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a b s t r a c t

Traditional manufacturing approaches to embed active materials, such as piezoelectrics, into metals can
be problematic due to their high process temperatures or long curing times of the adhesives utilized to
bond the active component to the metal. This paper presents the development and characterization of
aluminum embedded with a piezoelectric polyvinylidene fluoride (PVDF) sensor using a low-
temperature, solid-state metal joining process called ultrasonic additive manufacturing (UAM). The
embedded sensor is subjected to a pre-compression that is empirically optimized by varying the depth
of the pocket and tape foils welded above the sensor, thus eliminating reliance on a bonding medium
to mechanically couple the metal and the sensor. The technology presented in this study could enable
rapid fabrication of functionalized metal structures that can be used in non-destructive testing, energy
harvesting, and load monitoring applications.

� 2021 Society of Manufacturing Engineers (SME). Published by Elsevier Ltd. All rights reserved.
1. Introduction

Embedded sensors are expected to aid in digital manufacturing
techniques for Industry 4.0 that require in-process monitoring and
control techniques to optimize production time and cost by
enabling realtime information retrieval [1,2]. Embedding sensors
within a structure provides better proximity to the physical pro-
cesses they monitor and also protects them structurally and ther-
mally. In addition, it offers design freedom to optimize sensor
location toward functionality with fewer manufacturing
constraints.

Traditional embedding processes involve some form of high
temperature melting and deposition to integrate the active mate-
rial in a parent matrix [3–6]. These process temperatures generally
exceed the Curie point of typical piezoelectric materials, leading to
breakdown or deterioration of their sensing performance. In addi-
tion, the high process temperatures may also inflict damage to the
associated electronics and wire cladding. Therefore, for diagnostics
applications, piezoelectric sensors are fastened using rivets [7] or
molded into structures using fiberglass [8], epoxy [9,10], silicone
elastomer [11,12], or concrete [13]. In addition to the prohibitively
long curing times required by epoxy or silicone mixtures to bond
the sensor to metal, the presence of the bonding medium also
influences the response of the embedded sensor [14].

Ultrasonic additive manufacturing (UAM) is a solid-state pro-
cess that combines additive joining of metal foils and CNC–con-
trolled milling operations to manufacture near-net shape metal
components [15]. Ultrasonic vibrations generated by a rolling
sonotrode, equipped with one or two piezoelectric transducers,
are transmitted to the weld interface creating a low temperature,
solid-state bond between the parts. The technology has been
shown to successfully embed fiber-optic sensors [16,17], nickel-
titanium (NiTi) shape memory alloy [18], printed electrical cir-
cuitry [19], and surface-mount resistors [20]. Some UAM processes
combine ultrasonic welding with adhesive bonding [21] and low-
pressure chemical vapor deposition [22] to embed sensors into
metal structures.

Preliminary attempts demonstrated that the average tempera-
ture of the welding interface does not exceed the Curie tempera-
ture of PVDF, thus ensuring the electrical integrity of the sensor
and its electroactivity after the welding process [15,23]. However,
improvement to the embedment process, enhancement of
mechanical coupling, and characterization of the active samples
remain unexplored. This work focuses on the embedment of piezo-
electric polyvinylidene fluoride (PVDF) sensors in an aluminum
(Al) structure using UAM. Enhanced mechanical coupling is
achieved through pre-compression of the sensor, which is specified
by the depth of the milled pocket to effectively transfer strain to
the sensor while avoiding damage during the UAM process. After
s using

https://doi.org/10.1016/j.mfglet.2021.08.001
mailto:ramanathan.38@osu.edu
mailto:gingerich.37@osu.edu
mailto:gingerich.37@osu.edu
mailto:headings.4@osu.edu
mailto:dapino.1@osu.edu
mailto:dapino.1@osu.edu
https://doi.org/10.1016/j.mfglet.2021.08.001
http://www.sciencedirect.com/science/journal/22138463
http://www.elsevier.com/locate/mfglet
https://doi.org/10.1016/j.mfglet.2021.08.001


A.K. Ramanathan, M. Bryant Gingerich, L.M. Headings et al. Manufacturing Letters xxx (xxxx) xxx
developing a successful embedment procedure, the active speci-
men is subjected to quasistatic tensile tests and impulse compres-
sion tests to evaluate its electromechanical performance.

