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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Enhanced mechanical energy conversion 
with selectively decayed wood
Jianguo Sun1,2, Huizhang Guo1,2, Gian Nutal Schädli3, Kunkun Tu1,2, Styfen Schär1,  
Francis W.M.R. Schwarze4, Guido Panzarasa1,2, Javier Ribera4*, Ingo Burgert1,2*

Producing electricity from renewable sources and reducing its consumption by buildings are necessary to meet 
energy and climate change challenges. Wood is an excellent “green” building material and, owing to its piezoelec-
tric behavior, could enable direct conversion of mechanical energy into electricity. Although this phenomenon has 
been discovered decades ago, its exploitation as an energy source has been impaired by the ultralow piezoelec-
tric output of native wood. Here, we demonstrate that, by enhancing the elastic compressibility of balsa wood 
through a facile, green, and sustainable fungal decay pretreatment, the piezoelectric output is increased over 
55 times. A single cube (15 mm by 15 mm by 13.2 mm) of decayed wood is able to produce a maximum voltage of 
0.87 V and a current of 13.3 nA under 45-kPa stress. This study is a fundamental step to develop next-generation 
self-powered green building materials for future energy supply and mitigation of climate change.

INTRODUCTION
Buildings account for about 40% of worldwide energy consumption 
and for nearly one-quarter of global greenhouse gas emissions (1–3). 
Boosting the building energy efficiency plays an increasingly deci-
sive role to meet future energy and climate targets (4, 5). Current 
efforts mainly focus on the reduction of building energy consump-
tion through the design of envelopes for enhancing insulation, sun 
shading, and natural ventilation (6–8). Besides reducing energy 
consumption, the integration of green renewable energy sources 
into the building architecture is of crucial importance to make them 
energy-neutral or even energy-producing entities (9, 10). Current 
technology focuses predominantly on photovoltaics (PV), which 
produces electricity for buildings by transforming sunlight. Howev-
er, the energy gain is highly dependent on weather conditions, and 
solar panel installation does not pay off for all kinds of buildings 
(2, 11–13). Installation of solar panels influences the aesthetic ap-
pearance of buildings architecture, in particular, when larger PV 
devices are integrated on the roofs. Therefore, it is highly desirable 
that raw construction materials such as wood, concrete, or glass 
would be able to produce electricity from renewable sources with-
out any weather restrictions. Only then could future buildings gen-
erate their own electricity without limitations while maintaining 
their aesthetic appearance.

Wood is a traditional building material, whose use is increasing 
thanks to its notable sustainability and advantages originating from 
being a renewable and CO2 storing resource (8, 14). Beyond that, 
wood might even be exploited to contribute to power generation in 
buildings. Wood cell walls are mainly composed of cellulose, hemi-
celluloses, and lignin. The cellulose consists of amorphous and crys-
talline regions. Piezoelectricity in wood is induced by the displacement 
of crystalline cellulose in response to applied mechanical stress, re-
sulting in the generation of electrical charges. This phenomenon 
was discovered decades ago (15–17). However, progresses in using 

wood as an energy convertor have been hindered owing to the low 
piezoelectric moduli and the limited deformability of wood itself, 
resulting in an inefficient electrical output (16).

Throughout history, wood decay by fungi has been a consider-
able detriment for the durability of wood in building construction 
(18–23). Here, we take advantage of this commonly undesired de-
cay process to partially remove lignin and hemicellulose from balsa 
wood, using the white rot fungus Ganoderma applanatum (Empa 
646), resulting in biologically modified wood with enhanced com-
pressibility (24–26). In previous studies, the poor deformability of 
wood resulted in small piezoelectric effects due to its insufficient 
deformation under a minute (e.g., tens of kilopascals) load (27, 28). 
In a recent study (29), we have shown that a chemical delignifica-
tion treatment can enhance the deformability of wood, resulting in 
an increased piezoelectric output. Here, we explore a biological 
method and demonstrate that wood deformability and, conse-
quently, the displacement of cellulose crystals even under minute 
loads can be successfully achieved by taking advantage of a com-
pletely natural fungal decay process, without the need of using 
chemicals. By applying this highly sustainable method, we were able 
to fabricate an efficient wood energy convertor with a 55 times in-
crement in piezoelectric effect. Our results provide previously un-
known inputs for the comprehension of wood piezoelectricity and the 
development of its applications. Such green, biocompatible, biodegradable, 
and cost-effective decayed wood may become a useful point-of-
use power supply in future sustainable buildings (1, 30–34).

