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Abstract

Triboelectric generators and sensors have a great potential as self-powered wearable
devices for energy harvesting, biomedical monitoring, and recording human activity. Here, we
report a process for 3D printing stretchable membranes, meshes, and hollow 3D structures on
planar, rotating, and non-planar anatomical substrates using elastomeric metal-core triboelectric
nanogenerator (TENG) fibers. The triboelectric performance of single 3D-printed elastomeric
metal-core silicone-copper (Cu) (cladding-core) fibers and 3D-printed membranes was
quantified by cyclic loading tests, which showed maximum power densities of 31.39 and 23.94
mW m?, respectively. The utility of the flexible silicone-Cu TENG fibers and 3D printing
process was demonstrated through applications to wearable mechanosensors for organ and
human activity monitoring, specifically, monitoring of perfused organs and speech recognition in
the absence of sound production by the speaker (i.e., ‘silent speech’), respectively. 3D-printed
wearable triboelectric mechanosensors, in the form of stretchable form-fitting meshes and
membranes, in combination with machine-learning signal processing algorithms, enabled real-
time monitoring of perfusion-induced kidney edema and speech recognition in the absence of
sound production by human subjects (99% word classification accuracy). Overall, this work
expands the conductive and functional materials palette for 3D printing and encourages the use
of 3D-printed triboelectric devices for self-powered sensing applications in biomanufacturing,

medicine, and defense.



Highlights

Coaxial micro-extrusion process for production of flexible silicone-copper (cladding-
core) triboelectric nanogenerator (TENG) fibers.

3D printing of stretchable triboelectric constructs and devices, including hollow 3D
structures, membranes, and form-fitting wearable systems.

Triboelectric-based real-time mechanosensing of organ edema and speech recognition in
the absence of sound production by the speaker in combination with machine learning

techniques.



Introduction

The use of wearable electronics has grown substantially, owing to their promising
applications, ranging from healthcare monitoring to communications[1-3]. However,
conventional power sources, such as rechargeable electrochemical batteries, impose limitations
on device weight, size, and usage time, which delay the development and deployment of
practical and sustainable wearable electronics[1]. One promising path to overcome these
limitations is self-powered electronic systems based on integrated energy-harvesting components.
Triboelectric nanogenerators (TENGs) have gained considerable attention for their ability to
convert mechanical to electrical energy, based on triboelectrification and electrostatic induction
effects[1, 4-7]. Among the multiple forms of TENGs, fiber-based TENGs (FTENG) are
attractive for various applications, given fibers are fundamental elements of complicated
structures[8-17]. For example, fibers can be integrated and assembled into high-dimensional
structures by processes such as weaving and knitting. However, existing FTENG fabrication
approaches are often complex because of the involvement of multi-step coating and spinning
processes[18-19]. Moreover, in many applications, form-fitting structures are desired for
irregular shapes, which can be challenging to fabricate using traditional fiber assembly processes.
For example, in organ monitoring applications, an anatomically-conforming mesh is preferable
to planar textiles. However, it remains a challenge to fabricate stable high-dimensional devices
with soft 1D fibers. Thus, new processes for the production and assembly of FTENG could
create advanced triboelectric-based devices, such as by rapid prototyping of form-fitting
wearable systems.

Multi-material 3D printing processes have been leveraged extensively for the fabrication

of structural electronics[20-24], bionics[25-28], and wearable devices[29-32]. For example,



stereolithography processes have enabled the fabrication of gaming pieces composed of
polymer-embedded electronics, including LEDs, microprocessors, accelerometers, and silver
interconnects[21]. Micro-extrusion 3D printing processes have allowed the fabrication of bionic
tissues and active 3D electronics, such as tissues that contain integrated stretchable antennas[25]
and lenses containing integrated light-emitting diodes (LEDs)[33], respectively. However, the
use of conductive and functional inks poses challenges to the design and fabrication of 3D-
printed TENG fibers and triboelectric devices because of high resistance, high cost, high-
temperature post-processing steps (e.g., sintering), and poor mechanical properties, including
limited flexibility and durability under cyclical loading[34]. Thus, it is desirable to expand the
conductive and functional materials palette for 3D printing processes. To overcome the
aforementioned limitations associated with the use of conductive and functional inks in
electronics 3D printing, studies have been conducted to explore the feasibility of robotically
interweaving high-quality drawn wires with 3D-printed constructs. For example, an integrated
micro-extrusion 3D printing and pick-and-place process enabled the integration of platinum
wires into silicone scaffolds, which was applied to the fabrication of custom-sized nerve
cuffs[35-36]. A Fused Deposition Modeling process with active wire integration capabilities
was developed for encapsulating conductive metal wires in an extrudable matrix of styrene block
copolymers[34]. While important from the perspective of integrating high-quality wires (i.e.,

12,17,18
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conducting materials) with 3D-printed constructs, the use of thermoplastics
process relatively unattractive from the perspective of fabricating triboelectric devices (e.g.,
because of their poor performance as triboelectrically-negative materials and limited elasticity).

In contrast, silicone rubber, a widely 3D-printed material in micro-extrusion processes[35-39],

has been widely recognized as a promising candidate for use in triboelectric systems, due to its



high electronegativity, temperature-independent properties, resilience (i.e., long lifetime), and
elasticity, which can generate a relatively large (and useful) charge upon contact with human
skin through triboelectric effects[40-43]. However, it is currently difficult to achieve wire
encapsulation within elastomeric materials, such as silicone.

