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E N G I N E E R I N G

Highly stretchable and customizable microneedle 
electrode arrays for intramuscular electromyography
Qinai Zhao1,2, Ekaterina Gribkova3,4, Yiyang Shen2,5, Jilai Cui3,4, Noel Naughton6,7, Liangshu Liu1,2, 
Jaemin Seo1,2, Baixin Tong2,5, Mattia Gazzola6,8,9, Rhanor Gillette3,10, Hangbo Zhao1,2,11*

Stretchable three-dimensional (3D) penetrating microelectrode arrays have potential utility in various fields, 
including neuroscience, tissue engineering, and wearable bioelectronics. These 3D microelectrode arrays can 
penetrate and conform to dynamically deforming tissues, thereby facilitating targeted sensing and stimulation 
of interior regions in a minimally invasive manner. However, fabricating custom stretchable 3D microelectrode 
arrays presents material integration and patterning challenges. In this study, we present the design, fabrication, 
and applications of stretchable microneedle electrode arrays (SMNEAs) for sensing local intramuscular electro-
myography signals ex vivo. We use a unique hybrid fabrication scheme based on laser micromachining, micro-
fabrication, and transfer printing to enable scalable fabrication of individually addressable SMNEA with high 
device stretchability (60 to 90%). The electrode geometries and recording regions, impedance, array layout, and 
length distribution are highly customizable. We demonstrate the use of SMNEAs as bioelectronic interfaces in 
recording intramuscular electromyography from various muscle groups in the buccal mass of Aplysia.

INTRODUCTION
Microelectrode arrays (MEAs) have been a widely used technologi-
cal platform for biomedical applications including electrophysiologi-
cal recording (1, 2), electrochemical sensing (3, 4), and electrical 
stimulation (5, 6). Conventional MEAs have planar electrode lay-
outs fabricated on rigid substrates (e.g., silicon or glass) using 
lithography-based processes, such as one-dimensional (1D) Michi-
gan probes for neural recording (7) and 2D MEAs on glass for cel-
lular or tissue-level analysis (8, 9). Out-of-plane 2D MEAs such as 
the Utah array (10) expand the electrode-bio interface to the third 
dimension. Moreover, MEAs that allow electrode coverage in 3D 
space are achievable by stacking 1D or 2D MEAs (11, 12), 3D print-
ing (13), or complex nanofabrication techniques such as focused ion 
beam (FIB) milling (14). 3D MEAs can penetrate surface layers 
of tissues, thereby allowing probing of physiological signals and 
electrical stimulation of interior regions in a minimally invasive 
manner. Such multichannel, deep-tissue sensing and stimulation ca-
pabilities can provide valuable information and control over a wide 
range of 3D biological systems such as skin dermis layers (15); neural 
(16), neuromuscular (17), and skeletal tissues (18); or organoids (19).

In addition to achieving high electrode density in 3D space, 
advances in flexible or stretchable MEAs can mitigate the mechanical 
mismatch between rigid MEAs and soft, curvilinear, and dynamic 

biological tissues. Flexible 3D MEAs are attainable by fabricating 
rigid 3D electrodes and associated electrical interconnects directly 
on, or via a transfer process to, flexible polymeric substrates, includ-
ing thinning of silicon (20), replica molding (21, 22), magnetorheo-
logical drawing (23), or via controlled bending of 2D MEAs (24, 25). 
While flexible 3D MEAs provide improved conformability to irreg-
ular or curvilinear surfaces, the stretchability of these devices is 
highly desirable as it enables the electrodes to follow tissue deforma-
tions such as in the myocardium of the human heart [approximately 
−15 to −25% longitudinal strain during contraction (26)], skeletal 
muscles [up to 30 to 40% radial expansion (27)], or human skin [up 
to 70% strain (28)]. Dynamic conformability of 3D MEAs can favor 
stable bioelectronic interfacing, leading to enhanced recording 
signal quality and reduced tissue damage, all of which are critical for 
ex vivo or in vivo applications. However, stretchable 3D MEAs pres-
ent substantial fabrication challenges, mainly due to the incompati-
bility of existing rigid, penetrating electrode fabrication processes 
and the stretchability requirements of the accompanying constitu-
ent materials and structures. Minimally invasive penetration re-
quires thin electrodes, typically in the form of microneedles. To 
enable penetration of relatively long and thin microneedles into 
tissues without mechanical buckling or fracture, high-modulus ma-
terials are needed, such as silicon, glass, and metals. Existing stretch-
able 3D MEAs include stainless steel microneedle electrode arrays 
(40% stretchability) assembled manually on a silicone substrate (17) 
and silicon-based microneedle electrodes fabricated by complex 
etching with approximately 20 to 45% maximum stretchability (29, 
30). However, these solutions are limited in terms of attainable 
stretchability, scalability, and cost. In addition, customization of 
electrode geometry and active recording and stimulation regions 
remain a challenge.

Here, we present design, fabrication, and electrophysiological 
sensing applications of stretchable microneedle electrode array 
(SMNEA) devices. A low-cost and scalable microneedle electrode 
fabrication process combining laser micromachining, replica mold-
ing, microfabrication, and transfer printing allows the formation of 
individually addressable, high-modulus microneedle arrays connected 
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to serpentine-shaped interconnects. Covalent bonding of the micro
needles and interconnects to an elastomeric substrate yields high 
stretchability. Metallization and a gel-based chemical etching tech-
nique applied to the microneedles yield microneedle electrode arrays 
with controllable exposed areas. The fabrication scheme uniquely 
combines scalability with varying electrode lengths, controlled 
recording regions and electrode impedance, device stretchability of 
60 to 90%, and relatively large electrode modulus (E  =  6.6 GPa). 
Measurements of intramuscular electromyography (EMG) in the 
buccal mass of Aplysia and comparisons with results of surface EMG 
demonstrate the utility of these stretchable penetrating MEAs in the 
context of dynamic 3D tissues.

