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ABSTRACT This paper presents a novel 3D force sensor design based on in-situ nanocomposite strain
sensors. The polymer matrix of the polyvinylidene fluoride (PVDF) and multi-walled carbon nanotubes
(MWCNT) conductive filler nanocomposite film have been chosen as sensing elements for the 3D force
sensor. A bioinspired tree branch design was used as the 3D force sensor’s elastic structure, that was built
using thin Aluminum plates and a laser cutting fabrication process. The PVDF/MWCNT films contained
piezoresistive and piezoelectric characteristics, allowing for static/low and dynamic strain measurements,
respectively. Two compositions with 0.1 and 2 wt.% PVDF/MWCNT sensing elements were selected for
piezoelectric and piezoresistive strain measurements, respectively. These characteristic measurements were
investigated under different loading frequencies in a simply supported beam experiment. The 3D force
sensor was tested under dynamic excitation in the Z-direction and the X-direction. A Direct Piezore-
sistive/Piezoelectric fusion (DPPF) method was developed by fusing the piezoresistive and piezoelectric
measurements at a given frequency that overcomes the limited frequency ranges of each of the strain sensor
characteristics. The DPPF method is based on a fuzzy inference system (FIS) which is constructed and
tuned using the subtractive clustering technique. Different nonlinear Hammerstein-Wiener (nlhw) models
were used to estimate the actual strain from piezoresistive and piezoelectric measurements at the 3D force
sensor. In addition, an Extended direct Piezoresistive/Piezoelectric fusion (EPPF) algorithm is introduced to
enhance the DPPF method via performing the fusion in a range of frequencies instead of a particular one.
The DPPF and EPPF methods were implemented on the 3D force sensor data, and the developed fusion
algorithms were tested on the new 3D force sensor via experimental data. The simulation results show that
the proposed fusion methods have been effective in achieving lower Root Mean Square Error (RMSE) in the
estimated strain than those obtained from the tuned nlhw models at different operating frequencies.

INDEX TERMS DPPF, EPPF, frequency band, fusion, fuzzy logic, nanocomposite, piezoelectric,
piezoresistive, strain sensor, wideband.

I. INTRODUCTION

3D force sensors are essential in many robotic, medical, and
machining applications for quantifying the three axial forces
simultaneously. These applications include task monitoring,
excessive force prevention, and precision placement. There-
fore, they have many uses in the field of robot manipula-
tion [1], surgical robots [2], machining applications [3]. 3D
force sensors typically consist of elastic structure and sensing
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elements, which quantify the strain at the elastic structure.
Both elements significantly influence the sensor performance
and criteria [4]. In addition, cross-coupling between axes’
measurements is a limitation that affects the sensor. Several
mechanical and bioinspired structures were utilized for the
3D force sensors, such as cross beam [5], parallel mecha-
nism [6] and Stewart platform [7], and tree branches [8].
Some structure configurations could minimize the cross-
coupling and improve the sensor performance despite the
complex structure and expensive material they are made
with [9].
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Various sensing elements and approaches have been uti-
lized to quantify strain distributions or deflections on the 3D
force sensor structures. These sensing elements are strain
gauge [10], Lead zirconate titanate (PZT) [11], optoelec-
tronic [12], and capacitive [13] sensors. Strain gauges and
PZT are among the most widely used due to their availability
in different sizes and for various environments and are easy to
install for different applications. Recently, polymer nanocom-
posites (PNCs) have received much attention for different
strain, force, and pressure measurement applications. These
sensors come in flexible matt form or in-situ sensing elements
attached to a mechanical structure.

The PVDF-based transducers have been implemented at
different applications. In the vibration measurements field,
PVDF nanofibers were fabricated using the electrospinning
technique [14]. The developed sensing elements captured
the operating frequency and applied strain on an experimen-
tal cantilever setup. In the gas sensor applications, a fix-
able PANI/PVDF film sensor was introduced to quantify
the ammonia (NH3) gas level, which is considered a toxic
industrial gas [15]. Also, an active stretchable PVDF based
on piezoelectric characteristics was constructed for multiple
dynamic monitoring applications [16]. The sensor can detect
joint motions and vibrations.

Kim. etal. [17] proposed a novel multiaxial force
sensor; their structure and PNC sensing elements were fab-
ricated using fused deposition modeling (FDM) 3D print-
ing technology. The structure and strain sensor was made
of thermoplastic polyurethane (TPU) filament carbon nan-
otube (CNT)/TPU nanocomposite filament. The strain sensor
used the piezoresistive characteristic, which relies on the
resistance change at each axis. A 2D micromachined strain
sensor was introduced by Su et al. [18], which is based on
piezoresistivity measurements. The single-walled and multi-
walled carbon nanotubes (MWCNTs) were deposited on
suspended cantilever beams as strain sensors. For machining
applications, a multi-axis dynamometer system was devel-
oped using MWCNT/PVDF films [19]. The films were
sandwiched between dynamometer structure plates, and the
change in voltage was used to measure the 3D cutting
forces.

The MWCNT/PVDF nanocomposite’s films contain both
piezoresistive and piezoelectric characteristics. That results
in a strain sensor capable of measuring in static and dynamic
loading, respectively. A lower percentage of CNTs inside
polymer nanocomposite improves the electrical conductiv-
ity of the overall composite [20]. In addition, they can be
more sensitive than other conventional strain gauges [21].
Three parameters affected the PNC-CNT’s piezoresistivity,
and these factors are tunneling, CNTs’ crossing, and the
resistance of the CNT’s itself [22]. In terms of PNC-CNT’s
conductivity, tunneling resistance is the most dominant
parameter [23], while the CNT’s resistance has a minor
effect [24]. The PVDF is a semi-crystalline polymer with
noticeable ferroelectric characteristics, a significant piezo-
electric coefficient, and electrical response [25]. It can
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transform a mechanical loading into an electrical charge
and vice versa. These properties allow MWCNT/PVDF
nanocomposite’s films to be implemented in different
piezoresistive or piezoelectric sensing applications.

Various approaches have been proposed to fuse the
MWCNT/PVDF sensor’s piezoresistive and piezoelectric
measurement to achieve a wide band strain measurement.
Several researchers combine both characteristics using a
multilayered flexible structure for tactile and pressure sens-
ing applications [26], [27]. Even though these sensors have
piezoresistive and piezoelectric layers, signal-level fusion
was not proved. An optimum linear smoother-based fusion
method was proposed to combine the MWCNT/PVDF
strain’s measurements [28]. The piezoresistive and piezo-
electric signals, covariance, and calibration coefficients were
utilized to estimate the final fused strain measurement. The
calibration coefficients were fixed during the operation fre-
quency bands. This assumption might lead to losing avail-
able measurements at some operation frequencies. A novel
weighted fusion technique was recently introduced to com-
bine the MWCNT/PVDF strain sensor’s piezoresistive and
piezoelectric characteristics [29]. The error-based piezore-
sistive piezoelectric fusion (PPF) is based on fuzzy logic
(FL), where data-driven approaches were used to generate
the PPF’s fuzzy inference system (FIS). These approaches
were optimization method, fuzzy c-means (FCM) clustering,
subtractive clustering, and combination of type-2 fuzzy and
subtractive clustering. This methodology has achieved bet-
ter fusion performance and minimum Root Mean Squared
Errors (RMSEs) than other fusion approaches at different
operating frequencies.