Here, we present a fabrication process for the production and 3D printing of elastomeric
metal-core silicone-copper (Cu) TENG fibers using a coaxial micro-extrusion process.
Fabrication of 2D and 3D constructs - via 3D printing on stationary and moving substrates,
including membranes, meshes, and hollow 3D structures - is demonstrated with capacitor
charging and powering of LEDs. The utility of the flexible TENG fiber and 3D printing process
is herein examined through applications to wearable mechanosensors to organ and human
activity monitoring, specifically, monitoring of perfused organs and speech recognition in the
absence of sound production by the speaker, which we refer to here as ‘silent speech.” 3D-
printed mechanosensors, in the form of anatomical organ-conforming meshes, were leveraged
for real-time monitoring of perfusion-induced kidney edema, a serious problem encountered in
organ preservation and transplantation. We demonstrate that 3D-printed self-powered wearable
mechanosensors in the form of stretchable membranes enable speech recognition in the absence
of sound production and image-based facial expression monitoring by the speaker. These
prototypic applications suggest that 3D-printed elastomeric metal-core silicone-Cu TENG fibers
could provide the basis for development of high-performance triboelectric devices across a range
of applications, including healthcare and human behavior monitoring, such as real-time

monitoring of pain and ‘silent speech’.

Materials and Methods



Materials. Silicone (SI 595 CL) was from Loctite. Cu wire (bare uninsulated, 36 and 40 AWG)
and Al wire (bare uninsulated, 28 AWG) was from WesBell Electronics, Inc. Glass pins (extra
fine) were from Dritz. Polylactic acid 3D printing filament (PolyLite) was from Polymaker.
Phosphate-buffered saline (PBS) was from Sigma Aldrich. Ultrapure deionized water (DIW) was
from a commercially-available DIW system (Direct-Q 3UV; Millipore).

Customized manifolds design. Customized manifolds for 3D printing of elastomeric metal-core
TENG fibers were designed with a computer-aided design (CAD) software (Onshape). Each
manifold was designed as a hollow two-part structure. The top and bottom portions of the
manifold served as a source of wire (core material) and die for passive wire feeding based on
drag extruded silicone that surrounded the wire, respectively. The bottom portion of the
manifold also served to provide structural integration with the surrounding dispensing barrel in
which the elastomer was contained (see Supplementary Fig. Sla). The 3D design and
engineering drawing of the customized manifold are shown in Supplementary Figs. S1b-c. The
manifolds were fabricated using a commercially-available desktop 3D printer (LulzBot mini 2;
LulzBot) using vendor-provided slicing software (Cura; LulzBot) and protocols (see
Supplementary Fig. S1d-e).

Coaxial multi-material micro-extrusion 3D printing processes metal-core fibers.
Elastomeric metal-core TENG fibers and devices were fabricated using a custom micro-
extrusion 3D printing system, which consisted of a three-axis robot (MPS75SL; Aerotech), a
digital pressure regulator (Ultimus V; Nordson), a motion controller (A3200; Aerotech), and
coaxial extrusion nozzle (i.e., dispensing barrel-manifold assembly). Cu wire (36 AWG), which
served as the metallic core material, was first loaded on the top portion of the manifold. The

preloaded manifold was then transferred into a dispensing barrel (10 cc; Nordson EFD), with a



18-gauge tapered tip. Silicone, which served as the elastomeric cladding material, was
subsequently loaded in the coaxial extrusion barrel. Prior to printing, the metal core was
anchored on the substrate by locally curing the cladding. TENG fibers were printed by
continuous extrusion of silicone using a pressure of 15 psi at a constant vertical feed rate of 2
mm s”. Following printing, the fibers were cured at room temperature. Fibers of varying
composition are fabricated by changing the core material (28 AWG Al wire and 40 AWG Cu
wire) and the printing nozzle diameter (16- and 20-gauge tapered tips) and appropriately
modulating the extrusion pressure in the range of 10 - 20 psi.

Hollow 3D structures, specifically cylinders and cones, were fabricated by fiber 3D
printing on continuously rotating glass mandrels (radius = 3 mm; frequency = 45 RPM) using a
16-gauge tapered tip and extrusion pressure of 20 psi. Following anchoring of the core material
to the stationary mandrel, the structures were fabricated by fiber 3D printing with linear
horizontal motion along the axial dimension of the mandrel in the presence of continuous
mandrel rotation at 0.7 - 2 mm s'. Wristbands were fabricated by fiber 3D printing on a rotating
polylactic acid mandrel (radius = 70 mm; frequency = 45 RPM) using a 16-gauge tapered tip,
extrusion pressure of 55 psi, and printing speed of 1.4 mm s™'. The printed structures were cured
overnight prior to release from the mandrels.

Cuboid- and star-shaped 3D structures were fabricated on planar, stationary 3D-printed
substrates that exhibited four and five anchoring pins, respectively (pin patterns are provided in
Supplementary Fig. S1f and g, respectively). Substrates were designed using commercially-
available CAD software and desktop 3D printer (Onshape and LulzBot mini 2, respectively)
using vendor-provided slicing software (Cura; LulzBot) and protocols. The structures were 3D

printed using an 18-gauge tapered tip, extrusion pressure of 15 psi, and printing speed of 2 mm s”



" using a custom tool path. Changes in fiber trajectory during 3D printing were facilitated by
fiber interweaving among the substrate anchoring pins by manual toolpath programming. The
printed structures were cured overnight prior to release from the substrates.