RESULTS
Stretchable microneedle electrode array
The basic structure of the SMNEAs consists of arrays of microneedle 
electrodes individually connected by serpentine interconnects. Both 
microneedles and interconnects are covalently bonded to a silicone 
elastomer (Ecoflex 00-30). The microneedles, conical in shape, are 
made of polyimide (PI; PI-2610) with a conductive coating of Cr/Au 
(10 nm/150 nm in thickness) and an insulating coating of parylene 
C (3 μm in thickness). The serpentine interconnects are PI filaments 
(30 μm in thickness and 70 μm in width) with a thin film of Cr/Au. 
These conductive serpentine filaments provide electrical connec-
tions between individual microneedle electrodes and external elec-
tronics. Upon stretching of the elastomeric substrate, the serpentine 
interconnects bonded to the substrate can accommodate deforma-
tions through in-plane bending of the arc-shaped patterns (Fig. 1A) 
(31). The strong covalent bonding between the microneedles with 
the interconnects and the elastomeric substrate prevents delamina-
tion between them (fig. S1 and movie S1). Figure 1 (B and C) shows 
the fabricated SMNEA.

The fabrication of the SMNEA uses a hybrid approach com-
bining laser micromachining, replica molding, microfabrication, 
and transfer printing. The process starts with the creation of conical 
cavities by laser ablation of polydimethylsiloxane (PDMS) using a 
low-cost CO2 laser cutter (fig. S2A). The PDMS with cavities serves 
as a mold for replicating microneedle structures. Controlling the ab-
lation pattern, laser power, and focus can yield conical cavities with 
various base diameters and depths and therefore the geometries of 
microneedles (figs. S2B and S3). The replica molding process starts 
with surface treatment of the PDMS mold using atmospheric plas-
ma, followed by deposition of liquid PI-2610 precursor into the 
cavities, spin coating, and a multistep curing process (detailed steps 
appear in Materials and Methods). The result is an array of PI 
microneedles with desired geometries inside the PDMS cavities 
connected by a thin film (approximately 30 μm in thickness) of PI 
on the top surface (fig. S4). Typical microneedles have base diame-
ters ranging from 300 to 800 μm, lengths ranging from 500 to 
2000 μm, and tip diameters of approximately 10 to 30 μm.

As a result of spin coating, the PI thin film is flat, allowing the use 
of lithography-based microfabrication processes. Patterned etching 
of the PI thin film creates an outline (30 μm in width) that defines 
the serpentine interconnects and the edges of the microneedle bases 
(fig. S5). Subsequent deposition of a Ti/SiO2 layer on the PI surface 
allows covalent surface reactions between the SiO2 and an oxygen 
plasma–treated silicone elastomer film (Ecoflex, approximately 
200 μm in thickness) (18, 32, 33), enabling the transfer of the 

microneedle arrays from the PDMS mold to the silicone elastomer. 
Deposition of a thin Cr/Au layer metallizes the microneedles and 
serpentine filaments, followed by the removal of the excess PI film 
outside of the outlines. Figure 2 shows a schematic illustration of the 
fabrication process for the individually addressable SMNEA. This 
hybrid fabrication strategy allows the formation of highly custom-
ized microneedle geometries and array layouts using low-cost laser 
ablation and scalable microfabrication processes. Arrays of stretch-
able microneedle electrodes with controllable microneedle lengths 
can be created using this hybrid fabrication approach (Fig. 1, D to 
F). The layouts of the PI pattern and the sacrificial layer pattern for 
the SMNEA shown in Fig. 1 (B and E) appear in figs. S6 and S7.

Control of electrical recording regions
Metallization of the PI microneedles and interconnects creates 
conductive pathways from the microneedle surfaces to external 
electronics. For sensing or stimulation applications, control of the 
active bioelectronic interfacing region is important to target the 
regions of interest. This is commonly realized by conformal cover-
age of a thin layer of insulation materials (e.g., parylene C) on the 
conductive microneedles except for the tips, where the conductive 
layer is selectively exposed as the electronic interface with the target. 
Various techniques have been used to selectively insulate micronee-
dle electrodes, including a sacrificial coating followed by etch back 
(34–36), selective etching of the insulation coating by FIB (37) or 
through a shadow mask (14, 38), mechanical tearing of the insu-
lation coating (39), insulation of the microneedle bases through 
gravity-driven flow (40, 41) or spin coating (42), and bulk silicon 
etching (43). These techniques either lack reliable, precise control of 
the exposed areas or require complicated fabrication processes. A 
common limitation is that almost none of these techniques is appli-
cable to an array of microneedles with varying lengths, with the 
exception of FIB etching of the insulation film, which is a serial 
and time-consuming process. The stretchability requirement of 
the SMNEA adds additional challenges to selective insulation. To 
address these challenges, we develop an approach that provides pre-
cise control over the exposed electrical recording regions, regardless 
of the microneedle length. The process starts with a conformal coat-
ing of parylene C (3 μm in thickness) on the microneedles and the 
Ecoflex substrate, followed by patterned deposition of a hard Cu 
mask (200 nm in thickness) through a shadow mask (Fig. 3A) that 
prevents Cu deposition outside of the microneedle surfaces. A key 
step in creating a well-defined recording area is the use of a gel 
etchant that can etch the Cu coating at the tips of the microneedles. 
The gel etchant is formed by soaking 0.6% agarose gel in a mixture 
of FeCl3/HCl solution to allow diffusion of FeCl3/HCl into the nano-
porous gel. A brief (approximately 5 s) insertion of the tip of the 
Cu-coated microneedle in the gel etchant allows the dissolution of 
the Cu film on the tip (movie S2). Oxygen plasma etching removes 
the partially exposed parylene with the remaining Cu film acting as 
the etch mask, which is subsequently removed using liquid FeCl3/
HCl. Scanning electron microscopy (SEM) images after selective Cu 
etching appear in fig. S8.

