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Abstract: Peripheral neural interfaces are used to connect the peripheral nervous system to high-tech
robotic devices and computer interfaces. Soft materials are nowadays used to build the main structural
part of these interfaces because they are able to mimic the mechanical properties of peripheral nerves.
However, if on the one hand soft materials provide effective connections, reducing mechanical
mismatch with nervous tissues and creating a close contact between active sites and neural fibers, on
the other hand, most of them are not mechanically stable during implantation. As a consequence,
tungsten (W) microneedles are used to insert soft neural interfaces, because they are able to pierce
the peripheral nervous tissue because of their high stiffness. Nevertheless, this stiffness cannot
prevent microneedles from local microscopic structural damage, even after successful insertions. In
addition, the nature of this damage is not totally clear. Therefore, this work aimed at quantitatively
investigating the phenomenological changes of the microneedles’ tip shape after insertion into the in
vivo peripheral nerves. In particular, a quantification of the interactions between peripheral nerves
and W microneedles was proposed through the Oliver—Pharr formula, and the interaction force
was found to be directly proportional to the power < m >= 2.124 of the normalized indentation
depth. Moreover, an experimental correlation between insertion force and the opening tip angle was
described together with an assessment of the minimum diameter to effectively puncture the peripheral
nervous tissue. Finally, a computational framework was presented to describe the local changes
affecting the microneedles’ tip shape. This approach was able to detect a bulging phenomenon along
with the microneedle tips with a characteristic amplitude of approximately 100 um, and a folding
phenomenon, with a characteristic mean amplitude of less than 20 pum, affecting the extreme ending
sections of the microneedle tips. These geometrical changes were related to the synergistic action of
interaction forces likely resulting in compression and elastic instability of the tip.

Keywords: tungsten microneedles; neural interfaces; indentation; peripheral nerves; bulging; folding;
Oliver-Pharr formula; compression; elastic instability

1. Introduction

Tungsten (W) is a strong metallic element having many different applications in
modern conventional industry. The W-cemented carbide (WC) has extreme toughness and
hardness [1], which suits it to create cutting tools [2,3], wear parts, and drill bits [4]. This
ceramic is used in industrial segments like aerospace, defence, automotive, oil and mineral
exploration, as well as within the construction sector [5]. Similarly, it is well known to
provide steel and super alloys [6].

In addition, W has the highest melting point of all metals, a low-sputter erosion rate
together with a good radiation resistance greater than carbon fiber composite, beryllium,
and iron [7,8], and it is also a key structural material for fusion energy systems [9]. W was
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used to provide fiber-reinforced composites overcoming the technical performances of the
baseline materials for plasma-facing components. In particular, high-energy ions were used
as a substitute for the displacement damage due to neutrons, and a very thin tungsten wire
was used to study the influence of irradiation damage on its mechanical properties [10].
Microwires of tungsten with repeatedly similar cross-sectional variations were recently
produced by using wire electrochemical machining (WECM) [11], whereas in biomedical
sciences, W microwires were crucial to build microelectrodes to record neural signals,
thanks to their conductivity coupled with high stiffness [12,13]. However, their permanent
contact with biological tissues enhanced electrochemical reactions resulting in corrosion
and structural failure [14,15]. In addition, as the foreign body reaction (FBR) affects the
interaction between living tissues and synthetic materials [16,17] it similarly affects the
interaction between the peripheral nervous tissue [18-25] and all kinds of intraneural
interfaces [26-29], resulting in the formation of a tissue capsule [30] around the implanted
structures. In the same way, interface phenomena, due to the high stiffness of W, triggered
a foreign body response resulting in the encapsulation of microwires [30-35].

As a consequence, soft electrodes were proposed [36,37] to lower the stiffness mis-
match between the nervous tissues and the materials of neural interfaces as much as
possible. However, they could be mechanically unstable when implanted into the tissue;
thus, a possible implantation strategy involves the use of stiff microneedles to previously
pierce the nerve before their insertion. This is not a novel strategy in surgery, because in
several medical procedures needles/microneedles are used to penetrate into biological
tissues. More specifically, needles are used in brachytherapy [38] to place radioactive seeds
close to clusters of tumour cells, to perform biopsy [39,40], and reach less accessible body
sites to extract biological specimens, to perform several types of injections [41] inoculat-
ing drugs inside the body with accuracy. In neuroscience, they are commonly used in
microneurography [42,43].

Moreover, further research was recently performed to study needles for aesthetic
filler injections, investigating their tip deformation following injection procedures. Re-
peated injections, performed with the same needle, were related to a progressive needle
tip deformation, increasing the lack of precision and patient discomfort [44]. Similarly,
mechanical deformation of dental cannula tips after injections in animal models [45], as well
as needle tip deformation after administration of local anesthesia in human patients, were
investigated and resulted in a correlation between multiple use of the same cannula, more
pronounced tip deformation, and increasing risk of complications [46].

In this work, the reaction force of the tissue to the action of the force exerted by the
microneedle tip (action—reaction principle) was defined as “interaction force”. As shown
in the literature [41], the interaction force between microneedle and several soft tissues
(e.g., skin, liver, etc.) had a characteristic evolution, whereas the insertion of microneedles
into peripheral nerves was not a well-studied subject. Hence, in order to explore the nature
of this interaction force, the insertion of metallic microneedles within in vitro specimens
was studied [47], as well as the interaction force between W microneedles and in vitro
specimens [48]. Again, the interaction force between W microneedles and in vivo peripheral
nerves [49] was studied, whereas the effects of abiotic and biotic factors into in vivo and
in vitro insertions have been explored for W microneedles [50]. In all these cases, as well
as in the literature [41], the contact force increased along the first phase of interaction.
Thus, even if the mechanical characteristics (e.g., stiffness, toughness, etc.) of the W
definitely exceeded those of peripheral nerves [51-60], the main shaft of the microneedles
was designed to avoid elastic instability [47,48]. In addition, this first phase of interaction
between W microneedles and peripheral nerves (up to the piercing of the tissue), was
modelled as an indentation through the Sneddon’s framework [49,61]. Nevertheless, no
studies related to the tip deformation of W microneedles were performed, although it is
not currently clear whether the avoidance of the main shaft buckling could nevertheless
result in localized deformations at the tip level. Similarly, it is not clear whether these
deformations result in clear geometric changes of the tip shape.