This paper presents a novel 3D force sensor using the
MWCNT/PVDF strain sensor films and bio-inspired struc-
ture configuration. The sensing elements were fabricated
using a spray coating process. A direct PPF method was
implemented to fuse piezoresistive and piezoelectric char-
acteristics using strain measurements at a specific operating
frequency. The PPF method was enhanced by adding the
operation frequency data into the FIS, which allows a single
FIS to operate at a specific operating frequency. The extended
PPF (EPPF) was introduced to allow fusion at a range of
frequencies instead of a specific operating frequency at the
DPPFE. The MWCNT/PVDF strain sensor’s measurements
were analyzed at different frequencies using a cantilever
beam under dynamic loading. In addition, the 3D force sensor
was tested under Z and X axes dynamic loading using specific
fixtures. The DPPF was performed on all 3D force sensor’s
beams, while the EPPF was tested on the positive beams at
the X and Y axes.

Il. NANOCOMPOSITE STRAIN SENSOR FABRICATION

The 3D force sensor manufacturing process involved sensing
element fabrication and 3D structure machining. The PNC’s
solutions preparation and film fabrication procedure are dis-
cussed in the following section. In addition, the selected
3D force sensor’s structure configuration machining and NC

162157



IEEE Access

A. Alotaibi, S. Anwar: Direct and Extended Piezoresistive and Piezoelectric Strain Fusion

sensing elements assemble were presented in the following
subsections.

A. PVDF/MWCNT FILM FABRICATION

Polyvinylidene Fluoride (PVDF) was chosen as the matrix
host for the nanocomposite sensor because of its high
piezoelectricity characteristic. The 0.1 wt.% and 2 wt.%
MWCNT/PVDF nanocomposites have been chosen due to
their optimal performance for piezoelectric and piezoresis-
tive measurements, respectively [28]. The PVDF powder
was purchased from Sigma Aldrich. The average molecular
weight (Mw) of the powder was approximately 534,000 mol
wt. The Multi-Walled Carbon Nanotubes (MWCNTs) were
used as nano conductive fillers for the strain sensor. The
MWCNT was purchased from Sigma Aldrich, and their outer
diameter and their length were 7-15 nm, and 0.5-10 um,
respectively. The film was fabricated using a solution mixing
process followed by a spray-coating technique described in
the literature [28]. First, the PVDF was fully dissolved in N-N
dimethylformamide (DMF) and stirred on a hot plate for 3 hrs
at a temperature of 80 °C. Then, different concentration of
MWCNT was mixed with DMF, and the solution was soni-
cated for 30 min at room temperature until full desperation of
the mixture was achieved. The two sensors were fabricated
using the MWCNTs, PVDF, and DMF’s percentages and
weights are shown in Table 1.

TABLE 1. The MWCNTs, PVDF and DMF’s concentrations for each sensor.

1" solution 2" solution

%wt | PVDF(g) DMF(@ml) | MWCNT(g)  DMF (ml)
0.1 4 40 0.004 10
2 1 10 0.02 50

The percentage of PVDF to DMF was 0.1 g/mL in the
1st solution, whereas the percentage of the MWCNT to the
DMEF was 0.0004 g/mL. Then, the two solutions were mixed
at room temperature and stirred for one hour. Spray-coating,
which produces random MWCNT dispersion, was selected
to fabricate the proposed sensors. An airbrush was used to
manually spray the PVDF/MWCNT solution mix on glass
substrates, as shown in Fig. 1.

The PVDF/MWCNT solution was poured inside the
air brush’s color cup and sprayed in a zig-zag path for
about 144 and 330 rounds for the 0.1 wt.% and 2 wt.%
MWCNT/PVDF films. Each spray round traveled from left
to right and then from up to dawn, respectively, until the
whole substrate was covered with nanocomposite droplets.
Each deposited layer was air-dried using air between rounds.
The sprayed films on the substrates were then placed on a hot
plate at 80 °C until all of the solvent is evaporated. Then, they
were placed in a sonication container for a few minutes to peel
the film off the glass substrates. These fabrication processes
for the PVDF/MWCNT film sensor using solution mixing
and spray coating are summarized in Fig. 2.
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FIGURE 1. Spray coating process of 2 wt.% MWCNT/PVDF film.
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FIGURE 2. Fabrication processes of the PVDF/MWCNT films using
spray-coating.

Afterward, the films were removed from their substrates
and taken out of the sonication container, the nanocomposite
films were easily removed out of the substrate by hand,
as shown in Fig. 3. The thicknesses of the fabricated films
with the two different concentrations were then measured.
The average thickness of the 0.1 wt.% and 2 wt.% films
were 40 and 25 pm, respectively.

0.1 wt.% MWCNT/PVDF

2 wt.% MWCNT/PVDF

FIGURE 3. The fabricated PVDF/MWCNT film.

B. 3D FORCE SENSOR FABRICATION

The structure configuration is a critical parameter that influ-
ences the 3D force sensor’s performance. Different bio-
inspired structures were proposed for the 3D force’s structure
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and analyzed for their structural sensitivity and measure-
ment coupling [8]. The tree branch structure was found to
have achieved lower coupling characteristics between strain
measurements [8]. As a result, the tree branch design was
selected to produce the proposed 3D force sensor. The 3D
force sensor’s structure was made of Aluminum (Al) with
a thickness of 1.6 mm and fabricated using laser cutting
technology, as shown in Fig. 4.

(@ ©

FIGURE 4. The 3D force’s (a) leaser cut structure; and (b) Tree branches’
top view [30].

The structure consisted of an inner ring, an outer ring, and
four connecting beams. The rings are connected with four
beams. Generally, the 3D forces are applied to the center of
the structure. A bolt hole was inserted in the structure’s center.
For mounting purposes, four bolt holes were open at the end
of each beam along the outer ring’s circumference.

The sprayed 0.1wt.% and 2wt.% MWCNT/PVDF films
were retrieved to quantify the strain on the 3D force’s struc-
ture using their piezoelectric and piezoresistive characteris-
tics. The sensing element installment and connections are
shown in Fig. 5. First, four films of each concentration were
cut down from the same sprayed films. All films had the
same dimension of approximately 5 x 25 mm. Then, one
of each 0.1wt.% and 2wt.% MWCNT/PVDF films were put
into four groups and attached in parallel to a single double-
sided Kapton tape using the tape adhesion. On the Kapton
tape, both sensing elements were separated by a distance
of approximately 2 mm. Next, four commercially available
strain gauges were attached to the bottom side of the 3D force
sensor in the middle of each beam. The strain gauges were
assumed to measure the same strain measured by the NC
films, with the same magnitude and opposite phase. Later, the
Kapton tapes, including the sensing elements, were attached
to the centers of the four beams of the 3D force sensor. Lastly,
silver epoxy was used as electrodes for the MWCNT/PVDF
films and the electrical wires’ connections for measuring the
strains.

Ill. EXPERIMENTAL SETUP

The fabricated MWCNT/PVDF sensors’ and 3D force sen-
sor’s performance were analyzed and tested using differ-
ent experimental setups. Additionally, the piezoresistive
and piezoelectric strain measurements’ characteristics were
tested using a cantilever vibration beam setup. Finally, the 3D
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FIGURE 5. The 3D force sensing element’s attachment and connection
process.

force sensor performance and fusion were conducted using a
3D force vibration setup. The following subsection discusses
both methodologies.