TENG fiber-based membrane sensors for silent speech studies were printed on a planar
substrate (see Supplementary Fig. S1h) that contained a 50 X 120 x 3 mm’ cavity and 30 edge
anchors using an 18-gauge tapered tip, extrusion pressure of 15 psi, and printing speed of 2 mm
s'. The toolpath consisted of a zig-zag pattern with a 45-degree inclination relative to the
substrate edge. An additional layer of silicone was printed on top of the patch to smoothen the
surface. The printed structures were cured overnight prior to release from the substrates.

TENG fiber-based mesh sensors for organ monitoring studies were conformally printed
on 3D-printed models of porcine kidneys[39]. Conformal tool paths were manually programmed
based on uniform mesh geometry that spanned the bottom half of the kidney. Glass pins were
mounted to the kidney model to provide fiber anchor points within the non-planar tool path.
Printing was performed using an 18-gauge tapered tip, extrusion pressure of 15 psi, and printing
speed of 2 mm s”. The printed structures were cured overnight prior to release from the
substrates.

Characterization of 3D-printed TENG fibers and devices. The cross-section and the diameter
of 3D-printed fibers were characterized using a microscope (Axio Zoom. V16; ZEISS). The
active material was driven by a linear motor (LinMot E1200) in the cyclic loading tests, as
shown in Supplementary Fig. S2. Fibers and wristbands were evaluated while clamped on a force
plate (Vernier FP-BTA). The applied load was controlled using a sensor console (LabQuest 2)
and the software (Logger Pro). Commercial acrylic plates (McMaster-Carr) were applied as

moving materials. The moving frequency and contact force were maintained at § Hz and 50 N by



a linear motor. A programmable electrometer (Keithley 6514) was used to measure the short-
circuit current, open-circuit voltage, transferred charge, and current in the quantitative electrical
output and the self-powered sensors studies. The data were exported in real-time by a data
acquisition card (National Instrument USB-6211), LabVIEW and Matlab.

A custom apparatus was used to investigate the effect of humidity on the TENG
performance. A humidity sensor was placed adjacent to the fiber, which were both enclosed in an
environment chamber that contained a humidifier. The sensor and the humidifier were connected
to the humidity controller to achieve varying setpoints in the chamber humidity.
Characterization of perfusion-induced organ edema via real-time monitoring of 3D-printed
TENG fiber-based devices. Adult porcine kidneys were obtained from a local abattoir in strict
accordance with good animal practice as defined by the relevant national and local animal
welfare bodies, and approved by Virginia Tech as previously reported[39]. Briefly, kidneys were
dissected from the detached viscera and stored in an insulated container during transportation to
the experiment site. The transportation time was 2 hours. Prior to machine perfusion, residual fat
tissue around the organ was removed. The renal artery of the kidney was subsequently
anastomosed to plastic tubing (7 mm diameter). The system tubing was then connected in series
with a variable-speed peristaltic pump (Cole-Parmer) and feed reservoir that contained a PBS
solution. Organ mechanosensing was done using 3D-printed TENG fiber-based mesh placed
under the kidney, separated by a thin layer of insulating material (Parafilm). Data acquisition
began five minutes prior to activating the perfusion process (i.e., initiating the flow of PBS
solution) to establish an initial baseline in the sensor response. Subsequently, the kidneys (n = 3)
underwent normothermic perfusion for 1 hour in a single-pass flow mode using room

temperature PBS solution as the perfusate at a flow rate of 7.8 mL min"'. Following the 1-hour
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perfusion interval, the perfusate flow was stopped and the sensor response was continuously
monitored for the next hour. Raw sensor data has been corrected by subtracting the baseline
variation, in which the baseline was determined by the curve fitting of data acquired during the
first five minutes (see Supplementary Fig. S3).

Characterization of perfusion-induced organ edema via real-time monitoring of 3D organ
surface displacement. Perfused kidneys were continuously imaged from a top-down
perspective over the course of the perfusion process using a single camera-projector structured-
light scanning system (HP 3D Structured Light Scanner Pro S3; HP). The system was calibrated
in advance following vendor-provided protocols using a 60 mm calibration grid. ~Scans were
collected every two minutes throughout the perfusion process, which resulted in a set of point
clouds that quantify the out-of-plane displacement of the kidney during perfusion. The transient
displacement was calculated as the distance between the first scan and subsequent scans.
Quantification of the separation distance between two point clouds was performed using a
commercially-available 3D CAD modeling software (Rhino 6; Rhinoceros). Specifically, a point
object (P) was manually created above the point clouds (S;), which marked the location of the
midpoint of the organ in the x- and y-axes based on top-down projection. Following projection of
the same point on each scan using the Project command (i.e., the projection of point P on scan S;
resulted in the point P;), the absolute organ surface displacement (d) of scan S; was then defined
as the distance between the projected point P;and Py, where Py is the projection of point P on the
initial scan §y. The initial organ surface level (4) was defined as the distance between Py and the
height of the substrate on which the organ was resting as identified from the scanning data. Thus,

the relative surface displacement was calculated as the ratio of the absolute height change to the

original height (i.e., = X 100%).
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Real-time silent speech. Studies associated with silent speech recognition were done using 3D-
printed TENG fiber-based membranes affixed to the user’s face using a surgical mask. For silent
speech studies, the participant said the number “three,” the letter “D,” or the word “print”
silently (i.e., performing the physical act of speaking but without sound production) during
which the short-circuit current (/s¢) of the membrane was continuously monitored. The
participant remained still and silent with a neutral facial expression at other times throughout the
experiment. An anti-aliasing filter was designed to filter signals above the Nyquist frequency
(500 Hz). Custom Matlab scripts provided communication with the data acquisition card to
obtain real-time electrical signals. [Isc signals associated with the user’s facial muscle
movements were detected using a threshold method. The thresholds were determined by the
frequency-domain noise level. Measurements were acquired at a sampling rate of 1000 Hz.
Acquired signals were digitally filtered with a band-pass filter (0.1 to 20 Hz) and a notch filter at
60 Hz and its harmonics. Note, the notch filter was added to provide additional filtering from 60
Hz noise associated with power outlets.

