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Abstract

Several laboratory studies and experiments have demonstrated the usability of poly-
mer films filled with electrically conductive filler as piezoresistive material. Applied
to adhesives, the glue lines of wood products can achieve multifunctional—thus
bonding and piezoresistive/strain sensing—properties. Based on critical load areas
in timber constructions, upscaled test setups for simplified load situations were
designed, especially with regard to a stress-free electrical contact. In a second step,
another upscaling was done to small glulam beams. Based on an experimental test
sequence, the piezoresistive reactions as well as the behaviour until failure were
analysed. The results show in all cases that a piezoresistive reaction of the multi-
functionally bonded specimens was measurable, giving a difference in the extent of
relative change. Additionally, measured phenomena like inverse piezoresistive reac-
tions, electrical resistance drift and the absence of a piezoresistive reaction were dis-
cussed, based on additional strain analysis by digital image correlation. A model
of macroscopic and microscopic strains influencing the piezoresistive reaction of
the electrically conductive bond line in wood was used to explain all experimental
results. Finally, a first scale-up of piezoresistive bond lines from laboratory samples
to glulam beams was possible and successful.

Introduction

Timber structures are particularly exposed to environmental influences and must
therefore be preserved by constructive wood protection and monitored by inspec-
tion intervals. While constructive wood protection elongates the usability of the
structure, inspection intervals help to prove the integrity of infrastructure, pub-
lic or re-utilised buildings. From an economic viewpoint, the costs and time of
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inspections are justified by alternative maintenance costs, protection of capital
investment and assurance of safety of the inspected structures (Kasal and Tannert
2010). Due to decreasing costs of sensors and interpretation software, structural
health monitoring (SHM)—the permanent integration of sensors into structures
and assessing of their integrity by cyclic measurement—has become an impor-
tant strategy to reduce the maintenance costs while keeping a high level of safety
(Balageas et al. 2006).

In the last years, the currently available methods for assessing and monitoring
timber structures non- or less destructively have been reviewed and it was shown
that several sensors are usable and reliable for monitoring purposes (Koch et al.
2016; Kurz 2015; Kurz and Boller 2015; Tannert et al. 2010; Tannert and Miiller
2010).

Nonetheless, the additional costs for integrating these sensors into timber struc-
tures are high due to the necessary highly specialised staff and the time-consuming
installation. Usage of electrically conductive adhesives as sensory layers can help at
this point. The integration of these multifunctional adhesives during the manufac-
turing of glulam beams, cross-laminated timber or other engineered wood products
can help to decrease the production costs and integrate sensors at points inside the
engineered product.

Research on adhesives with electrical conductive nanofillers (depending on the
application and research area also called nanocomposites, ECA’s, multifunctional
adhesives, etc.) was mostly focussed on the application of cold bonding in electronic
devices to replace soldering joints. Considerable investigations tried to overcome
the decrease in bonding strength by the historically used silver filler with carbon
allotropes like carbon nanotubes, graphene and carbon black (Han et al. 2019;
Masaebi et al. 2018; Massoumi et al. 2015; Santamaria et al. 2013; Wehnert et al.
2014). Generally, electrically conductive adhesives consist of electrically conductive
particles in an insulating polymeric matrix. They show as bond lines a piezoresistive
effect, which generally describes a change in electrical resistance with strain. With
increasing strain, the length and cross section of the electrically conductive polymer
as well as the amount of conductive paths of the filler particles change.

In previous publications by the working group, this piezoresistive effect has been
shown for small samples of adhesively bonded wood specimens from beech wood
(Fagus sylvatica L.) under compression stress (Winkler et al. 2020b), under tensile
and compression stresses in beams (Winkler and Schwarz 2016) as well as under
pull-shear stress (Winkler and Schwarz 2016).

First of all, the later presentation of the results as positive or negative piezoresis-
tive reaction (PR) per stress unit in this paper needs to be delimited from the scien-
tifically defined piezoresistivity.

