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Abstract

Various studies on wood adhesives filled with conductive fillers for future applica-
tion to structural monitoring showed a piezoresistive (resistance change with strain)
response of the adhesive bond lines that is measurable under direct current. The
results also showed a relatively high signal noise with low sensitivity. Using imped-
ance spectroscopy as a measurement technique, the improvements in frequency-
dependent piezoresistivity over DC (Direct Current) resistography of multifunc-
tional bonded wood were studied. Beech specimens were bonded by one-component
polyurethane prepolymer (1C-PUR) filled with carbon black and tested under shear
load. The quality of the piezoresistive properties was described by calculating the
signal-to-noise ratio (SNR) of the measured signal. A setup-specific frequency band
with optimized SNR between 100 kHz and 1 MHz could be derived from the meas-
urements. Several frequencies showed a signal with higher quality resulting in a
higher SNR. Regardless of the variations in impedance spectra for all specimens,
this frequency band provided several frequencies with improved signal quality.
These frequencies give a more reliable signal with lower noise compared to the sig-
nal from DC resistography.

Introduction

The use of wood adhesives as piezoresistive (resistance change with strain) sensor
elements in engineered timber has been the focus of several previous studies con-
ducted by the research group madera wood research (Winkler et al. 2020a, b; Win-
kler and Schwarz 2014, 2016). In these studies, adhesive joints between two wooden
adherents—the bond line—have been modified by adding electrically conductive
filler. Subsequently, the change of electrical properties could be used for measur-
ing stress/strain differences. In contrast to the present study, the past work only used
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resistance under direct current as the leading sensory property. The long-term objec-
tive of these adhesive-based sensor elements is to provide affordable control and
monitoring insights into the health of engineered timber under strain changes due
to irregular loads as well as into moisture-induced changes of the wood’s material
stiffness.

In 2015, it was reported that no state of the art in structural monitoring of tim-
ber construction exists (Kurz 2015), which could improve the durability of the con-
struction and optimize maintenance. The main methods in non-destructive testing
for assessment of timber structures have been summarized (Kasal and Tannert 2010,
Kurz and Boller 2015), but are rarely used for long-term monitoring of structures.
Several assessment techniques are in use to continuously prove public construction
sites like bridges, but these assessments require ongoing investment. In contrast,
monitoring methods have higher investment costs in the beginning and lower ongo-
ing costs, while the integration of sensors into the monitored structure is needed
(Adams 2007). Since the integration of discrete sensors can be very time consuming
and is mostly done after production, the hurdle to use monitoring in timber con-
structions is still high. The utilization of the adhesive, which is generally used for
production, can help at this point. The integration of the piezoresistive adhesive into
the manufacturing process is easier and can be used to monitor locations inside the
engineered timber element. Hence, bond lines in wood with high sensitivity (rela-
tive change with monitored stress) and reliability (small variability of the measured
signal) are necessary.

The sensitivity of the sensor elements mainly originates in the compressibility
differences between the filler material and the polymer, combining a theoretically
dielectric polymer with electrical conductive filler material and thus creating a
mostly linear and reversible change in the electrical resistance under strain (Dharap
et al. 2004; Ferreira et al. 2013; Ferrreira et al. 2012; Hu et al. 2008; Li et al. 2008;
Luheng et al. 2009; Pham et al. 2008).

