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Abstract. Recent work has highlighted the importance of movement of chemicals and ions through the
wood cell wall. This movement depends strongly on MC and is necessary for structural damage mechanisms
such as fastener corrosion and wood decay. Here, we present the first measurements of electrical resistance
of southern pine at the subcellular level as a function of wood MC by using a 1-um-diameter probe. In
latewood, measurements were taken in both the secondary cell wall (S2) and the cell corner compound
middle lamella (CCCML). In earlywood, measurements were only possible in the CCCML. As expected,
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resistance decreased with increasing relative humidity (RH) in all locations. Resistance decreased more
rapidly with RH in the S2 layer than in any of the middle lamellae. These results give insight into how some
moisture-dependent wood properties affecting ion movement may be partitioned across cell wall layers.

Keywords:
wood damage mechanisms.

INTRODUCTION

Wood-moisture relations have long been stud-
ied using electrical measurements at the macro-
scopic level (Stamm 1929; Hearle 1953; James
1963; Zelinka et al 2007, 2008b). The electrical
conductivity of wood, ¢ and its reciprocal, the
resistivity, p are material properties that depend
strongly on wood MC. These material properties
are directly related to the resistance of wood,
R, which can easily be measured, but R depends
on the electrode geometry, whereas ¢ and p do
not (Hummel 2001). For special boundary con-
ditions, ¢ and p can be calculated from R. For
example, under a uniform electric field, R is
proportional to the distance between the elec-
trodes and inversely proportional to the cross-
sectional area of the conductor.

Recently, Zelinka et al (2008a) proposed a new
mechanism for electrical conduction in wood
based on percolation theory. The theory describes
the rapid increase in conductivity of wood as a
function of MC between roughly 15% and 30%
MC in terms of a percolating network through
which ion movement occurs. One key feature of
the model is that there is a percolation threshold,
which is the MC at which the percolating net-
work first forms and below which ionic con-
duction cannot occur. Above the percolation
threshold, conductivity increases with a power-
law behavior. Because the percolation threshold
represents the lower bound for ionic conduction,
it also represents the MC below which wood
damage mechanisms that rely on ion transport,
such as fastener corrosion (Baker 1980, 1988)
and wood decay (Griffin 1977; Viitanen and
Paajanen 1988; Carll and Highley 1999; Wang
and Morris 2010), cannot occur (Jakes et al 2013).

Jakes et al (2013) developed a model for chem-
ical movement in cell walls that is consistent

Wood-moisture relations, wood electrical properties, timber physics, percolation theory,

with the percolation model for ionic conduction.
In this model, chemical movement occurs in
regions of the cell in which the hemicelluloses
have gone through a moisture-induced glass
transition. In dry conditions, hemicelluloses in
wood have a glass transition between 150°C and
220°C. However, the glass transition temperature
decreases with MC and eventually crosses room
temperature when in equilibrium with a relative
humidity (RH) of approximately 60-80% (Cousins
1976, 1978; Kelley et al 1987; Olsson and Salmén
2004). Above the glass transition temperature,
hemicellulose backbones twist and bend facilitat-
ing the movement of ions and other chemicals
between energetically favorable sites. Just below
the percolation threshold, some hemicelluloses
have adsorbed enough moisture to soften at room
temperature. As RH increases, the number and
size of softened regions grow until they form a
continuous pathway through which chemicals and
ions can exhibit long-range diffusion.

The percolation model developed by Zelinka
et al (2008a) was based on macroscale measure-
ments of electrical conductivity and implicitly
treats the wood material as homogenous. The
transport mechanism proposed by Jakes et al
(2013) depends on a moisture-induced glass
transition occurring in the hemicelluloses. This
theory suggests that there are probably differ-
ences in the threshold MC for chemical transport
among the different regions in the cell wall as a
function of the differing relative abundance and
orientation of hemicelluloses. For instance, the
secondary cell wall (S2) contains cellulose micro-
fibrils, amorphous cellulose, hemicelluloses, and
lignin and the hemicelluloses are_preferentially
oriented along the microfibrils (Akerholm and
Salmén 2001; Stevanic and Salmén 2009). In
contrast, in the compound middle lamella, hemi-
celluloses exist in an irregular network of lignin
(Hafren et al 2000). Because there are differences
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in the orientation and amount of hemicelluloses
between the S2 and the compound middle lamella,
we hypothesized that these cell wall domains
might exhibit differences in how conductivity
increases with moisture and that such differences
may give further insight into moisture-induced
changes in wood.