Appl. Sci. 2022,12, 8938

30f23

As a consequence, in this work, a phenomenological and quantitative investigation of
the interaction between W microneedles and in vivo peripheral nerves was provided. To this
aim, the Oliver-Pharr approach was tested to obtain an explicit framework accounting for
the interaction force between tissue and microneedles. This model was optimized and all the
relevant numeric parameters (coefficients and exponents) were characterized. In addition,
the relationship between the tip angle and the insertion force was investigated; thus, an
experimental formula between tip angle and the diameter of the microneedle’s main shaft
was proposed. Therefore, the effects of the interaction force on the tip geometric shape
were investigated: the geometric shape of the intact tip of microneedles was quantitatively
mapped as a function of the distance from the contact point with the peripheral nervous
tissue, whereas the geometric changes of the tip in the post insertion microneedles were
assessed with respect to the shape of the intact ones. Finally, the amount of deformation
was quantified through simple indices.

2. Materials and Methods
2.1. Experimental Data

Original data deriving from previous experiments [49] were used to quantify the
interaction forces resulting from the puncture of in vivo peripheral nerves with W mi-
croneedles. As previously described [49,50], microneedles were obtained from 20-mm-long
W rods (A-M Systems) with diameters of @75 pm, which were manually electro-sharpened
keeping a ~8 VAC potential between extremities. A large carbon counter electrode was
used to etch tips in a 2N KNOj solution for 2040 s through the anodic dissolution of tung-
sten oxides [62]. Moreover, the microneedle tips were visually inspected during etching
and then cleaned in deionized water before experiments. W microneedles were inserted
through a surgical access in the upper forelimb to the ulnar and median nerves (~@3-5 mm)
of three adult Danish Landrace pigs. More specifically, the site of insertion was chosen
~50 mm above the elbow, and the nerve was supported by a holed platform (hole diameter
~4 mm). A servo-controlled motor (Maxon DC Motor 22-60-881, JVL Industri Elektronik
A /S, DK) and a hydraulic micromanipulator (Narishige MMO-220) were used to control
the microneedle position, and a constant velocity (2 mm/s) [63] ramp-hold-ramp profile
was used to insert, hold, and retract the needle into/out of the nerve. The interaction
force was quantified by using an in-line load cell (Model 31/1435-02, max load 0.1 kg,
resolution 1.31 mV /g, Sensotec Inc., Columbus, OH, USA), and the signal was filtered
with a third-order Butterworth lowpass filter (F3 dB = 12.5 Hz). Eleven experiments were
analyzed, and the resulting interaction force-indentation depth curves were studied.

2.2. Modeling of the Interaction between W Microneedles and In Vivo Tissue

The first phase of the interaction between W microneedles and in vivo peripheral
nerves (i.e., up to the puncture of the nerve, see Figure 1) was modelled as an indenta-
tion. However, the shape of the W microneedle was different with respect to standard
geometries of indenters. As a consequence, to gain more insight on the nature of this
interaction, the experimental force/indentation depth curve was tested for the Oliver—
Pharr formula [64,65]:

F(&,m) = ayd™, (1)

where F(&, m) (in the following F) was the intensity (modulus) of the vector interaction force,
which was assumed to be normal to the nerve surface at the contact point and directed
along the longitudinal axis of the microneedle (see Figure 1), a,, € R were numerical
coefficients, ¢ = h/hy.x was the normalized indentation depth, and & and /4 were the
current and the maximum indentation depth, respectively (see Figure 1). In particular, real
values of m were chosen through a simple parametrization in the form

1+ vk

> @




Appl. Sci. 2022,12, 8938

4 0f 23

where, k € N. More specifically, in this work the values k = 2,3,5,7,11,13,15,17 were
tested to explore values matching experimental data. The accuracy of the fitting procedure
was assessed through the R? standard metric together with the plot of residuals. Each value
of this metric was correlated to the value of m, and this correlation was expressed through
a simple implicit function as

@(y,m) =0, ®)

where, to avoid confusion, y = R?(m) was the value of the standard metric R? re-
sulting from the fitting of the experimental data for each value of m in Equation (1).
Thus, Equation (3) was optimized through the calculation of

In®(y, m) = 0. @
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Figure 1. Evolution of the indentation force with respect to the normalized indentation depth
¢: The reaction force F (black arrow) of the tissue to the action of the microneedles tip (with opening
angle ) at the current indentation depth h (subfigure (D). Similarly, the tissue responds with a
reaction force Fmax (black arrow) to the action of the microneedle tip (with opening angle 7y) at the
maximum indentation depth .y (subfigure @ ). In this work, the reaction force to the action of
the microneedle tip is defined as “interaction force”. The ratio ¢ = I/l is defined as normalized
indentation depth. The plot shows that increasing the normalized indentation depth also increases
the interaction force up to a maximum value, when the peripheral nervous tissue is punctured by the
microneedle tip. The indentation phase is defined for 0 < ¢ < 1.

Moreover, the correlation between the maximum indentation depth (before the punc-
ture of the tissue) and the coefficients a,, in Equation (1) was studied for different values of
m. Finally, the same procedure was applied to the optimal value of m, which was therefore
considered the reference value to match the interactions between the in vivo peripheral
nerves and the W microneedles.