To train the machine learning algorithm, we first reduced the dimensionality of the
filtered signal via Principal Component Analysis (PCA) and Individual Component Analysis
(ICA). Depending on the subject’s jaw shape and muscle movements, we observed varying
effectiveness of the dimensionality reduction. If the accuracy of prediction increased by 1% or
greater, the dimensionality reduction step was utilized in the training algorithm. To obtain the
classifier coefficients, we implemented various supervised learning methods and compared the
accuracy rates. The methods included linear and quadratic discriminant analysis, linear, quadratic,

and Gaussian support vector machine, and K-nearest Neighbor models. In the real-time feedback
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system, the machine learning model that exhibited the highest degree of accuracy in the training
algorithm was used.

Finite element simulations. Simulations of the triboelectric effect for the silicone-Cu system
were performed using a commercially available finite element modeling software (COMSOL
Multiphysics). The charge density on the silicone top surface was set at -2 uC m™. The
electrical potential was investigated with different distances from 0 to 1 mm with a step size of
0.1 mm. The external conductive object (top) was set as the ground.

Tensile Testing Studies. 3D-printed TENG membranes (36 mm X 2.6 mm) were characterized
in a tensile test using a mechanical testing apparatus (50 kN load cell; Model 3300; Instron). The
samples were fabricated using 36 AWG Cu wires. Tensile testing was performed at a constant
strain rate of 1 mm/min. The Young’s modulus was obtained as the slope of the linear elastic
region of the stress-strain curve. The ultimate tensile strength (UTS) was obtained as the

maximum of the stress-strain curve.

Results

3D printing processes. As shown in Fig. 1a, a coaxial multi-material micro-extrusion process
enabled 3D printing of elastomeric metal-core triboelectric fibers. Cu wire and silicone served
as the metal core and elastomeric cladding, respectively. Elastomeric metal-core silicone-Cu
fibers provide attractive materials for creating self-powered wearable triboelectric devices, based
on current generated by electron transfer from proximity to or mechanical contact with biological
tissue, such as skin. Coaxial micro-extrusion of elastomeric silicone-Cu fibers involved a
custom wire-feed manifold that enabled passive wire drawing through terminal anchoring of the

fiber on the printing substrate. The micro-extrusion nozzle served as the extrusion die and
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provided wire alignment and encapsulation within the elastomeric cladding. Design and
fabrication details associated with the custom manifold are provided in Supplementary Fig. S1.
As shown in Fig. 1b, continuous extrusion of silicone in combination with continuous vertical
motion of the extruder (i.e., vertical 3D printing) resulted in the production of metal-core
elastomeric silicone-Cu fibers. A photograph of the 3D-printed silicone-Cu fiber and
micrograph of the fiber cross-section are shown in Figs. 1c¢ and d, respectively. As shown in Fig.
Ic, the 3D-printed silicone-Cu fibers are highly flexible, due to the low bending modulus of the
Cu wire and the high elasticity of the silicone cladding. The fiber diameter (840 £ 8 pm)
reasonably approximates the nozzle inner diameter (838 um), indicating a minimal die-swell
effect during extrusion. In addition to fiber 3D printing on planar stationary substrates,
elastomeric metal-core fibers were also 3D printed on continuously rotating substrates. As
shown in Fig. le, fiber printing on continuously rotating mandrels enabled the fabrication of 3D
hollow structures, including cylinders and cones (see Figs. 1f and g, respectively). The process
was scalable through modification of the mandrel diameter, thus enabling the fabrication of
wearable systems, including wristbands (see Fig. 1h). As shown in Fig. 1i, the process also
enabled the fabrication of 3D constructs on planar stationary substrates that contained distributed
anchors, including cuboid- and star-shaped structures (see Figs. 1j and k, respectively). The
process also offered control over the fiber and core diameters. For example, elastomeric metal-
core silicone-Cu fibers were fabricated across a range of outer fiber diameters from 510 to 1,560
um that contained Cu core diameters ranging from 79 to 320 pum, respectively. Scanning electron
micrographs of fiber cross sections printed with varied core-shell sizes are shown in
Supplementary Fig. S4. As shown in Fig. S4, the process resulted in an asymmetric cladding of

the core wore, which is attributed to asymmetry in the wire feed mechanism. Thus, core
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positioning is constrained by the die design. We remind the reader that the primary focus of this
study is TENG fiber assembly into 3D and form-fitting constructs and not optimization of core

position.
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Figure 1. Description of Elastomeric Metal-core Triboelectric Fiber 3D Printing. a) Concept of
3D printing elastomeric metal-core silicone-Cu fibers. b) Schematic illustrating micro-extrusion
3D printing of silicone-Cu fibers through a terminal anchoring process. ¢) Photographs of
flexible 3D-printed elastomeric metal-core silicone-Cu fibers. d) Micrograph of the fiber cross-

section (silicone cladding, Cu core). e) Schematic illustrating the fabrication of 3D hollow
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structures via 3D printing on continuously rotating substrates. Photographs of 3D-printed hollow
cylinder (f) and cone (g) triboelectric constructs. h) Demonstration of device scalability through
the fabrication of triboelectric wristbands. i) Schematic illustrating 3D printing on planar
substrates containing distributed anchors. Photographs of 3D-printed triboelectric cuboid- (j)

and star-shaped (k) structures.

