provide 
enough contrast in synchrotron images to separate adjacent cells. Instead, a skeletonization step is carried out to 
assign cell wall material pixels to the geometrically closest cell lumen void. Details are described in Appendix A 
of the Supplementary Materials.
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�e segmentation operates fully automatically over large volume subsets (1.7 × 109  px3 = 8  mm3 for R samples). 
�e data evaluation was implemented in MATLAB (�e Mathworks Inc., Natick MA, USA). An example of the 
performance of the segmentation of a binarized SRµCT dataset is shown in Fig. 2a. High resolution renders of 
wood tracheid lumens are shown in Fig. 2b. Segmented wood rays are shown in Fig. 2c, including clustering of 
wood ray lumens belonging to the same wood ray.

Tracheid deformation analysis. A�er segmentation, the goal of ICT is to estimate the displacement vector 
u =

(

ux , uy , uz
)T

 at each voxel of the analyzed volume. For this, two datasets (reference #1, test #2) at two di�er-
ent deformation states are coarsely aligned in region of interest before applying the following steps:

Cell registration For each tracheid element in #1, �nd cell indexes of overlapping cells in #2 and their number 
of overlapping voxels. �e overlap of #2 in #1 should be at least 50% of the volume of #1. �e same condition is 
applied to the overlap of #1 in #2.

Tracheid cell analysis Wood tracheids are parametrized with a one-dimensional (1D) representation in func-
tion of Z (L) coordinate (Fig. 2b). For each tracheid and Z coordinate, 2D lumen sections (in XY = RT plane) 
with single connectivity and no inner voids are extracted from the segmentation. From each lumen section and 
Z coordinate we calculate a list of geometrical parameters ( cX : centroid X, cY : centroid Y, � : lumen cross-section 
area), including as well an elliptical �t of the 2D lumen ( ea : major axis, eb : minor axis, e� : XY orientation). �e 
average cell wall thickness t  is calculated as t = 2(�sk − �)/(Psk − P) , where �sk is the area of the skeletonized 
cell cross-section in 3.1 (including cell wall material). P and Psk are respectively the perimeters of the lumen 
void and skeletonized cell cross-section. Finally, the cell inclination angle θ(z) with respect to the �ber direction 

θ(z) = tan
−1

√

(∂zcX)2 + (∂zcY )2 is estimated from the Z-derivatives of the centroid coordinates, which are 

calculated with smoothing splines with resolution of 50 px = 81 µm. �e calculated inclination angle is used to 
reslice the tracheid volume and obtain lumen cross-sections perpendicular to the inclination vector, for which 
the geometrical parameters are recalculated. �e procedure is repeated iteratively 3 times until the geometric 
parameters converge.

Texture correlation of Z-deformation �elds �e Z-deformation along the tracheid longitudinal axes L is cal-
culated based on a one-dimensional implementation of the adaptive texture correlation algorithm described 
 in80. Given the test T and reference T0 subsets, each containing the parametrized representation of a wood cell, 
the optimum Z-deformation uz maximizes the correlation between the list ip = {cX , cY ,�, P, ea, eb, e� , t, θ} of 
lumen geometrical parameters at each z position, which is calculated with a zero-normalized cross-correlation 
function (ZNCC):

�e correlation subset is W = 41 px = 66 μm. uz estimates are accepted as reliable if Icorr > 0.5.
Computation of macroscopic deformation �elds and cell geometry deformation �e calculated deformation 

�elds uz(z) are used to align in Z the test parametrized cell with the reference cell T̂
(

z, ip
)

= T
(

z + uz(z), ip
)

 

with bicubic interpolation. From the aligned datasets, the deformation �elds in X and Y are calculated by sub-

tracting the centroids ux(z) = T̂(z, cX) − T0(z, cX) and uY (z) = T̂(z, cY ) − T0(z, cY ) . �e swelling of cell lumen 

area is estimated as ε�(z) =

(

T̂(z,�) − T0(z,�)

)

/T0(z,�) , the swelling of cell wall thickness as 

εt(z) =

(

T̂(z, t) − T0(z, t)

)

/T0(z, t) , and the cell inclination change as �θ(z) = T̂(z, θ) − T0(z, θ) . Similar 

deformation parameters are de�ned for the �tted ellipse ( ea, eb, e� ). Selected deformation parameters are illus-
trated in Fig. 7 for a single tracheid loaded in compression.