2.3. Modelling of the Undeformed Shape of W Microneedles

Four experimental pictures of W microneedles (75 um) were chosen before both
contact and insertion within peripheral nerves and used to model the mean shape of the
undeformed tip. More specifically, the ending part of each microneedle was considered for
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a length of about 100 pm from the tip end and for a width of 30 pm from the symmetry axis.
Image] [66], through the plug-in Neuron], was used to provide a semiautomatic track of the
microneedle profile and to extract the numerical coordinate of the microneedle shape from
the experimental images. To standardize all images, they were further elaborated through
a Python custom program to align the microneedles’ symmetry axis with the vertical one
and to center each profile with respect to the theoretical contact point (that is the lowest
point of the experimental profile was superimposed to the origin of the axes). All the four
images were used to achieve a single cluster of points, which was fitted to provide the
mean shape of the intact tip of microneedles.

In particular, a closed and limited set A = [x;, x f} was considered, where x; and x ¥
were the initial and final abscissas whose the experimental shape was the image. Poly-
nomial candidate functions of n degree P} : A — B C RT, were tested to fit the cluster
of experimental points for each x € A, and their suitability was assessed through the
value of the standard statistic R?, for increasing value of the maximum power 7. In addi-
tion, to combine the features of polynomials of different powers, piecewise polynomial
candidates were considered and compared to simple polynomial candidates in order
to assess the best way to match the undeformed shape of the microneedle tips. In this
case, the limited and closed sets A1 = [x;, Xm], A2 = [Xmu1, Xm2], Az = [xm2, xf], where,
Xf > Xpp > X1 > Xj, Were considered together with the functions P;lll : Ay — By C RT,
P2 : Ay — By C R, Pp% : A3 — B3 C RT, where By, By, B3 C R were the images of
A1, Ay, Az, while A1 U Ay UA3 = A, and nq, np, n3 € N were the maximum powers of the
fitting functions, respectively. In the following, a theoretical candidate function matching
the mean experimental microneedle shape was written as

Pﬁ} forxj < x < xp
qul,nzms (x) = P:;lz fOT’ X1 <X < X (5)
Py for xpp < x < Xf

to specify the power of the three branches of the piecewise function, whereas, when a single
polynomial candidate function of power n was used to reproduce the experimental mean
shape of the microneedle, the condition 11 = 1y = n3 = n was imposed.

2.4. Quantification of Microneedle Tip Angle and Force-Angle Experimental Relationship

The opening angle of the microneedle tip was, then, calculated as

v = — atan(A1) — atan(Ay), (6)
where Ay = limx_m%l 0PI (x) and A, = limx%xrfﬂzé)xps}'”zm(x) were the slope of
the tangent lines to the theoretical profile in x,,, and x;,, points, respectively. Moreover,
insertion forces to enter in vivo peripheral nerves and in vitro specimens for intact W
microneedles with the same tip angle (18 degrees) [48] were used to perform a quantitative
comparison. These groups were statistically compared through the Wilcoxon-Mann-—
Whitney test to check significant differences. Thus, literature data [48] were used to
quantify the insertion forces of W microneedles with different tip angles ranging between
15 and 24 degrees. Here, an experimental correlation between the mean tip angle and the
mean insertion force < F; > was provided:

<F>=Kp<7y>+g, (7)

where Kr € R was the slope and g € R was the constant term of a straight line, whereas
< 7 > was the mean angle of the tip. Again, a further relationship was investigated for
microneedles able to enter the peripheral nervous tissue, avoiding the buckling of their
main shaft. Indeed, starting from previous literature [47,48], a safety factor 2 was chosen;
thus the minimum force to bear was set to be twice the mean puncture force [48]. Therefore,



Appl. Sci. 2022,12, 8938

6 of 23

starting from the Euler theory of the first critical buckling load, the minimum diameter
needed to effectively insert the microneedle was written as

/128 < F; >
d(F;) =1/ Le Tl 8)

Coupling Equations (7) and (8) the following experimental relationship between
opening angle and minimum diameter to avoid buckling was written as

i) = \/Le\/128(1<p <7 >+q) ©)

3E !

where E = 411 GPa was the Young modulus of the W, and L. was the equivalent length
of the microneedle accounting for the boundary conditions. More specifically, each mi-
croneedle was modelled as a circular cylinder with diameter d and with pinned or fixed
ends. Here, the combinations pinned—pinned, pinned—fixed, and fixed—fixed ends were
explored; then the equivalent length L, in Equation (9) was 1,0.7, 0.5 times the length of the
microneedle shaft, respectively.

Alternative tip geometries could be used to perform insertions. In particular, W
microneedles with a flat tip were described in the literature [67], together with the ra-
tio between the puncture force with flat and sharp tips. Therefore, an approximated
assessment of the insertion force for W microneedles with a flat tip was provided through
Equation (8), where < F; >;,= w < F; >, and w ranged between 18.8 and 25.6 for the
puncture of a single perinerium, whereas it ranged between 5.4 and 9.7 for the puncture a
single epineurium.

2.5. Investigation and Quantification of Post Insertion Shape Changes

Similarly, the post insertion shapes of microneedles were numerically acquired through
the elaboration of 5 experimental images. The geometric shape of each image was extracted
by using Image] [66], Neuron] plugin. These files were further elaborated through a Python
custom program in order to center and rotate the microneedles’ shape with respect to
the image barycenter, providing the standardization of all experimental post insertion
shapes. For each microneedle, the relationship between the theoretical shape of the intact
tip Pfhl’nzm (x) and the post insertion geometrical shape P, was approximated as

qul'nz'n3(x) - ngp(x) =T(x) ~ Ry (x) — Rp(x), (10)