Triboelectric performance. 3D-printed elastomeric metal-core silicone-Cu fibers and devices
can be characterized in various measurement formats. As wearable triboelectric mechanosensors
described in the following sections, the Cu wire was directly connected to the test samples (e.g.,
the skin or the organ), and the triboelectric fiber worked in the contact-separation mode. The
working mechanism is shown in Fig. 2a. The skin served as the first triboelectric material and the
ground, and the silicone cladding of the TENG fiber served as the second triboelectric material.
The Cu core of the TENG fiber served as the electrode. Triboelectric fibers facilitate energy
harvesting based on the coupling of triboelectrification and electrical induction effects. Silicone
is among the most negatively charged materials in the triboelectric series[44], and thus, provides
as an excellent candidate for wearable triboelectric devices driven via skin contact. As shown in
Fig. 2a, contact between the skin and the silicone-Cu fiber results in electrons in the skin being
attracted to the silicone layer of the TENG, because the latter lies in a more negative location in
the triboelectric series. When the skin moves away, the accumulated negative charge on silicone
induces a positive charge in the Cu wire for compensation, which creates current flow from the
skin to the fiber. Similarly, when the skin re-contacts the silicone, the current returns to the skin.
No current is present when equilibrium has been reached. Thus, triboelectric fibers generate

alternating current associated with repetitive triboelectric charge transfer cycles, during which
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the electrical potential of the Cu wire increases with decreasing separation distance between the
two triboelectric materials (e.g., skin and silicone). The amplitude of the induced current depends
on the amount of the transferred charge and the frequency of the contact event. Static and
dynamic finite element simulations of the working mechanism are shown in Fig. 2b and Video
S1, respectively, in terms of the electrical potential distribution established by the two interacting
triboelectric materials. As shown in Fig. 2b and Video S1, motion of the two triboelectric
materials established an electrical potential distribution that drove charge transfer. When the
distance between the materials decreased, the electrical potential of the Cu wire increased, and
vice versa.

The triboelectric responses of single elastomeric metal-core silicone-Cu fibers (diameter
= 700 um; length = 2.5 cm) and 3D-printed wristbands (testing contact area = 1 x 1 cm?) were
quantified with cyclic loading tests. A schematic of the apparatus is provided in Supplementary
Fig. S2. The triboelectric responses of the single silicone-Cu fibers and 3D-printed wristbands in
terms of the short-circuit current (/5¢), transferred charge (Q), and open-circuit voltage (Voc) are
provided in Figs. 2c-e and Figs. SS5a-c, respectively. The circuit configuration used for

characterization is shown in Fig. S6. The single fibers exhibited Is¢, Voc, and Q maxima of 0.38

HA, 5.75 V, and 2.65 nC, respectively, while the wristbands exhibited maxima of 0.46 pA, 8.01
V, and 3.97 nC, respectively. Studies were also conducted using various loads that allowed
current flow to examine the corresponding power density (PD). The corresponding PD was
calculated as PD = IzR/A, where [ is the current, R is the resistance of the external load, and 4 is
the contact area. As can be seen in Figs. 2f and S5d, the single TENG fibers and 3D-printed
wristbands exhibit a maximum PD of 31.39 and 23.94 mW m?, respectively. The decreased

maximum PD of the wristband relative to the single fiber is associated with the wristband’s
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relatively decreased Cu-to-silicone volume ratio, which caused a relatively lower induced charge
for the same loading conditions.

To further verify the durability of the 3D-printed TENG fibers, a 5000-cycle loading test
was performed using a force amplitude of 50 N. We selected 50 N as the applied force amplitude
in the cyclic loading study based on its established use as the upper limit of the dynamic range
associated with force sensors for human motion monitoring applications[45-47]. As shown in Fig.
2g, no visible decay in Isc was observed after 5000 loading cycles, which indicated that the
silicone-Cu TENG fibers and 3D-printed constructs could serve as reliable transducers for
sensing and energy harvesting applications. We note that it is critical to examine device
durability under the loading conditions expected in applications (e.g., magnitude and frequency
of the dynamic load)[48-49].