The electrical conductivity and permittivity and therefore the electrical properties
of dielectric polymers filled with conductive filler particles rely on four theoreti-
cal assumptions (Bao et al. 2012; Davidson 2005; Elhad Kassim et al. 2015; Elimat
et al. 2010; Li et al. 2008; Sanli et al. 2016; Xia et al. 2017), which are also relevant
for the change of electrical resistance under stress (Fig. 1). The four assumptions
are the intrinsic electrical resistance of a conductive particle itself (1), the contact
resistance of contacting particles (2), the tunneling effect between conductive par-
ticles which are not touching (3), and micro-capacitors formed through the Max-
well-Wagner-Sillars polarization in the interfaces between conductive particles
(4), if insulating polymer can be found between two conductive particles (Elimat
et al. 2010; Sanli et al. 2016; Sanli and Kanoun 2020; Xia et al. 2017). The imped-
ance measured by impedance spectroscopy for a range of frequencies can be written
as Z = 7' +iZ" in the Cartesian form for each frequency, where Z' is the real part
(Re(Z)) and Z" is the imaginary part (Im(Z)) of the impedance (Elimat et al. 2010;
Sanli and Kanoun 2020). Compared to the DC-resistance the impedance for alternat-
ing current takes phase differences into account and can be carried out for different
frequencies (Elimat et al. 2010; Sanli and Kanoun 2020) which gives the ability to
receive more information on the electrical characteristics of the examined material.
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Fig. 1 Schematic visualization of the four mechanisms theoretically responsible for the change of elec-
trical resistance in the bond line under stress. (1) Intrinsic electrical resistance of a conductive particle/
aggregate itself. (2) Contact resistance of two contacting particles/aggregates. (3) Tunneling resistance
between two conductive, but not touching particles/aggregates. (4) Micro-capacitors formed through
Maxwell-Wagner-Sillars polarization in the interfaces between conductive particles/aggregates. The
shapes of carbon black are shown according to Chang et al. (2012) (colour figure online)

The effects (1) to (3) can be measured in the real part of the complex impedance
(Xia et al. 2017), which describes the dissipation of electrical energy as thermal
energy and includes all ohmic parts (Funke 1993). On the contrary, effect (4) can be
measured in the imaginary part of the complex impedance (Elimat et al. 2010; Sanli
et al. 2016; Sanli and Kanoun 2020; Xia et al. 2017) which describes the amount of
electrical energy stored in the material containing induction and capacitance (Funke
1993).

In theory, the strain-dependent electrical resistance originates in the change of
these four mechanisms, when the geometry of the polymer sample is deformed (Fer-
reira et al. 2013). Through the deformation of a conductive filler particle, it shows a
change of its intrinsic resistance (Dharap et al. 2004; Elimat et al. 2010; Kang et al.
2006; Sanli et al. 2016; Zhang et al. 2006). In addition, the deformation of the con-
ductive polymer could lead to changes in the mean filler distance which can separate
two directly contacted particles (Park et al. 2008; Pham et al. 2008; Sanli et al. 2016;
Yin et al. 2011) leading to increasing resistance. Furthermore, the change in dis-
tance between conductive particles affects the energy needed for the tunneling effect
(Hu et al. 2008; Park et al. 2008; Sanli et al. 2016; Wichmann et al. 2009; Yasuoka
et al. 2010; Yin et al. 2011). It also is possible that the change in distance exceeds or
undercuts the maximal distance for the tunneling effect, whereby tunneling becomes
possible or impossible. Therefore, the number of existing conductive paths decreases
or increases. Additionally, the capacitance of the bond line can be altered through
deformation by changing the distance between the particles separated through the
insulating polymer matrix (Elimat et al. 2010; Sanli et al. 2016; Xia et al. 2017).
These mechanisms creating the piezoresistive response can be measured in differ-
ent frequency ranges between 20 Hz and 10 MHz according to the literature (Eli-
mat et al. 2010; Xia et al. 2017). Impedance spectroscopy can be used to identify
optimal frequencies with high signal quality and reliability in electrically conductive
bond lines. The described mechanisms react to different applied frequency ranges in
the measured signal to a varying extent (Sanli et al. 2016; Sanli and Kanoun 2020;
Xia et al. 2017). Thus, this research study focuses on the piezoresistive response of
bonded wood samples at various frequencies under compressive shear load as one
of the critical load situations in timber engineering, for example shear load at the
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end face or inclined cut of curved glulam beams. Carbon black (CB) as opposed
to carbon nanotubes (CNT) was used because of its higher sensitivity based on the
findings from Winkler et al. (2020a).