where I'(x) was the track of the tip deformation, accounting for the difference between the
theoretical shape and the experimental one, and Ry (x) € C (15), Ry (x) € CO) were the low-
frequency and the high-frequency components of T'(x) [68], respectively. In addition, C(*)
was the set of the continuous functions, and C(15) was the set of the continuous function
differentiable 15 times. In Figure 2, a scheme of the procedure used in this work is shown.
The measured post insertion tip shape was compared to the theoretical one and the track
of the geometrical tip change was achieved by subtracting the measured shape from the
theoretical one. The origin of the abscissas (0 value) described the theoretical position of
the symmetry axis of the intact tip, and the contact point between the microneedle and the
tissue was chosen as the common point for the two shapes. The I'(x) function was then
expressed as the difference between low- and high-frequency contributions (R (x) and
Ry (x), respectively see Figure 2).
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Figure 2. Analysis and quantification of changes in the tip shape of post insertion microneedles:
The measured shape of the post insertion microneedle (i.e., the function Py, (x)) was compared to
the theoretical intact shape (i.e., the function Py;/""" (x)). The track of the geometric deformation of
the tip (i.e., the function I'(x)) is obtained by subtracting the measured shape from the theoretical one.
The I'(x) function was expressed as the superimposition of a low-frequency component (i.e., the func-
tion Ry (x)) and a high-frequency component (i.e., the function Ry (x)). More specifically, the I'(x)
function is obtained by subtracting Ry (x) from Ry (x). The measure of the amount of change was

performed by the metric D(Ry) (red arrow down left), which measured the maximum amplitude of
the Ry (x) function, while through the metric D(Ry) (red arrow down right), which measured the
distance of the peak of the Ry (x) function from the origin of abscissas.
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The difference between post insertion shapes and the initial mean shape of intact
microneedles was quantified through the two indices that were not dimensional:

D(RL) — %{RL@)} (11)
and
D(Ryy) = XninRil)] (12)

where X,,in[Ry(x)] = {x : Ryg(x) = minyca{Rp(x)}}, and § = 1 um was a dimensional
constant and A = [—30 um, +30 pm]. More specifically, D(R} ) measured the maximum
amplitude of the Ry (x) function, and D(Ry) measured the distance of the peak of the
Rp(x) function from the origin of the abscissas.

3. Results
3.1. Accuracy of the Insertion Force Model of W Microneedles into In Vivo Peripheral Nerves

The Oliver-Pharr approach [64,65] was tested to fit experimental data through
Equation (1). The evolution of the interaction force between tungsten microneedles
and in vivo peripheral nerves was investigated for increasing values of the normalized
indentation depth ¢ (see Figure 1). Equation (1) was tested for k = 3,7,13,17, and the
results are shown in Figure 3a,d,g,j, whereas the residual plots are shown in Figure 3b,e h k.
For k = 3,7 they slightly exceeded the range —5,0 mN up to ¢ = 0.9, and for k = 13,17
the difference between experimental values and theoretical predictions was fully within
the range —5, +2 mN up to { = 0.9. On the contrary, for ¢ > 0.9 the residuals increased
and for { — 1 exceeded the range 0, +10 mN for k = 3,7 and the range —2, +-5 mN for
k =13,17. As shown in Figure 3cf,i], the increase of the m parameter resulted in a different
degree of correlation between the maximum indentation depth /,,,,x and the value of the
ay, coefficient in Equation (1). In this case, the values of the R? statistic (between Hy,4¢ and
an) ranged between 0.499 and 0.543 for increasing values of m.

The variation of the accuracy of the Oliver—Pharr model is shown in Figure 4 for
increasing values of m. The average values of the y variable (i.e., y = R? was the standard
R? statistic computed when experimental data were fitted through Equation (1)) had a
non-monotonic evolution, whereas the errors (+one standard deviation) tended to decrease
for increasing values of m. A suitable functional form for Equation (3) was found as

O(y,m) =y —am* —bm —c=0. (13)

Equation (13) was able to effectively match data (R% = 0.99) for the values of 4, b, c
listed in Table 1.

Table 1. ®(y, m) numerical coefficients.

Coefficient Value (95% Confidence Interval)
a —1.024 x 1071 (—1.163,—0.885) x 107!
+4.349 x 1071 (+3.823,+4.876) x 107!

c +5.224 x 1071 (+4.747,+5.701) x 10!
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Figure 3. Investigation of the accuracy of Equation (1) to match experimental data as a function

of m (top row). In the first row, experimental curves were fitted with values of k = 3,7,13,17 (see

sub-figures a,d,g,j, respectively). In the second row (sub-figures b,e,h k), the resulting residuals have
been calculated. In the third row, the correlation between the maximum indentation depth and the
value of the coefficient a,, has been investigated (sub-figures ¢ f,i1).
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Figure 4. Variation of the accuracy of the Oliver-Pharr model with the value of m. The average accuracy

to fit experimental data is plotted as a function of the value of m (black circles, error bars = =+ one
standard deviation). The function ®(R?, m) = 0 (solid line) is able to effectively match experimental
data (R%J = 0.99) as a function of the value of the exponent m. It can be used to explicitly predict the
best value of m (i.e., abscissa corresponding to the vertex of the parabola).
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¥ (y,m)

52— < 0tofind

Then Equations (3) and (4) were used together with the condition
an expression for the optimal value of m, which was written as

_1+V0

mm 2 7

(14)

where the optimized value (3 = 10.546, which was a generalization of the k values of
Equation (2) for real values, resulted in m,, = 2.124 (95% confidence interval: 1.643-2.755).
The optimized value m,, was tested to match the experimental dataset through Equation (1).
In particular, the evolution of the interaction force between microneedles and in vivo
nerves was investigated with the increase of the normalized indentation depth (Figure 5a).
In this case, the numeric residuals oscillated within the range —5, +-9 mN (Figure 5b), and
the degree of correlation between h,;,,y and a,, in Equation (1) was quantified through
R? = 0.53, as shown in Figure 5c.

3.2. Tip Shape of Intact Microneedles

Different candidate functions were tested to model the tip shape of intact microneedles
(see Figure 6a). More specifically, a 2-th degree polynomial candidate function was chosen,
and expressed as :

p2(x) = 1022952 + p21x + p2o (15)

where po, P21, P20 € R were numerical coefficients.