MATERIALS AND METHODS

Tests were conducted on microtome-cut trans-
verse sections of southern pine (Pinus spp.)
wood. Although the exact species was not deter-
mined when felled, the tree was harvested from a
plantation in which more than 90% of the trees
were slash pine (Pinus elliottii). Section thickness
was examined as an experimental variable and
was controlled with the microtome thickness set-
tings: measurements were taken on 20-, 40-, and
60-pm sections. Sections were stored in 50% eth-
anol to prevent microbial degradation. Immedi-
ately prior to testing, the sections were rinsed
with water, placed in the sample holder, and con-
ditioned at 50% RH and 22°C. In addition, mea-
surements were attempted on 500-um sections
cut by a fine saw. However, the surface roughness
of these samples precluded reproducible results.

Making electrical contact with the wood sample
was challenging. To ensure good electrical con-
tact, a sample holder was developed to press the
section on a conductive metal plate while
allowing the top to be accessed and to exchange
moisture with the environment. The sample
holder consisted of an acrylic plate with a hole
in the center (Fig 1). The section sat between the
acrylic plate and an aluminum plate, which was
used as one of the electrodes. Bolts were used to
tighten the acrylic plate to the aluminum plate,
and an extra bolt was attached to the aluminum,
allowing a wire to be connected to it for the
electrical measurements. The second electrode
in the measurement was a tungsten probe with a
1-pm tip diameter (Electron Microscopy Sciences,
Hartfield, PA). This measurement technique is
influenced by deformation of the tip, contact
between the tip and the specimen, contact of the
specimen with the bottom of the sample holder,

T
Figure 1. Experimental setup showing the micromanipu-

lator inside the RH chamber built around a stereoscope.
Inset: close-up view of the sample holder.

and how contact might be affected by swelling
of the specimen as RH increases. Although, care
was taken to take the measurements the same
way every time, we do not have a quantitative
estimate of how these contact variables affected
resistance measurements.

Measurements were taken in a custom chamber
built around an S8APO stereomicroscope (Leica,
Wetzlar, Germany) (Fig 1). The chamber was
built to house the tungsten probe and the objec-
tive of the stereomicroscope. The probe was
positioned with a Xenoworks micromanipulator
(Sutter, Novato, CA) with a minimum step size
of 62.5 nm. Constant RH was maintained by a
2 L/min flow of conditioned air into the chamber
from a HumiSys RH generator (InstruQuest,
Coconut Creek, FL) that relied on a RH sensor
placed inside the chamber.

For each RH condition, the probe was placed in
contact with 10 replicates of a given cell wall
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represents 100 pm.

domain, and the electrical resistance was mea-
sured. RH was then increased, and the section
was allowed to condition for 25 min at the new
RH. Then the measurements were repeated on
the same 10 cell wall domains that had been
measured at the previous RH condition. Mea-
surements were taken at seven different RH con-
ditions starting at 50% (50%, 57%, 64%, 71%,
78%, 85%, and 95%).

Within the latewood, measurements were taken
in the cell corner compound middle lamella
(CCCML) and the S2 (Fig 2). Because the cell
walls of earlywood tracheids are only approxi-
mately twice as thick as our probe tip, the S2
cell wall layer could not be individually mea-
sured and only the CCCML was measured. This
allowed us to compare the electrical conductiv-
ity of one cell wall domain (CCCML) across
two growth ring domains, to determine if growth
ring domain influenced electrical conductivity at
this scale.

The resistance measurements were performed
with an apparatus designed to minimize polariza-
tion effects and to allow for consistent and
repeatable measurements (Boardman et al 2012).
The system applied 10 V across a 10-MQ preci-
sion resistor in series with the specimen; polari-
zation was prevented by switching the polarity of
the bias voltage at a frequency of 1 Hz and aver-
aging four measurements. The resistance of the
wood was determined from measuring the volt-

b P o

Figure 2. Probe tip in the CCCML (earlywood), CCCML (latewood), and the S2 (latewood) (left to right). Scale bar

age drop across the precision resistor, resulting in
uncertainty of less than 20% at 50 GQ.

Statistical comparisons among measurements
taken at different section thicknesses, cell wall
domains, and growth ring domains were made
using #-tests. Two different types of comparisons
were made. Paired #-tests were used to compare
the mean values at each RH. This resulted in a
single p value for a comparison between the two
resistances vs RH curves. In addition, unpaired
t-tests assuming unequal variances (heteroscedastic)
were calculated from the 10 replicates at each RH
condition. This resulted in a p value at each RH.

RESULTS AND DISCUSSION

Figure 3 contains mean resistance as a function
of RH for all of the different sample groups. A
statistical comparison of the data sets is given in
Tables 1 and 2. From these data, three major
trends can be observed: the resistance of the S2
layer exhibited a different dependence on RH
than the CCCML, CCCML measurements were
independent of growth ring domain, and the resis-
tance in the CCCML depended on both sample
thickness and RH.

