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Abstract
An area of interest in orthopaedics is the development of efficient customized neck orthoses, considered that pathologies which
affect the neck area are widespread. Advanced acquisition and modelling approaches combined with Additive Manufacturing
(AM) can potentially provide customized orthoses with improved performance and complexity. However, in the design of
these devices, besides functional and structural requirements, benefit and comfort of the patient should be a main concern, in
particular, at the early stage of design during the acquisition of the body’s part, and while using the printed orthosis. In this
paper, a scanning system with three sensors was developed which allows a fast, about 5 s, and accurate acquisition of the neck
area with minimum discomfort for the patient. A neck orthosis with a ventilation pattern obtained by Topology Optimization
(TO), lightened by about 35%, was also established. In fact, a main role for comfort is played by the ventilation pattern
which contributes both to lightness and breathability. Its structural and comfort performance was evaluated in comparison
with an orthosis with a ventilation pattern configured by Voronoi cells. Structural assessment was carried out by means of
finite element analysis under main loading conditions. An evaluation of neck temperatures in relation to wearing 3D printed
prototypes, manufactured with Hemp Bio-Plastic® filament, was finally conducted by means of a thermal imaging camera.
TO orthosis prototype showed a better performance regarding thermal comfort, with a maximum increase of neck temperature
less than 1 °C, which makes the proposed configuration very promising for user’s comfort.

Keywords Orthosis modelling · Reverse engineering · CAD · Additive manufacturing · Topology optimization · Thermal
comfort

1 Introduction

The role of Additive manufacturing (AM) for applications
in the biomedical field has grown over the years since
this technology can be beneficial for different purposes [1,
2]. These include the possibility of creating tissues and
organoids, surgical tools, patient specific surgical models for
preoperative planning and custom made prosthetics [3–7].
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In orthopaedics, the design for AM of customized external
devices has attracted researchers considered that these can
be more advantageous with respect to prefabricated orthoses
obtained with other techniques. In fact, AM custom-made
orthoses have a better fit to the patient’s body, contribut-
ing both clinically and as regards comfort to the benefit of
the final user. Orthoses are generally categorized depend-
ing on the body’s affected part. The applications reported
in literature are mainly focused on the design of upper limbs
orthoses [8–10]. Lower limbs orthoses, in particular, ankle—
foot orthoses (AFOs), have also been considered [11–13].
Research findings have shown the possibility to successfully
design functional devices and the capability of adapting the
procedures for the use by the medical personnel.

The design for AM of customized cervical orthoses is an
area of application less explored with respect to the above-
mentioned applications. Few patient-based case studies [14,
15] were investigated or particular aspects relative to com-
fort [16, 17] were considered. Different design approaches
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were proposed. In [14] the geometry of the orthosis was
obtained by positioning a simple guide geometry, specifi-
cally, a cylinder, over the three-dimensional scan of the neck
and deformation energy was used to generate a ventilated
model. Deformation energywas obtained through Finite Ele-
ment analysis, and by varying the coefficients of an algorithm
for reaction diffusion, which is used to simulate a variety of
patterns in nature, a mesh with variable strength and porosity
could be achieved. By applying this method, various tenta-
tive prototypes were manufactured until the final design that
best met functional and comfort requirements.

Methods for improving comfort with ventilation patterns
were also proposed, as in [16], where an algorithm for
generating ventilated casts depending on the temperature dis-
tribution of the body in the area of the orthosis,was described.
The study also included an example of application to a neck
orthosis.

Cervical orthoses are designed for neck motion restriction
and are mostly used to support weak or painful neck mus-
cles, to immobilize the neck following surgery or trauma,
and to correct the cervical spine. Usually, three typologies of
orthoses are available on the market, specifically, the light-
est soft cervical collars for minor neck injuries, generally
made of foam rubber coated with a soft pad, the widespread
semi-rigid orthoses, and the most complex cervical thoracic
orthoses which have also an extension support to protect the
thoracic spine.

The use of these devices can cause discomfort which is
influenced by the design and duration of wear, while being
the design themost significant factor [18]. Furthermore, other
drawbackswere also reported such as lack of hygiene,muscle
atrophy, pain and skin rush [19].

A customized neck orthosis obtained with AM should
potentially alleviate these problems by the adoption of a
proper geometry, decrease in weight and improved breatha-
bility, and all of this contributes to the increase of comfort,
being, at the same time, met the clinical requirements.

