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ABSTRACT: The unique structure and mechanical properties of syringe-
injectable mesh electronics have enabled seamless tissue integration and stable
chronic recording of the activities of the same neurons on a year scale. Here,
we report studies of a series of structural and mechanical mesh electronics
design variations that allow injection using needles at least 4-fold smaller than
those previously reported to minimize the footprint during injection of the
electronics in soft matter and tissue. Characterization of new ultraflexible two-
dimensional (2D) and one-dimensional (1D) probes has demonstrated
reproducible injection of the newly developed mesh electronics designs via
needles as small as 100 μm in inner diameter (ID) with reduced injection
volumes. In vitro hydrogel and in vivo mouse brain studies have shown that ultraflexible 2D and 1D probes maintain their
structural integrity and conformation post-injection after being transferred through the reduced diameter needles. In addition,
analysis of the variation of the post-injection mesh cross sections suggests a smaller degree of tissue deformation and relaxation
with decreasing needle diameters. The capability to implement rational design for mesh electronic probes that can be delivered
via much smaller diameter needles should open up new opportunities for integration of electronics with tissue and soft matter in
fundamental and translational studies.

KEYWORDS: Tissue-like electronics, ultrasmall needle, minimal footprint, ultraflexible probe, one-dimensional probe,
soft material integration

Integrating electronic probes into synthetic and natural soft
materials provides the opportunity to monitor dynamic

behavior through and deep within these structures.1−8

Microwire9,10 and silicon probes11,12 can be mechanically
inserted in a controlled manner into soft materials and, in the
case of the brain, can offer superior spatiotemporal resolution
compared to surface probes13−19 and imaging modalities,20,21

independent of depth. Despite these advantages, such
implantable probes generally have substantial mechanical and
other mismatches with soft materials that hinder stable
integration.22−25 In the case of the brain, the mechanical and
structural mismatches with neural tissue lead to a chronic
immune response, which results in a buildup of glial cells
immediately adjacent to the probe surface, and micromotion
that together make single-neuron tracking over extended
periods of time difficult, if not impossible.24−26

Mesh electronics offer a novel paradigm of implantable soft
electronics with brain-like structure and mechanics, which
circumvent issues associated with conventional ap-
proaches.27−33 The unique macroporous topology with
submicrometer thickness and cell soma-scale width mesh
elements allow for stable and seamless tissue integration by
virtue of their unique mechanical and structural proper-
ties.27,29,30 Previous studies of mesh electronics have
demonstrated stable chronic recording from the same

individual neurons for at least 8 months,29 and more recent
work has demonstrated opportunities for substantially
increased multiplexity32 as well as efficient interfacing with
external electronic systems.31 The macroporous mesh elec-
tronics platform has also achieved seamless interfacing with
other soft materials, including (1) collagen, alginate, and
PLGA fibrous scaffolds,1 (2) organic gels and polymers,2 and
(3) the first interface with the retinal ganglion cell layer of the
mouse eye capable of awake chronic recording.33

While these previous studies have validated the unique
three-dimensional (3D) integration of mesh electronics with
different soft materials, challenges related to delivery still exist.
Due to the high intrinsic flexibility of the probe that precludes
direct insertion, syringe injection, similar to standard
pharmaceutical administration, has been used as a flexible
method for implantation of mesh electronic probes into target
materials.27 Previous studies have focused on relatively large
400 μm inner diameter (ID)/550 μm34 to 650 μm28−32 outer
diameter (OD) needles to allow for smooth injection of the
probes into brain tissue given their structural and mechanical
properties. These relatively large needles can produce an acute
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disturbance of the local tissue,30 although studies to date have
demonstrated tissue healing following implantation without
the foreign body/immune response found for more rigid
probes. Exploring further the acute impact of these relatively
large needles and simultaneously determining diameter limits
of smaller delivery needles require innovation in the structural
and mechanical design to improve the flexibility of the mesh
electronics. Herein, we present systematic studies that
demonstrate new two-dimensional (2D) and one-dimensional
(1D) mesh electronics designs with reduced and vanishing
transverse bending stiffness (Dt) values, respectively, that allow
high-yield controlled low-volume injection via 100 μm ID glass
needles into representative synthetic and biological soft
materials.
To enable the use of reduced diameter needles for probe