The circuit for a 3D-printed silicone-Cu TENG fiber-based energy harvester and the
measured charging curves associated with charging of two commercial capacitors using a single
silicone-Cu TENG fiber are shown in Figs. 2h and i. The voltage saturated at 55 V after 4.5 min
and 10.1 min for the 0.1 and 0.22 pF capacitors, respectively. We also showed that the generated
energy could be consumed instantaneously. As shown in Fig. 2j, a single silicone-Cu TENG
fiber was sufficient for powering 20 LEDs. Given biomedical applications may establish humid
testing environments, we also investigated the effect of humidity on the fiber output. The
experimental apparatus and temporal fiber responses are shown in Fig. S7a and b, respectively.
The data show that changes in relative humidity caused a minimal effect on the maximum short-
circuit current, which decreased from 0.41 to 0.35 pA upon a relative humidity increase from 20%

to 70%. Importantly, the fiber remained functional in the presence of humid environements.
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printed silicone-Cu TENG fibers in the contact-separation mode. b) Numerical simulation of the
electrical potential distribution created upon dynamic contact-separation of silicone and skin. ¢-
e) Short-circuit current, transferred charge, and open-circuit voltage of the 3D-printed silicone-
Cu TENG fibers under cyclic loading (contact area = 18 mm?; load = 50 N; frequency = 8 Hz).
f) Current generated for different external loads and corresponding power densities. g) Short-
circuit current generated in the durability tests (i.e., cyclic loading studies - contact area = 18
mm?; load = 50 N; frequency = 8 Hz). h) Circuit for capacitor charging and LED powering using
a silicone-Cu TENG fiber generator. i) Charging curves for two commercial capacitors using a
single silicone-Cu TENG fiber. j) Photograph showing powering of 20 LEDs using a single

silicone-Cu TENG fiber.

Organ monitoring. Having shown that the extruded elastomeric metal-core fibers are highly
flexible, can be 3D printed in various structures, and serve as reliable TENGs, we next examined
if the response of 3D-printed TENG fiber-based triboelectric devices could enable sensing of
mechanical motions associated with perfusion-induced organ edema, a significant problem
encountered in ex vivo machine perfusion-based organ preservation processes[50-51]. In addition
to a suite of conformal bioanalytical devices for non-invasive isolation of biomarkers from
perfused organs and biosensors for compositional analysis of perfusate and microfluidic biopsy
samples[39], next-generation ex vivo machine perfusion systems by necessity should incorporate
low-power sensors for real-time monitoring of organ edema (i.e., swelling). As shown in Figs.
3a-c, the process enabled the fabrication of an organ-conforming mesh-based triboelectric
mechanosensor by conformal 3D printing of TENG fibers on anatomical models of porcine

kidneys. During the perfusion test, the contact area between the mesh and the kidney
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dynamically change for three reasons. First, natural variance in the size and shape of kidneys
from different animals establishes unavoidable discontinuities (i.e., gaps) between the mesh and
the kidneys that were tested (i.e., while the mesh geometry was indeed fabricated based on a
porcine kidney template, the kidney used for templating was not the same as the kidneys used for
testing). Second, the fiber surfaces contain inherent variance in surface topography. Third, the
organ and the silicone cladding can deform due to perfusion-induced increases in contact force.
Such swelling-associated changes in the organ-mesh contact area drove electron transfer between
perfused kidney and the form-fitting triboelectric sensor, thus changing the electrical potential
distribution. As shown in Fig. 3d (point cloud data), the perfused kidneys swelled ~ 20% in
height over the course of a 2-hour normothermic machine-perfusion interval. As shown in Fig.
3e, the real-time V¢ response of the sensor agreed reasonably with the surface displacement
measured by 3D scanning (i.e.,, point cloud data) throughout the preservation interval, which
contained a 5-minute baseline equilibration period (with no perfusion) followed by a 1-hour
machine perfusion period. Following the 1-hour perfusion period, the perfusate flow was
stopped and the kidney was continuously monitored throughout a further 1-hour post-perfusion
period. Both the sensor Vyoc and the kidney surface displacement increased monotonically
throughout the preservation period. Stopping the perfusate flow caused a continuous decrease in
both signals over the course of the next 6 min. Vy¢increased to a maximum of ~ 70 V, which
occurred at the end of the perfusion period, and ultimately stabilized at ~ 20 V at ¢t ~ 120 min.
Kidney displacement increased by a maximum of 32.7%, which similarly occurred at the end of
the perfusion period, and decreased to a value of 19.7% at the end of the post-perfusion period
and in the absence of perfusate flow. While the total surface displacement and the voltage

response reached a maximum value at the time at which the perfusate flow was stopped, the
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voltage response of the TENG mesh stabilized ~ 10 minutes prior to the maximum of total
surface displacement. This result could be attributed to various factors, including reaching the
upper end of the TENG device dynamic range, change in the mechanisms by which total surface
displacement affects change in device-organ contact area, or sensitivity of the TENG device to
other perfusion-induced physiological changes in the perfused kidney (such as perfusion-induced
injury). Given the organ swelling response was analyzed in terms of a total surface displacement,
we attribute the discrepancy in rates of decrease in the sensor response and total surface
displacement to changes in the top region of the kidney that did not couple with change in
device-organ contact area. In summary, the data in Fig. 3e suggest that 3D-printed form-fitting
constructs composed of silicone-Cu TENG fibers provide attractive self-powered, wearable
mechanosensors for organ preservation and biomanufacturing applications, specifically real-time

sensing of perfusion-induced edema.
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Figure 3. Form-fitting Organ-conforming Stretchable TENG Fiber-based Mesh for Monitoring
of Perfused Organs. a) Schematic illustrating conformal 3D printing of elastomeric metal-core
TENG fibers on objects with organic shape, specifically, a 3D-printed porcine kidney model, for
fabrication of form-fitting wearable triboelectric devices. b) Photograph of the custom machine
perfusion apparatus. ¢) Photograph of the 3D-printed kidney-conforming TENG fiber-based
mesh sensor. d) Representative point cloud data acquired via 3D scanning of perfused porcine
kidneys at ¢t = 0 (green), 64 (purple), and 124 min (yellow). e) Real-time responses of organ
displacement associated with perfusion-induced edema acquired using 3D scanning shown with

the corresponding Voc response of the 3D-printed TENG fiber-based mesh sensor.