The procedure of design generally comprises the digital
acquisition of the body’s part, followed by the CAD mod-
elling of the geometry based on the anatomical data and the
introduction of a ventilation pattern. Finally, the geometry
of the orthosis, optimized in terms of clinical and structural
requirements, is 3D printed with a material properly chosen.

In this paper, the design of a neck orthosis for AM is
reported with particular attention to the aspects of the proce-
dure of design which directly involve the final user.

As previously mentioned, the first step of the procedure
consists in the acquisition and digital reconstruction of the
neck’s geometry. Actually, there are not standardized proce-
dures formorphology acquisition but themethod used should
be accurate and fast in order to reduce the time of acquisition
during which the patient has to stand still.

Different methods can be used for the acquisition of sub-
ject’s anatomy and, depending on the method used, data are
expressed as point cloud, voxels or three dimensional coor-
dinates of different anatomical points [20].

A reconstruction of the neck geometry can be obtained by
means of Computed tomography (CT) which is a technique
usually used for diagnostics and surgical planning. The dig-
ital representation of the outer surface of the neck can be
recovered with good accuracy, as shown in [21], and used to
model the orthosis. This is a methodology to be considered
if CT scans of the patient are already available as part of the
diagnostics. In fact, a main drawback of the method is that
the subject, during scanning, is exposed to radiation which
depends on its duration. In addition, the reconstruction of the
outer surface of the neck requires a certain number of steps
and can be time consuming. A different approach consists
in the use of laser scanners and structured light scanners or
low-cost devices with various arrangements for acquisition
[14, 22, 23].

In this study, a scanning system with low-cost devices,
specifically, three Kinect sensors RGB-depth cameras by
Microsoft, was developed with a layout which allows an
acquisition fast and accurate, with a limited discomfort for
the patient and suitable for hospital setting.

As for themodelling, an important aspect which has direct
impact on the final comfort is the geometrical configuration
of the ventilation pattern, since it contributes both to weight
reduction and to the breathability of the orthosis. Different
methods can be used to obtain a ventilation pattern consistent
with the mechanical stiffness and clinical requirements. The
basic approach for generating openings consists in the intro-
duction of a regular or random repetition of a basic feature.
A more complex methodology involves the generation of an
irregular pattern on the surface, typically a hollowed Voronoi
Tessellation, which can be implemented in parametric CAD
environment [24] or with ad hoc algorithms [16]. Finally, a
hollowed configuration of the geometry of the orthosis can
be obtained by applying a known method for design, such as
Topology Optimization (TO).

These methodologies are discussed and, in particular, an
application of Topology Optimization method for generating
a ventilated neck orthosis is reported. TO is a design method
generally used for obtaining a weight reduction in industrial
components, by optimizing material distribution depending
on loads and boundary conditions. This approach is mainly
applied in automotive and aeronautical fields but applica-
tions of this methodology to prostheses [25, 26] and orthoses
[15, 27] are also reported in literature. The model obtained
was assessed by means of Finite Element (FE) analysis for
different loading configurations and the results in terms of
structural performance were compared with those of a neck
othosis with a similar weight but having a ventilation pattern
based on Voronoi cells.

123



International Journal on Interactive Design and Manufacturing (IJIDeM)

Themanufacturing of the models was made bymeans of a
Fusion Deposition Modelling (FDM) 3D printer. A sustain-
able composite filament composed by polylactic acid (PLA)
and hemp shives, patented as HempBio-Plastic® (HBP) [28]
was used. The material has improved stiffness in compari-
son with other most commonly used plastics for AM [29]
and superficial finish in addition to the antibacterial prop-
erties of hemp [30], which can contribute to comfort. A
thermal analysis on neck temperature distribution resulting
fromwearing the two 3D printed orthoses for a period of time
was finally carried out for a qualitative evaluation of thermal
comfort.Measurements of neck temperature in relation to the
manufactured prototypes has highlighted that the geometry
obtained by means of TO has an improved thermal comfort
with respect to an orthosis with a ventilation pattern based on
Voronoi cells with analogous weight reduction with respect
to the full geometry.

The study was conducted on a voluntary subject from
which a written informed consent to participate in the tests
was obtained.