Piezoresistivity is typically described by the gauge factor (GF) and given by the
fractional change of resistance per strain unit if the change is reversible. Mathemati-
cally described (Eq. 1), the fractional change in resistance (AR/R) of the measured
material depends on the fractional change in volume resistivity (Ap/p) as well as the
strain (Al/l) in direction of the resistance measurement and the Poisson’s ratios v,
and v, of the material in transverse directions to the resistance measurement (Chung
2020)
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Based on the general definition of tensile strain as positive and compressive
strain as negative, the piezoresistivity/GF
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becomes positive if the fractional change in resistance (AR/R) increases/decreases
according to the strain (Al/). Thus, an increasing resistance under tensile strain as
well as a decreasing resistance under compressive strain is defined as positive pie-
zoresistivity. A reversed reaction gives a negative piezoresistivity. Finally, both defi-
nitions are only valid under the assumption that measuring direction of resistance
and strain direction are aligned. Furthermore, shear strain and its resulting piezore-
sistivity are not defined for in-plane shearing of electrically conductive films. Theo-
retically, the signal at in-plane shear strain can be positive (from pull-shear-tests)
or negative (from push-shear-tests) and the change in conductive paths along the
electrically conductive particles will be independent of the direction; the piezoresist-
ivity by this definition must be positive and at the same time negative. Therefore, the
change in electrical resistance due to strain will be reported as PR, which in the fol-
lowing is defined positive for increasing resistance with applied strain and negative
for decreasing resistance with strain.

Additionally, a real analysis of GF for adhesive bond lines in timber structures
is only possible if the cross section of the bond line is constant, the parameters are
known (thus, p is calculable) and the change in the cross section can be measured
during deformation (thus, the Poisson’s ratio v is calculable). It can be seen from
Fig. 1 that even for laboratory specimens, it is difficult to calculate the cross sec-
tion of the bond line within spruce (Fig. 1a). In other wood species the penetra-
tion into wood cells and vessels (Fig. 1b) is even higher; besides, one-component
polyurethane (1C-PUR)-based adhesives show imperfection due to for example
cavities from CO,-forming (Fig. 1c).

Therefore, due to the relationship of stress and strain, the PR’s in adhesive
bond lines in timber will be presented stress related, keeping in mind that scien-
tifically piezoresistivity is strain related.

Other challenges come up, when piezoresistive bond lines are applied to tim-
ber structures. Due to its grain-oriented structure, timber exhibits a strong ortho-
tropic elasticity and due to fibre- and density-based irregularities in the macro-
and microstructure also heterogeneity. Thus, the relation between strain and stress
depends on the micro-, meso- and macrostructure (Oppel et al. 2016). Therefore,
there are difficulties in detecting and isolating the values of stress and strain in
detailed structures with strain gauges or in this case, multifunctional adhesive
bond lines. For example, notches near the support of a bending beam enforce lat-
eral tension stress to the timber/adhesive bond line. The result is a crack layer
from the inner edge towards the beam. Moreover, the stress distribution shows a
strong peak at the beginning and a steep decrease over the length (Franke et al.
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| imperfections from foaming |

Fig. 1 Cross section of laboratory produced multifunctional bond lines in spruce a, beech b and a highly
resolved image of the cross section of a multifunctional bond line from 1C-PUR ¢ with marked imperfec-
tions

2007). On the other side, shear stresses also appear at those points, leading to
several overlapping stresses.

These challenges are increasing with an upscaling of structural elements, raising
the question of whether the PR in the previously investigated laboratory scaled spec-
imens are applicable to glulam beams (Winkler et al. 2020b; Winkler and Schwarz
2014).

Therefore, the objective of the experiments was to determine the feasibility of the
given multifunctional bond lines under load in real situations by a first scale-up of
the laboratory tests. It should answer the question, whether the change in electrical
resistance of the adhesive layer—the PR—can be used in glulam beams to detect
stress. According to the theory, the working hypothesis was that the piezoresistivity
can be transferred to glulam beams and different stresses can be distinguished by the
direction and extent of PR.

Materials and methods
Specimen design

Specimens were first upscaled with regard to load situations, which often occur
in glulam constructions or which are prone to critical overloading. Because of the
three-dimensional behaviour of a material [see Mohr—Coulomb theory (Mang and
Hofstetter 2013)], it is almost impossible to create single mode tests for isolated
stresses. In particular, there are no shear tests without lateral stress at all. Even if the
load and support are placed in one line, there are deviation forces, bending, com-
pression and elongation. Furthermore, the stress along a bond line is not distributed
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equally. The geometry, basically the anchorage length, influences the stress distribu-
tion at the end of the bond line. There is a singularity at every end of a member or a
change of material, which induces peaks in the stress distribution. With an increas-
ing mounting length, the slenderness of the connection increases. Thus, the inho-
mogeneity of the stress distribution rises (Jahreis and Rautenstrauch 2016; Késtner
et al. 2014). This is also comparable with the shear distribution inside a bending
beam according to Filon 1903.