Materials and methods
Sample preparation

Figure 2 illustrates the process of producing the specimens, whereby defect-free
lamellas of beechwood (Fagus sylvatica L.) were cut in pairs and conditioned for
14 days at 20 °C and 65% RH (20/65). Electrically conductive filler (Ketjenblack
EC-300 J, Akzo Nobel Functional Chemicals B.V., Arnhem, Netherlands/Agglom-
erate size before dispersion 50 to 200 pm, primary aggregate size before disper-
sion 100 to 1000 nm, primary particle size of 30 to 50 nm according to data sheet)
was dispersed into a one-component polyurethane prepolymer (Laboratory-Sam-
ple 1506-PV, Jowat, Detmold, Germany) by using a dissolver (Dispermat CV-SIP,
VMA-Getzmann GMBH, Reichshof, Germany). A filler content of 4 wt% (£ 25.35
vol%) was chosen, positioned at the upper limit of the percolation threshold area (2
wt% to 4 wt%) for this polymer-filler combination (Winkler et al. 2020a, 2020b) to
reliably reach a usable sensitivity and at the same time a high reproducibility (Sanli
et al. 2017). Based on the findings from Winkler et al. (2020b) that signal quality
rises with rising amount of conductive adhesive, an amount of 640+ 19.3 g/m2 of
electrically conductive adhesive was applied to two pairs of lamellas using a glass
scraper. Afterward, the two bonded beech lamellas were pressed in a laboratory
press next to each other under a pressure of 0.9 MPa for 240 min at room tempera-
ture and were then stored in standard climate (20 °C/65% RH) for approximately
14 days. Nine samples of 60 mm X 20 mm X 10 mm were cut from the center of the
lamellas according to DIN EN 302-1:2013-06 and formatted into the geometry that
is described in Winkler et al. (2020a). To avoid changes in the contact resistance
through deformation of the specimen in the contacting area, the shear area has been
reduced by cutting two notches with dimensions of 10 mm length, 20 mm width,
and 4.9 mm height as shown in Fig. 3 (Chung 2020). The adhesive joint was intact
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Fig.2 Schematic process of specimen preparation and testing: wooden lamella preparation and filler dis-
persion (a), application of adhesive (b), bonding by a laboratory press (c¢), formatting (d), impedance
spectroscopy under swelling compressive shear load (e)
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Fig.3 Picture of a specimen with silver conductive paint applied. 1. Silver conductive paint (contact
area ring electrodes); 2. wooden layer (faces for fastening the specimen); 3. piezoresistive bond line; 4.
wooden layer (application of swelling compressive load)

over the entire length of 60 mm but only subjected to compressive shear stress in
an area of 40 mm X 20 mm. Finally, silver conductive paint (Leitsilber 200 N, Ferro
GmbH, Hanau, Germany) was applied to the front faces of the specimens in the area
of the bond line as described before (Winkler et al. 2020a, b)). Five replicas with
a total outcome of 43 samples were manufactured and randomized during the test
procedure.

Measuring setup

As shown in Fig. 4, the experimental setup for testing the electrical properties under
alternating current at different frequencies consisted of an impedance spectroscope
(ISX-3, Sciospec Scientific Instruments GmbH, Bennewitz, Germany) (a), con-
nected to the specimen by two spring-loaded ring electrodes (b) via BNC-Cables

interference of the electromagnetic field, emerging from experimental setup

(a) - through changes in the experimental setup
through movement close to the experimental setup
Impedance
Spectroscope

external change in

L
bR

electromagnetic temperature and

relative humidity

(d) (b) fields

measured values

Fig.4 Schematic experimental setup and influences on the values from impedance spectroscopic meas-
urements. Impedance spectroscope (a), ring electrodes (b), shielded cables (¢) and specimen (d)
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(RF Cable Assemblies, RG-58C/U, Pomona Electronics Inc., USA) (c). A two-probe
and four-wire method was used for the measurement. In this paper, measured values
(e.g., Fig. 5) from impedance spectroscopy not only include the impedance values
for the measured specimens but also the impedance of the whole measuring setup
including the contact resistance between silver conductive paint and bond line or
rather the silver conductive paint and the electrode. As the objective is not to pro-
vide an impedance spectroscopic analysis of the composite material, the frequency-
dependent relative piezoresistive change in the measurements could be characterized
instead. To counteract various possible influences on the measured values of imped-
ance spectroscopic measurements (Bulst 2017; Chung 2020; Joffe and Lock 2010),
the experimental setup was modified. To minimize the influence of external electro-
magnetic fields on the measured values, shielded coaxial cables were used, and the
exposed electrodes (b) and specimen (d) were shielded by a grounded aluminum-
encased box. To avoid distortions through movement in the experimental setup, the
impedance spectroscope and the cables were fixed. Shielding ring electrodes were
used to neutralize the electromagnetic field between electrodes, which could be dis-
turbed by movements in the direct environment of the experimental setup. Through
the usage of spring-loaded ring electrodes, pressure differences in the contact area
between electrode and sample were minimized to keep the contact resistance as sta-
ble as possible (Chung 2020). Prior to the experiments, it was ensured that a change
in pressure between electrode and silver conductive paste of the specimens does
not have any influence on the measured values to avoid misleading signal changes
by change in contact resistance. Through the conditioning of the specimens in the
standard climate (20/65) prior to testing, the effect of the temperature and relative
humidity was minimized. The actual testing was carried out under room climate
conditions (20/40).