Macroscopic strain computation �e calculated cell deformation parameters provide readings of the defor-

mation u =

(

ux , uy , uz
)T

 at discrete coordinates 
(

cx , cy , z
)T

 , corresponding to the centroids of the cell lumens 

along Z. Di�erentiable strain �elds εij = 0.5
(

∂jui + ∂iuj
)

 are estimated in two spline extrapolation steps. �e Z 
smoothing is implemented with cubic smoothing splines (csaps function in MATLAB) and Y smoothing with thin 
plate smoothing splines (tpaps function in MATLAB)81. �e latter allows for arbitrary data sites within a plane, 
corresponding to the centroid positions. �e spline smoothness is given by a resolution parameter h, which is 
typically set to 50 px = 80 μm.

Wood ray deformation analysis. For wood rays, lumen cross-sections are 1D-parametrized as in 3.2. in function 
of the radial coordinate Z = R. Since the lumen diameter is smaller for wood rays (7 µm) than tracheids (35 µm), 
coarser Z correlation subsets and strain resolution (100 px) are used to reduce estimation noise. Additionally, 
a�ne strain  εray is extracted from the LT displacements of the lumen centroids clustered to the same wood 
ray, and associated to linear swelling/compression of the wood ray and non-a�ne deformation uray to plastic 
deformation and fracture (Fig. 2c). To correlate deformation �elds with the presence of wood rays, the Euclidean 
distance transform of the segmented wood rays.

Icorr
(

z, ẑ
)

=

∑

ip

∑

w∈W

[

T
(

z + w + ẑ, ip
)

− T
][

T0

(

z + w, ip
)

− T0

]

∑

ip

∑

w∈W

[

T
(

z + w + ẑ, ip
)

− T
]2 ∑

ip

∑

w∈W

[

T
(

z + w, ip
)

− T0

]2

uz(z) = argmax
ẑ

Icorr

(

z, ẑ
)
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Data availability
�e authors provide complete correlation tables between macroscopic deformation, cell deformation and cell 
geometric parameters in the Supplementary Materials. Synchrotron Computed Tomography Datasets and imple-
mented code for cell segmentation and Individual Cell Tracking are available upon reasonable requests.

Received: 12 February 2020; Accepted: 30 September 2020

References
 1. Food and Agriculture Organization of the United Nations. �e State of the World’s Forests (FAO, Rome, 2018).
 2. McKinley, D. C. et al. A synthesis of current knowledge on forests and carbon storage in the United States. Ecol. Appl. 21, 1902–1924 

(2011).
 3. Gustavsson, L. & Sathre, R. Variability in energy and carbon dioxide balances of wood and concrete building materials. Build. 

Environ. 41, 940–951 (2006).
 4. Cole, R. J. Energy and greenhouse gas emissions associated with the construction of alternative structural systems. Build. Environ. 

34, 335–348 (1999).
 5. Forest Products Laboratory - USDA. Wood Handbook: Wood as an Engineering Material. USDA - General Technical Report. General 

Technical Report FPL-GTR-190 (2010).
 6. Dunky, M. & Niemz, P. Holzwerksto�e und Leime: Technologie und Ein�ussfaktoren (Springer, Berlin, 2002).
 7. Bodig, J. & Jayne, B. A. Mechanics of Wood and Wood Composites (Van Nostrand Reinhold Publishing, New York, 1982).
 8. �oemen, H. Wood-Based Panels: An Introduction for Specialists (Brunel University Press, London, 2020).
 9. Lazarevic, D., Kautto, P. & Antikainen, R. Finland’s wood-frame multi-storey construction innovation system: analysing motors 

of creative destruction. For. Policy Econ. 110, 101861 (2020).
 10. Gustavsson, L., Joelsson, A. & Sathre, R. Life cycle primary energy use and carbon emission of an eight-storey wood-framed 

apartment building. Energy Build. 42, 230–242 (2010).
 11. Dinwoodie, J. M. Timber: a review of the structure-mechanical property relationshiop. J. Microsc. 104, 3–32 (1975).
 12. Burgert, I., Bernasconi, A. & Eckstein, D. Evidence for the strength function of rays in living trees. Eur. J. Wood Wood Prod. 57, 

397–399 (1999).
 13. Hofstetter, K. & Gamstedt, E. K. Hiearchical modelling of microstructural e�ects on mechanical properties of wood: a review. 

