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Abstract. For the treatment of moderate and severe cases of deformational plagiocephaly, an asymmetrical deformation
of the skull, a cranial remodeling orthosis (CRO) is used. For the development of a new CRO concept, a pressure sensor
grid is placed inside the orthosis that will allow the monitoring of excessive pressures and incorrect CRO positioning
throughout the treatment. To implement the sensor grid in the CRO, high mobility of the sensor arms structure that joins
the several sensors of this grid is required, however, it is intended that this procedure does not damage the printed copper
tracks on the sensor structure. In this study, computer simulations were performed to optimize the sensor arm structure
geometry, minimizing undesirable mechanical behavior in the sensor structure when subjected to tensile forces and
displacements applied during its placement in the CRO. It was observed that the different sensor arm structures
geometries have different effects on the mechanical behavior of the sensor structure when subjected to tensile forces and
tensile displacement. The zigzag curve geometry presents the best performance based on high mobility without intense
strain on the structure that could damage the printed copper tracks.

Keywords: cranial remodeling orthosis, deformational plagiocephaly, capacitive sensors, simulation, structural
mechanics.

INTRODUCTION

Deformational plagiocephaly (DP) is a skull deformation that may occur in 46.6% of newborns and can be
caused by intrauterine pressures, during birth or in the first months of life [1]. In moderate to severe cases it is
treated with physiotherapy between the 4th and 9th months of life, and in some cases with the use of a special
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helmet designated as cranial remodeling orthosis (CRO) [2]. This skull deformation may hinder the natural
psychomotor development of the infant and influence mental and motor skills in later life [3].

The CRO has been used in moderate to severe cases of DP since the early 70s and has seen some improvements,
mainly in new materials and the digitalization of the process. The traditional CRO consists of an inner foam layer
and a thin, rigid outer shell [4]. The treatment with existing CROs still presents some complications, such as
excessive pressure, pressure sores, incorrect positioning of the orthosis, and difficulty in tracking the treatment
performance [5].

To improve the sensitivity and quality of treatment data provided to the health professionals, we intend to
develop a new CRO concept, where pressure sensors will be placed inside the orthosis. Thus, it will be possible to
continuously monitor the treatment, checking for excessive pressures and incorrect CRO positioning, record
effective treatment times, and other relevant clinical features.

METHODOLOGY

In this work, we aim to study the mechanical behavior of the pressure sensors during their assembly on the outer
shell. These consist of copper tracks printed on a 200 um Kapton layer. These sensors will be placed between the
rigid outer layer and the foam lining of the CRO. In the center of each pressure sensor there is a positioning hole.
These positioning holes will enable the alignment with existing temporary pins on the outer shell, and on the side of
the pressure sensor facing the outer shell, there is an adhesive layer which affixes the sensors permanently after the
positioning pins are removed from the outer layer.

A capacitive sensor grid is implemented on the outer surface of the CRO (Figure 1a)). This sensor grid is
constituted by a set of sensor structures and each sensor is composed of two regions: sensor arms structure (SAS)
and sensor pad structure (SPS) (Figure 1b)). The capacitive sensor will be positioned on the CRO through a pin
inserted in hole A, as shown in figure 1b). In the successive implementation of several sensors, the SAS are required
to be able to extend up to 2 mm. To extend the SAS, it will be necessary to apply tensile forces at SAS extremities
of the fixed sensor. High mobility and low strain of the SAS are the optimization goals to prevent damage on the
printed copper tracks.

