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Abstract
Autologous ear reconstruction is the preferred treatment in case of partial or total absence of the external ear. The surgery
can be very challenging to perform and the aesthetic result highly dependent on the surgeon’s “artistic skills”. In this context
a preoperative planning and simulation phase based on the patient’s specific anatomy may result crucial for the surgical
outcome. In this work, starting from a case study, the elements necessary for an effective simulation are identified and a
strategy for their interactive design and customization is devised with a perspective of a semi-automatization of the procedure.
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1 Introduction

Microtia is a congenital malformation characterized by the
absence or deformation of the outer ear in terms of size, ori-
entation, shape and position. Three alternative treatments are
used in clinical practice to address this physical malforma-
tion [1]: (1) external siliconeprosthesis, (2)Medpor implants,
(3) reconstruction with autologous cartilage tissue extracted
from the ribcage. The prosthetic approach is a non-permanent
solution, while the alloplastic approach requires the insertion
of a foreign body and is thereforemore subjected to rejection.
In this context, the third technique, autologous ear recon-
struction (AER), represents the preferred clinical treatment
for restoring the anatomy of the ear as it is a definitive solu-
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tionwith high degree of integration. This surgery requires the
realization of a 3D framework of the ear (Fig. 1b), obtained
by carving and sculpting harvested patient’s costal cartilages,
before the final implantation into a subcutaneous pocket in
the auricular region. According to the technique proposed
in [2], the auricular elements to be reconstructed are helix,
antihelix, tragus-antitragus (Fig. 1a) plus a support base.

Due to the complexity of the surgical technique and of the
3D geometry to be reproduced, this procedure represents a
real challenge for plastic surgeons. The main difficulties are:
(i) study of the anatomy of the patient’s healthy ear (HE) to
evaluate its volume and size; (ii) isolation of the anatomical
elements of the ear involved in the surgery; (iii) optimization
of the individual elements removal phase from the costal
cartilage; (iv) sculpting and carving of the framework and
finally (v) insertion of the framework into the subcutaneous
pocket obtained in the auricular region.

In the first phase (i) the healthy reference ear is studied.
The key to this process is to analyze the distinctive features
of the reference ear in view of the successive 3D framework
reconstruction of a framework that faithfully reproduces the
anatomy. The aim of this phase is then to obtain a specular
model of the reference (healthy) anatomy, so that the future
reconstructed ear satisfies face symmetry. Starting from the
mirrored model, it is necessary to isolate the elements that
are reconstructed during the surgery (ii) (Fig. 1). These ele-
ments must be subsequently (iii) retrieved in the available
cartilage volume. Typically, cartilage ranging from the sixth
to the ninth rib is harvested from the patient. After cutting
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Fig. 1 a Auricular elements involved in the AER surgery, b ear frame-
work

these elements from the cartilage, the process of sculpt-
ing, carving and suturing (iv) of the framework starts. This
step is performed by the surgeon using surgical instruments
designed specifically for this procedure. In the last step (v)
the framework is inserted into the subcutaneous pocket. The
complications that can occur at this level are the lack of avail-
able material or a particular conformation of the anatomy
involved in the pathology.

In order to achieve an aesthetically pleasing result, the
reconstructed ear must look natural and sufficiently resem-
bling the HE. To this purpose, the surgeon must be specif-
ically trained both in sculpting and carving to be able to
reproduce the ear complex geometry.

For all these reasons, the simulation of the AER is essen-
tial, and it results relevant to improve several aspects of the
current surgical procedure. The training aims for surgeons
to develop an “aesthetic eye” able to identify proportions
and harmonies and gain technical skills. Another important
advantage of the simulation is the possibility to familiarize
with the patient’s specific anatomy, which leads to a higher
confidence of the surgeon in the surgery room and the opti-
mization of the costal cartilage harvesting phase, minimizing
the invasiveness of the surgery.

In recent years, reverse engineering (RE) and additive
manufacturing (AM) techniques are rapidly becoming key
tools to support the customization of the simulation process
[3]. These technologies make it possible to produce faith-
ful replicas of the patient’s anatomy and to design medical
devices, therefore can be used for a customized simula-
tion that enables to meet the suitable training requirements.
However, to date, the use of these technologies requires spe-
cialized technicians.

In this paper, starting from a case study, the preoperative
simulation and planning process is analyzed with the objec-
tive to develop an interactive procedure, exploiting RE and
AM techniques, that can be accessed directly bymedical staff
to create patient-specific simulators.