Holzforschung 63, 130–138 (2009).
 14. Salmén, S. & Burgert, I. Cell wall features with regard to mechanical performance: a review. Holzforschung 63, 121–129 (2009).
 15. Reynolds, T. P. S. et al. Cell geometry across the ring structure of Sitka spruce. J. R. Soc. Interface 15, 20180144 (2018).
 16. Gangwar, T. & Schillinger, D. Microimaging-informed continuum micromechanics accurately predicts macroscopic sti�ness and 

strength properties of hierarchical plant culm materials. Mech. Mater. 130, 39–57 (2019).
 17. Frey, M. et al. Deligni�ed and densi�ed cellulose bulk materials with excellent tensile properties for sustainable engineering. ACS 

Appl. Mater. Interfaces 10, 5030–5037 (2018).
 18. Carlsson, J., Heldin, M., Isaksson, P. & Wiklund, U. Investigating tool engagement in groundwood pulping: �nite element model-

ling and in-situ observations at the microscale. Holzforschung 74, 477–487 (2019).
 19. Várdai, R. et al. Impact modi�cation of PP/wood composites: a new approach using hybrid �bers. Express Polym. Lett. 13, 223–234 

(2019).
 20. Song, J. et al. Processing bulk natural wood into a high-performance structural material. Nature 554, 224–228 (2018).
 21. Wang, L. et al. Fabrication and characterization of thermal-responsive biomimetic small-scale shape memory wood composites 

with high tensile strength, high anisotropy. Polymers (Basel) 11, 1892 (2019).
 22. Holstov, A., Farmer, G. & Bridgens, B. Sustainable materialisation of responsive architecture. Sustainability 9, 435 (2017).
 23. Markstedt, K., Håkansson, K., Toriz, G. & Gatenholm, P. Materials from trees assembled by 3D printing—wood tissue beyond 

nature limits. Appl. Mater. Today 15, 280–285 (2019).
 24. Baensch, F. Damage Evolution in Wood and Layered Wood Composites Monitored In Situ by Acoustic Emission, Digital Image Cor-

relation and Synchrotron Based Tomographic Microscopy (ETH Zurich, Zurich, 2015).
 25. Frühmann, K., Burgert, I. & Stanzl-Tschegg, S. E. Detection of the fracture path under tensile loads through in situ tests in an 

ESEM chamber. Holzforschung 57, 326–332 (2003).
 26. Stampanoni, M. et al. Trends in synchrotron-based tomographic imaging: the SLS experience. Proc. SPIE Dev. X-ray Tomogr. V 

6318, 6318M (2006).
 27. Brodersen, C. R. Visualizing wood anatomy in three dimensions with high-resolution X-ray micro-tomography: a review. IAWA 

J. 34, 408–424 (2013).
 28. Hass, P. et al. Pore space analysis of beech wood: the vessel network. Holzforschung 64, 639–644 (2010).
 29. Steppe, K. et al. Use of X-ray computed microtomography for non-invasive determination of wood anatomical characteristics. J. 

Struct. Biol. 148, 11–21 (2004).
 30. Trtik, P. et al. 3D imaging of microstructure of spruce wood. J. Struct. Biol. 159, 46–55 (2007).
 31. Van Den Bulcke, J., Boone, M., Acker, J. V., Stevens, M. & Van Hoorebeke, L. X-ray tomography as a tool for detailed anatomical 

analysis. Ann. Sci. 66, 508–520 (2009).
 32. Walther, T. & �oemen, H. Synchrotron X-ray microtomography and 3D image analysis of medium density �berboard (MDF). 