This candidate function was able to match experimental data (R?> = 0.94), with the nu-
merical coefficients listed in Appendix A (Table A1), only for a limited range of distances from
the symmetry axis (i.e., 520 pm on the left and on the right of the symmetry axis), whereas
the experimental shape was not exactly tracked close to the symmetry axis (Figure 6b). As a
consequence, an 8-th degree polynomial function was tested for distances up to 20 pm from
the axis of symmetry on both sides. In particular, it was expressed as

ps(x) = pssx® + psrx” + psex® + pssx” + peaxt + ps3x® + pgx? + pg1x + pso. (16)

where all numerical coefficients pg; € R, fori € N ranging between 0 and 8. This function
was able to model experimental data (R? = 0.98) with the numerical coefficients listed
in Appendix A (Table A2). Nevertheless, this candidate function (see Figure 6¢) failed
to closely reproduce the experimental tip shape for a distance greater than 20 pm (see
Figure 7a). Therefore, a piecewise function was built starting from the two previously
described candidate functions and expressed as

pa(x) forx; <x < xyn
P2 (x) = { pg(x) for xpn < x < xpa (17)
pa(x) for xpy < x < Xf

where x; = —30 pm, x;;; = —16.967 um, xp2 = 16.676 um, and xy = 30 pum, respectively
(see Figure 7b).
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Figure 5. Reference interactions between W microneedles and in vivo peripheral nerves achieved
through Equation (1) for the optimal value m;, = 2.124. (a) Evolution of the interaction force with the
increase of the normalized indentation depth ¢. (b) Residuals between theoretical forces modelled

through Equation (1) and experimental data. (c) Correlation between 4, coefficients and maximum
indentation depth #,, in Equation (1).
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Figure 6. Experimental images and accuracy of the polynomial candidate functions. (a) Experimental
image of an intact microneedle tip. The symmetry axis and the diameter are highlighted. (b) A 2—th
degree polynomial candidate function is able to match the mean shape of the intact microneedles
(R? = 0.94) for distances ranging between 5 and 20 microns from the symmetry axis. (c) An 8—th
degree polynomial candidate function is able to match the mean shape of intact microneedles
(R? = 0.98) for distances ranging from 0 to 20 microns from the symmetry axis.
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Figure 7. Evolution of polynomial candidate functions. (a) The evolution of both Ptzh (2-th polynomial
candidate function, blue solid line) and Ptsh (8-th polynomial candidate function, red solid line) is
compared for distances greater than 20 microns from the symmetry axis of the microneedles. The P3,
candidate is able to follow the experimental shape, and the Ptgh candidate function is affected by
numeric instability for distances greater than 20 microns. (b) The piecewise candidate function p282
is able to reproduce the experimental shape of intact microneedles both for distances lower than
20 pm and greater than 30 um from the symmetry axis without numeric instability phenomena (blue

solid line).

3.3. Quantification of the Microneedle Tip Angle and Its Relationship to the Insertion Force

The tip angle of the microneedles was calculated starting from the mean profile
of intact microneedles through Equations (17) and (6), where Ay = lim_ + axpf;;&z(x)
my

and Ay = lim,_, - axpf,ffz(x)‘ From these equations, we obtain results showing that
my

< v >~ 18 degrees. In addition, the experimental value of the maximum insertion force
for in vivo nerves (and for < ¢ >~ 18 degrees) resulted in 24.573 = 10.761 mN (mean
value =+ standard deviation). The previous set of insertion forces was compared to the
literature values [48] related to the insertion of similar microneedles into in vitro specimens
(see Figure 8a), showing that the difference between the two set of forces was not statistically
relevant (Wilcoxon-Mann-Whitney test p = 0.58). As a consequence, assuming the same
phenomenon for all the tip angles ranging from 15 to 24 degrees [48], Equation (7) resulted
in < Kr >= 6.307 mN/degree and < g >= —86.888 mN (R? = 0.93, see Figure 8b).
This experimental correlation between the force of insertion and the tip angle was used to
provide, through Equation (9), the minimum diameter needed to avoid buckling following
Euler’s theory. In particular, a safety coefficient of 2 was used to provide structures able
to withstand a maximum force which is twice the maximum mean force of insertion [48].
To assess the effect of the boundary conditions, the combinations pinned-pinned, pinned-
fixed, and fixed-fixed ends, were studied to provide the minimum diameter size needed to
avoid the failure of microneedles for critical buckling load (Figure 8c). Finally, starting from
Equation (8) together with experimental data of puncture force in epineurial and perineurial
sheets [67], an assessment of the theoretical diameter size of 15 mm long W microneedles
with a flat tip was provided in Figure 8d. In particular, a combination between mini-
mum and maximum puncture forces and different boundary conditions (pinned-pinned,
pinned-fixed, fixed—fixed ends) is shown both for epineurial and perineurial layers. More
specifically, to enter the epineurial layer the median values of the microneedle diameters
were about 120 um, 135 pm, and 165 um for pinned-pinned, pinned—fixed, and fixed—fixed
ends, respectively (Figure 8d, top). Similarly, to effectively puncture the perineurial layer
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the assessed median values of the diameter size were 155 um, 185 um, and 220 um for
pinned-pinned, pinned-fixed, and fixed—fixed ends, respectively (Figure 8d, bottom).
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Figure 8. Comparison between puncture force into in vivo and in vitro nerves and predictions of the
size of the microneedle shaft. (a) Comparison between insertion forces of W microneedles with a
tip angle of 18 degrees into in vivo [49] nerves and in vitro specimens [48]: the two groups do not
show any significant statistical difference (Wilcoxon-Mann-Whitney test p = 0.58). (b) Experimental
correlation between the mean value of the insertion force and the microneedle tip angle for in vitro
specimens [48]. (c) Theoretical relationships between the diameter of 15-mm-long microneedles and
their tip angle. Different boundary conditions are investigated to assess the minimum diameter
needed to enter in vivo nerves without failure of the main shaft for buckling: pinned-pinned ends
(circles), pinned—fixed ends (triangles), and fixed—fixed ends (squares). (d) Assessment of the diameter
size of a 15-mm-long microneedle with a flat tip to puncture the perineurial and epineurial sheets
with different boundary conditions (pinned—pinned, pinned-fixed, fixed-fixed ends), starting from
literature data [67].