Thus, to investigate the PR of the multifunctional adhesive in shear mode, push-
shear-tests were used, because of the low load capacity for lateral pull stress of
timber.

Setups for longitudinal tension stress in tapered finger joints and transversal ten-
sion were adapted from standardised methods. In all designs, a stress-free electrical
connection to the specimen as well as an electrochemically stable electrode was con-
sidered (see Fig. 2). Additional photographs with indicated features are available as
online supplementary material.

The stress-free electrical connection was realised by recesses in the material or
offsets between the two bonded parts, with the objective to have no strain between
electrode and adhesive (mechanical decoupling), which would have distorted the
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Fig.2 Design and dimensions of simple specimen for testing the piezoresistive reaction in transversal
tension load a, tension load in tapered finger joints b and compressive shear load c, all with an electrode
from Hilumin sheet (x) and electrically conductive adhesive (y)
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PR. Electrical connection was done by sheets made from HILUMIN®, an electro-
lytically nickel-coated strip steel, usually applied in the battery industry.

In a second iteration, upscaling was realised by the production of two glulam
beams with different isolated measurement points (Fig. 3) by partly applying elec-
trically conductive adhesive in certain areas of stress. These measurement points
were chosen with the intention of predominant transversal tension stress at a notched
beam as well as shear stress, tension stress in tapered finger joints and compression
stress in the second beam.
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Fig.3 Design and dimensions of specimen for testing the piezoresistive reaction in glulam beams with
electrically conductive adhesive partly applied to measure transversal tension stress (w), compression
stress (x), shear stress (y) and tension stress in finger-jointed lamellas (z)
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Thus, the measurements of the first set of samples were upscaled and supple-
mented by compression stress.

Mechanical decoupling was realised by partly removing material near the elec-
trode by drilling (transversal tension, shear) and offsets between two lamellas (ten-
sion in tapered finger joints and compression). Additional photographs with indi-
cated features are available as online supplementary material.

From the design of all specimens, it was found that the resistance is always meas-
ured along the adhesive bond line and stresses are applied perpendicular to this
direction. Thus, and because three-dimensional experiments especially with ortho-
tropic materials always result in several stress components, the main stress within
these test settings (transversal tension, shear, tension and compression) will be used
in further references.

Sample preparation

All specimens were manufactured from spruce wood (Picea abies L.) of strength
category C24 (according to EN 338 (EN 338, 2016)), which has been conditioned at
a standard climate of 20 °C and 65% RH (20/65) until equilibrium moisture content.
The different parts of the specimens were cut from the conditioned wood, planed
prior to bonding and, for mechanical decoupling, prepared by drilling/cutting out
parts near the electrode. Adhesive was prepared by dispersing 4 wt% carbon black
(CB) (Ketjenblack EC-300 J, Akzo Nobel Functional Chemicals B.V., Arnhem,
Netherlands) into a one-component polyurethane prepolymer (laboratory prototype
1506-PV, Jowat SE, Detmold, Germany) by using a dissolver (Dispermat CV-SIP,
VMA-Getzmann GMBH, Reichshof, Germany). Compared to other electrically con-
ductive nanofillers with strong agglomerates, CB only needs a good homogenisation
(Kockritz et al. 2015) and, in case of moisture curing 1C-PUR, other preparations.
To prevent moisture uptake during preparation, the CB was dried to equilibrium at
103.5 °C and the dispersion process was performed under argon atmosphere. A filler
content of 4 wt% was chosen according to previous investigations and exceeded the
percolation threshold, giving a reliable piezoresistivity and reproducibility (Winkler
et al. 2020a). 400 g/m? of electrically conductive adhesive was spread on the pre-
planned lamellas using a glass scraper. Electrodes, made from HILUMIN® strips
with a thickness of 0.1 mm, width of 5 mm and length of 30 mm, were prefixed
by a two-component epoxy resin (Bocoll 2-K-Epoxy-Reparaturharz, Boldt & Co.
Vertriebs OHG, Wermelskirchen, Germany) and contacted by the liquid electrically
conductive adhesive. All specimens were pressed by clamps according to the result
of previous studies. These showed a minor influence of applied pressure between 0.6
and 1.2 MPa on the tensile shear strength, electrical DC resistance and piezoresis-
tive sensitivity of piezoresistive bond lines in wood (Winkler et al. 2020a; Winkler
et al. 2020b).