implantation, we first assessed the mechanical properties of the
mesh electronics for different structural configurations. Key
points related to the standard mesh electronics design are
highlighted in panels a and b of Figure 1. First, standard mesh
electronics probes have periodic structures that can be defined
using a unit cell (Figure 1a,b). In the unit cell of the mesh, we
define longitudinal elements parallel to the injection direction
and transverse elements oriented at angle α of 45° relative to
the longitudinal direction (Figure 1b).28−32 Second, the
longitudinal elements are composite structures, consisting of
gold (Au) interconnects that are sandwiched by two layers of
biocompatible photoresist SU-8.35 The longitudinal elements
terminate at one end with sensor or stimulation devices, such
as metal electrodes4,27−31 or nanowire transistors,1,2,4,27 and at
the opposite end with input/output (I/O) pads that remain
external to the target material and are used to interface to
external electronics. Third, the transverse elements consist of
two SU-8 layers with a total thickness of approximately 800 nm
and a width of 20 μm. The transverse elements determine the

Dt of the overall mesh structure and, correspondingly, how
readily mesh probes roll up when loaded into needles.27 Lastly,
both longitudinal and transverse elements contribute to the
longitudinal bending stiffness (Dl) of the mesh probes, where a
sufficiently large Dl helps to maintain the overall linear
structure during injection.27,28 Therefore, our focus in this
study was to reduce Dt while maintaining an approximately
constant Dl for the different probe designs.
To explore how key design parameters affected Dt and Dl,

we investigated (i) relative angle α between longitudinal and
transverse elements, (ii) total transverse element thickness tt,
and (iii) transverse element width wt. Ultraflexible 2D mesh
electronics designs with increases in α to 70°, where α = 0°
defines a rectangular unit cell, as well as decreases in wt and tt
by factors of 2 to 10 μm and 400 nm, respectively, were
studied (Figure 1c). We also considered a 1D structural region
by investigating the impact of removing the transverse
elements, corresponding to wt = 0 μm and tt = 0 nm, from
the implanted portion of the probe (Figure 1d). Other design
parameters remained unchanged relative to the standard design
paradigm, with wl = 20 μm, wm = 10 μm, and longitudinal
interconnect metal thickness tm = 105 nm.
We used finite element analysis (FEA) of the mesh

electronics unit cell (Materials and Methods in the Supporting
Information)27,30,32 to quantify the impact of these design
variations on probe stiffness. Simulations were performed on
probe unit cells with α values between 0° and 70°, a wt of 20 or
10 μm, and a tt of ≈800 or ≈400 nm. These results are
summarized in panels a and b of Figure 2 and highlight several
key points. Dt of the 2D mesh electronics decreased
substantially with an increase in α, a decrease in wt, and
most notably a decrease in tt with other design parameters
fixed (Figure 2a). Increasing α from 0° to the standard value of
45° with fixed values of wt and tt reduced Dt by ∼30%;