2 Materials andmethods

2.1 Neck’s geometry acquisition and reconstruction

The accurate real-time patient’s neck anatomy acquisition is
here considered as amain challenge for developing apractical
procedure that can be easily reproduced and implemented
in clinical setting for the creation of a neck orthosis. 3D
acquisition of body surfaces with mobile sensors around the
patient’s body in protracted periods of time, which is often
carried out, causes acquisition errors and artifacts since it
can be very difficult to maintain fixed the patient’s anatomy.
This problem is particularly felt for children who are harder
to hold perfectly still also for short periods of time.

Microsoft Azure Kinect DK ver. 3 devices (Fig. 1a), used
in this study, can be considered among the best performing
available depth sensors [31–33] to obtain real-time patient’s
anatomy acquisition. They integrate a 12 MP RGB camera,
1 MP depth sensor and 2 IR emiters (for WFOV and NFOV
acquisition).

Kinect DKdevice is equippedwith smaller andmore pow-
erful sensors than a previous version (Microsoft Kinect ver.
2) used by the authors in another research [34]. The device
used has a 1-megapixel depth sensor (ToF HoloLens 2), a
12 megapixel RGB camera and two infra-red illuminators
(IR emitters) which allow to obtain mappings of the object’s
depth with high accuracy in a very short time. An illuminator
used in narrow field-of-view (NFOV) mode is aligned with
the depth camera case. The illuminator used in wide field-
of-view (WFOV) mode is tilted an additional 1.3 degrees
downward relative to the depth camera (Fig. 1b).

Azure Kinect DK depth camera transmits raw modulated
IR images to the host PC and implements the Ampli-
tude Modulated Continuous Wave (AMCW) Time-of-Flight
(ToF) principle according to which the camera casts modu-
lated lighting in the near-IR (NIR) spectrum on the scene.
This camera, therefore, records an indirect measurement of
the time it takes for light to move from the camera itself to
the scene and vice versa. The measurements conducted are
processed to generate a depth map characterized by a set of Z
coordinate values for each pixel of the image and calculated
in units of millimeters. Along with a depth map, it is also
possible to get a so-called clean integration runtime reading
where the value of each pixel is proportional to the amount
of light returned by the scene. The resulting image is similar
to a normal integration runtime image (Fig. 1c). Figure 1c
shows a sample depth map (left) and a corresponding clean
integration runtime image (right). Figure 1b shows the over-
lap areas between RGB and depth cameras at a distance of
500 mm with RGB camera set to 16:9 and 4:3 respectively.

The three Kinect DK devices were synchronized with
each other in order to make the real-time patient’s anatomy
acquisition system efficient and easy to use in hospital envi-
ronment.

A series configuration (daisy configuration) that allows
synchronization of a master device with 2 subordinate
devices was adopted [35]. A proper software compiled by the
authors made possible to synchronize the activation times of
the sensors after a preliminary calibration. Figure 2a shows
the series configuration of the three Kinect devices used to
acquire in real-time the neck surface; Fig. 2b shows a proto-
type of the acquisition set-up.

After an initial calibration test, the optimal range of use,
systematic depth errors, precision tests andmulti-view recon-
struction tests were performed. In particular, it was verified
that the best layout is the one in which the three sensors
are arranged equidistant from each other (at 120°) along a
circumference with a diameter of 1000 mm.

2.1.1 Calibration

Prior to proceeding with the acquisition of the patient’s 3D
neck anatomy, it was necessary to calibrate the position of
each camera with respect to a global coordinate system. The
data provided by the sensors can be represented in two dif-
ferent geometries: the geometry of the colour camera or the
geometry of the infrared camera. The term geometry, related
to the RGB or IR sensors of the Azure Kinect camera, refers
to a set of sensor properties, including the coordinate system,
its resolution, and all intrinsic transformations.

Using the libraries provided by Microsoft (Azure Kinect
SDK libraries) for the management of data recorded by the
cameras a software "kinfusion" was compiled by the authors.
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Fig. 1 a Sensors integrated in the Microsoft Azure Kinect DK device ver. 3, b Depth map and overlap areas between RGB and depth cameras,
c Integration runtime image between RGB and depth cameras

Fig. 2 a Series acquisition’ layout of the three Kinect sensors, b Prototype of the acquisition set-up

2.1.2 Neck scan post-processing

The routines in the general SDK allow the integration
of data from the three sensors to compose a single neck
geometry. The integration takes place by overlapping semi-
automatically, for an angular extension of just under 30
angular degree, the points and their depth maps provided
by the three sensors. The overlap is realized using landmarks
in correspondence with the most significant features of the
parts to be joined. Figure 3 shows the landmarks used for

the overlapping and the maximum errors measured in the
overlap. It is possible to observe that in the zone of effective
surfaces overlap the maximum error never exceeds the value
of 1 mm (Fig. 3b).