After 24 h of curing at room climate (20 °C / 35% RH), the electrodes were
mechanically fixed by locally applying a two-component epoxy resin (Bocoll
2-K-Epoxy-Reparaturharz, Boldt & Co. Vertriebs OHG, Wermelskirchen,
Germany).
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Fig. 4 Pictures from testing the transversal tension specimen (a), glulam beam B from Fig. 3 (b) and test
sequence with (I) mechanical condition phase, (II) unloading, (III) piezoresistive response, (IV) constant
load and (V) load until break. The glulam beams were only tested according to phase IV, but repeating in
the elastic range

Table 1 Test parameters for all mechanical tests according to Fig. 4 of specimen defined in Figs. 2, 3

Specimen (number) O pmin O max Vv, v, Test phases
[MPa] [MPa] [MPa/s]

Transversal tension (n=30) 0.1 0.6 0.2 MPa/s 0.05 -V

Tension (n=18) 0.1 10.0 1.5 MPa/s 0.2 -v

Push-shear (n=12) 0.15 3.15 0.2 MPa/s 0.05 -V

Glulam beam A (n=1) 0 kN 40 kN 250 N/s - I\

Glulam beam B (n=1) 0 kN 40 kN 250 N/s - %

The finger-jointed specimens were reinforced against transverse compression by
adding three fully threaded screws (diameter 4 mm).

Measuring setup

All specimens were tested according to the sequences pictured in Fig. 4. The param-
eters of the test sequences together with the number of specimens in each test are
given in Table 1. Phase I and III are load-wise the same, but only phase III is used
to characterise the piezoresistive reaction in this manuscript (see "Piezoresistive
reaction"section ). Phase I was introduced in the test sequence to mechanically con-
dition the sample. Phase II (c,,;, for 20 s) was added to distinguish between phase I
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and IIT and shows the stability of the baseline resistance. Phase IV is used to evalu-
ate the mechanical and electrical creep under constant load. Phase V is used to ana-
lyse the behaviour until break. The beams were tested only according to phase IV.
The maximum stresses in the first set of samples were derived from the strength cat-
egory C24 (according to EN 338 (EN 338, 2016)) under the assumption that timber
fails before the adhesive bond line.

For testing of the first set of samples, a universal testing machine (Zwick/Roell
Type 1484, load cell 200 kN, Ulm, Germany) was used. The beams were loaded in a
testing rack at the Eberswalde University of Applied Sciences (WPM 600 kN, WPM
Leipzig, Leipzig, Germany; load cell 500 kN, A.S.T.—Angewandte Systemtechnik
GmbH, Dresden, Germany).

Measurements of electrical resistance under direct current (Rp- measurements)
were performed by a two-wire method for the first set of samples (NI PXI-4071,
National Instruments GmbH, Munich, Germany) and a four-wire method for the
beams, which were multiplexed to all measurement points in each beam (NI PXI-
4071 and NI PXI-2527, National Instruments GmbH, Munich, Germany). Con-
nection of the resistometer and the electrodes was realised by shielded cables and
spring-loaded contacts. The measurement and analysis of the strain near the adhe-
sive bond line were performed by digital image correlation (DIC) with two cameras
(Aramis 3D, 5 M cameras, GOM GmbH, Braunschweig, Germany).

The presented data were partly smoothed (moving average, 10 points) for bet-
ter understanding. In all cases, the smoothed data are specified in the legends of
the graphs. The piezoresistive sensitivity—the fractional change of resistance per
stress—was calculated from the smoothed data. The data from mechanical testing
(load/force/traverse path/strain) were synchronised, using the timestamp of both
measuring computers. Thus, the mismatch amounted to a maximum of 1 s and these
timestamps were marked as synchronised time or—for clearer figures—time in the
figure.

Results and discussion
Piezoresistive reaction

Phase III (Fig. 4) was analysed for the piezoresistivity, and the results are given in
Table 2 together with the baseline resistance Rg;. The baseline resistance differs
with type of specimen, reaching a range of around 2 to 50 kOhm. It has been shown
in earlier work that the baseline resistance does not affect the sensitivity of piezore-
sistive bond lines in wood (Winkler et al. 2020b) after exceeding the percolation
range (Winkler et al. 2020a).