Figure 1. Structural design of ultraflexible syringe-injectable mesh electronics. (a) Schematic of a conventional mesh electronics probe. (b)
Schematic of the mesh electronics unit cell, highlighting key probe design parameters, including the angle between longitudinal and transverse
elements (α), the longitudinal element width (wl), the transverse element width (wt), the longitudinal interconnect metal width (wm), and the
transverse element thickness (tt) for the previous standard mesh (α = 45°, wl = 20 μm, wt = 20 μm, wm = 10 μm, and tt ≈ 800 nm). (c) Schematic
of ultraflexible 2D mesh electronics to facilitate loading and injection using reduced diameter needles and injection volumes, where α = 70°, wt = 10
μm, and tt ≈ 400 nm; parameters for the longitudinal elements are the same as in the standard design highlighted in panel b. (d) Schematic of
ultraflexible 1D mesh electronics with transverse element removal in the implantation site, such that wt and tt equal zero, and parameters for the
longitudinal elements and transverse elements external to the implantation region are the same as those of the 2D probe highlighted in panel c.
Orange represents the Au interconnects, dark blue two SU-8 layers for interconnect insulation, and cyan a single SU-8 layer.
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importantly, further increasing α from 45° to 70° resulted in an
∼75% decrease in Dt. Furthermore, with fixed tt and α,
reducing wt in half (from the blue curve to the gray curve for tt
≈ 800 nm or from the green curve to the yellow curve for tt ≈
400 nm) generally reduced Dt by ∼50%. In addition, halving tt
with fixed values of α and wt (from the blue curve to the green
curve for wt = 20 μm or from the gray curve to the yellow curve
for wt = 10 μm) produced the most significant reduction in Dt
of ∼85%. Significantly, the simulations demonstrate that these
design variations can yield a ∼60-fold reduction in Dt (0.08
pN·m, yellow curve at α = 70°), compared to the previous
standard design28−31 (4.6 pN·m, blue curve at α = 45°).
The longitudinal bending stiffness, Dl, was also assessed for

the same 2D probe designs (Figure 2b). For a given transverse
element dimension set, increases in α from 0° to 45° and from
45° to 70° yielded Dl increases of ∼90% and ∼115−140%,
respectively. For modification of the transverse element
dimensions, Dl was reduced by ∼5% from the design in
which wt = 20 μm and tt ≈ 800 nm (blue curve) to the design
in which wt = 10 μm and tt ≈ 400 nm (yellow curve) with α =
45°; the reduction was ∼15% with α = 70° between those
designs. The minor reduction in Dl with reduced transverse
element dimensions suggests that these design components

contribute minimally to Dl for the examined α. On the other
hand, increasing α increases the stiffness contribution from the
transverse elements in the longitudinal direction, which would
expectedly increase Dl. In addition, Dl of the implanted portion
of the 1D probes (Figure 2b, blue diamond) was roughly
identical to that of the various 2D α = 0° designs; that is, for a
rectangular (α = 0°) cell, the transverse elements provide
effectively no contribution to Dl, behaving like the 1D designs.
It should be noted that while the unit cell does exhibit
increases in Dl for several designs (Figure 2b), the stiffness of
each individual longitudinal element per unit width remains
constant for these design variations because the geometrical
cross section of these elements is unchanged.30

To explore experimentally the consequences of these design
variations, we fabricated new 2D and 1D mesh electronics
probes using standard photolithography procedures as
previously reported (Materials and Methods in the Supporting
Information).27−33 Briefly, the bottom SU-8 layer mesh
structure was patterned on a silicon wafer coated with a
sacrificial nickel (Ni) layer. Next, the Au interconnects and
platinum (Pt) sensor electrodes were patterned and deposited
in sequential steps. Lastly, the top SU-8 layer of the mesh
structure, which encapsulates and insulates the interconnects

Figure 2. Analysis and fabrication of advanced mesh electronics designs. (a) α dependence of Dt determined using FEA of the mesh electronics
unit cell. The four analyzed transverse element dimension parametrizations were as follows: for the blue curve, wt = 20 μm and tt ≈ 800 nm; for the
green curve, wt = 20 μm and tt ≈ 400 nm; for the gray curve, wt = 10 μm and tt ≈ 800 nm; and for the yellow curve, wt = 10 μm and tt ≈ 400 nm.
The inset shows a log-scale plot of the α dependence of Dt between 45° and 70°. (b) α dependence of Dl determined using FEA of the mesh
electronics unit cell. The same four transverse element parametrizations were analyzed from panel a, using the same color scheme, in addition to
the design in which wt = 0 μm and tt = 0 nm (1D probe; cyan diamond). (c) Tiled bright-field optical microscopy images of fabricated ultraflexible
2D (i) and 1D (ii) mesh electronics with wt = 10 μm and tt ≈ 400 nm. Scale bars are 2 mm. (d) Bright-field optical microscopy images of
corresponding outlined regions from panel c of 2D (i) and 1D (ii) mesh electronics. Scale bars are 100 μm.
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while keeping the sensor electrodes and I/O pads exposed, was
patterned.
Probes were characterized by optical microscopy prior to