The hardware located in the sensor allows the alignment
of the acquisition time of colour and depth images. In prac-
tice, two types of synchronization were run at the same time:
the internal synchronization that allows alignment between
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Fig. 3 Geometric overlap among acquisitions of three Kinect Microsoft sensors

Fig. 4 Steps to obtain the points cloud

cameras in the same device and the external synchroniza-
tion that allows the alignment of the acquisition time between
multiple connected devices.

Using the CMake software, an internal synchronization
was accomplished by preparing a "kinfusion" project in the
Visual Studio 2017 environment and creating the OpenCV.
In particular, the VTK was created by adding a new system
environment variable. OnceVTK andOpenCVwere created,
the kinfusion model was configured until its realization, as
shown in the block diagram of Fig. 4.

Figure 5 shows the graphical interface (GUI) developed
to manage "kinfusion" software.

The origin [0,0,0] is located at the focal point of the cam-
era. The coordinate system is oriented such that the positive

X-axis points right, the positive Y-axis points down, and the
positive Z-axis points forward.

Figure 6 reports afinal reconstruction of subject’s anatomy
including neck area.

2.2 Design of neck orthosis

The design of a neck orthosis essentially consists in the mod-
elling of the geometry starting from the solid model of the
neck and the introduction of a pattern of voids, or ventila-
tion pattern, which should be compatible with functional and
structural requirements.
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Fig. 5 GUI of "kinfusion" software

Fig. 6 Final reconstruction

2.2.1 Modelling of the geometry of the orthosis

The model of the neck is imported in CAD environment and,
from that, a semi-automatic extraction of geometric reference
features is performed in order to build the surface of the

orthosis. The main steps of the procedure are reported in
Fig. 7.

At first, a top plane is established by defining its posi-
tion and orientation. At this aim, a central axis is created
that goes about from the chin to the occipital bone (Fig. 7a).
The choice of the axis should be guided by the medical per-
sonnel according to the morphology of the patient. The top
plane is automatically defined with a local coordinate sys-
tem and from there, downwards, the geometry of the model
is built. In particular, further planes are created with a con-
stant distance, except for areas where sudden changes in the
silhouette occur, which require more planes for improved
accuracy, until reaching the lower plane to be placed from
the top of the chest to the back. In correspondence with these
cut planes, the profiles resulting by the intersection of each
plane with the neck geometry are automatically extracted
(Fig. 7b). Once the profiles have been selected, a reference
surface is obtained through these profiles by means of a loft
operation (Fig. 7c). The surface is thickened and tailored, in
particular, in the area of the chest and the shoulders, to the
needs of a particular patient up to obtaining the final geom-
etry, as shown in Fig. 7d. The model reported in the figure
has a thickness of 4 mm.
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Fig. 7 Main steps of modelling

2.2.2 Ventilation pattern

A final goal in the design of an orthosis for AM is achiev-
ing a light structure satisfying at the same time the structural
requirements. Generally, this is accomplished by the intro-
duction of a pattern of voids, preferably with an automatic or
semi-automatic technique, which is also useful for improv-
ing the breathability of the orthosis, thus reducing the risk of
irritation. A ventilation pattern can be obtained in different
ways and should be arranged also keeping areas devoid of
the pattern, necessary for functional purposes and for insert-
ing hinges and closures. Furthermore, the final configuration
should be consistent with the loads exerted by the neck also
in relation with the individual patient and thematerial chosen
for manufacturing.

The simpler strategy consists in considering a geometric
feature, such as a hole or similar, which is evenly or randomly
repeated on the surface of the orthosis as shown in [21] where
it was assessed that structural requirements can be satisfied
with different geometrical patterns. However, this method
has some drawbacks since it does not allow to optimize the
distribution of the voids on the surface to obtain the lightest
structures in relation to the capability of AM.