2. Sample fabrication

An embedment procedure as shown in Fig. 1(a) is carried out,
wherein the piezoelectric sensor film is secured in the metalmatrix
with the aid of a defined pre-compression applied by the layers
welded on top of the film as shown in Fig. 1(b). A b-phase piezo-
electric PVDF film coated with silver electrodes (TE Connectivity)
is chosen as the piezoelectric material. Its relatively high piezoelec-
tric voltage constant (g33), mechanical compliance, and toughness
makes it favorable for use with the UAM process. Polyimide tapes
(Kapton) are chosen for lamination of the PVDF film to protect the
film and its thin electrodes from the scrubbing action between the
foil and material below it during ultrasonic welding [24] and to
electrically insulate the electrodes from the bulk metal. Prior to
embedding the actual PVDF sensor with its wire leads, an empirical
approach is adopted to ensure feasibility of mechanically coupling
the sensor and the metal-matrix by pre-compression while ensur-
ing adequate metal-to-metal weld strength around the sensor.
Based on visual inspection of the weld zones, pre-compression
thicknesses up to 38 lm provided successful builds. Increasing
the pre-compression further resulted in loss of weld strength and
damaged the sensor. In consideration of the residual compressive
stress and weld quality around the sensor, a 13 lm pre-
compression of the embedded sensor is chosen for fabrication of
a dogbone sample for testing. Details and figures related to the
pre-compression identification process are provided in the supple-
mentary document.
Fig. 1. (a) Illustration of an aluminum thin beam with an embedded piezoelectric PVDF se
of the piezoelectric PVDF sensor subjected to compression during welding of the foil ov
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A PVDF sensor with wire leads is prepared as shown in Fig. 2(a).
Copper tapes are attached to the sputtered silver electrodes of the
poled PVDF film as shown in the inset of Fig. 2(a). Similar to the
empirical study, the PVDF film is laminated with 50 lm thick poly-
imide (Kapton) sheets on either side, resulting in active sensor
dimensions of 44 mm � 3.2 mm � 0.140 mm. Wires are then sol-
dered onto the exposed regions of the copper leads and wrapped
with electrical insulation tape. Fig. 2(a) shows a photograph of
the PVDF sensor. Next, two Al foils are welded onto an Al 6061-
T6 baseplate. Pockets for the PVDF sensor and its leads are
machined as shown in Fig. 2(b). A sloped transition between the
regions for the sensor and wire-sensor connections is provided to
alleviate bending stress in the sensor during installation. The
regions of the pockets milled for the soldered wire-sensor connec-
tions are deeper (600 lm) than the region for the sensor (510 lm),
such that the pre-compression is applied only to the active sensing
section of the PVDF sensor. The sensor is then positioned in the
machined pocket and tacked in place as shown in Fig. 2(c). The sen-
sor is verified to be above the metal surface using a depth gage.
Finally, two Al 6061-T4 foils are ultrasonically welded on top of
the baseplate as shown in Fig. 2(d). The welding parameters are
chosen based on previous studies [25] and are listed in Table 1.
The compression on the PVDF sensor is evident from the texture
imparted to the foil by the sonotrode. This only occurs if there is
an opposing force pushing the foil against the sonotrode. The weld-
ing zone is found to be free of any visual evidence of defects, the
capacitance of the sensor is measured to be CS ¼ 0:57 nF, and its
insulation resistance RS is maintained above 100 MX, indicating
that the electrodes are electrically insulated from each other and
the Al matrix. The top foils are welded a few millimeters short of
the end of the baseplate to provide an opening for the wires to
nsor (inset) using ultrasonic additive manufacturing. (b) Cross-sectional illustration
er the sensor.