being released from the substrate. A tiled image that provides a
view of the entire structure of the lowest-Dt 2D design (α =
70°, wt = 10 μm, and tt ≈ 400 nm) shows the contiguous mesh
structure with good alignment of distinct layers and regions
(Figure 2c, i), including the I/O pads for electrical interfacing
at the left side (zoom, Figure S1a) and sensor electrodes at the
right side (zoom, Figure S1b). A tiled image of a 1D probe
(Figure 2c, ii) shows features similar to those of the 2D design,
including I/O pads for electrical interfacing at the left side
(Figure S1c), as well as the absence of transverse elements at
the right side containing the electrode sensor elements (Figure
2c, ii, and Figure S1d). Higher-resolution images (Figure 2d)
comparing the 2D/1D transition region in the 1D mesh and
same position in the full 2D mesh (Figure 2c, blue and black
dashed boxes, respectively) highlight the removal of transverse
mesh elements that is expected to minimize transverse
constraints on the 1D sensing element region once implanted
into a soft material.
We first investigated loading and injection of the new 2D

and 1D mesh design as a function of capillary needle ID to

determine the practical mechanical flexibility and suitability for
syringe-based injection into soft materials (Figure 3).
Fabricated mesh electronics probes were released from
substrates by etching the sacrificial Ni layer, washed in
deionized (DI) water, and then suspended in 1× phosphate-
buffered saline (PBS) (Materials and Methods in the
Supporting Information). Optical images (Figure 3a) show
that the lowest-Dt design (α = 70°, wt = 10 μm, and tt ≈ 400
nm) could be successfully loaded within 400 μm/650 μm, 200
μm/330 μm, 150 μm/250 μm, and 100 μm/170 μm ID/OD
glass needles. Close examination of these images (Figure 3b
and Figure S2a−c) shows that the lowest-Dt 2D mesh probes
are loaded with linear elongated conformations, without
apparent compression, in the reduced diameter needles. The
1D probe, which has the lowest-Dt design for its 2D region,
exhibited a similar linear conformation in the reduced diameter
needles (Figure 3c and Figure S2d−f), illustrating that the 2D
and 1D probes demonstrate similar in-needle loading behavior.
These results demonstrate facile loading in substantially
smaller diameter injection needles compared to previous
studies in which 400 μm/650 μm28−32 and 400 μm/550 μm34

needles were used.