As shown in Fig. 6, this setup was used to measure impedance spectra while
applying swelling shear stress to the bond line by applying pressure with a universal
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Fig.5 Exemplary plot of the real- and imaginary part of an impedance spectrum measured with the
applied setup. The plot shows the representative characteristics for all measurements discussed in this

paper
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Fig.6 Measured signal and calculated signal model (top), measured signal and LOWESS-smoothed sig-
nal (middle) and swelling compression shear stress (bottom). Sections I to IV of the used compression
shear load pattern. The spaces between measured points are interpolated

testing machine (Zwick/Roell Type 1484, load cell 200 kN, Ulm, Germany). For
shear load application, a test setup was adapted from the standardized test for shear
in adhesive joints (DIN EN 14,080:2013-09). As no shear test exists without any lat-
eral stress at all, this setup includes transversal tension and transversal compression
stress from a torsional moment. For simplification, the stress is labelled compres-
sion shear in the whole paper. The swelling shear load was used in earlier studies
(Winkler et al. 2020b) with the intention to analyze the repeatability of the piezore-
sistive response. The swelling load rate of 0.1 Hz, compromising between a time-
efficient testing cycle and a real load situation, ranks below the typically applied
dynamic load rate, but above the quasi-static load. Typical load situations at these
frequencies could be loads from wind-induced vibration as well as railroads and cars
on bridges. A cyclic load over ten cycles has been applied in section I, changing
from a basic load of 0.05 MPa to 0.25 MPa and back within 10 s (stress-controlled
mode with a speed of 0.04 MPa/s) without leaving the elastic regime of the beech
lamellas to avoid irreversible damage of the material. Section II consists of a relaxa-
tion phase for approx. 30 s. Followed by section III, which is equal to section I.
Section IV was characterized by a uniform compression shear load at 0.25 MPa for
180 s. The measurements were performed at room temperature with a voltage ampli-
tude of 500 mV over a frequency range from 10 kHz to 10 MHz with 101 log sized
steps in between. The measurement range was set to 10 kOhm. For comparability, a
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four-wire DC-resistance measurement was performed on all samples. A pulsed DC
with an amplitude of 1000 mV with a current pulse of f..c..e = 100 ms and a break
between every current pulse of fi ... =350 ms. To keep results comparable, the
measurement setup and the environmental setting stayed the same. Only the imped-
ance spectroscope and the cables were replaced by a digital multimeter (NI PXI
4071, National Instruments GmbH, Munich/Germany) and aluminum foil shielded
commercial 3 mm cables.

Data analysis

The signal quality was evaluated by the signal-to-noise ratio (SNR) (Carminati
2017) calculated through Equation (1).

a

Gsignalfnoise

a describes the absolute sensitivity of the signal and 64, noise the standard devia-
tion of the measured signal noise. Based on the assumption of a linear reaction of
the response signal to the applied stress in the used experimental setup, the standard
deviation of the measured signal noise was calculated from the values of the actually
measured signal minus the measurement signal smoothed with the locally weighted
scatterplot smoothing algorithm (LOWESS-algorithm with a 5 s time frame)
(Cleveland 1979). The dividend a was extracted from a nonlinear model function in
the form of X = a % 7 + b * t° + d where X is the unit of impedance value (Re(Z) or
Im(Z)) as a function of the compressive shear stress (t) and time (t), by calculating
the model parameters with a nonlinear least squares fitting algorithm. As mentioned
before, the constant a represents the absolute sensitivity of the signal, b represents
the drift factor, ¢ the drift exponent over time and d the constant Z, (theoretical
impedance base value) at time £, and compressive shear stress 7,. For further evalu-
ation of the results, the relative standard errors for the constants a, b, ¢, and d were
calculated.