The piezoresistive sensitivity under direct current Sy in Table 2 represents
the relative change of electrical resistance per unit stress (calculated from load
divided by the cross section) or, in the case of unknown stresses in the glulam
beams, the relative change of electrical resistance in respect of the maximum
load, which was defined in Fig. 4. The PR shows whether the resistance under
direct current is increasing (+) or decreasing (—) with increasing stress. In case
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Table 2 Results from the different load situations in simple specimens and glulam beams with baseline
resistance (Ry; ), piezoresistive sensitivity under direct current (Spc) and the sign for the measured pie-
zoresistivity (PR)

Specimen Rpp kQ)  Spe [%/MPa]  Spe [%/6,,,.] PR [sign]
Transversal tension 6, (n=30) 33.7+15.6 0.14 0.084 — (28/30); +(1/30)
Tension in finger joints 6, (n=18) 2.7+0.3 0.25 25 +

Push-shear 7, (n=9) 17.8+3.1  0.805 2.536 +(9/12); — (2/12)
Transversal tension o, glulam (n=2) 47147 - 0.15;0.12 +
Bending-tension 6, glulam (n=1) 22 - 0.20 +

Push-shear 7, glulam (n=2) 17.8/23.8 - 0.07; 0.06 +

Bending-compression ¢
(n=1)

glulam 7.2 - 0.39 -

m(c)

of a difference in PR in the set of samples, the ratio in brackets represents the rate
of samples for the given sign (+/-).

A visual overview of the PR of the first set of specimens is given in Fig. 5 with
an example for each specimen. For specimens with different PR, the majority is
represented.

——————1106 f ' AR in %
® 0.4 i ' _ — AR in %, smoothed
< 02 @ --- stress in MPa
o T
B 0 =

ARIn %
stress in MPa

AR in %
stress in MPa

T T T T T T T T
0 100 200 300 400 500 600 700 800 900
synchronised timein's

Fig.5 Example data from the first set of specimens, showing the piezoresistive reaction to the different

stresses. The results from the tested glulam beams are visualised in Fig. 6 with all measured points in
relation to the applied force in the test rack
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From the set of 30 transversal tension tests, 28 specimens showed a negative PR,
one a positive PR and one specimen did not show a visible reaction at all. The set of
tension tests showed a consistent positive PR in all 18 samples. The set of 12 push-
shear-tests showed 11 times a PR, nine times positive and two times negative.

The tests of the glulam beams (Fig. 6) result in positive PRs for all measuring
points, except the bond line with compression stress. The doubled-up measurement
points (transversal tension stress and shear stress) in the glulam beams show a com-
parable PR, but all monitored points give a different extent of PR, starting with com-
pression load as the highest, followed by tension in tapered finger joints, transversal
tension and shear with the lowest fractional change during the whole experiment of
0.06%.

Contrary to the lowest Sy for shear in the glulam beam, the push-shear-tests in
the first set of samples showed the highest Sj,~ compared to the other specimen, fol-
lowed by the specimen in tension and transversal tension with the lowest Sp.

Finally, it is visible that all samples in the first test setup show a drift in the resist-
ance signal, which is negative for transversal tension and positive for shear with
compression. For the specimen in tension, the drift is changing from negative (phase
I to III) to positive (phase IV).

Even though PR could be measured in all load situations (and therefore, the
hypothesis was proven positive), the following questions arose from the data set:

1. Why did some samples not show a measurable PR?
Why is the extent of PR different for different load situations?

0.2+

--8- transversial tension
--0- shear
—O— compression

—A— tension

0.1

-0.1 4

AR in %

-0.2

034

0.4 : - . - - ; - T . T . ; - -

FinkN

Fig. 6 Relative change in electrical resistance as a function of test load at all measured points of the glu-
lam beams (the marker represents every twentieth point)
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3. Why is the PR in transversal tension of the first set of samples mainly positive,
but negative in glulam beam testing?

4. Why did the specimens in transversal tension load and shear with compression
load show inverse PR in some samples?

5. Why do most samples show a drift in electrical resistance during the measure-
ment?

The first question is explainable by the extent of noise during the measurement.
All samples with no PR show a noise of the resistance in the order of around 25%,
which is several magnitudes higher than the average Sp of 0.15%/MPa.

For all other questions, it is first necessary to look upon the theoretical three-
dimensional stress distribution in each specimen and consider how strain and elec-
trical resistance measurement direction are located.

Strain analysis

Piezoresistivity and PR are influenced by the macroscopic strain (Al/l) in resistance
measurement direction as well as the specific resistance of the material, which is
changed by microstrains (Ap/p) (see also Eq. 1).

In general, under the assumption of co-linear strain and electrical resistance
measurement, the electrical resistance in

— specimens under tension increases due to the increasing conductor length (+ Al/1)
and distance between conducting particles, which decreases the amount of con-
ducting paths in the material (+ Ap/p)

— specimens under compression decreases due to the decreasing conductor length
(-Al/1) and distance between conducting particles, which increases the amount of
conducting paths in the material (-Ap/p)

Figure 7 gives a proposed model of the macroscopic and microscopic influences
on the PR.