A. CANTLIVER VIBRATION TESTING SETUP

The cantilever vibration beam setup was constructed using
B&K vibration exciter Type 4808 and Al beam, as shown in
Fig. 6. The first end of the beam was attached to a fixed end,
while the other end was connected to the shaker. A 0.1wt.%
film and 2wt.% MWCNT/PVDF films and a strain gauge
were attached close to the fixed end, where higher strain
measurements were expected. Wires were connected to the
NC films using silver epoxy, which acted as the sensing
elements’ electrodes. The beam was excited at 0.5 Hz, 1 Hz,
5 Hz, 10 Hz, 50 Hz, 100, and 1000 Hz vibration frequen-
cies. The Fast Fourier Transform (FFT) was applied to both
measurements’ signals using the (signal-to-noise ratio) SNR
command in MATLAB to analyze the piezoresistive and
piezoelectric strain sensors’ characteristics.

m— 2 wt.% MWCNT/PVDF (Pive)
0.1 wt.% MWCNT/PVDF (Pric)
B Strain Gauge

FIGURE 6. The cantilever vibration beam setup.

B. 3D FORCE SENSOR VIBRATION TESTING SETUP

The 3D force sensor was tested for X-axis and Z-axis’ vibra-
tions. For the dynamic loading experiment of the sensor in the
Z direction, a fixture was designed to hold the sensor above
the vibration exciter, as shown in Fig. 7. The 3D Force sensor
was then excited at 2 Hz, 5 Hz, 10 Hz, 100 Hz. The fixture was
made off a High-Density Polyethylene (HDPE) sheet with a
thickness of 12.7 mm and four threaded rods with nuts. The
four threaded rods connected the HDPE sheet and the shaker’s
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base to make the fixture more rigid. The 3D force sensor was
centered and connected to the shaker using a small threaded
rode. In addition, four bolts were used to attach the sensor to
the HDPE sheet.

FIGURE 7. The 3D force sensor vibration setup for Z-axis (a) fixture CAD
design and (b) actual 3D force sensor attached to the fixture.

For the X-direction dynamic loading experiment, an extra
HDPE sheet was inserted perpendicular to the previous sheet
for the X dynamic loading experiment, as shown in Fig. 8.
Four brackets were used to hold the HDPE sheets. As a result,
the 3D force sensor was perpendicular to the shaker. The 3D
force sensor and the shaker were connected using threaded
rods and a small bracket.

(b)

FIGURE 8. The 3D force sensor vibration setup for X-axis (a) fixture CAD
design; and (b) actual 3D force sensor attached to the fixture.

C. PIZORESISTIVE AND PIEZOELECTRIC CIRCUITS AND
ACQUISITION SYSTEM

The MWCNT/PVDF film’s resistance change represents
the piezoresistive characteristics, while the film’s gener-
ated charge characterizes the piezoelectric measurement.
The Wheatstone bridge was used to magnify the resistance
change for the piezoresistive sensing elements utilizing quar-
ter bridge configuration, as shown in Fig. 9a. The 3D force
sensor was tested under different excitation frequencies using
the Z-axis and X-axis loading fixtures. At the same time,
the piezoresistive sensors, piezoelectric sensors, and strain
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gauges’ measurement were obtained, analyzed, and imple-
mented in the PPF based methods.
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FIGURE 9. Electrical circuits for MWCNT/PVDF’s (a) piezoresistive;
(b) piezoelectric; and (c) reference strain gauge strain sensors.

The final output voltage (E,) for the Wheatstone
bridge based sensors’ circuits can be approximated using
Equation (1) [31]:

SR/R

Vour = Vi
out 14(1 +R/Rg)

e))
where input voltage (V;), amplifier internal resistance (Ryg),
initial bridge resistance (R) assuming all initial bridge resis-
tances are equal, and sensor resistance changes by an amount
(8R) are used to calculate the V,,,. While the capacitive
behavior of the piezoresistive circuits was ignored in this
Equation. On the other hand, Equation (2) is used to estimate
the final output voltage (V) of the charge amplifier’s cir-
cuits in terms of the sensor-generated charge (¢) and feedback
capacitances (C,), [31]:

C
Vou = —4qIC, + (A—T)] @)
0

where Ct = C; 4+ C. + C; (Cy, Ce, and C; representing the
transducer, cable, and feedback capacitances), and Ay is the
amplifier open-loop gain. The sensing element has an internal
variable resistance (Rs) and capacitance (Cs). A capacitance
Cy was combined with the resistance R3 to achieve a bal-
anced bridge while ensuring all bridge’s resistances were
equivalent. The bridge was supplied by 2.5 volts.
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The sensing element has an internal variable resistance
(Rg) and capacitance (Cs). A capacitance C; was combined
with the resistance R3 to achieve a balanced bridge while
ensuring that all the bridge’s resistances were equivalent. The
bridge was then supplied with 2.5 volts. The instrumentation
amplifier INA333 from Texas Instruments was selected for
the piezoresistive, piezoelectric, and reference strain gauge
circuits. The INA333 is considered to be a precise and low-
power amplifier for high-accuracy applications [32]. The
amplifiers were powered by 5 volts, and a reference voltage
of 2.5 volts was provided using the precision series volt-
age reference REF5025 from Texas Instruments [33]. The
gain-setting resistor (RG) was used to assign the desired
measurement amplification gains. For piezoelectric measure-
ments, the 0.1 wt.% MWCNT/PVDF film was connected
in parallel with a capacitor C1. A similar circuit has been
used in different pressure sensing applications and proven
its effectiveness [34]. A quarter Wheatstone bridge was used
for the strain gauge measurement similar to the piezoresistive
circuit, except no capacitance was inserted on the bridge. This
is because of the approximately purely resistive behavior of
strain gauges compared to MWCNT/PVDF sensor.

The outputs of the instrumentation amplifiers were sent
to LABVIEW using data acquisition cards (DAQs) from
National Instruments (NI). The strain gauges were calibrated
using the gauge factors. Then, the calibrated strain gauges
were used to calibrate both piezoresistive and piezoelectric
measurements at each beam individually. Band bass filter was
used to filter all measurements of the 3D force sensor. Both
the DPPF and the EPPF used the calibrated strain measure-
ments from piezoresistive, piezoelectric, and strain gauges
during the learning, tuning, and testing of the 3D force sensor
fusion.

IV. PIEZORESISTIVE/PIEZOELECTRIC FUSION (PPF)
METHODS

A. THE DIRECT PPF METHOD

The direct PPF method was proposed to combine the piezore-
sistive and piezoelectric element’s measurements of the
MWCNT/PVDF strain sensors using a fuzzy logic-based
methodology, as shown in Fig.10. The piezoresistive and
piezoelectric element’s measurements are used by the DPPF’s
FIS as input variables for the DPPF’s FIS. Compared to the
original PPF method used in the study [29], the direct PPF
utilized the piezoresistive and piezoelectric measurements
instead of their estimated errors.