The length of the etched Cu at the tip is controlled by adjusting 
the insertion depth of the microneedle into the gel etchant, which 
is easily controllable by a motorized stage with optical imaging 
(Fig.  3B). With the Cu hard mask removed at the tip, an oxygen 
plasma etching of the parylene coating selectively exposes the Au 
layer (Fig.  3C). The use of a gel etchant instead of a liquid-phase 
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FeCl3/HCl etchant minimizes the spreading of the liquid etchant 
along the microneedle surface due to liquid wetting on the Cu sur-
face. The etchant spreading distance is approximately 20 μm for a 
5–to–10-s insertion into a gel etchant (fig. S9A) and increases only 
slightly for longer insertion times due to slower spreading speed. 
This contrasts with the complete spreading of etchant onto the 
microneedle within a few seconds when dipped in liquid-phase 
FeCl3/HCl solution (movie S2). The relatively slow liquid etchant 
spreading on the Cu surface using the gel etchant is explained by 
the viscous drag of liquid through the nanoporous agarose gel (44). 
The measured lengths of the exposed tips are 81.5 ± 5.5 μm and 
141.5 ± 6.5 μm for target lengths of 80 μm (group I) and 140 μm 
(group II), respectively (Fig.  3D). A unique feature of this gel-
assisted etching method is its ability to control the tip exposure 
for microneedles of different lengths, which is readily achievable by 
shaping the gel etchants into narrow cubes into which individual 

microneedles are inserted separately (fig. S9B). Controlled etching 
at the tips, for a large number of microneedles, is also possible 
with vision-based, automated insertion or by creating gel etchant 
patterns of predefined heights.

Characterization of electrical and mechanical properties of 
microneedle electrodes
The electrical impedance of the microneedle electrodes with ex-
posed Au tips (approximately 80 μm exposed length) appears in 
Fig. 3F. An additional coating of a nanoporous conductive layer on 
the exposed Au, such as platinum black (PtB), can decrease the elec-
trical impedance of the microneedle electrode by increasing its sur-
face area (19). Figure 3E shows an SEM image of a microneedle tip 
after the electrochemical deposition of a thin layer (approximately 
1 μm in thickness) of PtB coating, which effectively decreases 
the average electrode impedance measured in phosphate-buffered 

Fig. 1. SMNEAs. (A) Schematic illustration of an SMNEA device before and after uniaxial stretching. The SMNEA device consists of polymer microneedles with conductive 
and insulation coatings, electrical interconnects in serpentine layout, and a stretchable silicone substrate. (B and C) Optical images of an SMNEA device on a glass substrate 
at (B) low and (C) high magnification, showing the microneedle electrodes with serpentine interconnects. (D) Side-view optical image of an SMNEA with varying micronee-
dle lengths, ranging from approximately 800 to 1500 μm. (E) Angled-view optical image of a 6 × 6 array of microneedle electrodes with varying lengths on a stretchable 
silicone substrate. (F) Optical image of a 6 × 6 array of microneedle electrodes under stretching and twisting. Scale bars, 5 mm (B), 1 mm (C and D), and 3 mm (E and F).
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saline (PBS) from 66.2 to 1.6 kilohm at 1-kHz scanning frequency 
(Fig. 3F). The PtB coating reduces the electrode impedance without 
changing the microscale recording areas.

The core material of the microneedle is PI-2610, a thermosetting 
polymer with relatively high mechanical modulus and thermal 
resistance. A tensile test on a flat PI-2610 film (30 μm in thickness; 
pattern appears in fig. S10A) prepared via a similar spin coating and 
curing process yields a stress-strain curve (fig. S10B). The PI-2610 
film exhibits a linear stress-strain relation with a fitted Young’s mod-
ulus of 6.63 GPa before fracturing at 1.76% tensile strain. This rela-
tively high modulus compared to that of most other polymeric 
microneedles facilitates the insertion of the microneedles into target 
tissues without buckling or fracture.

Indentions of microneedles with similar geometries (approxi-
mately 920 μm in length, 10 to 30 μm in tip diameter) against flat 
rigid surfaces provide critical buckling loads. Figure S11A shows the 
force-displacement curves of the low Young’s modulus PI (PI-2545, 
E = 2.3 GPa) microneedles and the high Young’s modulus PI (PI-2610, 
E = 6.6 GPa) microneedles during indentation tests. The corre-
sponding critical buckling loads appear in table S1A. The average 
critical buckling loads are 73 and 139 mN for PI-2545 and PI-2610 
microneedles, respectively. The simulated critical buckling loads 
depend on the boundary conditions: The critical buckling load of a 
microneedle with a pinned tip is approximately 3.6 times greater 
than that with a free tip. The experimentally measured buckling 
loads for both PI-2545 and PI-2610 microneedles fall between the 
simulated values for free tip and pinned tip boundary conditions 
(fig. S11B). This is explained by the sliding of microneedle tips on 
the flat surface right before and during buckling (movie S3), which 
suggests an intermediate boundary condition between the free and 
pinned tip. For the same boundary condition, the critical buckling 

load is linearly proportional to the Young’s modulus of the mi-
croneedle (45). As a result, the critical buckling load of the PI-2610 
microneedles is approximately three times higher than that of the 
PI-2545 microneedles.