Another method for obtaining a ventilation pattern con-
sists in establishing a pattern which is then mapped on the

surface of the model. The final arrangement of the venti-
lation pattern on the orthosis depends on the geometry of
the surface. This approach was considered by developing in
Rhino-Grassoppher environment a procedure to map on the
surface of the neck orthosis a hollowed Voronoi tessellation
[34]. The workflow was configured providing the possibility
to vary the areas to be excluded by the application of the
ventilation pattern, for functional and design purposes. In
fact, upper end areas of the orthosis in contact with the head
should be preserved, as well as those located at the lower
ends in contact with chest and shoulders. Furthermore, con-
sidered that the final orthosis is made with two halves, lateral
areas devoid of the ventilation pattern should be provided for
inserting hinges and closures. Geometrical configuration of
the ventilation pattern on the surface can be easily varied by
changing the parameters in order to obtain a personalized dis-
tribution of voids for a particular patient. Figure 8 shows an
example of application of the procedure to themodel reported
in Fig. 7d.

It should be noted that the introduction of the ventila-
tion pattern in the model reported in Fig. 8 allowed a weight
reduction of about 35% with respect to the full model.

Bothmethods described for the generation of a ventilation
pattern require a subsequent structural assessment to verify
that, depending on the material chosen for manufacturing,
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Fig. 8 Model of neck orthosis with Voronoi ventilation pattern

the orthosis can restrict neck motions withstanding forces
exerted by the neck.

Another approach for obtaining a ventilation pattern is
based on the application of Topology Optimization (TO)
methodology that, as known, allows to obtain a lightened
geometry of a part by the optimization of the material’s dis-
tribution depending on loads and constraints acting on the
part. This method was applied to the model of the orthosis
reported in Fig. 7d, analogous, for comparison purposes, to
the geometry used to obtain the Voronoi neck orthosis.

Thematerial HempBio-Plastic® (HBP), previously intro-
duced, was used for simulations. The mechanical properties
are: E � 4420 MPa and ν � 0.32. TO methodology also
requires to define constraints and objective. The defined
objective was the minimization of the compliance of the
model under a given amount of mass removal.

Loads exerted by the neck and constraintwere thendefined
and applied to the model of the orthosis. The definition of the
loads requires particular attention considered that the cervi-
cal spine and muscles of the neck are a complex structure.
However, generally, the movements of the human neck taken
into account to evaluate neck forces are essentially extension,
flexion, lateral bending and axial rotation, since all other
movements can be considered as a combinations of these
loads.

Measurement of loadings of the cervical spine in vivo
is complex and there is a large variation of data from lit-
erature. Modelling approaches were also proposed as in
[36] where a methodology to generate models with detailed
neck musculoskeletal architecture interactively scalable for
anthropometry and muscle strength was reported.

Neck forces applied to the full model for applying TO
procedure, were derived from an experimental study [37]
where the three-dimensional maximum moments measured

during maximum voluntary contractions of neck muscles
weremeasured. The threemost relevant movements, namely,
extension, flexion and lateral bending were considered to
derive forces that were applied at the upper end on the inside
of the model. Extension force (Fe � 287N) and flexion force
(Ff � 165N) act on the sagittal plane in opposite directions,
while lateral bending force (Fb � 208N) originates amoment
in the coronal or frontal plane. Control of symmetry was
applied with respect to the sagittal plane in order to simu-
late the effect of lateral bending force on both sides. Finally,
the model was fully constrained at the lower end. Figure 9a
schematically shows loads and constraints applied to the
model. The forces were derived by considering the highest
values of the measured moments for women, expressed in
the reference study in terms of media and standard devia-
tion, keeping into account the characteristics of the subject
for which the orthosis is intended. The distance between
C7-T1 and the upper ends was approximately evaluated in
order to obtain the lever arm as 0,115 m. The application
of the procedure, carried out with the software nTopology
(nTopology, Inc.), allowed to obtain a rough geometry, which
was smoothed and used to redesign the final model which is
reported in Fig. 9b.

The model reported in Fig. 9b satisfies the functional
requirements relative to the preservation of the edge areas
in the upper part of the orthosis as well as those necessary to
insert hinges and closures. This model allowed a reduction
of the weight of about 35% with respect to the full geometry.

3 Results and discussion

3.1 Numerical assessment of neck orthoses

TO model obtained was assessed with FE analysis to verify
the validity of thefinal geometry.Themodelwasmeshedwith
tetrahedral elements and the simulations were carried out by
applying loads and constraints as described in the previous
paragraph. The first parameter considered in the analysis was
the total displacement.

Figure 10 reports the iso-colour representation of total dis-
placement, expressed in mm, relative to the different loading
conditions considered.