Epive |\

| Weighted Fusion
Equation (6)

\
| PPF's FIS

Epric

FIGURE 10. Schematic of the direct piezoresistive/piezoelectric fusion
(DPPF) method.
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The FIS determines the piezoresistive weight (Wpjye) or
piezoelectric weight (wpy;.) based on both the measurements
and the FIS’s structure and configuration. The final fused
strain signal (ef) was calculated using Equation (3) [29],
as follows:

&f (k) = wpive (k) epive (k) + Wpric (k) epric (k) 3)

where the piezoresistive strain (€ py.) and piezoelectric strain
(epric) contribution to the final fused strain measurement are
determined by the assigned weights, which are wp;, and
Wpric, respectively. The weights span the values from zero
to one depending on the sensitivity of the piezoresistive and
piezoelectric measurement at that frequency. This Equation
has an infinite amount of solutions due to the presence of the
two unknown weighting factors in a single fusion equation.
Consequently, one of the sensors was assigned a total weight
of one while the other sensor’s weight was estimated using
the following Equations (4) or (5) [29]:

€act — WPric X€Pric

WPive = c @
Pive
€act — WPive X € Pive
WPric = e &)
Pric

At low frequencies, the piezoresistive strain sensor has
higher accuracy and is more sensitive to strain measure-
ments. On the other hand, piezoelectric sensors outperform
the piezoresistive sensors when taking high-frequency strain
measurements. Thus, a weight of one was assigned to the
piezoresistive sensor at low frequency, while the wp;, calcu-
lated using Equation (5). Conversely, the piezoelectric sensor
was given a whole weight of one, while the wp;y,, was calcu-
lated using Equation (4). During the data preparation for the
DPPF’s FIS, all measurements, including the reference strain
gauges measurements, were shifted by a positive constant
number c to avoid getting infinity weights in the Equations (4)
and (5) caused by the harmonic strain measurement and zero-
crossing at no strain conditions. The shifted data were used
to calculate both weights and the final fused strain equation
became [29]:

&f (k) = wpive X (€Pive + €) + Wpric X (€pric +¢) —c  (6)

In this work, to assign either the piezoresistive or piezo-
electric weight, the DPPFs FIS goes through three phases.
These phases are the fuzzification, rule generation and FIS
process, and defuzzification. First, both measurements are
mapped to a range of values from the minimum to the max-
imum strain values using Membership Functions (MFs) rep-
resentation. The MFs are described using linguistic variables
implying the input’s or output’s characteristics. In the DPPF
method, either the piezoresistive or piezoelectric’s weight
is selected as the FIS’s output depending on the operation
frequency and strain sensitivity for each measurement char-
acteristic. The Fuzzy Inference System (FIS) converts given
fuzzy inputs into outputs depending on a preassigned set of
rules [35]. Then, the fuzzy output values are transferred to
actual values in the defuzzification phase [35]. In the DPPF
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method, the intermixed output is defuzzied to produce the
desired piezoresistive or piezoelectric’s weights. The Center
of Area (COA) method and a weighted average method are
used to perform the defuzzification prosses for Mamdani and
Sugeno FIS, respectively [36]-[38].

Constructing and tuning the FIS given input/output data
is a complex process in the system that contains multiple
input/output MFs and rules. In the previous work [29], sev-
eral data-driven approaches were utilized to produce the
DPPF’FIS using Fuzzy Logic and Global Optimization Tool-
boxes in MATLAB [39]. The method is based on the nor-
malized input errors for both measurements. The reference
strain gauge measurements were assumed to be the actual
strain values. The subtractive clustering-based PPF systems
have achieved very low RMSE compared to the optimization
and Fuzzy C-means (FCM) clustering methods [29]. As a
result, the subtractive clustering technique was used to gen-
erate and tune the FIS’s parameters and assign the rule set
for the direct PPF’s performance. All measurement data and
reference strain gauges were shifted by a constant number of
one at all operating frequencies. This methodology resulted
in a single FIS for each operation and limited the fusion to a
single operating frequency.

B. THE EXTENDED PIEZORESISTIVE/PIEZOELECTRIC
FUSION (EPPF) METHOD

As discussed in the previous section, the direct PPF method
utilizes the piezoresistive and piezoelectric element’s mea-
surements to perform the fusion. The fusion is performed at a
certain frequency using both measurements and a single FIS
that would result in a complex PPF’s structure in the case of
the strain measurement at a range of operating frequencies.
To address this issue, the EPPF method was introduced to
minimize the number of FISs and reduce the direct PPF
method’s complications, as shown in Fig.11.

Epive(freq.) N

w/weric| Weighted Fusion
Equation (6)

PPF’s FIS [

epric(freq.)

FIGURE 11. Schematic of the extended piezoresistive/piezoelectric fusion
(EPPF) method.

In the EPPF method, the measurements of the piezore-
sistive strain (&pjye) and piezoelectric strain (&pr.) taken at
different frequencies were cascaded. The cascaded signals
data was used to generate and tune the EPPF’s FIS, rules,
input, and output MFs. In this way, the PPF method’s gener-
ation approach and the fusion equation were used to produce
the EPPF method. In comparison to the DPPF, the EPPF
fuses both measurements at the span of frequencies using
a single FIS.
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C. ACTUAL STRAIN ESTIMATION USING NONLINEAR
MODELING

Several researchers have reported the nonlinearity in the
CNT-PNC’s piezoresistive and piezoelectric characteristics.
The current-voltage (I-V) curve was used to assess the com-
posite nonlinearity performance. Ounaies et al. [40] inves-
tigated the nonlinear performance of the single-walled
carbon nanotube (SWCNT)/polyimide composites. The
tunneling effect was responsible for nonlinear behavior.
Similarly, nonlinearity was observed for the 0.35 wt.%
SWCNT/polydimethylsiloxane composite and faded at the
Swt.% composite [41]. For a similar composite, the -V curve
of a 0.2 wt% CNT/epoxy composite was nonlinear and linear
at a high concentration of the CNT [42]. The CNT/epoxy
composite tunneling resistance at low CNT content and strain
level higher than 0.2 % resulted in a nonlinear piezoresistive’s
performance [43]. In terms of a CNT/polymer’s piezoelectric-
ity, an electrospun PVDF nanofibers mat with no CNTs had
achieved a linear voltage-weight relationship [44]. However,
nonlinearity was apparent at the 0.3 wt. % CNTs compos-
ite. Vinogradov et al. [45] investigated the PVDF’s dynamic
response and reported the accelerated creep performance due
to the cyclic loading at stress levels below the viscoelastic
linearity limit. In these ways, researchers have remarked on
the nonlinear piezoresistive and piezoelectric’s performance
of the CNT-PNCs.

Hammerstein-Wiener models have been used to estimate
the actual strain given the input piezoresistive measurement
at a low frequency or piezoelectric measurement at higher
frequencies. The System Identification Toolbox in MATLAB
has been used to construct the Hammerstein-Wiener mod-
els. The Hammerstein-Wiener model is used as a black-box
model because it does not include the physical perceptiveness
of the internal processes [46]. As shown in Fig. 12, the
dynamic systems are represented by a discrete linear block
and one or two nonlinear memoryless static blocks [46].

u(t) Input w(t) S x(t) Output y(t)
=P Nonlinearity Lmez; /E lock =P Nonlinearity Mm—
f h

FIGURE 12. Hammerstein-Wiener model’s block diagram.

The Hammerstein-Wiener (HW) model has been used for
modeling at different sensors and actuators modeling to sim-
ulate the nonlinear effect either in input or output of a linear
system [46]. Despite being one model, this model comes
in three structure configurations, such as the Hammerstein
model, the Wiener model, and the linear model. It is called
the Hammerstein model if there is no output nonlinear-
ity h block, and it is named the Wiener model if it con-
tains only the linear block and output nonlinearity h block.
The nonlinear Hammerstein-Wiener (nlhw) becomes a linear
transfer function if both input and output nonlinearities are
removed. For a SISO system, the nlhw models are config-
ured using the number of zeros and poles, input and output
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nonlinearity estimators, and input delay. In this work, several
input/output nonlinearity configurations have been utilized
from the system identification toolbox, such as a sigmoid
network, a piecewise linear function, and a unit gain (no
configuration assigned) [46]. For the DPPF method, a nlhw
model was used to estimate the actual strain from either
piezoresistive or piezoelectric sensors at a single operating
frequency. The DPPF and EPPF’s performances were com-
pared with the actual strain measurement and nlhw models.