Fig. 2. Fabrication steps: (a) PVDF sensor with copper leads laminated with polyimide tapes (top); wires soldered onto the exposed portion of the copper leads and covered
with electrical tape. The solid red line in each image represents the region subjected to compression during welding. (b) Pockets are milled in the baseplate for the PVDF
sensor and the wires. (c) The sensor and the wires are secured in the machined pocket. (d) Two aluminum foil layers are ultrasonically welded on top of the sensor and the
aluminum base.

Table 1
Process parameters used for the UAM build.

Parameters Value

Thickness of the baseplate 2 mm
Thickness of the foil 0.152 mm
Thickness of PVDF sensor 40 lm
Thickness of polyimide film 2 � 50 lm
Weld (normal) force 4000 N
Weld amplitude 34 lm
Weld speed 42 mm/s
Sonotrode uncoated (18Ni grade 350)
Temperature 23 �C

A.K. Ramanathan, M. Bryant Gingerich, L.M. Headings et al. Manufacturing Letters xxx (xxxx) xxx
be folded out of the way to facilitate CNC milling of the dogbone-
shaped (ASTM D638 Type I) specimen.
3. Experimental testing and results

The dogbone sample is subjected to a pre-defined sinusoidal
tensile load profile on an MTS Criterion Model 43 load frame. The
sample is tested below the yield limit of Al 6061-T6 (�170 MPa)
at its smallest cross-section, which corresponds to a maximum
load of 4 kN at a sinusoidal frequency of 70 mHz. The specimen
is subjected to a pretension of 100 N prior to the start of the test
to prevent compression of the sample during the test cycle. The
embedded sensor is interfaced through a near-static compensated
charge amplifier with a gain SCA of 0.01 mV/pC and lower cutoff fre-
quency less than 0.01 mHz [26]. The output of the charge amplifier
is connected to a National Instruments 9215 data acquisition mod-
ule. The surface strain of the specimen is acquired every 0.2 s using
a 5-megapixel Correlated Solutions VIC-3D digital image correla-
tion (DIC) system [27] to correlate with the voltage measurements
made by the embedded sensor.

Fig. 3(a) shows the strain field measured by the DIC system
overlaid on a close-up photograph of the Al-PVDF specimen at
the maximum applied load Fmax of 4 kN. The solid black rectangle
3

indicates the location of the embedded sensor and this area is uti-
lized to compute the average tensile strain for each image. Fig. 3(b)
shows that the measured PVDF voltage closely tracks the applied
load in the time domain, indicating consistent strain-transfer from
the Al-matrix to the PVDF sensor. This further indicates that there
is adequate friction from pre-compression on the sensor to prevent
slip between the sensor and the metal-matrix. A small voltage drift
is observed in the measured voltage signal after connecting the
PVDF sensor to the charge amplifier. This may be caused by a
reduced insulation resistance of the PVDF sensor due to traces of
electrically-conductive coolant, used in the machining process,
present within the wiring channel leading to an impedance mis-
match in the compensated charge amplifier [26]. However, the
magnitude of the voltage drift is found to be only about 2% of
the total amplitude at the end of one test cycle. This is not large
enough to interfere with the characterization experiments and
can be removed in post-processing.