The upper part shows the theoretical stresses in the tested load situation of the
first set of samples with transversal tension (a), tension in finger joints (b) and shear
with compression (c) as well as the glulam beam tests with transversal tension (a’),
tension in finger joints (b), shear (c’) and compression (d). For a clearer diagram, the
minor stresses perpendicular to the depicted area are not shown. The shown strain is
the strain in direction of the resistance measurement, with compression strain nega-
tive and tension strain positive. The lower part pictures the microstructural changes,
focusing on the change in specific resistance with microstrain. All strains and spe-
cific resistance changes in brackets are meant to be restricted by the structure of glu-
lam beams. As the lamellas are bonded in layers, the transverse deformation is more
restricted than in the specimen of the first set.

In addition, crucial for the understanding is the alignment of electrical resist-
ance measurement direction with the micro shear in the bond line. On one side, if
the shear is aligned with the measurement of resistance, the PR will be positive as
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Fig.7 Model of strains, which influence the piezoresistive reaction of the electrically conductive bond
line in wood with the tested load situations a transversal tension (a’) transversal tension in glulam beam
b tension in finger joints ¢ compression shear (c¢’) shear in glulam beam and (d) compression in glulam
beam, with strain (Al/1) and change in specific resistance (Ap/p)

inter-particle distance will increase, similar to tension. On the other side, shear will
not or less influence the specific resistance if the measurement direction is perpen-
dicular to the shear field. In this case, the inter-particle distance has a lower ranked
influence.

First of all, it is evident from the differentiation of (Al/) and (Ap/p) that the mac-
roscopic strain cannot be the only influence on the PR, as only for the specimen in
compression shear mode do the strain and PR correlate. Thus, the microstrain has an
influence.

Despite the fact that the real three-dimensional strain measurement of the micro-
strain in the bond line is beyond the scope of this work, the model of microstrains
can answer the second question and explain the differences between the extent of PR
in the measurements.

As there are opposed strains in each setup, the extent of PR can be decreased by
opposing strains. For example, the specimen under shear with compression (Fig. 7¢)
would have a positive PR from the macroscopic strain (elongation of the conductor)
as well as from the microscopic strain (increasing distance between particles). The
experimental results show one of the highest extents of PR for this specimen.

In addition, the strains in the shear region of the glulam beam (Fig. 7c’) are pro-
posing no or at least only small amounts of Sp-/PR and the experimental results
show the lowest extent of Sy (Table 2), partly with a negative PR (Fig. 6).
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To explain the differences of PR (second question), the strain distribution was
analysed by DIC as described before (see “Measuring setup”) on the surface of the
transversal tension specimen in the first set as well as transversal tension in the glu-
lam beams. With the DIC method, it was possible to measure the strain near the bond
line and therefore estimate the Poisson’s ratio of the strained bond line. The different
strains are visualised in Fig. 8, together with the locations of the measurement.

Mainly, the strain distribution near the bond line fitted the proposed strain model
in Fig. 7.

In Fig. 8a, the measurement points for strain near the bond line of the specimen
under transversal tension are shown. Figure 8a’ visualises the strain in the elastic
regime of a sample with positive PR, and Fig. 8a’’ shows a sample with negative
PR. Both specimens show a typical behaviour with higher strain in transversal ten-
sion (y-axis) than in lateral contraction (x-axis), thus giving no indication of the
influence. On the other side, a difference is visible by the calculated Poisson’s ratio.
While the specimen with positive PR gives a Poisson’s ratio v of 0.65+0.05, the
specimen with negative PR gives a v of 0.82+0.01. These Poisson’s ratios are—
contrary to the limits of —1 to 0.5 for isotropic materials (Ting and Chen 2005)—
possible and in accordance with theoretical (Mentrasti et al. 2021) and experimental
literature (Kumpenza et al. 2018) on orthotropic materials like wood. This leads to
the conclusion that the compression in direction of the x-axis, which is identical
with the direction of the resistance measurement, is relatively higher compared to
the tension perpendicular to the measurement direction. As compression-induced
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PR is theoretically negative, the negative piezoresistivity in the specimen can be
explained by a higher influence of compression strain. This leads to the conclusion
that.

1. the majority of the tested samples of the first set exhibits higher lateral contraction
compared to the transversal tension.