V. VALIDATION OF THE DPPF AND EPPF METHODS AND
RESULTS

The DPPF and EPPF method tested and validated using a
Simulink model. The model consisted of both characteris-
tics’ measurement, fuzzy logic controller (FL) block, and the
fusion equation. The FL system produces the desired weights
based on the piezoresistive and piezoelectric measurements.
The final fused strain is combusted using Equation (6). The
fused strain compared with actual strain gauge and nlhw
models’ measurements using the RMSE for each.

The piezoresistive and piezoelectric characteristics of the
MWCNT/PVDF strain sensor were influenced by the oper-
ating frequency. The piezoresistive sensing element was
more sensitive at low frequencies, while the piezoelectric
sensor was more accurate at higher frequencies [28]. As a
result, the DPPF and EPPF were proposed to fuse both
measurements at specific frequencies and a range of fre-
quencies, respectively. The performances of both charac-
teristics were investigated using a vibrating cantilever at
different frequencies. In addition, a 3D force sensor was
fabricated and assembled. The piezoresistive and piezo-
electric element’s measurements were taken at the elastic
beams of the 3D force’s structure and were fused using
the DPPF and EPPF methods. The subtractive clustering
technique was used to generate and tune the proposed
methods.

A. CANTILEVER VIBRATION RESULTS

The piezoresistive and piezoelectric element’s measurements
were investigated using a cantilever beam under different
vibration frequencies, as shown in Fig. 6. This experiment
was conducted to identify the operating frequencies for each
characteristic. Also, these limitations were used to assign
weight during the DPPF and EPPF generating processes.
Testing was completed under vibrations of 0.5 Hz, 1 Hz, 5 Hz,
10 Hz, 50 Hz, 100 Hz, and 1000 Hz. The FFT results were
retrieved for the piezoresistive and piezoelectric element’s
measurements at these frequencies, as shown in Fig. 13a
and Fig.13b. The piezoresistive signals were more sensitive
at frequencies 0.5 Hz, 1 Hz, and 5 Hz compared to the
piezoelectric measurements. At the 10 Hz excitation, the
piezoelectric measurement achieved a slightly higher SNR of
15.99 dB than the piezoresistive signal’s SNR of 13.43 dB.
The piezoelectric measurement became more apparent and
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FIGURE 13. a. The piezoelectric measurements’ FFT at the cantilever
testing setup. b. The piezoresistive measurements’ FFT at the cantilever

testing setup.
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FIGURE 13. (Continued.) b. The piezoresistive measurements’ FFT at the
cantilever testing setup.

was not affected by the electric hum, which had a fundamental
frequency of 60 Hz. On the other hand, the piezoresistive
signal’s magnitude was lower, yet it was not affected by the
noise.

At 100 Hz, the piezoresistive sensor presented high-
frequency noises compared to the piezoelectric sensor.
In addition, the piezoelectric sensor was accurate at
1000 Hz, while the piezoresistive sensor underwent large
low-frequency noises. As a result, the piezoresistive sen-
sor illustrated good signal characteristics at frequencies
below 50 Hz, while the piezoelectric sensor’s measurements
were less sensitive to noises.

B. 3D FORCE SENSOR VIBRATION RESULTS AND THE
DPPF

The 3D force sensor was fabricated and tested for the fusion
of strain measurements and characteristics. The cantilever
experiment proved the sensitivity of the piezoresistive sen-
sor at lower frequencies. In addition, the piezoelectric sen-
sor showed good sensitivity at frequencies above 50 Hz.
As aresult, the piezoresistive and piezoelectric measurements
were assumed to be accurate at lower and higher frequencies,
respectively. However, each type of sensor showed a lower
content signal at the other sensor type’s accurate measure-
ment frequency. The DPPF utilized the piezoresistive and
piezoelectric’s measurements to achieve an accurate strain
measurement.

The DPPFs’ FISs were constructed and tuned using the
subtractive clustering technique. Sugeno-based FIS was con-
sidered in this study due to its advantage in nonlinear dynamic
systems applications [47]. The Gaussian MFs were used for
the FISs’ input. The Sugeno’s FIS produces two values, which
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are rule output level (z;) and rule firing strength (w;) for
each i rule [48]. The rule antecedent AND method is used to
compute the w; value, while the output MF z; is a function in
FIS’s inputs and constant values a;, b; and c;, as shown in (7):

zi = aix + biy + ¢; @)

For N number of rules, the final output is evaluated using
all rules’ output using the weighted average method, as shown
in (8):

Zf’: 1 WiZi
T a— ®)

Final Output =
The 3D force sensor was tested at 2 Hz, 5 Hz, and 10 Hz,
and 100 Hz under Z-axis and X-axis loading scenarios. At the
three lower frequencies, the piezoresistive was assigned the
total weight of one, while piezoelectric sensors’ weights were
computed using Equation (5). At 100 Hz, the piezoelectric
sensors’ weights were computed using Equation (4), and
the weight of one that had been appointed for the piezore-
sistive sensors. The input MFs, output MF’s linear Equa-
tion constant, and the rules were generated and tuned using
the piezoresistive measurements, piezoelectric measurement,
and the computed desired weight. For each FIS, a set of
rules was generated to relate the FIS’s input and output
MFs, as shown in Table 2. Each resultant input membership
function consisted of multiple data sets or clusters, where the
number of MFs equaled the number of clusters and rules.
The same rules table was generated for each FIS except the
number of rules (n), which depended on the MF’s number.

TABLE 2. The DPPF'S FISs rules.

FIS’s rules
1. If (inl is inlclusterl) and (in2 is in2cluster]) then (outl is outlclusterl)
2.1f (inl is inlcluster2) and (in2 is in2cluster2) then (out1 is outl cluster2)

n. If (inl is inlcluster n) and (in2 is in2cluster n) then (outl is outlcluster
n)

1) Z AXIS LOADING SCENARIO

The resultant FISs’ input MFs for the operating frequen-
cies were retrieved from the Z-axis loading test, as shown
in Fig. 14 and Fig. 28. Both piezoresistive and piezoelec-
tric strain data have been represented by different numbers
of clusters, which are referred to by data and the cluster
number. Please refer to the Appendix for the FISs’ input
MFs at 5 and 10 Hz under Z loading conditions. The 3D
force sensor consisted of four beams in the £ X-direction
and *Y-direction. At each frequency, two input variables
were assigned for each beam’s DPPF’s FIS. These input
variables were the piezoresistive and piezoelectric element’s
strain measurements. The input MFs’ range spanned the
values from the minimum to maximum piezoresistive and
piezoelectric element’s strain measurements’ data. At the
same time, the degrees of memberships spanned the values
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from zero to one. The number of MFs at each beam and
frequency was determined by the number of clusters assigned
to represent the relationship between the strain measurements
and desired weight by the subtractive clustering method. The
cluster influence range was the spatial parameter that decided
if an input/output data point was considered part of a specific
center group. It was a scalar number ranging from zero to
one. In this manner, the number of the MFs assigned by the
cluster influence range was defined for each test. For each
scenario, the cluster influence range was adjusted manually
to achieve the best estimate of the actual strain’s estimate with
a minimum number of MFs. At least three MFs were utilized
by two beams at the excitation of 2 Hz and 5 Hz, as shown in
Fig. 14a. At the frequency of 2 Hz, the +Y beam’s FIS had
the highest number of MFs 2 Hz because of the lower cluster
influence range, as shown in Fig. 14a. Only four MFs were
utilized for the DPPF’s FISs at the four beams under 10 Hz
excitation in the Z-direction. Similarly, the input MFs at the
beams, which vibrated at 100 Hz, used four MFs of the FIS’s
input variables except at the +Y beam, as shown in Fig 13b.
The four MFs were achieved using a cluster influence range
of one.