Further, a ratio 9IS\R between arithmetic mean SNR <m> and relative standard

deviation of the SNR (Ure].SN—R) over all samples for each frequency was calculated
by Equation (2). This calculated ratio can be used to evaluate the frequencies at
which high signal quality and high reliability occur at the same time.

2
SNR _ SNR _ SNR

1.SNR SR OSNR
rel. SNR

2

I9s\R =

The standard deviation of the SNR values needed to be relativized to achieve
comparability throughout all frequencies. The frequency with the maximum value
for g Was used to compare the results of the measurement with impedance spec-
troscopy to the DC resistography (measuring changes in electrical resistance under
direct current). The signals measured with direct current were evaluated in the same
way as the impedance spectroscopic signals to compare the quality of both modes.
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Results and discussion

Figure 7 shows the SNR and 0...sng for each frequency over all measured samples.
The real part of the complex impedance shows its highest values in the frequency
band of 100 kHz to 1 MHz. These values are at least one third higher than the high-
est values for the imaginary part of the complex impedance, which occur in the
higher frequencies above 8 MHz. The o g for the real part of the complex imped-
ance has its lowest values in the same frequency band where the SNR has its highest
values. The imaginary part of the complex impedance, o, sxg has its lowest values
at the same frequencies, where it has its highest values for the SNR. The strong
SNR drops at the frequencies 479 kHz and 631 kHz and the step-shaped form in the
lower frequencies could depend on measurement system interferences, as reference
measurements show similar shapes. Figure 7 further shows that a drop in the SNR
goes along with a rise of noise in the signal while the sensitivity shows no signifi-
cant change. This shows that calculating the SNR can be used to compare the sensor
characteristics for the generated impedance data in this paper.

A drift in the measured signal can be seen and has also been reported in several
studies (Abu-Abdeen et al. 2016; Kang et al. 2006; Wang and Ding 2010; Winkler
et al. 2020b; Zhao et al. 2013). As the specimens are composites of two viscoelastic
materials—the polymer-based bond line and the wood itself—it is possible that the
drift is generated by the time-dependent material creep or strain hysteresis of the
polymer, the wood or both components at the same time (Abu-Abdeen et al. 2016;
Hunt 1999). A time-dependent creep or hysteresis can be caused by the relaxation
motion speed of the macromolecular chain segments, not matching the change rate
of the applied stress (Zhao et al. 2013). These effects could lead to a drifting resist-
ance of the bond line over time because of the contained deformation of the polymer
after each loading-cycle while testing the specimen and therefore cause a drifting
signal (Abu-Abdeen et al. 2016; Zhao et al. 2013). Moreover, the wooden adher-
ents could cause a drifting signal by applying a transferred stress to the bond line
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Fig.7 Left: Mean SNR and percental relative standard deviation of the SNR for each frequency over all
samples for the real- and imaginary part of the complex impedance. Right: Examples of measured sig-
nals at two different frequencies with relatively different SNR. The spaces between measured points are
interpolated
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which leads to a creep or hysteresis in polymer deformation. Further, the possibility
of an electrically induced signal drift (Chung 2020) must be considered, as measure-
ments on mechanically unloaded specimens show the tendency of a drifting signal
over time. Figure 8 gives an example of the relation between the strain of the speci-
men—measured by the traverse path sensor of the testing machine—and the change
in resistance of the real part of the complex impedance over time that most of the
measurements show while the gradients are varying with different specimens. The
figure also shows the signal of the same specimen without mechanical load over
time. The strain of the specimen shows a decent creep while keeping the signal of
the stress constant in each loading-cycle (see above). The change in the real part of
the complex impedance over time shows the same curve shape with a higher gradi-
ent. A positive drift also occurs in the signal of the mechanically unloaded speci-
men (electrically induced drift) which is relatively small compared to the drift of the
mechanically loaded test. Nevertheless, the experimental results do not allow a con-
clusion about the possibly present quantity of material creep in each material of the
composite. Further electrically induced drift seems to have an influence on the drift-
ing signal under load at the same time. As other tests show the same creep in meas-
urements of specimens that were not conditioned in a climate of 20 °C and 65% RH
prior to testing, it is unlikely that the signal drift is caused by the change in wood
moisture content during the testing process in room climate in the test procedure
for these experiments. Additionally, the mean DC-resistance of the measurements is
124 kOhm with a standard deviation of 92 kOhm. Specimens produced in the same
way, just without any kind of conductive filler, showed an overall resistance above
1 GOhm as also reported in Winkler et al. (2020a). Therefore, the ratio between
the measured resistance with and without electrically conductive adhesive is at least
1/4000, resulting in a small part of the beechwood in the overall resistance.