Clear differences can be observed between
the curves representing the S2 layer and the
CCCML, and it is not surprising that they are
statistically significantly different (p = 0.003,
Table 2). At greater than 50% RH, the S2 layer
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Figure 3. Mean resistance at each RH condition. Error
bars represent the standard error (CCCML; ew, earlywood;
Iw, latewood; S2).

had a lower resistance than the CCCML and
exhibited a sharp decrease between 57% and
71% RH. In contrast, the CCCML had an almost
linear decrease in resistance between 50% and
71% RH, whereas a sharp decrease in resistance
was observed between 71% and 78% RH.

For 20-um-thick sections, measurements were
taken in the CCCML of both the earlywood and

latewood domain. Visually, these data (repre-
sented by the C and ¢, respectively) are difficult
to separate on the plot. Using a paired #-test for
the mean values at each RH, the data for early-
wood and latewood CCCML were not statisti-
cally different (p = 0.25). These data indicate
that the electrical properties of the CCCML do
not depend on the growth ring domain. Further-
more, large measured differences between the
S2 layer and the CCCML support our tacit
assumption that our measurements of the S2
were largely unaffected by the near proximity
of the CCCML.

Measurements taken in the earlywood CCCML at
different section thicknesses are shown in Fig 4.
Resistance is plotted as a function of section
thickness, with the different RH conditions shown
as different symbols. For RH conditions from
50% to 71% as well as 95%, resistance increased
with increasing sample thickness. At 78% and
85% RH, however, resistance decreased with
increasing sample thickness. Table 1 indicates that
p values were largely nonsignificant when com-
paring 20- to 40-pum sections and predominantly
highly significant from 40- to 60-um sections and
20- to 60-pm sections. Further work is needed to

Table 1. The p values from unpaired heteroscedastic s-tests of 10 measurements at each RH condition.”

Growth ring domain EwW EW to LW Lw
Cell wall domain CCCML CCCML CCCML to S2

Section thickness (pm) 20-40 40-60 20-60 20 20
50% RH 0.833 p << 0.001 p << 0.001 0.021 0.542
57% RH 0.111 0.001 p << 0.001 0.434 0.005
64% RH 0.008 0.002 p << 0.001 0.929 0.001
71% RH 0.005 0.079 p << 0.001 0.707 p << 0.001
78% RH 0.463 p << 0.001 0.001 0.002 p << 0.001
85% RH 0.309 0.014 p << 0.001 0.626 p << 0.001
95% RH 0.797 0.007 0.005 0.004 p << 0.001

“EW, earlywood; LW, latewood.

Table 2. The t-tests of paired mean values at each RH condition.”

Growth ring domain Cell wall domain Section thickness p value
EW CCCML 20-40 0.206
EW CCCML 40-60 0.280
EwW CCCML 20-60 0.207
EW-LW CCCML 20 0.250
LW CCCML to S2 20 0.003

“EW, earlywood; LW, latewood.
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Figure 4. Mean resistance as a function of section thick-
ness for measurements taken in the CCCML (earlywood).
Error bars represent the standard error.

understand why resistance decreases with section
thickness at 78% and 85% RH.

It is worthwhile to compare these data to those
collected at the macroscale. Traditionally, elec-
trical measurements in wood have been plotted
as conductivity (o, the reciprocal of the resistiv-
ity, p) as a function of the wood MC. To convert
the data in Fig 3 to conductivity values, we used
the analytical solution to the Laplace equation
for a point-source electrical field:

1

. p =4mrR (1)
where r is the radius of curvature of the elec-
trode and R is the measured resistance (Telford
et al 1990). The relationship between the RH
and MC comes from macroscopic water vapor
sorption isotherm measurements on the same
parent board (Zelinka et al 2014). This transfor-
mation, therefore, assumes that the sorption iso-
therms of the CCCML and the S2 layer are the
same. Although there are probably differences
between the CCCML and the S2 isotherms,
there are no data on these layers individually
although Browning has studied differences in
liquid water absorption between these layers
(Browning 1963). The macroscopic data incor-
porate signals from both the S2 and the CCCML
in both earlywood and latewood, with no ability to
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Figure 5. Latewood measurements from the S2 and
CCCML converted to conductivity values and compared
with historical, macroscopic data.

separate either cell wall or growth ring domains.
We plotted these transformed data in Fig 5 on
the same axis as the macroscopic data used to
construct the percolation model (Stamm 1929;
Zelinka et al 2008a).