Insertion tests of microneedles into PDMS (10:1 mixing ratio) 
provide additional comparison of microneedles with different 
moduli. The force-displacement curve during insertion (fig. S11C) 
yields the insertion force, defined as the load at the inflection point 
where penetration of the microneedle tips in the PDMS occurs. 
PI-2545 microneedles exhibit insertion forces in the range of 44 to 
66 mN, close to their critical buckling loads from the indentation 
tests (67 to 80 mN). Subsequent increases in the resisting force 
after insertion lead to buckling and bending of the microneedles 
(movie S4 and table S1B). In contrast, the PI-2610 microneedles 
not only have larger critical buckling loads but also reduced inser-
tion forces (25 to 30 mN) (fig. S11D). The lower insertion forces of 
PI-2610 microneedles as compared to those of PI-2545 micronee-
dles, despite similar tip diameters, are explained by their smaller 
contact area (46), which likely stems from reduced tip bending due 
to the larger Young’s modulus. As the critical buckling loads are 
approximately four to five times higher than the insertion forces, 
PI-2610 microneedles can be inserted into the PDMS without 
buckling.

The PI-2610 microneedles also exhibit robust mechanical and 
electrical properties over repeated insertions into soft materials. 
Au-coated microneedles exhibit no visible tip bending and slight 
(40%) increase in the electrical impedance after 1000 insertions into 
PDMS (20:1 mixing ratio; fig.  S12 and movie S5). Similarly, PtB-
coated microneedles show a 4.6% impedance increase without 
visible tip bending or PtB delamination after 1000 insertions into 
agarose gel (Fig. 3G, fig. S13, and movie S6).

Fig. 2. Schematic illustration of steps for fabricating SMNEAs. 
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Mechanical stretchability of SMNEA
The microneedles and serpentine interconnects covalently bonded 
to the elastomeric substrate give rise to mechanical stretchability of 
the SMNEA. Figure 4A shows an SMNEA under stretching (66% 
tensile strain) and a combination of stretching (30% tensile strain) 
and twisting (180° rotation) deformations. Finite element analysis 
(FEA) provides quantitative strain distributions in the SMNEA 
constituent materials. For 66% stretching, the peak value of the 
maximum principal strain in the PI-2610 layer is observed near the 
serpentine edges, reaching 1.62%. For the combined stretching and 
twisting test, the peak value of the maximum principal strain in the 
PI is approximately 0.65%, located near the end of the serpentine 
interconnect region. The strain of the Au layer in these deformations 
is reported in fig. S14.

Uniaxial tensile testing of the SMNEA provides details on its 
stretchability limit. Figure 4B shows a series of side-view optical im-
ages of a representative SMNEA device with PtB coating at the tips 
under uniaxial stretching, with the device immersed in PBS for elec-
trical impedance measurement (setup shown in fig. S15). Stretching 
of a single row of microneedle electrodes causes increased distances 
between them and straightening of the serpentine interconnects. 
The electrode impedance remains mostly unchanged below 40% 
strain, while significant increase in impedance appears from 60 
to 90% strain (Fig. 4C). In this strain range, the maximum value 
of the maximum principal strain in the PI layer of the serpentine 

interconnects approaches its fracture limit (1.76%, determined by 
tensile tests shown in fig.  S10), breaking the serpentine intercon-
nects (Fig. 4B). The strain in the Au layer remains within its fracture 
limit of 1 to 2% (47), suggesting that the stretchability is dictated by 
the PI layer. The measured variations in the stretchability of different 
electrodes likely originate from imperfections of the PI film fabrica-
tion and patterning as well as differences in local strain. The high 
stretchability and low tensile stiffness (~7 N/m below 60% strain) of 
the SMNEA allow it to follow the deformation of soft target materi-
als with stable microneedle insertion and reduced mechanical stress 
applied to the target. Figure S16 and movie S7 show an example 
of SMNEA inserted in PDMS under cyclic stretching. The 60 to 90% 
stretchability of the SMNEA is significantly higher than those re-
ported in other SMNEAs (Fig. 4D) (17, 20, 29, 30, 36, 48–51). Mi-
croneedle electrode arrays with 40 to 45% stretchability have been 
reported using more rigid microneedle materials such as silicon 
or stainless steel (17, 30); however, the microneedle array is either 
non-addressable or requires manual assembly. The stretchability of 
SMNEA can be further improved by optimizing the design of the 
serpentine interconnects (52). Figure S17 shows the FEA results of a 
design with approximately 100% stretchability by reducing the 
serpentine linewidth and increasing the spacing between micronee-
dles. The Young’s modulus of the PI microneedle ensures insertion 
into soft tissues without buckling while also offering a smaller 
mechanical mismatch compared to metal and silicon microneedles, 

Fig. 3. Control of the electrode recording region and electrical impedance. (A) Schematic illustration of steps for fabricating a microneedle electrode with the conduc-
tive tip exposed. (B) Side-view microscopic images of gel-assisted etching of a copper hard mask at the tip of a microneedle. (C) SEM image of an Au-coated microneedle 
tip after selectively etching the parylene coating at the tip. (D) Statistics of exposed tip lengths from two groups of microneedles with target exposed tip lengths of 80 and 
140 μm, respectively. (E) SEM image of a microneedle tip after electrochemical deposition of PtB at the tip. (F) Electrode impedance spectra and average electrode imped-
ance at 1-kHz scanning frequency before and after electrochemical deposition of PtB at the microneedle tip in 0.1 M phosphate-buffered saline (PBS). Error bars corre-
spond to the calculated standard deviation from 12 electrode measurements. (G) Impedance of the electrode with PtB tip at 1 kHz under cyclic insertion into agarose gel. 
Scale bars, 200 μm (B) (50 μm in inset), 10 μm (C), and 30 μm (E) (1 μm in inset).
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thus reducing potential tissue damage (53). The fabrication scheme 
presented here may be applied to materials with a higher modulus 
to create microneedles for stiffer target tissues, such as polymer 
composites (54) or metals via electroplating (55).