—— Signal mechanically loaded L14
---- Signal mechanically unloaded ’

1.4+

—-—- Strain

ARe(Z) in %

tins

Fig. 8 Example of the strain (&) and the resistance change of the real part over time for a mechanically
loaded and a mechanically unloaded specimen at 549 kHz. The spaces between calculated points are
interpolated. For better visibility, the signal of the mechanically loaded and unloaded measurements is
smoothed by a LOWESS-algorithm
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The mostly lower SNR for the imaginary part of the complex impedance means a
lower change in inductive and capacitive properties of the test setup in comparison
to the ohmic resistance change. Since three of the four known mechanisms of the
piezoresistive response are measured in the real part of the complex impedance, a
signal with higher sensitivity and lower noise in the real part of the complex imped-
ance is most reasonable. In relation to the theory of the four mechanisms of pie-
zoresistive response, it means that either the intrinsic change in resistance of the
conductive particles or the change in contact resistance between contacting parti-
cles has the greatest impact on the piezoresistive response. This behavior fits to the
conductive filler content above the percolation threshold as the arrangement of the
particles changes from not contacting particles in the polymer to a larger number of
direct contacts between the particles compared to a lower filler content. Thus, the
described piezoresistive mechanisms (III) and (IV) are less likely to occur in the
percolation network (Chung 2020).

The variation in ¢, 5 at different frequency bands shows that not only the
value of the SNR is frequency-dependent but also the stability of the SNR val-
ues for different samples. The values for p of the real and imaginary parts of the
complex impedance at all frequencies are shown in Fig. 9. The local maxima
mark the frequencies, optimal for measuring the given specimens. Combining

2504
—— Re{2)
=== Im({Z)
200 4
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b:h
< 100
uy
50 A1
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04
104 10"; 10?\ ].OJ

fin Hz
Fig.9 Ratio between mean SNR and mean standard deviation for each frequency over all samples for

the real- and the imaginary part of the complex impedance. The spaces between calculated points are
interpolated
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the manufactured specimens and the used test setup, the maximum gg lies at
548 kHz for the real part and at 8710 kHz for the imaginary part of the com-
plex impedance. The diagram also shows that the real part of the piezoelectric
response has a nearly overall higher measurement quality compared to the imagi-
nary part of the complex impedance for this set of samples at its best frequency.
The real part of the complex impedance shows lower values for the mean relative
standard error for the constants a, b, ¢, and d in the frequency bands where the
real part of the complex impedance additionally has a higher g in compari-
son to the imaginary part of the complex impedance. As a sensor signal, the real
part of the complex impedance is more reliable because of the lower values for
the constants. Therefore, the frequency-dependent piezoresistive response of the
real part of the complex impedance with the highest value for ggr will be used
in the following comparison of the piezoresistive reaction measured by imped-
ance spectroscopy and DC resistography. Figure 10 exemplarily shows the meas-
urement of a specimen with DC and the measurement of the same specimen at
the optimal frequency of 548 kHz with the impedance spectroscope. Both sig-
nals are representing the overall properties of the signal characteristics for each
measuring mode. The noise of the piezoelectric response measured by impedance
spectroscopy at the optimal frequency is lower compared to the response of the
DC-resistance measurement. Furthermore, no clear signal is visible, even in the
LOWESS-algorithm smoothed curve.
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Fig. 10 Example of a measured sample under DC and at the optimal frequency found with the imped-
ance spectroscope. The spaces between measured points are interpolated
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Of the 43 DC measurements, 19 could not be analyzed because the algorithm was
not able to extract the values for the constants a, b, ¢, and d by the nonlinear regres-
sion. With impedance spectroscopy, there was an analyzable signal for each speci-
men. As shown in Table 1, the SNR for the analyzable impedance spectroscopic
signals is more than four times higher compared to the SNR of the signals generated
with DC resistography. Furthermore, for the DC-resistance measurements, the mean
relative standard noise is more than three times higher. Besides the higher SNR
and the lower mean relative standard noise, the mean relative standard errors for
the constants a, b, c, and d are significantly lower for the impedance spectroscopic
measured signals, as shown in Table 1. The 19 signals from DC measurements that
cannot be analyzed led to the conclusion that the received signal shows no clear
structure, which means that the signal must be of low quality and is not usable as
a sensor signal. Furthermore, the high mean relative standard errors for the regres-
sion parameters b, ¢, and d for the DC-measurement data listed in Table 1, show that
the model is not suitable for representing the measurements. In combination with
the overall lower mean relative standard errors for the constants, the SNR evalu-
ates the measurements with impedance spectroscopy as significantly higher in its
quality and reliability. It should be noted that further work is needed to verify if
the best frequencies defined in this paper remain the same over a long period of
time or are applicable to other material combinations and specimen shapes. Further,
experiments would be needed where the measuring setup used (device, cables, etc.)
is changed in order to analyze the impact of the testing setup on the frequencies with
the highest SNR.