Figure 3. In vitro loading and injection of mesh electronics using reduced diameter needles. (a) Photograph of the lowest-Dt 2D mesh electronics
probe loaded within 400 μm/650 μm, 200 μm/330 μm, 150 μm/250 μm, and 100 μm/170 μm ID/OD glass capillary needles from left to right,
respectively. (b) Bright-field microscopy image of the lowest-Dt 2D mesh electronics loaded into a 150 μm/250 μm glass needle. (c) Bright-field
microscopy image of a 1D mesh probe, which has a 2D structure similar to that in panel b, loaded into a 150 μm/250 μm glass needle. PBS
injection volume for complete mesh ejection using (d) 200 μm/330 μm, (e) 150 μm/250 μm, and (f) 100 μm/170 μm glass capillary needles for
mesh designs that were successfully loaded in the different needles. The design parameters are as follows: for the blue curve, wt = 20 μm and tt ≈
800 nm; for the green curve, wt = 10 μm and tt ≈ 800 nm; for the gray curve, wt = 20 μm and tt ≈ 400 nm; and for the yellow curve, wt = 10 μm and
tt ≈ 400 nm. The 1D mesh electronics have a 4 mm long 1D region, and the remaining portion of the structure is a 2D mesh, where the parameters
are kept the same as those of the α = 70° probe of the corresponding 2D design.
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Next, we asked how the total solution volume required to
fully eject mesh probes from capillary needles varies as a
function of the different mesh design parameters and needle
ID. First, data acquired from studies of 2D probes with the
four basic structural designs (wt and tt) for angles α of 45°, 60°,
and 70°, in addition to 1D probes with 2D regions
corresponding to the four basic structures at α = 70°, injected
through 200 μm/330 μm ID/OD needles (Figure 3d) show
several key points. Overall, the data show that all designs could
be reproducibly ejected from 200 μm ID needles, although the
total volumes varied over an order of magnitude. Increasing α
or decreasing wt or tt generally reduced the injection volume.
The standard transverse element dimensions (for the blue
curve, wt = 20 μm and tt ≈ 800 nm) demonstrated a reduction
in injection volume from ∼240 to 75 μL when α increased
from 45° to 70°. The injection volume was further reduced to
∼15 μL with wt = 10 μm and tt ≈ 400 nm designs (yellow
curve) for all values of α, where the α dependence became less
impactful for reduced wt and tt. Lastly, the 1D probe designs
exhibited injection volumes similar to or slightly smaller than

the corresponding 70° α values for each of the four basic
structural (wt and tt) designs.
Importantly, several of the more flexible/lower-Dt designs

also enabled reproducible injection through substantially
smaller diameter needles (Figure 3e,f). For 150 μm ID needles
(Figure 3e), the wt = 20 μm, tt ≈ 800 nm designs (blue curve,
Figure 3d) could not be reproducibly loaded for values of α
from 45° to 70°. However, reducing wt to 10 μm (green curve)
allowed for reliable probe loading and yielded injection
volumes of ∼40 and ∼30 μL for α values of 60° and 70°,
respectively. Additionally, reducing tt in half allowed for
reproducible probe injection using 30 μL with a wt of 20 μm
(α = 70°, gray curve) and 20 μL with a wt of 10 μm (α = 45°,
60°, and 70°, yellow curve). The corresponding 1D probe
designs exhibited injection volumes similar to those of the
corresponding 70° α values for each of the basic structural (wt
and tt) designs.
Notably, the more flexible/lower-Dt designs also enabled

reproducible injection through 100 μm ID needles (Figure 3f),
which have IDs 4-fold smaller than those in our previous work.

Figure 4. Injection of mesh electronics into tissue and tissue-like media. (a) Schematic representation of the injection of mesh electronics into
hydrogel. (b) Photomicrographs of 2D (i) and 1D (ii) probes injected into 0.5% agarose hydrogel using 150 μm/250 μm ID/OD glass needles.
Insets are of separate injections, and needle dimensions are represented by dashed white boxes. Inset scale bars are 200 μm. (c) Cross-sectional
diameters of the 2D and 1D mesh electronics injected into 0.5% agarose hydrogel vs capillary needle ID/OD with numbers in micrometers. The
diameters were obtained from direct measurement of bright-field microscopy images. (d) Schematic representation of the injection of mesh
electronics into a mouse brain. (e) Micro-CT images of 2D (i and iii) and 1D (ii and iv) mesh electronics injected into a mouse brain such that one
of each probe type was injected using both 150 μm/250 μm (i and ii) and 100 μm/170 μm (iii and iv) glass needles. Scale bars are 500 μm. The
mouse brains with implanted mesh probes were fixed at 1 h post-implantation (Materials and Methods in the Supporting Information). (f) Cross-
sectional diameters of ultraflexible 2D and 1D mesh electronics injected into a mouse brain using several distinct glass needle sizes. All injections
were performed using the lowest-Dt 2D and 1D mesh probes. The red and blue indicate P values for 2D vs 2D and 2D vs 1D measurements,
respectively, where NS (not significant) indicates P > 0.05, two asterisks indicate P < 0.01, three asterisks indicate P < 0.001, and four asterisks
indicate P < 0.0001 (by a two-tailed t test).
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While the wt = 20 μm, tt ≈ 800 nm designs (blue curve, Figure
3d) could not be loaded for any value of α, reducing wt in half
(green curve) permitted loading and ejection with volumes of
∼70 and ∼55 μL for α values of 60° and 70°, respectively.
Reducing tt to ∼400 nm enabled ejection of the wt = 20 μm
designs (gray curve) using volumes of ∼55 and ∼20 μL for α
values of 60° and 70°, respectively, and also reducing wt to 10
μm (yellow curve) allowed for injection using a volume of ∼20
μL for α values from 45° to 70°. The 1D probe designs
exhibited injection volumes similar or slightly smaller than
those of the corresponding 70° α values for each of these basic
structural (wt and tt) designs. Together, these results
demonstrate that rationally designed mesh electronics with a
reduced Dt can enable controlled and reproducible loading
into and ejection through capillary needles with an ID ≤4-fold
smaller than those in our previous work. Lastly, the injection
volume in the optimal designs, 10−25 μL, is smaller than in
prior studies using the larger 400 μm ID needles.28,29,31