Fig. 3(c) shows the voltage measured from the embedded PVDF
sensor versus average tensile strain in the marked sensor area in
Fig. 3(a) for three consecutive trials. The embedded sensor exhibits
excellent linearity (R2 > 0:99) and repeatability within the investi-
gated load range and test cycles. Based on a similar study performed
for characterizing the fatigue performance of a fiber Bragg grating
(FBG) sensor using UAM, the samples tested provided reliable mea-
surements for up to 9500 cycles and only deteriorated after the Al
CT samples failed [17]. However, a detailed study is warranted to
establish the fatigue performance of the presented device for dif-
ferent load cycles and at elevated temperatures. The mean strain
sensitivity SV of the embedded sensor interfaced with the charge
amplifier is measured to be 53.8 lV le�1. This corresponds to a
quasistatic open-circuit sensitivity Se = SV /(CSSCAÞ ¼ 9:4 mV le�1,
where CS is the capacitance of the PVDF sensor.

Finally, assuming uniaxial tension, the average tensile stress in
the PVDF film is calculated from the measured voltage VM as [28]

T1S;avg ¼ Q
d31AS

¼ VM

SCAd31AS
; ð1Þ



Fig. 3. Tensile testing of the Al-PVDF structure: (a) Strain field captured by the DIC system at the maximum applied load of 4 kN. The solid black rectangle indicates the
location of the embedded PVDF sensor and the yellow dashed region indicates the location of the lowest cross-sectional area in the specimen. (b) Applied load vs. quasi-static
PVDF voltage tracked in the time domain for three consecutive load cycles. (c) Voltage measured from the embedded PVDF sensor vs. average tensile strain of the sensor area
indicated in (a). (d) Average stress in the specimen and average stress in the PVDF vs. average tensile strain. Average stress in the PVDF film is computed from the measured
voltage.
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where Q is the charge output due to the applied strain, d31 is the
piezoelectric stress constant, and AS is the electrode area. The aver-
age tensile stress in the specimen is given as

T1C;avg ¼ F
AC

; ð2Þ

where AC is the cross-sectional area of the aluminum bulk. Using
the two equations above, the average tensile strain versus the aver-
age tensile stress in the aluminum and the average stress in the
PVDF film is shown in Fig. 3(d). The maximum average tensile stress
in the PVDF film is observed to be lower than its yield strength of
35 MPa. Neglecting the Poisson effect, for complete strain transfer
under uniaxial loading, the stiffness ratio between aluminum and
PVDF is

c ¼ EAl

ES
¼ T1C;avg

T1S;avg
: ð3Þ

Using EAl ¼ 68:9 GPa, the ratio of the elastic modulus of Al to the
elastic modulus of PVDF is calculated to be 27.5. However, the ratio
of the slopes of the two plots in Fig. 3(d) is c ¼ 32:2, which is 14.5%
higher than the estimate, indicating a possible loss of strain. How-
ever, sensor slip or decoupling would have resulted in hysteresis,
inconsistent voltage output, or loss of linearity from the embedded
sensor during tensile testing. Since no such discrepancies are
observed in the voltage output, the loss of strain can be attributed
to the compliance of the interlayer. The fidelity of the present
model could be improved by considering the properties of the
interlayer to calculate an effective strain transfer ratio [29]. Never-
theless, an empirically calibrated strain or load sensitivity of the
active specimen is useful for most non-destructive testing (NDT)
and load sensing applications. In addition, the Al-PVDF specimen
is also subjected to compressive (g33) impulse loads to evaluate
4

its impact detection, frequency bandwidth, and localization perfor-
mance. The results of the above test are provided in the supple-
mentary document.
4. Concluding remarks

This article presents a rapid fabrication procedure for embed-
ding a piezoelectric PVDF sensor in an aluminum matrix using a
low-temperature UAM process that creates a defined pre-
compression of the sensor within the host material to enhance
the mechanical coupling. The active specimen demonstrated a
mean open-circuit sensitivity of 9.4 mV le�1 under uniaxial ten-
sion with excellent linearity. Apart from the strain and impact
detection capabilities of the Al-PVDF specimen presented in this
article, the proposed fabrication process could be effectively uti-
lized toward rapid fabrication of functionalized metal structures
for use in thermal measurements, energy harvesting, and struc-
tural health monitoring applications.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.mfglet.2021.08.001.
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