Holzforschung 63, 581–587 (2009).
 33. Bu�ere, J. Y., Maire, E., Adrien, J., Masse, J. P. & Boller, E. In situ experiments with X-ray tomography: an attractive tool for 

experimental mechanics. Exp. Mech. 50, 289–305 (2010).
 34. Forsberg, F., Mooser, R., Arnold, M., Hack, E. & Wyss, P. 3D micro-scale deformations in wood in bending: synchrotron radiation 

uCT data analyzed with digital volume correlation. J. Struct. Biol. 164, 255–262 (2008).
 35. Zauner, M., Keunecke, D., Mokso, R., Stampanoni, M. & Niemz, P. Synchrotron-based tomographic microscopy (SbTM) of 

wood: development of a testing device and observation of plastic deformation of uniaxial compressed Norway spruce samples. 
Holzforschung 66, 973–979 (2012).

 36. Baensch, F. et al. Damage evolution in wood: synchrotron based micro-tomography as complementary evidence for interpreting 
acoustic emission behavior. Holzforschung 69, 1015–1025 (2015).

 37. Zauner, M., Stampanoni, M. & Niemz, P. Failure and failure mechanisms of wood during longitudinal compression monitored by 
synchrotron micro-computed tomography. Holzforschung 70, 179–185 (2015).

 38. Maire, E. & Withers, P. J. Quantitative X-ray tomography. Int. Mater. Rev. 591, 1–43 (2014).
 39. Müller, B. et al. �ree-dimensional registration of tomography data for quanti�cation in biomaterials science. Int. J. Mater. Res. 

103, 242–249 (2012).
 40. Zitová, B. & Flusser, J. Image registration methods: a survey. Image Vis. Comput. 21, 977–1000 (2003).
 41. Derome, D., Gri�a, M., Koebel, M. & Carmeliet, J. Hysteretic swelling of wood at cellular scale probed by phase-contrast X-ray 

tomography. J. Struct. Biol. 173, 180–190 (2011).



15

Vol.:(0123456789)

Scientific Reports |        (2020) 10:21615  | https://doi.org/10.1038/s41598-020-78028-4

www.nature.com/scientificreports/

 42. Patera, A. 3D experimental investigation of the hygro-mechanical behaviour of wood at cellular and sub-cellular scales. (Università 
degli Studi di Torino, 2014).

 43. Gamstedt, E. K. et al. Moisture-induced swelling properties of natural cellulose �bers characterized by synchrotron X-ray computed 
tomography. In 20th International Conference on Composite Materials (2015).

 44. Forsberg, F., Sjödahl, M., Mooser, R., Hack, E. & Wyss, P. Full three-dimensional strain measurements on wood exposed to three-
point bending: analysis by use of digital volume correlation applied to synchrotron radiation micro-computed tomography image 
data. Strain 46, 47–60 (2010).

 45. Jo�re, T., Girlanda, O., Forsberg, F., Sjödahl, M. & Gamstedt, E. K. A 3D in-situ investigation of the deformation in compressive 
loading in the thickness direction of cellulose �ber mats. Cellulose 22, 2993–3001 (2015).

 46. Tran, H. et al. 3D mechanical analysis of low-density wood-based �berboards by X-ray microcomputed tomography and digital 
volume correlation. J. Mater. Sci. 48, 3198–3212 (2013).

 47. Lecrerc, H., Perie, J. N., Hild, F. & Roux, S. Digital volume correlation: what are the limits to the spatial resolution?. Mech. Ind. 13, 
361–371 (2012).

 48. Haldrup, K., Nielsen, S. F. & Wert, J. A. A general methodology for full-�eld plastic strain measurements using X-ray absorption 
tomography and internal markers. Exp. Mech. 48, 199–211 (2008).

 49. Schanz, D., Schröder, A. & Gesemann, S. Shake the box: a 4D PTV algorithm: accurate and ghostless reconstruction of Lagrangian 
tracks in densely seeded �ows. In 17th International Symposium on Applications of Laser Techniques to Fluid Mechanics (2014).

 50. Toda, H. et al. Quantitative assessment of microstructure and its e�ects on compression behavior of aluminium foams via high-
resolution synchrotron X-ray tomography. Metall. Mater. Trans. 37A, 1211–1219 (2014).

 51. Hall, S. A., Desrues, J., Viggiani, G., Besuelle, P. & Ando, E. Experimental characterisation of (localised) deformation phenomena 
in granular geomaterials from sample down to inter- and intra-grain scales. Procedia IUTAM 4, 54–65 (2012).

 52. Gillard, F. et al. �e application of digital volume correlation (DVC) to study the microstructural behaviour of trabecular bone 
during compression. J. Mech. Behav. Biomed. Mater. 29, 480–499 (2013).