3.4. Analysis of the Post Insertion Shape

After defining the theoretical shape of the intact microneedle in Equation (17), all the
geometrical changes due to the insertion procedure were quantified with respect to this
standard configuration (see Figure 2). In particular, the track of the geometrical deformation
was obtained as the difference between the post insertion and the theoretical microneedle
tip shape, resulting in the function I'(x), described through Equation (10) (see Figure 9a—e).
This function was further split in two different parts: a low frequency contribution Ry (x),
which was modelled through smooth 15-th degree polynomials in the range —30, 30 pm
(R? = 0.9976,0.9957,0.9958,0.9944,0.9981, Figure 9f-j), and a high frequency jagged and
irregular contribution Ry (x), as shown in Figures 9k-o. In addition, in Figure 9f— the
values of the metric D(R}), defined in Equation (11), were indicated through the length
of the yellow arrows, whereas in Figure 9k—o the values of the metric D(Ry), defined
in Equation (12), were indicated through the length of the blue arrows. Nevertheless,
to provide a physical meaning to the previous metrics, the experimental images were
presented together with the comparison between the post insertion and the intact shapes
of the microneedle tips. Indeed, in Figure 10a;—ej, the five experimental images of the W
microneedle tips were shown with a metric bar, and in Figure 10ay—e;, the comparison
between the intact reference profile of the tip (in red) and the post insertion profiles (in
black) was presented. The values of both metrics D(Ry) and D(Rpy) were also inserted
in the plots in order to visualize their physical relationship with deformed shape of post



Appl. Sci. 2022,12, 8938

15 of 23

insertion tips. More specifically, in Figure 10f the values of the D(R ) metric were compared
in a bar plot (all the values are reported in Appendix A, Table A3 first column), as well as
in Figure 10g the values of the D(Rpy) metric (all the values are in Appendix A, Table A3
second column). The length of the bars was related to the amount of folding, and their
signum was related to the direction of the folding of the extreme section of the post insertion
microneedle tips: the sighum “—" indicated that the tip folded up toward the left, and
the signum “+” indicated a folding toward the right. The reference (0 value) was the
position of the symmetry axis of the theoretical intact tip. In particular, this metric was
able to measure how the post insertion tip folded up toward the right, up to 11.63 um in
the first specimen, toward the left up to 18.46 um in the second specimen. Similarly, this
metric measured that the deformed tip folded up toward the left, up to 9.47 um, in the third
specimen, whereas it folded up toward the right up to 18.59 and 16.26 um in the fourth and
fifth specimens (see Figure 10g). Finally, the value of the correlation between D(R}) and
D(Ry) was computed through the coefficient of determination and resulted in R? = 0.28,
as shown in Figure 10h.
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Figure 9. Description of the changes in the tips of the post insertion microneedles. (a—e) Tracks of the
geometric deformation of the W microneedle tip. For each tip, the function I'(x) is obtained as the
subtraction of Peyp(x) from Ptz,gs’z(x)‘ The origin of the abscissas (0 value) describes the theoretical
position of the symmetry axis of the intact theoretical shape Pﬁ;s'z(x). (f) The low frequency
contribution to the I'(x) function is expressed through the function Ry (x). The length of the yellow
arrows visually represents the value of the metric D(Rp ), which quantifies the amount of bulging of
the post insertion microneedle tips. (k-o0) The high frequency contribution to the I'(x) function is
expressed through the function Ry (x). The length of the blue arrows visually represents the value
of the metric D(Ry), which quantifies the amount of the folding (bending) of the post insertion
microneedle tips.
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Figure 10. Physical meaning of D(Ry) and D(Rp). (a1—e1) Experimental images of post insertion
W microneedles with metric bar. (a,—e) Comparison between post insertion and the intact shapes
of the post insertion microneedle tips. A physical interpretation of the D(Ry ) and D(Ry) metrics
is provided with arrows. (f) Bar plot of the values of the D(Ry) metric for each post insertion
microneedle tip. The value of the bar is related to the amount of the maximum bulging of the post
insertion tip profile. (g) Bar plot of the value of the D(Ryy) metric. The value of the bar is related to
the amount of folding to the right (+) or left (—) with respect to the reference (0 value) which was the
position of the symmetry axis of the intact tip. (h) Correlation between D(R}) and D(Rp) resulting
in the value R? = 0.28.