Ex vivo recording of intramuscular EMG
Large stretchability combined with relatively high modulus of the 
microneedles make SMNEA platforms well suited for recording 
electrophysiological signals within dynamically moving tissues, 
such as intramuscular EMG. The buccal mass of the marine mollusk 
Aplysia californica represents a model that contains a dense assem-
bly of distinct muscle groups responsible for feeding (56), biting, 
and swallowing (57). We demonstrate the application of the SMNEA 
for sensing intramuscular EMGs from an isolated, dynamic buccal 
mass of Aplysia.

Muscle groups I1/I3 and I2 and a passive hinge are the main 
components of the buccal mass and they work together to compress 
the radula/odontophore (the toothed tongue and the muscle that 
moves it) for feeding (58). In a retraction cycle schematically shown 
in Fig. 5A, the I2 muscle relaxes and the I1/I3 muscles contract 
to push the radula/odontophore backward. As a result, the radular 
surface rotates posteriorly, approaching the entrance of the esopha-
gus. Later, the radula/odontophore rotates back to its original posi-
tion when I1/I3 and I2 muscles are all relaxing, and the buccal mass 
recovers to the rest status (56, 58).

An eight-channel SMNEA device with varying microneedle 
lengths (0.4 to 1.5 mm) is attached on an isolated buccal mass longi-
tudinally with the microneedle electrodes inserted into the muscle 
tissues (Fig.  5B). The application of a hydrogel-based bioadhesive 
(59) between the SMNEA and the buccal mass surface ensures 

Fig. 4. Stretchability of SMNEAs. (A) Optical images and the corresponding FEA results showing the maximum principal strain distribution in the PI of an SMNEA device 
in relaxed state, under stretching, and under a combination of stretching and twisting. Insets show the locations of the maximum values of the maximum principal strain 
distributions. (B) Side-view optical images of an SMNEA device under uniaxial stretching up to 100%. (C) Impedance of the electrodes in the SMNEA device as a function 
of the tensile strain applied. (D) Comparison of the SMNEA in this work with previously reported flexible or stretchable microneedle electrode arrays in the microneedle 
modulus and the device stretchability. Scale bars, 5 mm [A and B (left)] and 2 mm [B (right)].
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stable device adhesion to the buccal mass. During a typical cycle of 
retraction movement, there exist three distinct stages: contracting, 
relaxing, and resting (Fig. 5A, fig. S18A, and movie S8). In the first 
stage (stage I), the anterior buccal mass retracts with the I1/I3 mus-
cles contracting and the I2 muscle relaxing. As a result, the diameter 
at the anterior end (R) decreases, while the length from the mouth 
to the esophagus (L) increases (Fig.  5C). In stage II, the anterior 
buccal mass expands as I1/I3 and I2 muscles relax, causing opposite 
changes in L and R. In stage III, the buccal mass is in a resting state 
with both the I1/I3 and I2 muscle groups relaxed. The stretchable 

SMNEA follows the deformations of the buccal mass throughout 
the movement cycle. After the recording experiments, the locations 
of the microneedle electrodes and the specific muscle groups are 
identified via preparation and conformal microscopic imaging of 
the buccal mass slice containing the microneedle electrodes (Fig. 5D; 
details are provided in Materials and Methods). Relatively long 
microneedle electrodes (~1.5 mm in length) numbered 1 to 4 are 
inserted into the I1/I3 muscle, and short microneedle electrodes 5 to 
8 (~0.4 to 0.8 mm in length) are in the I2 muscle (Fig. 5E), with their 
exposed tips being the active recording sites.

Fig. 5. Ex vivo recordings of intramuscular and surface EMG from the buccal mass of Aplysia using SMNEA and planar MEA devices. (A) Schematic illustration of a 
retraction movement cycle in the buccal mass. (B and C) Optical image of a buccal mass with an SMNEA device and the corresponding dimensional changes during a 
retraction movement cycle. R represents the diameter of the buccal mass at the anterior, and L represents the length from the mouth to the esophagus. (D) Confocal mi-
croscopic images showing the microneedle electrodes inserted into the I1/I3 and I2 muscle groups of the buccal mass. (E) Optical image with identification of each mi-
croneedle electrode inserted into the buccal mass. (F and G) Intramuscular EMG and surface EMG signals recorded by (F) the SMNEA and (G) the planar MEA, respectively. 
MN, microneedle electrodes; P, planar electrodes. (H and I) Power spectra of the intramuscular EMG and surface EMG signals averaged across all recording channels from 
(H) the SMNEA and (I) the planar MEA. Scale bars, 5 mm (B and E) and 2 mm (D).
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The recorded intramuscular EMG signals from the electrodes 1 
to 4 of the SMNEA (Fig. 5F) and the corresponding power spectral 
density graph (fig. S19A) show significantly higher amplitude than 
those recorded from electrodes 5 to 8 in stage I, when the I1/I3 
muscles are contracting and I2 muscle is relaxing. The amplitude of 
the EMG signals decreases in stage II and stage III, where both the 
I1/I3 and I2 muscles are relaxed. The power spectrum analysis in 
Fig. 5H shows peak amplitudes centered around 5 to 20 Hz in stage 
I, characteristic of intramuscular EMG in Aplysia (60).