Thus, changes in the real part of the complex impedance can deliver an over-
all higher signal quality for the present measuring setup and the specimens used.
This could be due to the dominance of the dynamic effects of the conductive mecha-
nisms in the polymer used that are affected due to the change in material stress. In
the low-frequency (DC) plateau regime (Funke 1993), static effects of conductivity
mechanisms play the dominant role in the conductivity of the material which is cap-
tured in the signal including the effects of the conductivity mechanisms 1 to 3 (Eli-
mat et al. 2010; Xia et al. 2017). With rising frequency in the following dispersive
regime (Funke 1993), the ratio between static and dynamic effects of the conductiv-
ity mechanisms changes, and the dynamic effects of the conductivity mechanisms
(the increase in the tunneling possibility with rising frequency (Xia et al. 2017))
gain the dominant role in the signal (Elimat et al. 2010; Xia et al. 2017). With DC
resistography, only static effects of the conductivity mechanisms can be measured,
whereas measurements with impedance spectroscopy detect dynamic and static
effects at higher frequencies at the same time.

In comparison, the practical handling of the DC-resistance measurements is less
prone to failure. One reason is that external influences have a smaller impact on
DC-resistance measurements compared to impedance spectroscopic measurements.
Further, the handling and analysis of the data require more knowledge if measure-
ments are carried out by impedance spectroscopy because the data volume is much
higher, and the interpreter needs a wider knowledge of electrodynamic processes
in the current state. Additionally, the costs for the impedance spectroscopic devices
exceed the costs for DC instruments. The objective of this study was a comparison
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of different methods for measuring the piezoresistive response of the previously
described multifunctional adhesives in wood, which poses some challenges to the
use of piezoresistive polymers (Winkler et al. 2020a). Therefore, the present study
can only give an overview of the possible gain of impedance measurement. Cover-
ing the different influences and aspects associated with piezoresistive bond lines in
wood, for example the influence of moisture or density, will be part of future studies.
A well-adapted setup of the measurement for later applications to buildings could
also avoid the influence of external disruptive factors. This development can only be
the objective of further application-related work.

Conclusion

Overall, the results of this study suggest that the usability of electrically conductive
wood bond lines for piezoresistive measurements of the engineered structure can be
optimized by using frequency-dependent measurements. While with DC resistog-
raphy, the piezoresistive effect was partly not measurable, the impedance spectro-
scopic analysis showed a distinctive piezoresistive behavior of each sample, making
the technique more reliable for process integrated sensors.

The following conclusions can be drawn from the data and discussion:

(1) Frequency-based measurements can enhance the reliability and usability of mul-
tifunctional bond lines in wood compared to DC-based resistography.

(2) The real part of the complex impedance results in more reliable piezoresistive
reactions compared to the imaginary part for the discussed data set, which is
coherent with theory as the filler degree in the adhesive is above the percolation
threshold and therefore the piezoresistive change is based on the assumptions
1 to 3 from the introduction (changes in intrinsic resistance, contact resistance
and tunnel effects)

(3) A method using the signal-to-noise ratio (SNR) as well as the calculated g5
was developed to evaluate the quality and reliability of the piezoresistivity of
multifunctional bond lines in wood.
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