Silent Speech. Having shown that silicone-Cu TENG fibers enabled real-time monitoring of
small deformations in organs, we next examined monitoring of human activities that involve
small amounts of motion. ‘Silent communication,” also referred to as ‘silent speech’ or ‘silent
talk[52],” is defined as sound-free communication among humans (i.e., verbal communication
among humans in the absence of sound production by the speaker). We next investigated if a
wearable 3D-printed triboelectric device could reliably detect and classify user speech in the
absence of sound production by the speaker without the use of image-based facial expression
monitoring. As shown in Figs. 4a, integration of a 3D-printed TENG fiber-based membrane (1.8
mm thick) in a surgical mask provided effective mechanical coupling between the device and the
speaker’s face. Movement of the user’s face caused membrane deformation and thus change in
device-skin contact area. Interwoven 3D-printed TENG fibers enabled the transduction of facial
movements associated with silent speech to electrical response through the triboelectric effect

(e.g., Isc) (see Figs. 4b and c). The sensor response generated by user’s facial movements were
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subsequently used for real-time speech recognition via filtering, feature extraction, and
classification based on the silent word spoken (the computational framework associated with
speech classification is provided in Supplementary Fig. S8).

As shown in Figs. 4d and e, the 3D-printed TENG fiber-based membranes exhibited an
elastic response up to engineering strains of ~20% in both vertical and horizontal directions. In
contrast to single fibers, which were highly flexible but exhibited limited stretchability
constrained by the elasticity of the fiber’s metal core, 3D-printed constructs could be printed
with toolpaths that resulted in highly stretchable devices (e.g., serpentine patterned). The
mechanical properties of the TENG fiber-based membranes obtained from tensile testing studies
(Young’s modulus and UTS) are provided in Supplementary Table S1 and agreed with
previously reported properties of 3D-printed silicone membranes[37]. While the influence of
silicone-copper adhesion was not observed in the tensile testing studies, additional material
processing techniques could be used for improving silicone-copper adhesion strength for
applications that may generate asymmetric strain in the core and cladding materials. For
example, plasma treatment of copper and other metals can be used to improve the adhesion
strength of polymer coatings, including epoxy resins and organopolysiloxanes[53-54].

Fig. 4f shows the raw sensor data generated through the cumulative triboelectric effect in
the sensor, which contained 60, 120, and 180 Hz noise. The filtered data corresponding to the
user speaking the number “three,” the letter “D,” and the word “print” with no sound production
are presented in Figs. 4g-i. Each sound produced a distinguishable waveform, suggesting that
the platform may provide opportunities for silent speech-based communication by combination

with time-series data classification methods. The observation of distinguishable signals
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associated with each of the three sounds (three, D, print) was consistent among multiple human
subjects (n = 3).

We trained various supervised machine learning models to classify each word that was
silently spoken, including Linear Discriminant Analysis, Linear Support Vector Machine (SVM),
Quadratic SVM, Gaussian SVM, and K-nearest Neighbors models. Various models, including
Linear SVM, Quadratic SVM, Gaussian SVM, and K-nearest Neighbors, enabled recognition of
the silently spoken word (i.e., word classification in the absence of sound production by the
speaker) with greater than 95% accuracy. The Linear Discriminant Analysis model exhibited the
lowest word classification accuracy of 74.8%. The Quadratic SVM, Linear SVM, and K-nearest
Neighbor models exhibited relatively higher word classification accuracies of 98.4, 98.4, and
98.1%, respectively. The Gaussian SVM model yielded the highest word classification accuracy
of 99.2%. Fig. 4j illustrates the effect of the training sample size on the word classification
accuracy for the Gaussian SVM model. Word classification accuracies exceed 95% accuracy for
training sample sizes greater than 85 samples. A video demonstrating use of the 3D-printed
triboelectric sensor for real-time ‘silent speech’ is provided in Supplementary Information

(Video S2).
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Figure 4. 3D-printed Stretchable Wearable TENG fiber-based Membrane for ‘Silent Speech’
(i.e., speech recognition in the absence of sound production by the speaker). a) Photograph of a
human subject wearing the triboelectric membrane-integrated facemask. b) Photograph of the
stretchable TENG fiber-based membrane’s integrated transduction elements (TENG fibers) with
a zoomed view (c¢). d-e) Highlights of the TENG fiber-based membrane orthogonal
stretchability with zoomed views showing fiber orientation in the absence and presence of strain.
f) Raw sensor data generated by the worn triboelectric device during silent speech. g-i) Filtered
and averaged (dotted line) triboelectric responses corresponding to silently speaking the number
“three,” the letter “D,” and the word “print.” j) Accuracy of the online classification system for

different training sample sizes.