In this context, a computer simulation was carried out to optimize the SAS geometry, with the objective of
minimizing undesirable mechanical behavior in sensor structure when subjected to tensile forces applied during its
placement in the CRO. According to this objective, it is important to implement theoretical simulations to optimize
the SAS geometry to improve their mobility with low deformation (strain) of the sensor structure during the
implementation of these sensors on the CRO. The theoretical simulations were performed by the Finite Element
Method, applying the structural mechanics model. In the simulations developed, the pressure, strain, and
displacement values were measured at different regions of the sensor structure (SAS and SPS) when tensile forces
and tensile displacements were applied to SAS extremities (Figure 1b)). Three simulation tests were performed to
study the mechanical behavior of one sensor structure with the different SAS geometries proposed. In tests 1 and 2,
tensile forces (F1 and F2) with a magnitude of 90 N were applied to SAS extremities to evaluate the pressure, strain,
and displacement caused on different structure sensor regions (SAS and SPS). Finally, in the third test, a
displacement of 2 mm was applied to SAS extremities and the resulting strain was measured.

Figure 1b) shows the SAS geometries (linear geometry - Al, zigzag curve geometry - A2 and zigzag line
geometry - A3), boundary conditions, measurement places (points and section line), and sensor structure dimensions
that were applied in the simulation tests.
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I Section Line

Fixed hole A
FIGURE 1. Schematic representation: a) capacitive sensor grid placed on the CRO and sensor structure detail (arms and pad),
b) Sensor arms structure geometries (linear geometry - Al, zigzag curve geometry - A2 and zigzag line geometry - A3),
boundary conditions, measurement places (Extreme Point — EP, Middle Point — MP, points — PA, PB, PC and section line) and
sensor structure dimensions that applied in the simulations tests.

RESULTS AND DISCUSSION

The mechanical simulation tests were carried out on the sensor structure with different SAS geometries (A1, A2,
and A3) to evaluate the pressure, strain, and displacement results at different sensor structure regions. In the first test,
two tensile forces (F1 and F2) with a magnitude of 90 N were applied to SAS extremities with different geometries
(figure 1b)). This is the minimum force required to stretch the SAS 1mm in the case of least mobility(A1). Figures
2a) and 2b) show the pressure and strain values measured on the section line at SPS (figure 1b)). According to
figures 2a) and 2b), for different SAS geometries (Al, A2, and A3) the identical pressure and strain results were
obtained along the section line of SPS.

For different SAS geometries, figures 2a) and 2b) show high pressure and strain values in the regions close to
hole A of SPS (i.e. the location where the sensor structure is fixated to the CRO), respectively. Please note that on
the margins of the SPS with hole A, the fixed constraint was established as a boundary condition at the simulation
test (Figure 1b). Regarding A1, A2, and A3 geometrical configurations, figure 2c) shows the strain values obtained
in three different points (PA, PB, and PC) that are located in a region where the copper tracks cross the SPS region.
Figure 2¢) shows that sensor structures A1, A2, and A3 have the same strain values at PA, PB, and PC points, with
values of 1.3%, 2.4%, and 4.0%, respectively. It is important to note that the SAS geometrical configuration does
not affect the mechanical behavior in the SPS region.

200004-3



a) xo° . . : —r b) 20

8x10" 1,54 1
& o
&=
~ 6x10" < 1,0 1
2 c
5 £
$4x10? g
o @ o5 1
n- 7
2x10
| _
0_. . . . . .
0 2x10°  4x10°  6x10°  8x10°  1x10% 0 2x10° 4x10° 6x10° 8x10° 1x10° 1x10°
Section line length / m Section line length / m
C) 45 . x v . '
4,0- . :;. s
A a3l
3,54
X 30
e
=
= 2.5
g A
0 2,0
1,5
9
1,0 ‘ , :
PA PB PC

Point
FIGURE 2. a) Pressure as a function of section line positions, b) Strain as a function of section line positions, ¢) Strain as a
function of position points at sensor pad (PA, PB, and PC).

In the second test, the tensile forces F1 and F2 with a magnitude of 90 N were applied at SAS extremities of
three geometries (Al, A2, and A3) to evaluate the displacement and strain values reached at two different SAS
places characterized by a middle point (MP) and an extreme point (EP) (Figure 1b)).

At the middle point (Figure 3a)), for A1, A2, and A3 geometries the displacement values of 0.5 mm, 1.2 mm,
and 1.0 mm were obtained, respectively. Consequently, the strain values of Al, A2, and A3 geometries obtained at
MP point were 6.8%, 5.1%, and 6.1%, respectively.