We investigated injection into nonliving and living soft
materials to characterize the post-injection conformations of
ultraflexible 2D and 1D mesh electronics as a function of
capillary needle size. The lowest-Dt 2D and 1D probes (α =
70°, wt = 10 μm, and tt ≈ 400 nm) were implanted using a
field-of-view (FoV) injection methodology28 to a depth of 4
mm (Figure 4a−c) into 0.5% (w/v) agarose hydrogel that is a
good mimic of dense brain tissue with similar Young’s and
shear moduli36,37 (Materials and Methods in the Supporting
Information). Optical images of 2D (Figure 4b, i) and 1D
(Figure 4b, ii) probes implanted using 150 μm/250 μm ID/
OD capillary needles yielded notable differences in overall
conformation. Specifically, the 2D mesh probe appeared to be
confined within the initial insertion region defined by the
needle OD, while the 1D mesh probe demonstrated regions
where the 1D longitudinal elements were compressed to dense
structures within the boundaries defined by the needle OD.
We characterized the cross-sectional diameters of the lowest-

Dt 2D and 1D probes post-injection as a function of needle
ID/OD to quantify the differences mentioned above. A
summary of these data (Figure 4c) shows several key results.
2D probes injected using the standard needle size (400 μm/
650 μm ID/OD) yielded a distribution of probe diameters
with a median of 270 μm. This value is ∼40% of the injection
needle OD and suggests substantial relaxation of the hydrogel
brain tissue mimic upon removal of the injection needle. The
diameters of the 2D probes implanted using 150 μm/250 μm
and 100 μm/170 μm needles exhibited post-injection
diameters much closer to the needle OD with median values
and percentages of injection needle ODs of 202 μm and 80%
and 185 μm and 109%, respectively. Differences in 2D cross-
sectional diameter were statistically significant between the 400
μm/650 μm and 150 μm/250 μm injections (P < 0.01) in
addition to the 400 μm/650 μm and 100 μm/170 μm
injections (P < 0.001); however, the 2D 150 μm/250 μm and
100 μm/170 μm injections were not statistically significantly
different (P > 0.05). On the other hand, the cross-sectional
diameters of the 1D probes implanted using 150 μm/250 μm
and 100 μm/170 μm needles exhibited median diameters and
percentages of OD of 137 μm and 55% and 96 μm and 57%,
respectively, thus showing a greater and statistically significant
reduction in diameter and occupied volume compared to those
of the corresponding 2D probes (P < 0.0001 in both 2D vs 1D
cases).