Fig. 2 Simulation table for presurgical planning

2 Preoperative planning and simulation:
case report

In collaborationwith theMeyerChildren’sHospital, a patient
with unilateralmicrotiawas identifiedwith the aimof investi-
gating the process of design and development of a customized
trainer. From the joint analysis of engineers and surgeons on
AER, it emerged that, in order to obtain an effective simu-
lation, which consistently helps surgeons to practice all the
challenges that this specific surgery foresees, the simulator
must include two principal elements: (1) the silicone replica
of the patient’s cartilages (purple in Fig. 2) and (2) the mir-
rored model of the healthy ear (blue in Fig. 2) along with
the separate models of the anatomical elements to be recon-
structed (red in Fig. 2).

The surgery simulation begins by identifying the areas of
cartilage fromwhich the auricular elements can be extracted.
This step is performed by opportunely arranging the ele-
ments’ models on the cartilage replica, thus performing
manual nesting. After optimizing the extraction in terms of
cartilage tissue, the surgeon places the individual elements
on the cartilage and draws on it their (see Fig. 3a). By fol-
lowing the traced contours, the surgeon cuts the elements and
refines the details by sculpting and carving; successively the
framework can be sutured (Fig. 3b).

Finally, the aesthetic result is simulated using a 1 mm
thick silicone pad to evaluate the effect of the skin over the
framework [4]. Specifically, the framework is placed between
the pad and a suction device that, vacuuming the air, allows
the silicone sheet to adhere to the framework (Fig. 3c).

3 Proposed strategy for custom
preoperative planning

The simulation design process of the AER trainer for the spe-
cific case study was taken into consideration with the idea
of generalizing and therefore standardizing the production
phases. The aim is to define a standard workflow that for-
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Fig. 3 AER simulation: a manual nesting, b reconstructed framework,
c skin effect simulation on reconstructed framework

malizes the main steps for the realization of patient-specific
task trainers.

This constitutes the basis to the development of a semi-
automatic procedure allowing the physician to obtain thefinal
product autonomously and with just few inputs. In this way,
the trainer can be manufactured in compliance with medi-
cal requirements without the involvement of RE and CAD
modeling experts. This would represent on its own a signif-
icant step forward, since the availability of an easy-to-use
tool allowing the medical staff to obtain in full autonomy
the desired custom trainer leads to a significant reduction of
both costs and timings. The resulting workflow is shown in
Fig. 4, in blue are depicted the steps leading to the elements
required for the preoperative simulation (in red).

In brief, the workflow consists of two parallel processes:
one that leads to the creation of the auricular element’s mod-
els and one that leads to the manufacturing of the costal
cartilage replica. The 3D model of the auricular anatomy
of the HE is processed to identify the anatomical elements
involved in the simulation.Themodels are thenmanufactured
using AM techniques. In parallel, acquisitions obtained by
means of diagnostic imaging techniques are used to recon-
struct the 3D model of costal cartilages, that is then used in
a CAD environment for the 3D modeling of molds suitable
for the fabrication of silicone replicas.

Cartilage nesting is performed with the two resulting ele-
ments, with the aim of minimizing the cartilage material to
be used/harvested from the patient. In the case study, the
optimization of the cut was obtained experimentally by the

Fig. 4 Devised workflow for custom preoperative planning

surgeon directly with the physical models. If performed this
way, also the nesting phase can be considered as an integral
part of the AER simulation. It is objective of the present work
to automate the nesting phase in order to obtain an optimal
result and reduce the simulation time and consequently the
surgical times. If on the one hand the workflow phases can
be performed manually by experts, on the other hand the
automation of the processes can represent a great step for-
ward for the diffusion of the customized simulation of this
type of intervention.

In view of the semi-automatization of the production pro-
cess, it is not only necessary for each step to be automated
internally, but also that the output of each step is consistent
with the input required by the next. To this aim, the dia-
gram in Fig. 4 was analyzed at each stage to define three
main aspects: (1) identification of the best alternative among
available methods in terms of results and timing, (2) evalua-
tion of the possibility of developing new methodologies and
(3) assessment of the feasibility of automating the step.

4 Conclusions

Starting from a case study, the workflow for the creation of
patient-specific AER trainers was determined. The defini-
tion of a standard workflow allows to split the process into
the principal phases in order to analyze the three aspects
for each phase. This lays the foundation for the automation
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of some processes with the aim of obtaining an interactive
procedure allowing the physician to autonomously gener-
ate a patient-specific AER trainer. This represents a key
point, being AER a very complex surgery for which the
introduction of the patient-specific preoperative simulation
would significantly mitigate the challenge even for the most
experienced surgeons. Thus, the semi-automatization of the
simulator production process would facilitate training in a
hospital environment. Within this context, this human–ma-
chine interaction allows to realize a semi-automatic process
which enables, on the one hand, to overcome some limits of
the state of the art and, on the other hand, to obtain a trainer
that satisfies the medical requirements.
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