Discussion

The coaxial micro-extrusion wire encapsulation process provides a unique capability for
producing fibers with elastomeric claddings. Silicone and Cu were selected as the cladding and
core, respectively, based on their relative positions in the triboelectric series. For example,
silicone rubber is among the most negatively changed materials in the triboelectric series, while
skin is among the most positively charged materials[44, 55]. The 3D-printed conformal mesh
also exhibits advantages relative to the use of shape-adaptive membrane TENGs for organ
monitoring applications. First, while shape-adaptive membranes can conform to objects with
simple organic shape, such as the arm, they must be crumpled or folded to conform with objects

that exhibit complex organic shape, such as internal organs[56-59]. In contrast, the 3D-printed

conformal mesh can fit accurately with objects that exhibit complex organic shape as they are
fabricated based on a template of the object. Second, conductive liquids or coated metal
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nanowires are usually employed as electrodes to maintain both elasticity and conductivity in
shape-adaptive membranes[56-57, 59-60], which increases the device cost and internal resistance.
Alternatively, the elasticity resides in the space between adjacent fibers for the case of the 3D-
printed TENG mesh, which enables the metal core to serve as the electrode and results in a
relatively decreased device cost and internal resistance. Thus, elastomeric metal-core silicone-
Cu TENG fibers provide attractive material properties for wearable triboelectric systems.

In addition to the large negative charge of silicone, making it an excellent candidate for
triboelectric devices, silicone is an elastomer, which offers desirable mechanical properties in
resultant fibers and devices. For example, as shown in Figs. 1¢ and 4d, silicone claddings lead to
highly flexible single TENG fibers and stretchable 3D-printed triboelectric devices. As shown in
Figs. 4d and e, the 3D-printed triboelectric membranes with serpentine toolpaths exhibited an
elastic response up to an engineering strain (AL/Ly) of ~20%, where AL is the length change and
Ly is the initial length. Silicone claddings also offer improved biomechanical matching
characteristics relative to other fibers. For example, the Young’s modulus of silicone is 440
kPa[37], which is in the range of the Young’s modulus of skin (£ = 420 — 850 kPa)[61] and
lower than other thermoplastic claddings, such as polysulfone (£ ~ 2,600 kPa).

The rheological properties of elastomers makes them excellent candidates for micro-
extrusion 3D printing. For example, elastomers can exhibit Herschel-Bulkley rheological
properties, defined as a power-law fluid with a yield stress. Uncured silicone elastomers can
exhibit yield stresses that are sufficient to enable 3D printing of free-standing constructs. In
addition to desirable rheological properties, silicone also exhibits high self adhesion and
substrate adhesion, which facilitates layer-by-layer assembly of 3D structures and conformal 3D

printing, respectively. As shown in Figs. 1 and 3, silicone-Cu TENG fibers can be assembled
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into various structures and form factors via 3D printing, including 3D constructs and form-fitting
systems. When considering the material and mechanical properties of the silicone-Cu TENG
fiber system, this work represents an advance in 3D printing of fiber-based functional materials
and devices, which commonly exhibit single-fiber or woven device formats composed of fibers
with relatively more rigid thermoplastic claddings.

The continued, unmet demand for high-quality transplantable organs, such as kidneys,
remains a driving force for the creation of novel organ preservation processes and sensors for
real-time monitoring of organs[62], from real-time organ bioanalysis to real-time
characterization of organ biophysical and mechanical properties. Perfusion-induced organ
edema (swelling) remains an important problem for organ preservation. While edema during the
reperfusion phase is expected, excessive edema is detrimental to organ health[63]. Kidneys, as
highly vascularized organs, will swell during perfusion caused by the reintroduction of fluid and
tissue edema[63]. In Fig. 3, we showed that 3D-printed TENG fiber-based meshes enabled real-
time monitoring of machine perfused kidney swelling response (up to increases of 32.7%). The
observed swelling response associated with perfusion-induced edema is consistent with previous
reports[63]. The advantages of this 3D-printed triboelectric sensor in an organ preservation
setting are self-powering capability, form-fitting design, and a real-time monitoring capability
(sampling rate = 1 kHz). The detection of organ swelling during machine perfusion could allow
interventions that may lead to better organ preservation.

Systems for silent communication, such as silent speech interfaces, have various
applications, including assisted communication among the soldiers and individuals affected by
speech-related disabilities[52, 64-65]. A silent speech interface is traditionally defined as a

device that allows speech communication without using the sound made when individuals
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vocalize their speech sounds, regardless of whether sound is produced. The most commonly
used silent speech interfaces are based on simultaneous monitoring of sound production and
facial expression. Thus, they require high-dimensional image data and image processing
methods, which are typically computationally intensive, as well as the use of imaging systems
for facial monitoring, which increases power demands, creates the need for conventional power
supplies, and limits system portability and human integration. Alternatively, 3D-printed
silicone-Cu TENG fiber-based devices provide a self-powered wearable system for silent speech
that offers various advantages, such as those associated with wearability, durability, power
consumption, and compatibility with data-driven signal processing methods, such as machine
learning. Overall, 3D-printed silicone-Cu TENG fiber-based devices provide attractive systems
for silent speech without the need for sound production or image-based facial expression

monitoring.

Conclusion

In conclusion, we report a process for 3D printing elastomeric metal-core TENG fibers
based on the silicone-Cu system. The process enabled rapid prototyping of self-powered
wearable triboelectric systems. The utility and sensitivity of 3D-printed silicone-Cu TENG fibers
and resultant triboelectric devices was demonstrated through applications to mechanosensing in
organ and human activity monitoring. 3D-printed wearable triboelectric devices and supervised
learning algorithms enabled high-accuracy real-time ‘silent speech’ (i.e., speech in the absence
of sound production by the user and image-based facial expression monitoring). Ultimately, the
ability to 3D print elastomeric metal-core TENG fibers on stationary or moving planar and non-

planar substrates has broad implications in the fabrication of wearable triboelectric devices.
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