RESULTS
Balsa (Ochroma pyramidale Cav. ex Lam.) wood with high porosity 
and low density (about 94.8 kg/m3) was incubated with the white 
rot fungus G. applanatum for 4 to 12 weeks. After fungal treatment, 
the decayed wood had improved compressibility due to structural 
alterations. The second row in Fig. 1 illustrates the general working 
principle of wood piezoelectricity, which originates from crystalline 
cellulose. Upon compression of the crystalline cellulose segments, 
centroids of positive charges and negative charges no longer co-
incide, inducing charges on the surfaces of wood for electrostatic 
equilibrium. A higher compressibility of the wood, thanks to the 
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fungal treatment, results in a higher displacement of cellulose crystals, 
which enhances the electrical output. The hyphae, i.e., the thread-
like cells of the fungus (fig. S1), grow within the wood cell lumen 
and secrete extracellular enzymes able to degrade lignin, resulting 
in changes of the wood structure (Fig. 1). Balsa, thanks to its lignin 
composition, is attacked by the selected white rot fungi more easily 
than other wood species (such as spruce, pine, and fir), resulting in 
a significantly reduced delignification time (35, 36).

The influence of the fungal treatment on the morphology and 
structure of balsa wood was analyzed in detail on transverse sec-
tions by scanning electron microscopy (SEM). As shown in Fig. 2A, 
the native wood (0% weight loss) has a honeycomb-like porous 
structure and cell lumina with dimensions of 20 to 50 m and thin 
cell walls. Weight loss caused by G. applanatum during incipient 
stages of decay (after 4 weeks) is around 15%. As shown in Fig. 2 
(B and C), the wood structure changes are hardly visible after 4 weeks 
of exposure to G. applanatum. Structural changes become more 
evident when the weight loss increases to 25 and 35% after 6 and 
8 weeks of fungal colonization, respectively (Fig. 2, D to F). In the 
wood sections highlighted by green frames, several cell walls are de-
stroyed while others appear to be unaltered, indicating an inhomo-
geneous lignin degradation throughout the balsa wood in these two 
stages. The destruction of cell walls appears even more obvious in 
SEM images taken at higher magnification (Fig. 2F and fig. S2). 
After 10 weeks, balsa wood was strongly decayed, with a weight loss 
of 45%. As indicated in Fig. 2G, most of the cell walls are destroyed, 
forming large spaces between the rays. This structural alteration is 
responsible for the high mechanical compressibility of fungal treated 
wood. Excessive degradation with weight losses (50, 55, and 60%) 
results in a loss of the original shape of the balsa wood blocks, even 
without being compressed (Fig. 2, H and I, and fig. S3). The optimum 
weight loss of wood was determined to be approximately 45%, as it allows 
retaining the shape of the wood, but accelerating compressibility.

The weight loss evolution over time for wood incubated with 
G. applanatum is provided in Fig. 2J. Weight losses increased from 
15 to 25, 35, 45, and 55% after an exposure time of 4 to 6, 8, 10, and 12 weeks, 
respectively. We also investigated the effect of two other white rot fungi 
(Phanerochaete chrysosporium, Empa 605; and Ganoderma adspersum, 

Empa 033) on balsa wood, but the decay rate was much lower com-
pared to that obtained with G. applanatum (see table S1). Fourier 
transform infrared (FTIR) spectroscopy analysis of native wood 
and decayed wood (45% weight loss) was carried out to check par-
tial removal of lignin and hemicelluloses (Fig. 2K). A decrease and 
shift in the relative intensities of characteristic lignin bands at 1594, 
1503, and 1460 cm−1 are indicative of preferential lignin degrada-
tion by G. applanatum, as expected (37). Decline in the relative in-
tensities of bands at 1736 cm−1 indicated that G. applanatum also 
affected the hemicellulose fraction. X-ray diffraction (XRD) pat-
terns of native wood and decayed wood with 45% weight loss show 
characteristic diffraction peaks at 14.8° (1 to 10), 16.5° (110), and 
22.5° (200) of both native wood and decay wood, indicating that 
cellulose I crystalline structure of the native wood was not altered 
during the degradation process (fig. S4).