 53. Farruggia, F. & Perre, P. Microscopic tensile tests in the transverse plane of earlywood and latewood parts of spruce. Wood Sci. 
Technol. 34, 65–82 (2000).

 54. Rafsanjani, A., Lanvermann, C., Niemz, P., Carmeliet, J. & Derome, D. Multiscale analysis of free swelling of Norway spruce. 
Compos. Part A 54, 70–78 (2013).

 55. Lanvermann, C., Sanabria, S. J., Mannes, D. & Niemz, P. Combination of neutron imaging (NI) and digital image correlation (DIC) 
to determine intra-ring moisture variation in Norway spruce. Holzforschung 68, 113–122 (2014).

 56. Rafsanjani, A., Derome, D., Wittel, F. K. & Carmeliet, J. Computational up-scaling of anisotropic swelling and mechanical behavior 
of hierarchical cellular materials. Compos. Sci. Technol. 72, 744–751 (2012).

 57. Jernkvist, L. O. & �uvander, F. Experimental determination of sti�ness variation across growth rings in Picea abies. Holzforschung 
55, 309–317 (2001).

 58. Moden, C. S. & Berglund, L. A. Elastic deformation mechanisms of so�woods in radial tension: cell wall bending or stretching. 
Holzforschung 62, 562–568 (2008).

 59. Keunecke, D., Stanzl-Tschegg, S. & Niemz, P. Fracture characterization of yew and spruce in the radial-tangential and tangential-
radial crack propagation system by a micro wedge splitting test. Holzforschung 61, 528–588 (2007).

 60. Reiterer, A., Burgert, I., Sinn, G. & Tschegg, S. �e radial reinforcement of the wood structure and its implication on mechanical 
and fracture mechanical properties: a comparison between two tree species. J. Mater. Sci. 37, 935–940 (2002).

 61. Braendstroem, J. Micro- and ultrastructural aspects of Norway spruce tracheids: a review. IAWA J. 22, 333–353 (2001).
 62. Burgert, I. & Eckstein, D. �e tensile strength of isolated wood rays of (Fagus sylvatica L.) beech and its signi�cance for the bio-

mechanics of living trees. Trees Struct. Funct. 15, 168–170 (2001).
 63. Volkmer, T. & Wagenführ, A. Festigkeitsverhalten von Holz (Picea abies Karst.) im mikrostrukturellen Bereich. Holztechnologie 

46, 3 (2005).
 64. Burgert, I., Bernasconi, A., Niklas, K. J. & Eckstein, D. �e in�uence of rays on the transverse elastic anisotropy in green wood of 

deciduous trees. Holzforschung 55, 449–454 (2001).
 65. Elaieb, M. T., Shel, F., Jalleli, M., Langbour, P. & Candelier, K. Physical properties of four ring-porous hardwood species: in�uence 

of wood rays on tangential and radial wood shrinkage. Madera y bosques 25, e12521695 (2019).
 66. Xue, Q. et al. E�ects of wood rays on the shrinkage of wood during the drying process. BioResources 13, 7086–7095 (2018).
 67. Hankinson, R. L. Investigation of crushing strength of spruce at varying angles of grain. Air Force Information CIrcular No. 259 (U.S. 

Air Service, 1921).
 68. Sebera, V. & Muszynski, L. Determining of local material properties of OSB sample by coupling advanced imaging techniques and 

morphology-based FEM simulation. Holzforschung 65, 811–818 (2011).
 69. Kamke, F. A. et al. Methodology for micromechanical analysis of wood adhesive bonds using X-ray computed tomography and 

numerical modeling. Wood Fiber Sci. 46, 15–28 (2014).
 70. Fortino, S., Hradil, P., Salminen, L. I. & De Magistris, F. A 3D micromechanical study of deformation curves and cell wall stresses 

in wood under transverse loading. J. Mater. Sci. 50, 482–492 (2015).
 71. Li, M., Füssl, J., Lukacevic, M., Eberhardsteiner, J. & Martin, C. M. Strength predictions of clear wood at multiple scales using 

numerical limit analysis approaches. Comput. Struct. 196, 200–216 (2018).
 72. Badel, E. & Perre, P. �e shrinkage of oak predicted from its anatomical pattern: validation of a cognitive model. Trees 21, 111–120 

(2007).
 73. Kauer, M., Vuskovic, V., Dual, J., Szekely, G. & Bajka, M. Inverse �nite element characterization of so� tissues. Med. Image Anal. 