4. Discussion

Neural interfaces are used to connect the nervous system to high-tech robotic and
computer interfaces. Although different strategies are currently implemented to enhance
neural connections [69-73] through regenerative interfaces [74], the insertion of intraneural
interfaces still remains a quite good trade-off between invasiveness and selectivity [74].
However, to minimize the stiffness mismatch between peripheral nerves and neural inter-
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faces, soft materials are currently used to produce their main structural parts. However, soft
materials are able to provide effective connections, and most of them are not mechanically
stable during implantation. As a consequence, tungsten microneedles are used to insert
soft neural interfaces into peripheral nerves, because they are able to pierce the nervous
tissue because of their high stiffness. In this work, the first phase of the interaction between
W microneedles and in vivo peripheral nerves (i.e., up to the piercing of the nerve surface)
was modelled as an indentation through the standard Oliver-Pharr framework [64,65],
expressed through Equation (1). This approach, which was theoretically derived for perfect
axial symmetric geometries of indenters, was used here because the geometry of the tip of
the intact microneedles was almost perfectly axially symmetric. Indeed, their experimental
profile was first modelled through a 2-th symmetric polynomial (R?> = 0.94 see Figure 6b),
and then through an 8-th degree polynomial (R?> = 0.98 see Figure 6c). Although both
these functions were axially symmetric, the first one (2-th polynomial) was not able to
model the experimental mean tip profile near the symmetry axis, whereas the second one
(8-th polynomial) was affected by numeric instability [75,76] for distances greater than
20 um from the symmetry axis (see Figure 7a). Therefore, a piecewise function was built
starting from these previous two candidate functions (see Figure 7b) to match experimental
data both near and far from the symmetry axis. The previous geometrical considerations
support the use of Equation (1) to investigate the interactions between intact microneedles
and peripheral nerves. In addition, this approach resulted in a weak direct correlation
between the a;, values and the maximum depth of indentation for all the tested values
of m (see Figure 3). The optimal value of the m parameter was then found (see Figure 4),
in order to optimize the matching of experimental data (see Figure 5a,b) and resulted in a
mean value m = 2.124. It could be worth noting that the 95% confidence interval for this
value was 1.643-2.755. Therefore, this value was in the range of other well-known values
used for axially symmetric indenters (i.e., m = 3/2 for spherical indenters and m = 2 for
conical and parabolical shapes [61,64,65]). In addition, the use of Equation (1) involved a
mainly elastic response of the peripheral nervous tissue, and the accomplishment of this
condition was previously discussed for these experiments in previous literature [49,50].
However, the previous approach could be generalized also in case of hysteresis due to
a non-negligible viscous component of the nervous tissue response. Indeed, in this case
both the loading and the unloading curves could be fitted by generalizing the Oliver-Pharr
model in Equation (1) for higher degree polynomials [65,77].

In order to explore how to improve the design of microneedles to be inserted into
in vivo peripheral nerves, a relationship between the tip angle of the microneedles and the
force needed to pierce the nervous tissue was investigated. More specifically, a comparison
between the insertion forces needed to penetrate in vitro specimens and in vivo peripheral
nerves was performed. The difference between the force sets was not statistically relevant
(Wilcoxon-Mann-Whitney test p = 0.28), whereas both sets of microneedles in [48,49] had
a mean tip angle of 18 degrees. In addition, the insertion conditions were similar [48].
As a consequence, the same phenomenon was assumed for the other experimental val-
ues of the tip angle [48], and the experimental relationship in Equation (7) was found.
In addition, to avoid the failure of the main shaft of the microneedles due to elastic insta-
bility, the maximum force to bear was set to be the twice the insertion force. Therefore,
in Equation (9) an experimental relationship between the minimum diameter needed to
effectively pierce the tissue and the tip angle was provided. Although this relationship
involved only in vitro data, it was able to correctly assess the diameter needed to pierce
in vivo nerves, as presented in this work. In addition, different kinds of boundary condi-
tions were accounted for to better model the interaction between stiff microneedles and
soft peripheral nerves [49,50]. More specifically, this framework was able to assess that
a structure with a 15-mm-long shaft, a tip angle of 18 degrees, and a diameter of about
75 um should survive implantation in case of a maximum interaction force of about 100
mN with pinned—fixed ends. This prediction was in agreement with empirical observa-
tions in the literature [48,49] and was able to predict a range of diameters between 60 and
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90 um in case of variable end conditions within two extreme cases. In particular, these
two extreme cases were a stable contact between microneedle and connector, as well as
between microneedle and peripheral nervous tissue (fixed—fixed ends), and a less stable
connection between microneedle and connector, as well as between microneedle and tissue
(pinned-pinned ends). In this last case, possible small reciprocal rotations were allowed.
Therefore, a W microneedle with a main shaft of 15 mm, a tip angle of 18 degrees, and a
diameter of 80 um was confirmed to be a reasonable choice to enter human-sized nerves
(i.e., 3-5 mm of diameter), and a shaft diameter of 90 um was predicted to be effective in
case of pinned—pinned ends and a tip angle of 18 degrees. Similarly, with the increase of
the tip angle up to 24 degrees, the predicted diameter ranged between 80 (fixed—fixed ends)
and about 110 pm (pinned—pinned ends, see Figure 8c).

Nevertheless, this study reported that the tip of W microneedles was damaged, even
if their main shaft was able to withstand the interaction forces and to enter the nerves.
Indeed, the large stiffness mismatch between W and peripheral nerves seems to be unable
to prevent the tip from these kinds of failure. In other words, even if the main structure of
the microneedles was able to enter the tissue, local small-sized damages could nevertheless
happen, resulting in conformational changes of the geometric shape of the tips.

The geometrical changes of the shape of post insertion microneedles were analysed
through a standard approach [68]. On the one hand, the experimental shape of the post
insertion microneedles was quantitatively measured. On the other hand, the shape of the in-
tact microneedles was reconstructed. The post insertion tip shape was, then, the “measured
surface”, and the reconstructed intact tip shape was the “form” of the tip. The track of the
geometrical changes of the tip was achieved by subtracting the measured post insertion
shape from the intact shape. This track was assumed as the superimposition of a low
frequency component, accounting for the “waviness” of the surface, and a high frequency
component, accounting for the “roughness” of the tip surface. The first contribution, which
was quantitatively assessed through the Ry (x) function and modelled through smooth poly-
nomials, was related to the bulging phenomenon. This apparent phenomenon was likely
physically related to the compression of the tip due to the action of the interaction force; that
is, to the action of the reaction of the tissue on the microneedle tip. The second contribution,
which was quantitatively assessed thorough the Ry (x) function, was characterized by the
presence of a main dominant spike. The position of this spike, with respect to the reference
(0 value) was measured through the metric D(Rpy) and physically related to the amount
of folding of the extreme sections of the microneedle tip; that is, this metric measured the
length of the bent part of the tip. In this work, a phenomenological characterization of the
geometry of the post insertion microneedle tip was performed through the description of
the bulging and folding phenomena. However, this geometrical description is likely related
to the coupled effects of compression and bending due to the effects of the interaction
force on the microneedle tip. The first phenomenon had a characteristic length, measured
through the D(Ry) of about 100 um, whereas the second one has a characteristic length,
measured by the D(Rp) metric, within 20 um. Therefore, the compression phenomenon
apparently dominated on the bending of the tip due to the action of the interaction force on
the extreme sections of the microneedles in contact with the nerves. The reported values
of D(Ry) and D(Rpy) supported this hypothesis, because |D(Ry)| > |D(Ry)| for all the
analyzed W microneedles. In addition, the signum of the D(Rp) metric was able to identify
the direction of the folding of the microneedle tip (i.e., toward left or right). Furthermore,
the small value of the standard statistic R? in the correlation between D(R;) and D(Rp)
supported the hypothesis that both are needed to fully characterize the damage of the post
insertion microneedle tips.