Regarding the extreme point, Figure 3b) shows the displacement values of 1.2 mm, 5.7 mm, and 4.7 mm and
strain values of 6.8%, 6.1%, and 6.8% at Al, A2, and A3 geometries, respectively. In both cases (MP and EP
points), the A2 geometry presents a high SAS mobility. In contrast, the lowest mobility is attributed to A1 geometry.
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FIGURE 3. a) Displacement (black points) and strain (red points) as a function of SAS geometry type at middle point (MP), b)
Displacement (black points) and strain (red points) as a function of SAS geometry type at extreme point (EP).

At the middle point, the A2 geometry shows a displacement increase of 140% and 20% related to Al and A3
geometries, respectively. In the A2 geometry occurs a strain decrease of 25% and 16% compared to Al and A3
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geometries, respectively. In the cases of higher strain values such as Al and A3, tensile forces may deform the
sensor structure and damage the copper tracks printed on the Kapton structure (Figure 1a)).

At the extreme point, this effect is intensified because the mobility is further facilitated in more distant locations
of the fixed sensor pad. The A2 geometry shows a displacement increase of 375% compared to Al geometry and
maintains a low strain value (Figure 3b)).

The mechanical behavior between A2 and A3 geometries is very similar. However, the A2 geometry shows
slightly better performance based on high mobility and low strain of SAS. The A2 geometry shows a displacement
increase of 21% and a strain decrease of 10% comparing to A3 geometry.
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FIGURE 4. a) Average strain as a function of SAS geometry type when the SAS extremities were subjected to 2 mm of tensile
displacement, b) 3D schematic representation of the strain gradient of the SAS geometry type when the SAS extremities were
subjected to 2 mm of tensile displacement.

As previously mentioned, to implement the sensor capacitive grid in the CRO it is necessary to have a SAS
mobility that allows a tensile displacement of its extremities up to 2 mm. Thus, in the last simulation test (third test),
the average strain at SAS was measured when the SAS extremities were subjected to 2 mm of tensile displacement
(d1 and d2), as shown in figure 1b). Figure 4a) shows the average strain values of 10.4%, 2.3%, and 3.7% at A1, A2,
and A3 geometries, respectively. For the same tensile displacement of 2 mm, the A1 geometry has low mechanical
stability, since it has a strain increase of 352% and 181% compared with A2 and A3 geometries, respectively. Both
zigzag geometries (A2 and A3) show a structural configuration that allows high tensile mobility and the Kapton
material of the SAS is subjected to low strain values, which minimizes possible damage to the copper tracks printed.
Figure 4b) shows the strain gradients across the SAS. According to figure 4b), the A2 and A3 geometries have the
lowest strain values (blue color), however, the A3 geometry presents critical zones with high strain values (red
color). These critical zones are characterized by vertices of zigzag line structure (these zones are indicated by arrows

in figure 4b)). The zigzag curve structure does not have these critical zones that increase the structure rupture
probability.

CONCLUSION

In this work, the mechanical behavior of different 3D sensor arm structures geometries was theoretically
evaluated when the sensor structure was subject to tensile forces and tensile displacements. To evaluate the different
SAS geometries' performance, the pressures, strain, and displacements values were measured at different sensor
structure regions. To improve the sensor arm structure performance, it is necessary to have a geometry that allows
high mobility and low strain that prevents damage on the printed copper tracks. The sensor arm structure geometry
with the best performance is the zigzag curve (A2). Both zigzag geometries (A2 and A3) show better mechanical
performance compared to linear geometry (A1), however, the A2 geometry reaches a higher mobility degree with
the lowest strain values. Moreover, the A2 structure has higher mechanical stability compared to the A3 geometry
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once that the A3 geometry presents critical zones (vertices of the zigzag) with a high probability of rupture. Finally,
it was observed that the different SAS geometries do not affect the mechanical behavior of the SPS region.
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