In Fig 5, measurements from the S2 layer
closely follow the shape of the macroscopic data
curve, except that they are lower in magnitude
than the macroscopic data by less than one order
of magnitude (the data are presented on a loga-
rithmic scale). This strongly suggests that our
data represent resistance measurements of the
various wood domains as opposed to solely an
interfacial resistance or an experimental artifact.
Furthermore, Zelinka et al (2008a) noted that the
shape of Stamm’s conductivity as a function of
MC data were consistent with a percolating sys-
tem. This similar curvature in the S2 layer sug-
gests the formation of a percolating network in
the S2 layer as well and that bulk wood electri-
cal properties are dominated by the S2.

In mesoscale measurements of the wood cell wall
with a probe diameter of 0.5 mm and a path
length of 10-50 mm, Zelinka et al (2015b)
observed that resistance of earlywood was greater
than that of latewood in southern pine conditioned
at 95% RH. They attributed differences between
earlywood and latewood to a greater specific
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gravity in the latewood, because the lumen is
nonconducting. These subcellular scale measure-
ments show that differences in electrical conduc-
tivity between earlywood and latewood also may
be influenced by differences in the conductivity
and relative proportions of middle lamella and S2
in each growth ring domain, rather than specific
gravity of the bulk tissue alone.

Measurements taken in the S2 and the CCCML
exhibited sharp decreases in resistance in the
ranges of 57-71% RH and 71-78% RH, respec-
tively (Fig 3). One possibility is that these decreases
corresponded with the threshold for ion move-
ment in wood cell walls. Zelinka et al (2015a) used
synchrotron-based X-ray fluorescence micros-
copy to examine the movement of implanted
ions through the wood cell wall as a function of
RH. Depending on the ions (K*, CI~, Cu**, or
Zn**), they observed that the threshold for ion
movement varied between 60% and 90% RH,
which is the same RH regime for which slope
changes in the S2 and the CCCML were evident.

If chemical movement is indeed a necessary cri-
terion for wood damage mechanisms, as pro-
posed by Jakes et al (2013), these measurements
suggest that there are differences between the two
cell wall layers examined in their moisture-
dependent transport mechanisms. Specifically, in
the S2 layer in which the hemicelluloses are
more regularly oriented, there is a sharp increase
in conductivity between 57% and 71% RH and
the conductivity data are similar to the macro-
scopic data, which has been fit with a percolation
model. In contrast, in the middle lamella, there
appears to be a sharp increase in conductivity
with MC between 71% and 78% RH, but the
curve does not appear to fit the same percolation
model as the S2 data under the assumption that
different cell wall domains have the same sorp-
tion isotherm. If a rapid increase in conductivity
is indeed controlled by the hemicelluloses pass-
ing through a moisture-induced glass transition,
then these measurements suggest that the nature
of this moisture-induced softening is different in
the S2 layer and the middle lamella. Further work
examining chemically modified cell walls may
give further insight into the transport mechanism

and how these chemical modifications impart
decay resistance to the wood.

Although our method shows promise as a way to
potentially investigate chemically modified wood,
the limitations of this approach should also be
discussed. The major limitation is ensuring good
contact between the tip, the wood cell wall, and
the conducting plate. The measurements required
refinement in pressing the wood cell tightly to the
conducting plate while allowing the probe tip to
touch the top of the sample. Furthermore, the
probe tips were extremely easy to plastically
deform when touching the cell wall, even when
controlled by the micromanipulator. Together,
these experimental difficulties required a highly
skilled operator to place the probe tip, and it is
unclear what sort of systematic errors might have
been caused by how the probe was placed. Despite
these difficulties and potential systematic errors,
the fact that there appeared to be differences
between the S2 layer and the middle lamella, gave
some credence to the measurements.

CONCLUSIONS

Electrical resistance was measured through micro-
tomed wood sections as a function of RH using a
1-pm-diameter tungsten probe contacting the S2
and the CCCML of southern pine. Several con-
clusions can be drawn from these measurements:

1. Resistance of the CCCML was measured in
both earlywood and latewood. On average,
there was no significant difference between
resistance of the CCCML measurements in
earlywood and latewood. In latewood, in which
measurements were taken in both the S2 and
the CCCML, moisture dependence of the two
cell wall layers was different. Together, these
data show that electrical resistance of wood
cell walls depends on moisture and cell wall
domain but not growth ring position.

2. When plotted against historic, macroscopic data
of conductivity as a function of MC, conduc-
tivity of S2 closely mimicked the macroscopic
conductivity, in contrast to measurements in
the CCCML, which behaved differently.
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3. Measurements from both cell wall domains
suggest that in both cell wall layers, there is
percolation-type behavior.

4. Future work using this technique could probe
electrical conductance mechanisms in differ-
ent cell wall layers and examine the effect of
chemical modifications on conductance within
different cell wall layers.
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