This work underlined that conformational changes of the tip geometry still happen
although W microneedles are designed to effectively penetrate in vivo peripheral nerves
without fracture or buckling of their main shaft. These changes, which are likely related
to the sharp geometry of the tip, were already related to the lack of precision in insertion
procedures and to patients’ discomfort [44]. As a consequence, to avoid bulging and folding
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effects, W microneedles with a flat tip could be used. Nevertheless, in this case, an increase
of the size of their main shaft was predicted (see Figure 8d). In particular, the size of their
main shaft should range between 110 um (fixed—fixed ends) and 180 pm (pinned—pinned
ends) to puncture the epineurium, and it should range between 150 pm (fixed—fixed ends)
and 230 um (pinned—pinned ends) to penetrate the perineurium. Because the available
data [67] are referred to single epineurial and perineurial sheets, the size of the diameter
of the main shaft of the W microneedles should likely be in the range 150-230 pm to
penetrate a whole nerve, where epineurial and perineurial layers are superimposed. Then,
a good tradeoff should be identified between sharp microneedles with a smaller diameter
but prone to tip damage, and microneedles with a flat tip, but with a bigger size of the
main shaft to puncture the nerves. A further possible strategy to decrease the tip damage
probability is to change the insertion procedure. Indeed, because the interaction force is the
main cause of damage, a cut of the external layers of the nerve before the insertion of the
main shaft can considerably lower the interaction force at the puncture, preventing the tip
structure from damage.

5. Conclusions

In this work, a computational framework was provided to quantify the geometrical
changes in the tips of W microneedles used to puncture in vivo peripheral nerves. The in-
teraction force between tissue and microneedles was modelled through the Oliver—Pharr
framework with < m >= 2.124. Euler’s theory of elastic instability together with in vivo
and in vitro data of puncture forces were used to provide predictions. More specifically,
the diameter of the main shaft of a W microneedle with an opening angle of 18 degrees was
assessed in the range 60-90 um to efficiently puncture peripheral nerves. However, a tip
damage was detected and geometrically described as a superimposition of bulging and
folding with characteristic length of 100 and 20 pm, respectively. These effects were likely
related to compression and elastic instability of the tip. To avoid these effects, W micronee-
dles with a flat tip were explored, but this choice resulted in a larger main shaft diameter to
avoid elastic buckling. To the best of our knowledge, the exploration of the geometrical
changes of the tip shape a post insertion W microneedles is not a well-investigated topic,
and the proposed framework could help further studies aiming at improving the design of
these devices.
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Appendix A

In order to provide further details about the polynomial candidate functions used
to reproduce the experimental geometrical shape of the microneedle tips, all the numeric
coefficients are provided here in Appendix A. More specifically, all numerical coefficients
of Equation (15) are listed below in Table A1 below:

Table A1l. Numerical coefficients of the p,(x) polynomial candidate.

p2(x) Coefficients Value (95% Confidence Interval)
P2 +2.57093 x 10! (2.49911,2.64276) x 107!
po1 —2.73708 x 101 (—3.42039, —2.05377) x 107!
P20 +1.11576 x 10*! (0.986676,1.24485) x 107!

Similarly, all the numeric coefficients of Equation (16) are listed below in Table A2:

Table A2. Numerical coefficients of the pg(x) polynomial candidate.

ps(x) Coefficients Value (95% Confidence Interval)
Pss —4.36518 x 10~° (—7.23074, —1.49964) x 1077
ps7 +1.73697 x 108 (—1.25436,4.72831) x 1078
Pse +4.36394 x 107° (2.00743,6.72047) x 10~°
Pss —4.56316 x 10~° (—2.55054,1.6379) x 10~°
Psa —~1.79969 x 103 (—2.42436, —1.17502) x 1073
Ps3 —8.88945 x 104 (—5.21313,3.43526) x 1073
s +5.54513 x 1071 (4.9553,6.13496) x 107!
pst —7.05236 x 1072 (—3.31031,1.89982) x 101
Pso +2.71132 x 1071 (—1.25911,1.80137) x 1070

More specifically, these functions had four point of intersections at x = —16.967 um,

x = 1.631 um, x = 6.583 pm, x = 16.676 pm, respectively. Therefore only the couple
of intersection points furthest from the symmetry axis was selected to satisfy the bound-
ary conditions.

Finally, all the numeric values resulting from the metrics D(Ry) and D(Rp) are listed
below in Table A3:

Table A3. Values of D(R;) and D(Ryy) accounting for the geometrical changes in the post insertion
microneedle tips.

D(Ry)

D(Rp)

+9.0697 x 10*1
+1.1205 x 1012
+8.3406 x 101
+1.3280 x 1012
+1.4141 x 1012

+1.1632 x 1011
—1.8465 x 1011
—9.7405 x 1010
+1.8592 x 10+1
+1.6263 x 10+1
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