As shown in Fig. 3A, the decayed wood (45% weight loss) shows 
a high mechanical compressibility along the tangential direction 
and can recover to the original state after release of the stress, in 
sharp contrast to the rigid native wood. To further evaluate the me-
chanical properties of balsa wood before and after fungal treatment, 
we carried out multiple compression measurements. Figure 3B 
compares the mechanical compressibility of wood for different weight 
losses, varying from 0 to 45%. Under a stress load of 45 kPa (about 
10-N force), the native wood only shows a small strain load of ap-
proximately 0.44%. When the weight loss increases to 15, 25, 35, 
and 45%, the strain load in the decayed wood increases by 2.71, 
11.12, 18.64, and 23.67%, respectively. In comparison to native 
wood, decayed wood with a 15% weight loss shows a slight im-
provement in compressibility, while more marked changes can be 
seen at a higher weight loss. For instance, a 54 times strain increase, 
compared to native state, was obtained when the weight loss of 
balsa wood was 45%. This wood compression behavior for different 
weight losses is based on the structural changes caused by the fun-
gus, as shown by the SEM images in Fig. 2.

As decayed wood with 45% weight loss showed the best com-
pressibility performance, its compression behavior was further 
evaluated at different stress levels (Fig. 3C). Higher stresses result in 
higher strain. Compared to the curves for a load of up to 20 and 45 kPa 

Fig. 1. Graphical illustration of the structure evolution of wood upon fungal treatment. 
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(black and red curves, respectively), the stress-strain curve for a 
maximum stress of 100 kPa (blue curve) indicates a different behav-
ior. All curves show a viscoelastic behavior with a short initial linear 
phase followed by an exponential increase. While the curves loaded 
until a stress level of 20 and 45 kPa remain in this phase, the loading 
to 100 kPa leads to a third phase with an almost linear increase. 
Although it is difficult to extract the underlying structure-property 
relationships to explain this behavior, the comparison of the three 
curves allows drawing some conclusions on the impact of the max-
imum stress levels. The curve obtained with a loading of 100 kPa 
shows a much higher energy dissipation than the other two curves, 
indicating that there is a stress limit for repeating loading events, 

which is around 45 to 50 kPa for these samples. In previous re-
search, chemical approaches involving, e.g., sodium chlorite, sodium 
hydroxide, or acetic acid/hydrogen peroxide, have been used to re-
move lignin and hemicellulose from wood (29, 38). Such methods 
are faster and more efficient than the use of white rot fungi and 
could result in more compressible wood structures. However, these 
merits of chemical delignification approaches are outweighed by 
the fundamental advantage of our fungi-based method: that is, to be 
fully sustainable and environment friendly.

To evaluate the mechanical stability of fungal decayed wood 
(45% weight loss), a cyclic compression test was performed at a constant 
stress of 45 kPa. As shown in Fig. 3D, only small plastic deformations 

Fig. 2. SEM images of wood decayed by G. applanatum (transverse sections) showing different weight loss. (A) Zero percent weight loss (native wood). (B) Fifteen 
percent weight loss. (C) High-magnitude SEM image of wood with 15% weight loss. (D) Twenty-five percent weight loss. (E) Thirty-five percent weight loss. (F) High-magnitude 
SEM image of wood with 35% weight loss. (G) Forty-five percent weight loss. (H) Fifty-five percent weight loss. (I) High-magnitude SEM image of wood with 55% weight 
loss. (J) Increase in weight loss of balsa wood by G. applanatum over time. Error bars indicate SDs for 15 sets of data points. (K) FTIR spectra of the native wood and decayed 
wood with 45% weight loss.
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occurred after 100 loading-unloading cycles, showing the good me-
chanical stability of the decayed wood. This can be further demon-
strated by the energy dissipation in different cycles. As shown in 
Fig. 3E, the energy loss decreases from 0.34 in the 1st cycle to 0.26 
for the 100th cycle, which is relatively low compared to other mate-
rials with high compressibility (39, 40). The good mechanical com-
pressibility and stability of the decayed wood was attributed to the 
unique structure generated by the fungal treatment.