Planar MEAs are commonly used for electrophysiological sens-
ing where they are attached to the surface of biotissues for recording 
biopotentials propagated to the surface, different from localized 
recording from the interior of tissues using SMNEA. For compari-
son, we perform recordings using a planar, thin-film MEA device 
with 600-μm-diameter electrode size (figs. S20 and S21A; fabrica-
tion details appear in Materials and Methods) attached on the 
buccal mass of an Aplysia with a similar size and in similar regions 
of the surface as in the SMNEA experiments. The muscle move-
ments during the recording process represent a retraction action 
similar to those in the recordings using SMNEA (figs.  S18B and 
S21B and movie S9). Planar electrodes numbered 1 to 4 are attached 
on the surface of I1/I3 muscles, and electrodes 5 to 8 are attached on 
the I2 muscle’s surface (fig. S21C). Different from the intramuscular 
EMG recorded using the SMNEA, the surface EMG recordings in 
Fig. 5G show relatively weak and similar EMG signals across all the 
planar electrodes in stage I. This may be explained by the difference 
between intramuscular EMG and surface EMG, with the latter sens-
ing signals from multiple muscle groups underneath across certain 
depths (61, 62). The energy spectrum density graph of the surface 
EMG data in fig. S19B shows a lower frequency distribution (3 to 
7 Hz from Fig.  5I) relative to the highly localized intramuscular 
EMG signals recorded by the SMNEA. This is likely due to the 
attenuation of EMG signals passing through tissues (63) and cross-
talk from adjacent or deep muscles captured by the planar MEA 
(64–66).

The distinct features of the intramuscular and surface EMG 
recorded by the SMNEA and the planar MEA suggest that highly 
localized recording is necessary to probe electrical activities at the 
individual muscle level. Penetrating microneedle electrodes with 
different lengths and exposed microscale tips can target the interior 
of tissues, while the stretchability of the SMNEA device allows 
stable electrode-tissue interfacing during movements, contributing 
to higher signal-to-noise ratio. Thus, these attributes make SMNEA 
a useful tool for sensing or stimulating deep tissue in dynamic 
systems, to assist biological and neuroscience studies.

DISCUSSION
In this study, we present a scalable fabrication method for creating 
microneedle electrode arrays with high device stretchability and 
customization. The unique combination of laser micromachining, 
molding, microfabrication, and transfer printing allows the realiza-
tion of individually addressable microneedle electrodes with various 
geometries and array layouts, as well as large mechanical stretch-
ability. A gel-assisted chemical etching process enables convenient 
control over the localized active electrode regions. The customiza-
tion of electrode configuration is desirable for targeted sensing 
or stimulation. For example, these penetrating electrodes with spa-
tially controlled lengths could reach different depths across multiple 

layers of the brain’s cortical circuit structure (67) or provide access 
to individual fascicles for selective stimulation of the peripheral 
nerves (68). The relatively high microneedle modulus enables robust 
insertion into target tissues, and the stretchability of the electrode 
arrays ensures intimate biointerfacing to soft, dynamically moving 
tissues in a minimally invasive manner. These attributes make 
the SMNEA a promising platform for ex vivo or in vivo sensing or 
stimulation in the interior of biological tissues, as demonstrated 
in the example of intramuscular EMG recording in the buccal 
mass of Aplysia. This SMNEA platform may find applications in 
electrophysiological sensing in brain-machine interfaces (29, 67), 
electrochemical sensing of skin interstitial fluids (69), and electri-
cal stimulation of nerves (70) and muscles (17, 71). Higher electrode 
density is achievable by optimizing the serpentine interconnects. 
The softness and stretchability of the SMNEA make it potentially 
suitable for measuring dynamic tissues with large and fast deforma-
tions and for long-term use, which may require stable interface 
adhesion to target tissues (30, 72). The penetrating and stretchable 
microneedle arrays can also be integrated with advanced sensors, 
optics, optoelectronics, and microfluidics for a diverse range of 
sensing and modulation functions, including extraction of body 
fluids (73), light guide-assisted optical therapy (22), optogenetics 
(74), and targeted drug delivery (75, 76).

MATERIALS AND METHODS
Replica molding of PI microneedles
Fabrication of the stretchable microneedles began with curing 
(80°C for 2 hours) a sheet of PDMS (Dow Sylgard 184) (10:1 mix-
ing ratio, 2 mm in thickness), followed by ultraviolet (UV) ozone 
treatment (270 s) of the cured PDMS surface and bonding of the 
treated surface to a glass slide. Laser ablation of the PDMS using a 
low-cost CO2 laser cutter (Universal Laser System PLS) created 
conical cavities in the PDMS, which served as the molds. Circular 
ablation patterns (repeated twice) were used with 17% power and 
15% speed. Preparation of the PDMS molds for microneedle mold-
ing started with cleaning of the PDMS molds with sonication 
(5 min) in isopropyl alcohol (IPA), followed by immersion (2 min) 
in 3-aminopropyltriethoxysilane (0.01% in IPA solution), drying, 
and corona treatment (Electro-Technic Products) of the surface for 
30 s to improve the surface wettability and adhesion to PI. Initial 
deposition of liquid PI-2610 precursors (HD Microsystems) onto 
the mold filled the cavities, assisted by vacuum degassing (30 min). 
Deposition of additional PI-2610 precursors onto the molds fur-
ther removed air bubbles, followed by spin coating (600 rpm for 
30 s) and a multistep curing process (35°C for 1  hour, 50°C for 
1 hour, 80°C for 1 hour, 110°C for 1 hour, and 230°C for 4 hours) in 
an oven to form a thin PI film.