2. even if there are multiple stress situations while testing this specimen, the results
are consistent and it is possible to detect the dominant strain with the piezoresis-
tive bond line.

Figure 8b’ also shows that transversal tension strain is not dominant in the
notched glulam beam as the highest shear strain is on the same level of around 0.6%.
As shear in this specimen design is supposed to not influence the PR (see Fig. 7a’),
the positive PR has its origin in the transversal tension microstrain of the bond line.

Inverse piezoresistive reaction

Three samples in all tests showed an inverse PR, from which the one from the trans-
versal tension set was discussed and explained by strain analysis. In Fig. 9, the two
samples with inverse PR of the shear with compression are shown.

Now, as the strain analysis showed that overlapping stress states can be contrac-
tionary to the PR, the resistance reaction of the two inverse samples is comprehen-
sible. From the theory of the specimen design, a minor influence of compression
stress, therefore negative PR, is possible, while the main influence—shear stress—
should exhibit positive PR (see also Fig. 7).

In both specimens shown in Fig. 9, a change in PR is visible. In sample (a), the
resistance increases first (positive PR) but after a certain load, the PR becomes
negative (Fig. 9a’). Sample (b) starts with decreasing resistance (negative PR), but
changes to an increasing resistance with higher loads (positive PR), shown in Fig. 9
b’. As the PR of both samples is repeatable, an influence of damage accumulation
(Myslicki et al. 2017) can be excluded as the cause of the erratic behaviour. It must
be concluded that the change in piezoresistivity origins presumably from the change
in the predominant strain or microstrain.

From the data set it cannot be identified why these two samples show a higher
compression strain after a certain load. On the other side, it is known from wood
that annual ring angle has a high influence on the stress transfer as well as the Pois-
son’s ratio, ranging from 0.014 to 0.739 for spruce (Kumpenza et al. 2018; Niemz
and Sonderegger 2017). Thus, a relatively higher influence of compressive strain at
some load periods is a reasonable explanation.

Resistance drift
In all measurements of the first set of samples, a drift in electrical resistance (RD)

during the whole measurement (phase I to VI) was detectable, partly with an asymp-
totic trend (Fig. 10a and b). In contrast, the resistance measurements at the glulam

@ Springer



1394 Wood Science and Technology (2021) 55:1379-1400

2
1.9
AR N % 18
——ARin %, smoothed 17

----- stress in MPa 16
15

140
13}~ 0
387 350 333 3% 350 402

AR in %
AR in %

stress in MPa
stress in MPa

_ 0
387 390 393 396 399
a

¥

stress in MPa

stress in MPa

— . = - ki U - :
0 100 200 300 400 500 600 700 800 900
synchronised time in s
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beams did not show this RD (Fig. 10c). RD in electrically conductive polymers has
also previously been reported in other studies (Abu-Abdeen et al. 2016; Kang et al.
2006; Wang and Ding 2010; Winkler et al. 2020b; Zhao et al. 2013). Possible influ-
ences along the measuring chain are the instruments, the measuring method, meas-
uring voltage and current, the measuring cables, the contact resistances and the vis-
coelastic properties of the sensor (the adhesive bond line) and the stress transferring
material (wood).

As all measurements on the glulam beams showed no drift, the instrument as
well as the cables can be excluded as major influences as they would influence all
measurements.

A reasonable explanation of the overall negative RD in the first set of samples—
even in the unloaded specimens prior to the measurement (Fig. 10a and b)—is the
two-probe method in the first set, which includes the contact resistance (Chung
2010). Together with the measurement method, the source voltage and current can
also alter the RD, which has been investigated for voltage by Paredes-Madrid on
electrically conductive filled polymers, leading to positive or negative RD (Paredes-
Madrid et al. 2017). Depending on the baseline resistance (Table 2), the test current
of the used instrument was 100 pA (for Ry; <10 kOhm) and 10 pA (for Ry <100
kOhm). Thus, an influence from current induced heating at the contact point is
unlikely, but not fully excludable.