The maximum value of the total displacement was
obtained for extension loading, and the value obtained was
under 2 mm, which can be considered relatively small.

The other parameter analyzed was Von Mises stress dis-
tribution. Figure 11 reports the iso-colour representations of
Von Mises stress, expressed in MPa.

From the analysis it was highlighted that the maximum
stress is obtained for extension loading and is acceptable
considered that the value of the flexural maximum strength
of HPB is 69.7 MPa.
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Fig. 9 Topology Optimization: a loads and constraints, b final model

Fig. 10 Iso-colour representation of the total displacement for different loading: a extension, b flexion, c lateral bending

Fig. 11 Iso-colour representation of Von Mises stress distribution for different loading: a extension, b flexion, c lateral bending

These results can be evaluated in comparisonwith those of
a similar analysis on the neck orthosis reported in Fig. 8, char-
acterized by a ventilation pattern obtained by the application
on the surface of a Voronoi tessellation. The two orthoses
were obtained starting from the same full model and are
characterized by a similar weight reduction. Analogous FE
simulations were carried out and the same parameters were
considered.

The diagrams in Fig. 12 report respectively the total dis-
placement (a) and Von Mises stress (b) relative to the two
different models considered for the three loading conditions.

The diagrams show a slightly higher values in corre-
spondence of extension and flexion loadings for the model
obtained with TO procedure. As for lateral bending, differ-
ently from the other loading conditions, higher values were

obtained for the Voronoi model. However, for this loading
condition, it should be noted that the values can be influ-
enced by the different extension of the full area placed at
the side and designed to allow the insertion of hinges and
closures of the orthosis.

3.2 Additive manufacturing of prototypes

The final model of TO orthosis was done in two halves, as
highlighted in Fig. 13, which are held together by means of
lateral adjustable closures in order to assure the optimal fit
of the device.

The sealing system of the two halves was designedwith an
adjustable fastening coupling, visible in the detail of Fig. 13.
This allows to avoid misalignments of the two halves and
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Fig. 12 Comparison between maximum displacement (a) and maximum Von Mises stress (b) for orthoses with different ventilation patterns

Fig. 13 Final design of TO neck
orthosis

to regulate the adhesion to the neck even in the presence of
a padding that should be inserted between the neck and the
orthosis for improved comfort.

The orthosiswasmanufacturedwith aD300Technology®
3D Printer which uses Fusion Deposition Modeling (FDM)
methodology. The printer, equipped with a 0.6 mm nozzle,
has an accuracy of 0.05 mm in the plane containing the print-
ing bed and 0.1 mm in the vertical direction perpendicular
to the print bed. The material used for printing was HPB,
described in the introduction, whose characteristics, such
as good superficial finish and antibacterial properties, can
be advantageous also for comfort purposes. In addition, the
material has the appearance of natural woodwhich also satis-
fies aesthetics. Figure 14 reports the manufactured prototype
of the orthosis.

The two halves of the orthosis reported in the figure are
linked with tentative adjustable closures which accomplish
the functional requirements but still need to be improved as
aesthetics.

Figure 15 reports the prototype of Voronoi neck orthosis
manufactured with HPB.

3.3 Thermal verification of prototypes

TO orthosis was qualitatively evaluated in terms of thermal
comfort, by means of measurements of neck temperature, in
comparison with the model ventilated with the Voronoi tes-
sellation. This is a limited analysis aimed at assessing the
prototypes manufactured with HPB. The measurements on
the neck area were made by using the thermal Imaging Cam-
era HT-02 Dongguan Xintai Instrument Co. Ltd. The tests
were performed with an ambient temperature of 17.8 °C and
humidity 50%. Thermal images of the neck area were taken
before and afterwearing the orthoses for 30min. In the analy-
sis carried out the result of the insertion of a padding between
the neck and the orthosis was also considered. The tempera-
ture distributions of the skin are reported in Fig. 16.

In particular, Fig. 16a shows the thermal map of the neck
before wearing the orthosis. In Fig. 16b, c, the thermal maps
of the neck after wearing TO orthosis, respectively without
andwith padding, are reported. The thermalmaps of the neck
after wearing the Voronoi orthosis without and with padding
are reported respectively in Fig. 16d, e.
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Fig. 14 Printed prototype of TO neck orthosis

Fig. 15 Printed prototype of Voronoi neck orthosis

Thermal maps share the same colour scale and besides the
temperature value measured at a point taken as a reference
just above the orthoses and near the ear is highlighted (value
shown at the top left).