Fabrication of stretchable microneedle electrodes
Patterning of the thin PI film formed in the replica molding process 
started with deposition and lithographically patterned etching of a 
Cu hard mask (200 nm in thickness) on the cured PI film. The hard 
mask transferred the layouts of circular shaped microneedle bases 
and serpentine interconnects to the PI layer via oxygen plasma etch-
ing (March RIE) of the PI to form patterned gaps (30 μm in width) 
that separate the microneedle bases and serpentine interconnects 
from the rest of the PI film. After the removal of the hard mask in a 
Cu etchant, a lithography step defined a sacrificial photoresist (AZ 
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5214) layer on the PI film outside the microneedle bases and serpen-
tine filaments. Dispensing the photoresist over the entire sur-
face before spin coating ensured complete photoresist coverage 
across the gaps. Subsequently, a sputtering deposition of Ti/SiO2 
(10 nm/50 nm in thickness) created the bonding layer. Separately, a 
silicone film (Ecoflex 0030, Smooth-On Inc.; approximately 200 μm 
in thickness) spin-coated and cured on a PI film (50 μm in thick-
ness) served as the stretchable substrate for the SMNEA. Transfer of 
the PI from the PDMS mold to the Ecoflex substrate began with UV 
ozone treatment of the Ecoflex and corona treatment of the PI 
surface to create hydroxyl groups on the surfaces. Laminating the 
PI/PDMS onto the Ecoflex substrate and heating (70°C for 10 min) 
led to strong covalent bonding. Immersion of the bonded PI in IPA 
facilitated the peeling of the PI from the PDMS mold. After success-
ful transfer of the PI to an Ecoflex substrate, sputter deposition of a 
layer of Cr/Au (10 nm/150 nm in thickness) metallized the mi-
croneedles and the serpentine filaments. Immersion of the sample 
in acetone undercut the sacrificial photoresist layer. Peeling of the 
PI film outside of the microneedle bases and serpentine filaments 
from the Ecoflex substrate completed the process, facilitated by 
the patterned sacrificial layer between the PI and the Ti/SiO2 
bonding layer.

Fabrication of stretchable planar electrodes
Fabrication of the stretchable planar electrodes began with spin 
coating (3000 rpm for 30 s) a sacrificial layer of polymethyl methac-
rylate (PMMA) on a glass slide, followed by spin coating (1500 rpm 
for 40 s) of PI-2545 (HD Microsystems; 4 μm in thickness). Deposi-
tion, patterning, and etching of a metal layer (Cr/Au; 10 nm/300 nm 
in thickness) defined the electrode areas and the serpentine traces. 
Spin coating of another PI-2545 layer (1500 rpm for 40 s) formed 
the top encapsulation layer. A lithographic patterning step and 
subsequent etching using oxygen plasma (March RIE) defined the 
outline of the serpentine and exposed the metal electrodes, as well 
as the contact pads for electrical connection. Undercutting the 
PMMA sacrificial layer in acetone facilitated the transfer of the 
planar electrodes from the glass slide to a water-soluble tape (poly-
vinyl alcohol). Deposition of Ti/SiO2 (10 nm/50 nm in thickness) on 
the back side of the planar electrodes allowed covalent bonding to a 
separate silicone film (Ecoflex, 200 μm in thickness) following the 
same steps described in the fabrication of stretchable microneedle 
electrodes.

Controlled exposure of microneedle conductive tips
The process began with conformal coating (Specialty Coating 
Systems, PDS 2010) of an insulating parylene C (3 μm in thickness) 
on the SMNEA. Then, a thin Cu layer (200 nm in thickness) sputter-
coated through a shadow mask covered the sidewalls of the mi-
croneedles, serving as a hard mask for tip exposure. Separately, a gel 
etchant was prepared by soaking an agarose gel (0.6 g in 100 ml of 
deionized water; Sigma-Aldrich) in diluted copper etchant (FeCl3/
HCl, 1:20 dilution; Sigma-Aldrich) for 8 hours. Brief (approximately 
5 s) insertion of the Cu-coated microneedle tips in this gel etchant 
removed the Cu hard mask at the tips. Control of the microneedle 
insertion length relied on a high-precision linear stage (VT 80, 
Physik Instrumente) to which the microneedles were attached with 
side-view microscopic imaging (Keyence). Following the selective 
removal of the Cu hard mask at the microneedle tips, an oxygen 
plasma etching removed the exposed parylene C not covered by the 

hard mask and the remaining SiO2 layer. Removal of the hard mask in 
liquid Cu etchant completed the patterning of the insulation coating. 
An additional spin coating of Ecoflex (approximately 200 μm in thick-
ness) on the SMNEA device provided encapsulation of the serpentine 
interconnects and the microneedle bases after electrical connection 
between the contact pads and anisotropic conductive film cables.

Impedance measurements and electrochemical deposition
Impedance measurements and electrochemical deposition relied on a 
potentiostat and impedance analyzer (PalmSens4) with a Pt electrode 
as the counter electrode and Ag/AgCl as the reference electrode. 
Impedance measurements were conducted in PBS (pH 7.4) with 
scanning frequencies from 5 to 10 kHz. Electrochemical deposition of 
PtB used a mixture of 0.6 g of chloroplatinic acid (PtCl6H2; Sigma-
Aldrich), 5 mg of lead acetate [Pb(C2H3O2)2; Sigma-Aldrich], and 
20 ml of deionized water using chronoamperometry (−0.1 V for 20 s).