@ Springer



Wood Science and Technology (2021) 55:1379-1400 1395

AR In % AR in %, smoothed traverse path in mm
0.5 8
a
0.4 -7
s 034 AR AR AN RARARARRARRTTTTTTTTTTTTTT -6
£ 0.2 AEAEATIFAVATATATAFAUNNAVATR IR VRTRTRISVEIRY . ‘
i (Y LS U K i ' -
HRUR / /
0.1 L e
NAANANAAANR A A A Ak g P | - 4
R ANAANAAAAA AAARNAANNARR S \
Rl S A TATAVAVAVAVAVAVATARAVAVAVAVAVAVAVAYAVLY! | -
0.1 4 YV I VYV VVVVYVYY \
T T T T T T T /
0 100 300 400 500 600 700 800
synchronised lime in s
= A
o KW\-“V\AWW
J
10 60 80 100 120
1
37 - . 0.5 ;
©
»
o
F-0.5 3
5 — L1
4 T T T T T T T T
0 100 200 300 100 500 600 700 800 900 1000
synchronised time in s
0.06 0.05 -
@ AR in %
0.05 70— b asndr Ly o
2 T °© AR in %, smoothed
~ 0.04 S e L_0.05.€ N
= 0.03 - 01 £ e
< 2 © € in %, smoothed
0.02 +-0.15%
0.01 > +-0.2
0 e .f-025
-0.01 -0.3

50 100 150 200 250
svnchronised time in s

Fig. 10 Examples of electrical resistance drift and traverse path during load-controlled testing for a ten-
sion in finger-jointed specimen, b compression shear stress and ¢ electrical resistance change in one
shear loaded measuring point in glulam beam b, together with the DIC measured strain

On the other hand, an additional positive drift of electrical resistance becomes
visible, when the specimens are loaded. As the drift shows an asymptotic behaviour
similar to creep in viscoelastic material, creep of the stress transferring wood adher-
end as well as the polymer of the multifunctional adhesive are possible influences.
The deformation of the whole specimen was measured by the traverse path of the
testing machine, but reveals only a small drift at the beginning of the test, which did
not correlate with the positive drift of electrical resistance, for example in compres-
sion shear stress (Fig. 10a).

At least there are two remaining influences from measuring setup and the mate-
rial, which need to be analysed with an adjusted test setup to isolate the influences
and find a conclusion.
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Load until failure

The first set of specimens was partly tested until failure, which gives insight into the
PR at higher stress levels and until failure. The results of load until failure are shown
in Fig. 11. Figure 11a visualises the PR until failure of a specimen under shear with
compression. Additionally, it represents the PR until failure of the majority of sam-
ples with positive PR. The nonlinearity presented in Fig. 11a is more distinct for
specimens with higher electrical drift like the specimen under shear load. Piezore-
sistive measurements in the glulam beam specimen showed a linear response (see
Fig. 6).

A behaviour shared by all specimens under test is a positive PR before failure,
which can especially be seen in Fig. 6b and Fig. 6¢, representing negative piezoresis-
tive samples in transversal tension and shear load. The change in PR always occurs
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shear load, b under transversal tension load and d under tension load in finger joints
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after the maximum load o,,,, during Phase I to IV, indicating that either the maxi-
mum strength of the material is reached, resulting in a plastic deformation or the
tension/shear-based stresses became predominant in the sample. Figure 11d gives at
least an example of pre-cracking (clearly audible) before failure in the finger-jointed
specimen under tensile load.

Conclusion

The experimental results from using electrically conductive adhesives in engineered
timber were presented and discussed, focussing on the upscaling of earlier stud-
ies. The necessity of specimen design regarding the electrical contact and different
specimen design for measurements of transversal tension, tension in finger joints,
compression and shear are presented. All results clearly show the PR of the multi-
functional adhesive bond line could be used to detect stresses. Further questions are
discussed in the paper, including inverse PRs, signal drifting and behaviour until
failure, coming up by evaluation of the tests.

A model to explain the results from the point of view of piezoresistive properties
was designed. Further investigation is needed to include the restrictions of the three-
dimensional strain analysis inside bond line and materials. The following conclu-
sions can be drawn from the results:

1. Ttis possible to detect strains and the related stresses in glulam beams by means
of the piezoresistive properties of the electrically conductive bond lines.

2. The PR turns positive prior to overloading and failure, even if the resistance was
decreasing in the elastic regime.

3. In several measurements, a drift in electrical resistance could be measured but
not traced back to one cause. Thus, the cause of the electrical drift needs to be
investigated in detail.

Under the assumption of the model concept:

4. Electrically conductive adhesive bond lines in wood exhibit piezoresistive behav-
iour in accordance with the theory, showing negative PRs in compression and
positive in tension.

5. In shear, the direction of measurement is crucial, decreasing the sensitivity if the
electrical resistance is measured perpendicular to the shear field.

6. The results suggest that the piezoresistive adhesive bond line will measure the
dominant stress state at the measurement point, thus overlapping stress states
could lead to an increase or decrease in PR.
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