To further explore these observations, we prepared 0.14%
agarose hydrogel as a mimic of the vitreous humor of the eye,38

given recent studies in which mesh electronics probes have
been injected onto the concave surface of the retina cup.33

Optical images of the lowest-Dt 2D and 1D probes post-
implantation (Figure S3) showed that in this hydrogel the
lowest-Dt 2D and 1D probes have diameters and conforma-
tions consistent with the needle OD or even expand beyond
the OD, which contrasts the results in the more dense brain
tissue-mimicking hydrogel.
Lastly, we characterized the structures of the lowest-Dt 2D

and 1D probes implanted into the brains of mice for different
ID/OD injection needles (Figure 4d). The mesh probes were
implanted to a depth of 4 mm using the FoV method;28 then,
mice were euthanized, and the brains fixed 1 h following mesh
injection to provide a view of the acute probe/tissue structure
(Materials and Methods in the Supporting Information).
Microcomputed tomography (micro-CT) images (Figure 4e
and Figure S4) highlight several key features. Overall, these
images all appear to be similar to the only slightly greater
transverse spread observed for 2D versus 1D probes injected
through the 150 μm/250 μm and 100 μm/170 μm needles.
Measurements of the cross-sectional diameters from these
images are summarized in Figure 4f and reveal several key
results. First, the injection of the 2D probes demonstrated
consistent cross-sectional diameters for the 400 μm/650 μm,
150 μm/250 μm, and 100 μm/170 μm, needles with median
mesh diameters and percentage of needle ODs of 213 μm and
33%, 220 μm and 88%, and 215 μm and 127%, respectively.
Differences in the 2D cross-sectional diameters were not
statistically significant for the 400 μm/650 μm, 150 μm/250
μm, and 100 μm/170 μm needles (P > 0.05 in all cases).
Second, the significant transverse compression post-injection
of the lowest-Dt 2D probes, relative to needle OD, found from
injection using the 400 μm/650 μm needles was not observed
for the reduced diameter needles. Third, the 1D probes
injected through 150 μm/250 μm and 100 μm/170 μm
needles had median mesh diameters and percentages of needle
ODs of 167 μm and 67% and 134 μm and 79%, respectively,
thus showing compression relative to needle OD compared to
2D probes. Statistical analyses of these data show that the 1D
compression relative to the corresponding 2D probes is
statistically significant for both the 150 μm/250 μm (P <
0.001) and 100 μm/170 μm (P < 0.0001) needles studied.
These results show that the substantial tissue relaxation
following removal of the larger 400 μm/650 μm needles
from the brain post-implantation is largely eliminated with the
2.6- and 3.8-fold smaller diameter needles. Additionally, the
presence of transverse elements in the ultraflexible 2D mesh
probes is important for avoiding compression of the
longitudinal sensing elements as observed in 1D probes. We
suggest that mesh electronics conformational volumes that are
commensurate with injection needle OD allow for optimal
probe integration with and electrode sampling of the tissue as
opposed to a volume smaller than that perturbed during
injection, which was observed with the largest needles for 2D
probes and smaller needles for 1D probes. Lastly, we note that
the injection of the lowest-Dt 2D and 1D probes through the
150 μm/250 μm or 100 μm/170 μm needles required only
15.7 ± 1.8 or 21.1 ± 1.6 μL, respectively, which is significantly
smaller than 100 μL volumes reported previously.28−31

In conclusion, we have demonstrated that we can rationally
design mesh electronics to enable facile loading into and
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ejection from capillary needles with IDs 4-fold smaller than
those previously attainable and with reduced injection
volumes. These results suggest substantial opportunity for
applications in brain mapping where smaller diameter injection
needles could reduce acute damage to native neural circuitry.
Finally, we note that the reduced diameter implantation
needles for mesh electronics implantation could extend the
capabilities of this exciting probe technology to chronic
scientific and clinical applications such as enabling targeting
of sensitive nervous tissue, including rodent spinal cord, which
would otherwise be precluded by more invasive probes and
delivery mechanisms.
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