6, 275–287 (2002).
 74. Gibson, L. J. Cellular solids (Cambridge University Press, Cambridge, 2014).
 75. Schwarzkopf, M. Synchrotron-based analysis of densi�ed wood impregnated with curing resin. In 62nd International Convention 

of Society of Wood Science and Technology 154 (2019).
 76. DIN 52183. Testing of Wood: Determination of Moisture Content. German Institute for Standardisation, Berlin (1977).
 77. Zauner, M. In-Situ Synchrotron Based Tomographic Microscopy of Uniaxially Loaded Wood: In-Situ Testing Device, Procedures and 

Expeirmental Investigations (ETH Zurich, Zurich, 2014).
 78. Otsu, N. A threshold selection method from gray-level histograms. IEEE Trans. Syst. Man Cyber 9, 62–66 (1979).
 79. Gonzalez, R. C., Woods, R. E. & Eddins, S. L. Digital Image Processing Using MATLAB 2nd edn. (Gatesmark Publishing LLC, , 

Knoxville, 2009).
 80. Sanabria, S. J., Lanvermann, C., Michel, F., Mannes, D. & Niemz, P. Adaptive neutron radiography correlation for simultaneous 

imaging of moisture transport and deformation in hygroscopic materials. Exp. Mech. 55, 403–415 (2015).
 81. DeBoor, C. A Practical Guide to Splines (Springer, Berlin, 2001).

Acknowledgements
�e research was �nancially supported by the Swiss National Science Foundation under grant SNF-Project 
127134. �e authors would like to thank the support of Prof. Dr. Marco Stampanoni and the sta� of the TOMCAT 
beamline at SLS in Villigen. �e colleagues at the Wood Physics Group at ETH Zurich: S. Ammann, S. Clauss, 



16

Vol:.(1234567890)

Scientific Reports |        (2020) 10:21615  | https://doi.org/10.1038/s41598-020-78028-4

www.nature.com/scientificreports/

M. W. Felux, D. Fernandez, P. Hass, O. Klauesler, K. Kranitz, C. Lanvermann, F. Michel, T. Ozyhar, S. Schlegel 
and F. Wittel are also acknowledged for their assistance during the data collection. T. Schnider is acknowledged 
for his support with specimen preparation.

Author contributions
�e Individual Cell Tracking method was conceived and implemented in so�ware by S.J.S. Wood specimens were 
manufactured by F.B. and M.Z. �e mechanical loading device was implemented by M.Z. �e data collection 
at the synchrotron beamline was coordinated by F.B. Data were analyzed by S.J.S. and interpretation and wood 
physics discussion were provided by P.N. �e manuscript was written by S.J.S. with help from P.N. All authors 
provided revisions to the manuscript and approved the �nal version.

Competing interests 
�e authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https ://doi.org/10.1038/s4159 8-020-78028 -4.

Correspondence and requests for materials should be addressed to S.J.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access  �is article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© �e Author(s) 2020

https://doi.org/10.1038/s41598-020-78028-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	In-situ quantification of microscopic contributions of individual cells to macroscopic wood deformation with synchrotron computed tomography
	Results and discussion
	Deformation measurement accuracy. 
	Multi-scale deformation analysis of growth ring loaded radially in tension until fracture. 
	Macroscopic deformation with independent analysis of tracheids and wood rays. 
	Microstructure deformations at subcellular scale. 
	Correlations between microscopic and macroscopic deformation properties. 
	The role of wood rays in wood composite structure: comparison with previous studies. 

	Multi-scale analysis of softwood compressed longitudinally until densification. 

	Conclusions
	Individual cell tracking method. 
	Experimental observation of interactions between microscopic deformation, cellular arrangement and macroscopic deformation response of wood. 

	Materials and methods
	Experiments. 
	Individual cell tracking (ICT). 
	Automatic segmentation of tracheids and wood rays. 
	Tracheid deformation analysis. 
	Wood ray deformation analysis. 


	References
	Acknowledgements