Mechanical characterization
A PI-2610 film (30 μm in thickness) prepared using procedures 
similar to those used in the fabrication of SMNEAs served as a sam-
ple for mechanical characterization. Uniaxial tensile testing (Mark-10) 
of a dog bone–shaped specimen according to the ASTM D638 
standard patterned by laser ablation yielded force versus displace-
ment data. The Young’s modulus was calculated from a linear fitting 
of the stress-strain curve within the linear regime.

Indentation and insertion tests of microneedles
A linear stage (VT 80, Physik Instrumente) connected to a force gauge 
(Mark-10) drove an indenter or a PDMS cube (10:1 mixing ratio) to-
ward the microneedles to a displacement of 1 mm. For repeated inser-
tion tests, the microneedles were inserted into PDMS (20:1 mixing 
ratio) or agarose gel with an insertion depth of 0.8 mm. Impedance 
measurements of the microneedle electrodes were performed after 
the 1st, 5th, 10th, 20th, 50th, 100th, and 1000th insertions.

Characterization of the stretchability of SMNEAs
Attaching one end of the SMNEA device to a motorized force tester 
(Mark-10) and keeping the other end fixed with the microneedle 
electrodes immersed in PBS (pH 7.4) allowed impedance measure-
ments of the electrodes with different tensile strain. Impedance 
measurements were taken for increments of 10% elongation.

Finite element analysis
Simulations for the SMNEAs were conducted by the commercial 
software ABAQUS. The structure was meshed using eight-node 3D 
stress solid elements (C3D8R) with a fine element size (~100,000 ele-
ments) smaller than the serpentine width to ensure accuracy. The 
stretching and twisting deformations were applied by corresponding 
translation or rotation displacements on the two ends of the SMNEA 
sample. The materials were described by different constitutive 
models including a linear elastic model for PI and Au and a Mooney-
Rivlin hyper-elastic model for Ecoflex. The Young’s moduli of PI-2610 
and Au are EPI = 6.63 GPa and EAu = 79 GPa, respectively. The Pois-
son’s ratios are νPI = 0.4 and νAu = 0.44, respectively. The yield stress 
of the Au is 546 MPa [corresponding strain is 0.7% for Au thin films 
(47)]. The Mooney-Rivlin strain potential of Ecoflex is governed by

U = C10(I1 − 3) + C01(I2 − 3) + D−1
1
(Jel−1)2
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where C10 = 0.008054 MPa, C01 = 0.002013 MPa, and D1 = 2.0 MPa−1. 
I1 and I2 are the first and the second invariants of the deviatoric 
strain tensor, and Jel is the elastic volume ratio representing the 
thermal expansion.

The simulation of the buckling behaviors of microneedles was 
conducted in ABAQUS. C3D8R elements were used to mesh the 
structure with an element size of ~9 μm (~31,000 elements). The 
base of the microneedles was fixed, and the tip surface was coupled 
to a reference point with a vertical unit force applied to it. The buck-
ling analysis generated the critical forces and the corresponding 
deformation modes.

Ex vivo EMG recording in Aplysia
Specimens of A. californica (California sea hare) were obtained from 
the National Institutes of Health National Resource for Aplysia, 
University of Miami, Florida, shipped overnight, and housed in 
closed circulation aquaria with artificial seawater (Instant Ocean) at 
12°C. The Aplysia specimens were cold anesthetized at 4°C for at 
least 30 min. Separately, strips of dry hydrogel-based adhesive patch 
were prepared (59) and later applied between the SMNEA and the 
buccal mass surface. The buccal mass with buccal ganglia were 
dissected out of each Aplysia specimen in artificial sea water and 
placed in a petri dish covered by a PDMS layer, with pins applied at 
the mouth or esophagus of the buccal mass, if necessary, to stabilize 
its position. The SMNEA was then placed on the buccal mass longi-
tudinally and held for ~20 s to ensure microneedle electrode inser-
tion as well as adhesion of the hydrogel to both the SMNEA and the 
buccal mass surface. Subsequently, the petri dish with buccal mass 
was filled with room temperature saline (420 mM NaCl, 10 mM 
KCl, 25 mM MgCl2, 25 mM MgSO4, 10 mM CaCl2, and 10 mM 
Hepes, adjusted to pH 7.6 with NaOH). Electrophysiological re-
cordings were digitized with a sampling rate of 20 kS/s using a head-
stage (Intan RHD 32-channel) and an acquisition board (Open 
Ephys). The bandwidth of the amplifier hardware extended from 
0.1 to 7600 Hz, and a digital bandpass filter of 3 to 3000 Hz elimi-
nated high-frequency noise and smoothed the signal. A notch filter 
at 60 Hz further reduced the noise signals from the power line. 
Movies were recorded using a camera, synchronized with the elec-
trophysiological recordings by capturing the flashing of a light-
emitting diode coupled with a 5-V stimulator. Movements of the 
buccal mass were spontaneous or initiated via tactile stimulation of 
the esophagus with forceps.

Slicing and imaging
After EMG recording, the buccal mass with inserted microneedle 
electrodes was placed in the freezer in a dish of saline and kept at 
−18°C until it was fully frozen. Feather razor blades were used to 
make two longitudinal cuts as close as possible to the microneedle 
electrodes. The thin longitudinal slice was placed onto a glass cover-
slip and imaged under a confocal microscope with high intensity 
backlight to identify microneedle electrode locations. If needed, the 
slice was flipped to the other side to obtain clearer images of other 
microneedle electrode locations.

Supplementary Materials
This PDF file includes:
Figs. S1 to S21
Table S1
Legends for movies S1 to S9

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S9
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