Thermal maps show how the TO orthosis allows a good
ventilation of the neck. The maximum temperature on the
neck after wearing the orthosis for 30 min increases by only
0.7 °C (Fig. 16b). The area affected by this increase is quite
limited and the temperature in the areas close to the ortho-
sis undergoes a temperature rise of only a few tenths of a
degree.Alsowith the use of a padding on this type of orthosis,
the geometry configuration allows to limit the temperature
increases on the neck (Fig. 16c).

After wearing TO orthosis with the padding for 30 min,
the area subjected to temperature increase is quite limited and
the temperature in the areas close to the orthosis undergoes
an increase of only a couple of tenths of a degree. Therefore,

even using padding the TO orthosis continues to guarantee a
good ventilation.

The same analysis performed on the Voronoi ortho-
sis showed that the insertion of the padding determines a
slight increase in temperature, as expected. The comparison
between the thermal map of the neck surface obtained after
wearing the Voronoi orthosis (Fig. 16d) and that correspond-
ing to the TO orthosis shows a better thermal comfort for the
latter. This is evident by also considering the lower temper-
atures measured in the upper part of the head.

The difference between the two types of orthoses is then
evenmore evident considering that, afterwearing theVoronoi
orthosis with a padding for 30 min (Fig. 16e), a maximum
temperature of 38.3° C is registered as well as an overall
increase of one degree in the neck areas taken as a reference
for the comparisons made.
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Fig. 16 Maps of temperature distribution: a neck before wearing orthosis, b after 30 min wearing TO orthosis without padding, c after 30 min
wearing TO orthosis with padding, d after 30 min wearing Voronoi orthosis without padding; e after 30 min wearing Voronoi orthosis with padding

4 Conclusions

In this paper an overall procedure for the design of a neck
orthosis forAM is reported and some issues aimed at improv-
ing comfort for the patient are considered.

A scanning systemmadeupof three synchronized lowcost
sensors, suitably arranged, has been developed. This system
allows a fast acquisition, about 5 s, with minimum discom-
fort for the patient. The scanning system is also potentially
suitable to hospital setting, being low cost and provided with
a GUI for semi-automatic management of the device. Effi-
ciency in the acquisitions should be also potentially increased
by the use of statistical shapemodels of the neckwhich could
be obtained by means of methodologies, such as mesh mor-
phing, as reported in [38] for other body parts.

Regarding modelling, different configurations of the ven-
tilation pattern, which mostly contribute to weight reduction
and comfort of the orthosis, are discussed and a new topology
optimized configuration is proposed.

TO model, structurally evaluated by means of FE analy-
sis, also in comparison with an orthosis having a ventilation
pattern configured as Voronoi cells, showed a satisfactory
behaviour also considered that, voids are large and, in par-
ticular for extension and flexion loading, stress distribution
occurs in areas of limited size with reference to the extent of
the upper parts where the load is applied. The highest values
of maximum displacement and maximum Von Mises stress
were obtained for extension loading; however,maximumdis-
placement was lower than 2 mm, while maximum stress was
under the limit value for HPB.

The manufacturing of prototypes was done with a new
bio-based material, which also contribute to lightness and
satisfies the aesthetic demands. Neck temperature measure-
ments, made in relation with the use of the two different
orthoses, highlighted a better performance for the TO ortho-
sis even with the insertion of a padding. The maximum
increase of temperature after wearing the prototype for
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30 min was lower than 1 °C, assessing a reasonable ven-
tilation of the neck. These tests were mainly aimed at
assessing the manufactured prototypes and performance of
the advancedmaterialHPB.However, thermalmeasurements
in relation towearing the proposedorthosis are promising and
further extended tests on thermal comfort and, more gener-
ally on user’s satisfaction also with the use of questionnaire
are necessary and foreseen in future research.

As for the methodology for obtaining ventilation patterns,
more effort is necessary for developing a procedure where a
predeterminedTOpatternmight be easily adapted to the indi-
vidual patient, while mapping on the surface of the orthosis
of patterns based on Voronoi cells, being developed in Visual
Language, ismore adaptable for the use by nonCAD-experts.
However, considered that TO orthosis is very promising as
regards user’s comfort, an automatized strategy for the pro-
cedure will be investigated.
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