The rule output level’s (z;) coefficients were generated,
and only output MFs of the -X beam under 2 Hz excitation
were plotted, as shown in Fig.15. The rest of the outputs MFs
at each beam and frequency followed the same process and
attained different constant values. The number of outputs’
MFs equals the number of clusters, input MFs, and assigned
rules in each case. As a result, four output’s clusters were
generated for the -X beam under the vibration of 2 Hz.
In the Equation (7), piezoresistive and piezoelectric strain
measurements and coefficients assigned by the subtractive
clustering method were used to calculate the rule’s output
level (z;). In addition, the number of rules was four (n = 4),
as shown in Table 2.

The proposed Simulink model was used to test and validate
the resultant DPPF’s FISs. The FISs used the piezoresistive,
and piezoelectric strain measurements as inputs, and the
outputs were based on the appropriate operating frequency.
The DPPF’s fused strains were calculated using Equation (6)
and the FIS’s output weight. The DPPF’s fused strains were
retrieved and compared with the measurements’ character-
istics, measurements from reference strain gauges, and the
nlhw model’s estimated measurements, as shown in Fig. 16.
The DPPF’s fused strains agreed closely with the reference
strain gauges when the 3D force sensor was excited at the
Z-axis. At 10 Hz, the nlhw model’s strain estimate was more
accurate than the DPPF’s fused strains at the -X beam (2 Hz),
the +Y beam (2 Hz), and the -Y beam (10 Hz). However, the
DPPF method did successfully fuse both measurements and
therefore achieved more accurate results.

In this work, different nlhw models were used to esti-
mate the actual strain from either the piezoresistive or the
piezoelectric sensors at three lower frequencies and 100 Hz,
respectively. The MATLAB’s system identification toolbox
was used to produce the best fit actual strain estimate.
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FIGURE 14. Input MFs of subtractive clustering-based DPPF’s FISs.

Different nlhw models’ structures were generated for the
strain measurements at the Z-axis loading test’s 3D force
sensor beams. These estimators had different zeros and poles,
different model structures, and different nonlinear functions,
as shown in Table 3. A similar Hammerstein-Wiener model
structure was used at 2 Hz and 10 Hz to achieve the best
fit actual strain estimates from the piezoresistive element’s

162165



IEEE Access

A. Alotaibi, S. Anwar: Direct and Extended Piezoresistive and Piezoelectric Strain Fusion

outlcluster2

outlclusterl

EPive EPive
EPric EPric

outlcluster3 outlcluster4

EPric EPric

FIGURE 15. -X Beam output MFs under 2 Hz excitation for DPPF's FISs.

measurements. At 5 Hz strain estimate, a linear model was
used with two zeros and three poles. At 100 Hz, the actual
strain estimate was provided using the Wiener model. The
piecewise linear function nonlinearity estimator was imple-
mented at 2 Hz, 5 Hz, 10 Hz, and 100 Hz.

TABLE 3. THE NLHW models used at Z-loading strain estimation.

Test Zeros  Poles Model Nonlinearit
y
7 2HZ 3 4 Hammerstein-Wiener pwlinear
Z 5HZ 2 3 linear -
Z 10HZ 3 4 Hammerstein-Wiener pwlinear
Z 100HZ 2 3 Wiener pwlinear

The DPPF’s FISs generated the desired piezoelectric and
piezoresistive weights at the lower and higher frequencies,
respectively. The FIS’s output weights were recorded for
each beam and at each frequency to analyze the DPPF’s
performance, as shown in Fig. 17. The total weight of one was
assigned for piezoresistive and piezoelectric strain signals
at 2 Hz, 5 Hz, 10 Hz, and 100 Hz, respectively. Relatively
higher piezoelectric weights were assigned at 2 Hz and 10 Hz
for the fused strain due to the presence of error presence
at these frequencies. Conversely, the generated weights at
5 and 100 Hz were relatively less due to the accuracy of
piezoresistive and piezoelectric sensors at these frequencies,
respectively.

2) X AXIS LOADING SCENARIO

The DPPF’s FISs for the X-axis scenario were produced using
the same methodology utilized in the Z-axis scenario. The
developed FISs’ input MFs for the operating frequencies were
retrieved at the X-axis loading test, as shown in Fig. 18 and
Fig. 29. Please refer to the Appendix for the FISs’ input
MFs at 5 and 10 Hz under X loading conditions. Multiple
FISs attained four MFs as their input variables, where the
cluster influence ranges were assigned to be one. On the
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other hand, the highest number of inputs MFs was achieved
at the +X-axis and +Y-axis FISs under excitation of 2 Hz,
as shown in Fig. 18a. The cluster influence ranges for the
FIS’s piezoresistive and piezoelectric inputs’ MFs at +Y
beam (2 Hz) were 0.4 and 0.3, respectively, which resulted
in 21 MFs. The output MFs and rule output levels were
generated using the same procedure that was used for the
Z-axis loading fusion. Each beam’s FIS used the same set
of rules in Table 2. However, the number of rules (n) used
matched the same number of input/outputs MFs number.

Using the Simulink model, the generated DPPF’s FISs
were tested and analyzed in the X-axis loading scenario. The
generated DPPF’s fused strain, strain measurements, refer-
ence strain gauge measurements, and nlhw models’ estima-
tions were obtained and presented, as shown in Fig. 19. The
DPPF method had merged both measurements and achieved
accurately fused strain measurements. On the other hand, the
nlhw models provided good actual strain estimates at most
frequencies. Under the Z-axis loading test at 2 Hz, phase
shifts were observed in both the piezoresistive and piezoelec-
tric strain measurements compared to the strain gauges’ mea-
surement, as shown in Fig. 19a. These differences resulted
from the variations in capacitances C1, used for the piezore-
sistive and piezoelectric circuits in both loading experiments.
The sets of n rules used by each beam’s FIS matched the same
number of input/outputs MFs number.

As shown in Fig.19, the nlhw models produced perfect
estimates for the strain measurements at the 3D force sensor’s
beams in the X-axis vibration experiment. The parameters
used to generate these models are shown in Table 4. A Wiener
model structure was used for the three highest frequencies,
which achieved the best fit of actual strain estimates. The
Wieners models utilized the piecewise linear function non-
linearity estimator as the structure output’s nonlinear blocks.
A linear model was used for strain estimate an excitation
of 5 Hz with the highest number of zeros and poles of
four and five, respectively. The same model Wiener model’s
structure was used for both the Z-axis and X-axis loading test
under 100 Hz for the 3D force sensor’s beams.

TABLE 4. The NLHW models used at X-loading strain estimation.