The piezoelectric output was measured by a programmable elec-
trometer (Keithley 6514). A linear motor, which could place a de-
fined pressure on the samples at constant frequency, was used to 
compress the wood blocks. Figure S5 illustrates the piezoelectric 
output measurement setup. The open-circuit voltage instantaneously 
generated by native wood under a constant stress of 45 kPa was as 
small as 0.015 V, with heavy noise (fig. S6). As shown in Fig. 4A, 
decayed wood with 15% weight loss shows a slight improvement in 
voltage output when compared to native wood, but only rising up to 
0.085 V. When the weight loss was increased to 25, 35, and 45%, the 
voltage of decayed wood reached up to 0.33, 0.59, and 0.87 V, the 

highest voltage increment being of 58 times compared to native 
wood. The growing voltage was ascribed to the increasing mechan-
ical compressibility of decayed wood, which is linked to the increase 
in weight loss. This was further confirmed by measuring the associ-
ated short-circuit current produced by these samples, shown in fig. S7. 
A long-term compression/releasing test was conducted to confirm 
the mechanical durability of this decayed wood with 45% weight 
loss under a constant stress of 45 kPa. As is shown in Fig. 4B, the 
output voltage was maintained at about 0.84 V with minor fluctua-
tions up to 500 cycles and no visible decline, indicating high struc-
tural robustness. The maximum current of 13.3 nA was generated 
by the decayed wood with a weight loss of 45%, two orders of mag-
nitude higher than that of native wood, which is similar to voltage 
output (Fig.  4C). Furthermore, the electrical output of decayed 
wood (45% weight loss) was measured under different stress levels. 
As shown in Fig. 4D and fig. S8, for the same sample, a higher me-
chanical stress resulted in a higher electrical output and a maximum 
current of 19 nA (voltage 1.32 V) that was generated under the highest 
stress of 100 kPa. The corresponding compression force applied on 

Fig. 3. Mechanical properties of balsa wood before and after fungal treatment. (A) Photographs of the decayed wood showing its higher and reversible compress-
ibility compared to native wood. (B) Stress-strain curves of the decayed wood with different weight losses. (C) Stress-strain curves of the decayed wood (45% weight loss) 
under compression with different maximum stresses of 20, 45, and 100 kPa, respectively. (D) Stress-strain curves of the decayed wood (45% weight loss) under cyclic 
compression at a constant stress of 45 kPa. (E) Energy loss coefficient of the decayed wood during different cycles derived from the stress-strain curves in (D). Photo 
credit: Jianguo Sun, ETH Zürich.
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the wood surface was recorded by the loading cell mounted on the 
linear motor, as shown in fig. S8.

The piezoelectric effect in wood results from the mechanical de-
formation of crystalline cellulose whose unit cell is similar to mono-
clinic symmetry class 2 (2 is the twofold symmetry axis). When the 
twofold symmetry axis of the crystal lattice (longitudinal axis of the 
molecules) is parallel to the z axis, the piezoelectric tensor for this 
crystal can be written as

   
 0   0   0    d  14      d  15     0  

   0    0   0    d  24      d  25     0  
  d  31     d  32      d  33     0     0    d  36  

   

Thus, eight piezoelectric moduli should exist in wood, including 
d14, d15, d24, d25, d13, d32, d33, and d36 (15). However, almost all the 
previous research only reported the existence of d14 and d25 moduli 
in wood, representing polarization in the x direction produced by 

shear stress in the yz plane and polarization in the y direction in-
duced by shear stress in the zx plane, respectively. For our samples, 
it is reasonable to assume that the d25 modulus could be present as 
well, as the fiber misalignment in balsa wood leads to the formation 
of shear stresses under compression (fig. S9) (41, 42). Besides, the 
distortion of cellulose fibers induced by mechanical compression 
could also activate another piezoelectric modulus, the d32 one (43). 
The increased piezoelectric effect observed in decayed wood could 
then result from the contribution of different piezoelectric moduli, 
induced by the enhanced displacement of cellulose crystals in the 
highly compressible wood structure. In previous studies, powerful 
tools have been used to investigate the mechanisms of piezoelectric 
effects, such as Kelvin probe force microscopy (44) and COMSOL 
Multiphysics simulations (45), of molecular (46, 47) and structural 
levels. However, these methods have not yet been tested on a com-
plex, hierarchical matrix such as our decayed wood. Hence, further 
investigations are needed to obtain a better understanding of the 
piezoelectric mechanisms of the decayed wood.