Test Zeros Poles Model Nonlinearity
X2HZ 4 5 linear -
XSHZ 3 4 Wiener pwlinear
X10HZ 3 4 Wiener pwlinear

X100HZ 2 3 Wiener pwlinear

The desired piezoelectric and piezoresistive weights were
generated by the DPPF’s FISs at the lower and higher fre-
quencies, respectively. The output weights were retrieved
to investigate the DPPF’s performance in the fusion of
every beam strain fusion, as shown in Fig. 20. Similar to
the Z-axis loading characteristics’ fusion, the piezoresistive
strain signals at excitations of 2 Hz, 5 Hz, and 10 Hz were
given a weight of one. On the other hand, the piezoelectric
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FIGURE 16. Z-axis loading results of the PPF.

element’s measurements were accorded the total weights
at 100 Hz vibration. The designed FIS produced higher
weights at the 2 and 5 Hz frequencies due to the more
significant inherited phase shift of the piezoresistive and
piezoelectric strain measurement at the elastic structure’s
beams. Conversely, lower weights were assigned at the Y-axis
beams because of the loading in the X direction and min-
imum strains’ measurements at the Y-axis beams’ sensing
placements.

C. 3D FORCE SENSOR VIBRATION AND THE EPPF

The strain measurements were fused using a single FIS for
a specific operating frequency. This method restricted the
DPPF method from performing at a single frequency or local
fusion. As a result, the EPPF was introduced to perform
the fusion at a wide range of frequencies. The piezoresis-
tive measurements were more reliable at the 2 Hz, 5 Hz,
and 10 Hz frequencies than were the piezoelectric element’s
measurements. The EPPF’s FIS fused strain measurement
at these frequencies. The whole piezoresistive strain value
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was considered in Equation (6), while the FIS generated the
needed weight to achieve accurately fused strain results. The
EPPF was produced and tested only for the +X and +Y
beams. Each beam was treated as a separate system of a singly
supported beam. The previous piezoresistive, piezoelectric,
and strain gauge measurement data obtained from the two-
directional loading and three frequencies were cascaded for
each beam separately. In this way, a single signal contained
the three frequencies for each measurement at every loading
scenario. These measurements were used to generate the
EPPFs’ FISs, from which their input MFs were retrieved,
as shown in Fig. 21. A single FIS was generated for each
set of directional loading experimental data. The +X beam’s
FISs had higher numbers of MFs compared to the +Y beam’s
FISs. Six input MFs were generated for the +Y beam from the
Z-axis loading condition data, and four input MFs were gen-
erated for the +Y beam under the X-axis loading condition
data. The output MFs and rule output levels were generated
using the same method that was used in the Z-axis loading
fusion.
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FIGURE 17. The DPPF’s generated weights for piezoelectric and
piezoresistive sensors at the Z-axis loading test.

The EPPF’s MFs were investigated due to the notable
difference in MFs number difference between +X and +Y
beams. The clustering tool in MATLAB was used to identify
and analyze the number of MFs in each of the four cases. The
relationship and the clusters numbers were generated using
the piezoresistive strain measurement, piezoelectric strain
measurement, and the desired piezoelectric weight, as shown
in Fig. 22. Only the cluster influence range was used to
produce the EPPF’s FISs, while other clustering parameters
were kept at the default values. At the +X beam’s FISs, three
approximately concentric ellipses were used to represent the
relationship between the piezoresistive strain, piezoelectric
strain, and the piezoelectric sensor’s weight. Each ellipti-
cal function corresponds to a particular frequency’s desired
piezoelectric weights. This correspondence required a higher
number of clusters, leading to a more significant number
of MFs required for more accurately fused strain values.
Conversely, the interaction of two or more of these ellipses
in for the +Y beam minimized the number of clusters needed
to perform the fusion because one cluster or MF could be uti-
lized for multiple frequencies’ fusion. As shown in Fig. 22d,
the smallest number of three MFs was assigned based on
the given data due to the relatively smaller areas and high
interfaces of these functions.

The generated EPPF’s FISs were tested and analyzed in the
3D force sensor using the cascaded data and the validation
Simulink model. The EPPF’s fused strain was then compared
with the piezoresistive and piezoelectric element’s measure-
ments, nlhw models estimates, and strain gauges measure-
ments, as shown in Fig. 23. The EPPF’s fused strains tracked
well with the measurements from the reference strain gauges
for the two beams in the Z-axis and X-axis loading experi-
ments. Even though the original data was cascaded from the
previous experiments, there were smooth transitions between
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FIGURE 18. Input MFs of Subtractive clustering-based DPPF's FISs for X
loading test.

the strain measurements through the different frequencies
compared to the nlhw models.

The nlhw model produced good estimates for the actual
strains using the piezoresistive element’s measurements
at each beam. The best actual strain estimates were
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FIGURE 19. X-axis loading DPPF results.

reached using the nlhw model parameter shown in
Table 5. The Hammerstein model was chosen for the esti-
mate for all tests except at the X-axis loading of +Y
beam, which instead used a linear model with 19 zeros
and 20 poles. The input sigmoid network function was used
for the Hammerstein model, which utilized 18 zeros and
19 poles.

TABLE 5. The NLHW models used at Z and X loading strain estimation
using the cascaded data.

Test Zeros  Poles Model Nonlinearity
+X beam (z) 18 19 Hammerstein sigmoidnet
+X beam (x) 18 19 Hammerstein sigmoidnet
+Y beam (z) 18 19 Hammerstein sigmoidnet
+Y beam (x) 19 20 linear -

The EPPF’s FISs produced the desired piezoelectric
weights for the accompanying measurements taken at
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different frequencies. The output weights were retrieved
to analyze the EPPF’s performance for +X beam’s strain
fusion and +Y beam’s strain fusion, as shown in Fig. 24.
The EPPF’s generated weights were classified into three
groups of different weight values. For the +X beam, three
distinct weight values in both loading tests resulted in the
higher MFs. By contrast, two similar weight groups with
very close magnitude were observed in the +Y beam’s tests,
as shown in Fig 24c, d. Consequently, only a small number
of MFs were needed, as shown in Fig 22c, d.

D. THE DPPF AND EPPF METHODS’ RMSE COMPARED TO
NLHW MODELS

The RMSE was used to assess the proposed fusion method’s
performance and to compare the results of the method with
the actual estimate of the nonlinear models. For the DPPF
method, the RMSE of the fused strain was calculated for
the Z-axis and X-axis loading scenarios under the excitation
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FIGURE 20. The DPPF’s generated weights for piezoelectric and
piezoresistive sensors at the X-axis loading test.
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frequencies of 2 Hz, 5 Hz, 10 Hz, and 100 Hz, as shown in
Fig. 25 and Fig. 26. The DPPF method achieved the smallest
RMSE under most of the loading’s directions and frequencies
compared to the nlhw models. However, higher RMSEs were
associated with -Y beams at 2 Hz and 10 HZ excitations

162170

?(=Pive, Y=Wic X=Pric, Y=W,yic

N Loaa Daa. s I Loaa Daa.

(a)
Z(+X
beam)
18 MFs

(b)
X(+X
beam)
19 MFs

(©
Z(+Y
beam)
6 MFs

(d)
XY
beam)
3 MFs

FIGURE 22. EPPF number of MFs and clusters investigation.

of Z-axis loading experiments. This is because of an issue
with the -Y-axis strain gauge circuit, which had a circuit
element failure or external noise, affecting the actual strain
measurement. When an actual strain measurement was used
to generate and tune the fusion FISs.