Because the electrical output of a single piece [15 mm (L) by 
15 mm (R) by 13.2 mm (T)] of decayed wood is limited, the electrical 
output of two decayed wood cubes connected in series or parallel 
was tested to demonstrate scalability. As is shown in fig. S10, while 
the individual voltage output of two single wood cubes was about 
0.87 and 0.84 V, respectively, the output voltage of the cubes con-
nected in series could reach 1.7 V. The maximum current produced 
by two individual decayed wood cubes was about 13 nA. Once they 
were connected in parallel, the current was increased to 26 nA. These 
results indicate that the voltage and current can be improved simply 
by integrating more wood cubes in different electrical connection 
modes, depending on the desired applications. To further demon-
strate the upscaling potential and feasibility for future building ap-
plications, we fabricated a simple prototype of wood floor composed 
of nine parallel connected wood blocks, all with similar weight loss-
es of 45%. As illustrated in Fig. 4E, two pieces of copper foil with a 
size of 45 mm by 45 mm were attached onto the radial sections of 
the decayed wood blocks and were then covered with two pieces of 
wood veneer (500-m thickness). Conductive wires were led out 
and connected to a commercial light-emitting diode (LED), fixed 
behind the window of a small wood model house. The LED could be 
switched on directly by repeatedly and strongly pressing a hand on 
the demonstrator. Both the compressing and releasing action of the 
hand can light up the LED, while no light shines during the holding 
process, as shown in Fig. 4E and the inset pictures. Figure S11 shows 
that the current generated by the combined elements under flap-
ping hands was increased to 150 nA, indicating the potential feasi-
bility of application as power supply in wood floorings of future 
buildings. On the basis of our fundamental study, we envision the 
possibility to make large-scale wood floorings, allowing the produc-
tion of electricity from human activities, such as in ballrooms.

DISCUSSION
In summary, we have demonstrated a facile, nontoxic, low-cost, and 
eco-friendly approach to functionalize wood for efficiently the pro-
duction of electricity from mechanical energy input. Compared to 
established chemical delignification protocols, we have taken ad-
vantage of a natural, usually unwanted, fungi decay to partially re-
move lignin and hemicelluloses from native balsa wood to achieve a 
highly compressible wood structure. Thanks to this compressibility, 

Fig. 4. Electrical output of decayed wood. (A) Output voltage of the decayed 
wood with different weight loss. (B) Voltage of decayed wood (45% weight loss) 
under cyclic compression test for 500 cycles. (C) Current of the decayed wood (45% 
weight loss) under a constant stress of 45 kPa. (D) Output current of the decayed 
wood (45% weight loss) under compression with different maximum stress of 20, 
45, and 100 kPa, respectively. (E and F) Application of the decayed wood multicube 
prototype for powering a commercial LED in a house model. Photo credit: Jianguo Sun, 
ETH Zürich.
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leading to an increased displacement of cellulose crystals, the par-
tially degraded balsa wood displayed an enhanced piezoelectric 
effect. This renewable, biocompatible, economical, and eco-friendly 
decayed wood [15 mm (L) by 15 mm (R) by 13.2 mm (T)] can pro-
duce voltage and current of 0.87 V and 13.3 nA under a low pres-
sure of 10 N, which is over 55 times the output of native wood. 
Decayed wood blocks connected in parallel or series to produce larger 
elements could generate higher current or voltage and be used to 
run low-power electronics, indicating the feasibility of application 
in future buildings. This study opens new possibilities to use renewable 
and sustainably processed materials for the design of future build-
ings with higher energy efficiency thanks to the ability to produce 
their own electricity through various indoor human activities.

MATERIALS AND METHODS
Decayed wood preparation with G. applanatum
Seventy-five wood samples of O. pyramidale (Balsa) with dimen-
sions of 15 mm (T) by 15 mm (R) by 15 mm (L) were oven dried at 
103°C for 24 hours to record initial dry weight. Samples were steril-
ized with ethylene oxide (Sigma-Aldrich, Buchs, Switzerland) and 
then placed into Kolle culture flasks containing freshly inoculated 
G. applanatum (Empa 646) growing on 75 ml of sterilized (20 min 
at 121°C) 4% Malt Extract Agar (MEA) (Oxoid, Platern, Switzerland). 
Fifteen biological replicates per incubation conditions were studied. 
All cultures were maintained in the dark at 22°C and 70% relative 
humidity. After different incubation periods (4, 6, 8, 10, and 12 weeks), 
the fungal biomass was carefully removed from the wood surfaces 
with a brush and the final weight was recorded after drying the sam-
ples in the oven at 103°C for 24 hours. It is noteworthy that there is 
a small shrinkage in the tangential direction of the bulk wood after 
fungal treatment (fig. S12).

Decayed wood preparation with other fungi
Fifteen wood samples of O. pyramidale (Balsa) with dimensions of 
15 mm (T) by 15 mm (R) by 15 mm (L) were oven dried at 103°C 
for 24 hours to record initial dry weight. Samples were sterilized with 
ethylene oxide (Sigma-Aldrich, Buchs, Switzerland) and then placed 
into Kolle culture flasks containing freshly inoculated P. chrysosporium 
(Empa 605) and G. adspersum (Empa 003) growing on 75 ml of 
sterilized (20 min at 121°C) 4% MEA (Oxoid, Pratteln, Switzerland). 
Five biological replicates per incubation conditions were studied. 
All cultures were maintained in the dark at 22°C and 70% relative 
humidity. After different incubation periods (4, 8, and 12 weeks), 
the fungal biomass was carefully removed from the wood surfaces 
with a brush and the final weight was recorded after drying the sam-
ples in the oven at 103°C for 24 hours.

Assembly of wood cubes
Nine wood blocks with similar weight losses of 45% were connected 
in parallel. Then, two pieces of copper foil with a size of 45 mm by 
45 mm were attached onto the radial sections of the decayed wood 
blocks and covered with two pieces of wood veneer (500-m thick-
ness each). Conductive wires were led out between the copper foil 
and wood veneer.

Microtome cutting
The samples surfaces characterized by SEM (FEI Quanta 200F) were 
prepared using a rotary microtome (Leica Ultracut, Germany). Because 

the balsa wood is very soft especially after treatment with fungus, it 
is very challenging to cut smooth cross sections. We immersed the 
samples into water first and then put into the fridge to freeze them 
to provide sufficient mechanical support of the wood during the 
cutting, which only served for taking SEM images.

Scanning electron microscopy
Wood samples were cut into smaller size of 5 mm by 5 mm by 5 mm. 
Then, they were put into the vacuum oven under 103°C for 12 hours 
for drying. Afterward, the wood samples were coated with Pt-Pd 
(80/20) by using a sputter coater (CCU-010, Safematic, Switzerland) 
to produce a coating of about 10 nm to make the surface conductive. 
The structure of the samples was characterized by field-emission SEM 
(FEI Quanta 200F).

Fourier transform infrared spectroscopy
Thin slices of wood samples were analyzed with an FTIR spectrom-
eter (Bruker Tensor 27) over the scan range of 400 to 4000 cm−1 to 
see the changes in chemical composition of the cell walls upon fun-
gal treatment. The spectra were normalized (min/max) and baseline- 
corrected in the OPUS software and plotted in OriginPro 8.6.

Measurement of electrical output
First, two pieces of copper foil with a size of 15 mm by 15 mm were 
attached onto the radial sections of the wood block [15 mm (L) by 
15 mm (R) by 15 or 13.2 mm (T)], which were then covered with 
two pieces of insulating substrate (e.g., wood veneer, 500-m thick). 
Conductive wires were led out between the copper foil and wood 
veneer. Then, the sample was attached on a plate equipped with a 
loading cell (Model 31E mid.; maximum load, 50 N), mounted on 
the rigid frame of the motor to monitor the pressure applied on the 
samples. A linear motor (PL01-28x500/420) was used to apply a 
fixed pressure on the samples at constant frequency. The conduc-
tive wires were connected to a programmable electrometer (Keithley 
6514), and the electrical output of native wood and decayed wood 
was measured by Keithley 6514 equipped with MATLAB software 
(fig. S5 illustrates the related assessment setup).

Further characterization techniques
The nanostructure of cellulose was studied by XRD (Panalytical 
X’Pert PRO MPD) using Cu K radiation ( = 1.5406 Å). Mechan-
ical properties of the samples were evaluated by using a universal 
mechanical testing machine (Shimadzu AGS-X, Japan), equipped 
with a 100-N load cell.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabd9138/DC1
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