The cumulative DPPF fused strains’ RMSEs at all fre-
quencies were lower than the nlhw models’ RMSE by 34%,
33%, and 13% at the +X-axis, -X-axis, and +Y-axis beams,
respectively. On the other hand, the nlhw models estimated
the strain at a 60.8% lower cumulative RMSE compared to
the proposed fusion method because of the influence of the
noise strain gauge at that beam. Relatively smaller RMSEs
were perceived in the Z-axis loading test under the excita-
tion of 2 Hz and 100 Hz. The DPPF achieved the smallest
RMSE of 1E-10 at the +Y-axis beam under the vibration
of 100 Hz.

Similarly, the EPPF method was analyzed and compared
with nlhw models’ strain estimate using the RMSE for the
+X-axis beam and + Y beam under the two loading exper-
iments, as shown in Fig. 27. The EPPF fused strains RMSE
was lower during these testing scenarios except for the X-axis
loading test of the +X-axis beam. This was due to the higher
number of MFs needed to achieve more accurate fusion at
that condition. The EPPF fused strain measurement achieved
approximately 15% less accumulative RMSE compared to
the nonlinear model. Relatively higher RMSEs were observed
in the +X-axis beam under X-direction vibration due to the
need for higher-order nlhw models and EPPF’s MFs.
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These results prove the capability of the proposed DPPF
and EPPF to fuse the MWCNT/PVDF strain sensors’ piezore-
sistive and piezoelectric measurements. The fused strains
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successfully matched the actual strains with minimal RMSEs
at the 3D force sensor’s structure using both the piezoresistive
and piezoelectric characteristics. In the DPPF method, a sin-
gle FIS merged the measurements based on their sensitivity at
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a specific operating frequency, while single FISs were used to
perform the fusion at a range of operating frequencies using
the EPPF method.

VI. CONCLUSION

The MWCNT/PVDF nanocomposite films have been used in
several strain sensing applications. They form a unique sens-
ing element that can capture static/slow and dynamic strain
measurements using their piezoresistive and piezoelectric
characteristics, respectively. That led to limited strain mea-
surements depending on the used characteristic and operating
frequency. As a result, new fusion methods were introduced
to combine the piezoresistive and piezoelectric element’s
measurements using the FL and subtractive clustering tech-
nique. The in situ 0.1 wt. and 2 wt.% MWCNT/PVDF
strain sensors were fabricated using a spray-coating pro-
cess and were chosen for piezoelectric and piezoresistive
strain measurements, respectively. The sensitivity and accu-
racy of each characteristic were investigated using a sup-
ported beam under different excitation frequencies. The
MWCNT/PVDF sensor was found to be sensitive at frequen-
cies lower than 100 Hz, and more noise was observed at high
frequencies. At the same time, the piezoelectric character-
istic was found to be sensitive and contained less noise at
the higher frequencies of 100 and 1000 Hz. However, the
piezoelectric measurement was found not sensitive at very
low frequencies. The 3D force sensor was introduced and
used the fabricated strain sensing elements on its structure.
The piezoresistive and piezoelectric films were attached at
each beam, and reference strain gauges were attached on the
opposite side for comparison and fusion method generation.
Wheatstone bridge circuits were used for the piezoresistive
sensors and strain gauges. By a charge amplifier circuit was
used for the piezoelectric characteristic measurements. The
3D force sensor was excited at different operating frequencies
in the Z-axis and the X-axis directions, while the 3D force
sensor was assumed to perform similarly in the X-direction
and Y-direction. The piezoresistive, piezoelectric, and strain
gauges’ measurements were used to generate the proposed
DPPF and EPPF using the Fuzzy Logic and Global Opti-
mization Toolboxes in MATLAB. These methods utilized the
Sugeno FIS and the subtractive clustering technique to fuse
the piezoresistive and piezoelectric measurements. Fusion
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was successfully performed at a single operating frequency
using a single FIS in the DPPF method, while the EPPF
method accurately fused both characteristics at the range
of operating frequencies using a unique FIS. The method
achieved a lower RMSE value compared to different nlhw
actual strain estimation models. The findings of this study
indicate that the MWCNT/PVDF measurement characteris-
tics can be fused using the DPPF and EPPF methods and
achieve a wide band strain sensor. However, the proposed
fusion method is not restricted to strain measurements, but
rather has the potential to fuse different measurements for
a single phenomenon, where particular limitations restrict
measurement characteristics.

VOLUME 9, 2021



A. Alotaibi, S. Anwar: Direct and Extended Piezoresistive and Piezoelectric Strain Fusion

IEEE Access

datal 1 datal6
datal2 datal?
datal3
datal4
datals

data?
datas
data9

—— datal ——datad
—— data2 —— data$
datad data6

datad —— data9
datas datal0

Degree of membership

£ A 25 3 05 1 15

datal data6 datal 1 datal6
data2 ——data7 —— datal2 datal7
data? data3 —— data§ datal3
data datad —— data® datald
datas datal0 datals

+Y axis <Y axis

2 s A 05 3 05 1 15
«10° Epie a0’

e 2
% daal a2 daw) ——dawd] @ [—datal —dow2 —— daws —datad
§ §
£ £
5 5
8 84 -
) &
Sos Sos
06 0s
04 04
02 02
2 05 1 15 2 A . o 05 1 15
10 epr 10
data3 —— datad] [—datal —data2 data3 —— datad
(1) 5Hz
. 1
08
0s
05
3 04
s s
- ot 02 - _
datal ——datas —— datad datal3 P S e
data2 —— datab —— datal0 —— datal4 - ©
2 data3 data7 —— datal | datals 2
H datad —— data8 —— datal2 8 datal —data? —— daw3 —— datad
H 3
H £
§ §
£ g
k- 5
H 2
8 8
3 &
3 Sos
05
06
o 04
h . 02 -
Gatal —— daias —— datad Qa3 P
data2 ——datab —— datal0 —— datald o 105
data3 —— data7 —— datal | —— datals
datad —— data8 —— datal2 ol ——damd — daw3 —— daiad
X +Y axis
X/ Yord VANYA
/\\ //
os (] \\ W\ \ /
Y% N X X
DAL X ANDVAN

data7 datal0)
datas
data9

datal —— datad
data2 —— data$

—— datal datad —— data7 datal0|
datad data6

—— data2 datas —— data§ datal |
data3 data6 —— data9 datal2

! \WVANVANAY 7 < DA /Y X
Y / o\ K’/ / /K
o \ \ A X /X o / v /N
/ Y\ \ /\ / \ K,/ /N
\ / X Y X / C
S RX YN AL L XX NALAN
. 2 o s

Degree of membership
Degree of membership

2 4 i
x10°

datal —— datad data? datal0)
data2 —— data$ data
data3 data6 ——data9

— datal datad —— data datal0)
— data2 datas —— data§ datal |
data3 datab —— datad —— datal2

(b) 10Hz

FIGURE 29. Input MFs of subtractive clustering-based DPPF’s FISs for X
loading test.

Further work needs to be performed to establish whether
the proposed fusion method applies to different signal types
and shapes. Our results are promising and should be validated
using a more frequency investigation on the MWCNT/PVDF
piezoresistive and piezoelectric characteristics. A stack of
piezoresistive and piezoelectric layers will result in a smaller
sensing attachment space to improve the NC sensor structure.
We believe that our research will serve as a base for future
studies on NC measurement fusion.
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APPENDIX
See Figures 28 and 29.
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