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Foreword 
 
 
 
 
 
 
 
The sense of touch is fundamental in surgery. It provides information about the clinical 

condition of tissues and feedback for controlling surgical gestures. In the last decade the use of 
sophisticated and low-invasive surgical techniques has limited the interaction of  surgeons via their 
own hands. In fact the introduction of laparoscopic, endoscopic and robotic surgery has reduced 
the invasiveness  of procedures of but also the possibility of direct control and palpation. Despite 
the clinical evidence on the advantages and added value of such new surgical technologies, the lack 
of tactile interaction remains a limiting factor. The role of tactile information concerns sensing, for 
example, the pressure necessary to incise a tissue or to tighten the knot of a suture or the palpation 
of an anatomical structure. Traditionally, tactile information is received by the own hand of the 
operator or through the surgical instrumentation. In fact, palpation using hands has always been a 
prominent part of the objective examination, allowing the physician to determine the location of 
pathological conditions that escape sight. In addition, it also provides information about extension, 
consistency and pain of hidden pathologies. Each tissue has its own tactile peculiarities as well as 
each procedure requires specific tool-tissue interaction. Errors in a surgical procedure due to the 
lack of tactile information or inadequate tool-tissue interaction forces are common and, therefore, 
acquiring this kind of knowledge is paramount to enhance surgical performance and education. The 
scope of this dissertation is to provide the state of the art in surgery and to propose a new generation 
of surgical tools, empowered with an artificial sense of touch for the operator. The present work 
has been developed and written with Dr. Pietro Navalesi and Prof. Calogero Maria Oddo , Scuola 
Superiore Sant’anna, Pisa. I’m grateful to them for the precious opportunity of collaboration
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1. Introduction 

 
Computer Assisted Surgery (CAS) has introduced several benefits in surgical practice and 

training, compared to traditional surgery (Figure 1-2). On the other hand, technological limitations 
include high cost, slow learning curve and long setup times. In particular maxillofacial surgery 
requires high accuracy, stability and transversal skills ranging from dentistry to general medicine 
(3). Robot assisted systems employed in dental and maxillofacial surgery could reduce risks for 
patients allowing some advantages like improving position and orientation of surgical tools, 
prevention of injuries to nerves and vessels in neck/head region avoiding accidental damages due 
to human factors at the same time. Additionally, it is demonstrated that a shortage of haptic feedback 
in commercial surgical tools and platforms lead to a decrease in surgeon’s skills (4). Haptic 
ùfeedback requires ad hoc tactile sensors to acquire haptic information, tools able to integrate them 
and interfaces to display information or let the user feel sensations (5, 6). Tactile and force feedback 
is desirable to avoid injuries due to excessive applied forces when the tool-tissue interactions fall 
below the human sensory threshold (1), to facilitate novices learning while performing a complex 
or new task, to improve soft tissues/membranes manipulation and restore natural haptic feedback 
lost because surgeon cannot manipulate the instruments directly (7). Therefore, the research had 
pointed to novel tactile sensors and sensorized tools development able to be integrated in 
commercial existing surgical platforms. Some authors reported potential benefits and limits of 
haptic feedback in robot-assisted minimally invasive surgery (RMIS) as well as in head and neck 
surgery (4, 7, 8) reaching the same conclusions: commercial existing systems are not able to provide 
haptic sensations, clinical trials are mostly nonrandomized hence the necessity of randomized 
clinical trials to validate benefits of this technology and a cost-benefit analysis should be always 
considered to assess extra costs related to haptic technologies. Literature is not completely one-
sided evaluating haptic feedback essential in CAS systems (9, 10) with the assumption that surgeon’s 
experience and visual feedback alone can balance the lack of haptic feedback in RMIS practice. 
However, effectiveness and necessity of an integrated haptic feedback is proved in fields of 
application like retinal and ENT microsurgery (11, 12), endovascular treatments (13), 
neurosurgery and magnetic resonance imaging (MRI)-guided interventions (14). The major 
shortage of studies can be noticed in the dental and maxillofacial surgery field, with only a partially 
consistent literature covering haptic digital simulators and training platforms and a total absence of 
specifically designed tactile sensors or tools.    
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Figure 1 Traditional open-surgical process: direct manipulation and direct visual information 
 
 
 

 
 
 
Figure 2 CAS Master-Slave surgical process: indirect manipulation and indirect visual 

information 
 
 
 
 
 
 
 
 

 
 
1.1 Elements of human tactile physiology and main technologies to emulate 

human tactile sensing 
 

1.2.1 Elements of human tactile physiology 
 
The knowledge of human tactile systems properties is essential for an accurate and biomimetic 

design of tactile sensors. The human tactile system is based on unnumbered receptors, embedded 
in the dermis at different depths, with dissimilarities in type and functions -mechanoreceptors, 
thermoreceptors and nociceptors- able to obtain different contact tactile information (6, 16). 
Mechanoreceptors -employed in pressure and vibration stimuli detection- are classified based on 
receptive field’s structure and rate of adaptation into Meissner corpuscles, Merkel receptors, 
Ruffini endings and Pacinian corpuscles. Fast adapting receptors (FA) respond to dynamic forces 
and vibrations with action potentials when a stimulus is provided or removed (17–19). FA-I 
receptors (Meissner corpuscles) present a reduced receptive field near the epidermis and measure 
low-frequency (5–50 Hz) stimuli; FA-II receptors (Pacinian corpuscles) have a large receptive field 
and measure high-frequency vibrations stimuli involved in texture discrimination and slip detection. 
Slowly adapting receptors (SA) respond to static pressures producing a sustained series of action 
potentials as long as the stimulus is in contact with their receptive fields. SA-I receptors (Merkel 
discs), close to the skin surface, have a tiny receptive field in the fingertips and provide high-
resolution force information for object discrimination. SA-II receptors (Ruffini endings), located in 
the derma, have large receptive field. Main mechanoreceptors’ properties and features are 
summarized in Table 1. Novel design tactile sensors should be “skin-like” with high sensitivity to 
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measure 3-D small forces (in the range 0.01-10 N), fast response (less than 1 ms) and high spatial 
resolution (1 mm for sensitive sites) with multimodal sensing capabilities. 

 
Table 1: Summary of main mechanoreceptors features (Synthesis from (16–19)). 
 

 
 
 
 
1.2.2 Main sensing principles of tactile technologies 
 
Transduction mechanisms of tactile transducers can be divided in two different categories: 

electrical-based sensors (piezoresistive, piezoelectric, capacitive, inductive sensors) and optical-
based sensors (20, 21). Capacitive and inductive tactile sensors display changes in capacitance and 
inductance respectively. They are actually hardly used in biomedical scene because of weaknesses 
listed in Table 2, although the future potentialities of capacitive sensors especially in MIS. 
Piezoresistors show resistivity changes as a consequence of an applied force). Advantages include 
high spatial resolution and sensitivity while main weaknesses are low frequency response and 
repeatability. Strain gauge sensors consist of a resistive elastic unit and their sensing principle is 
based on resistance changes with strain because of shape deformation (22). Resistance variation is a 
function of the applied strain. Advantages include ease design and high spatial resolution while main 
handicaps large hysteresis and non-linear response. Piezoelectric tactile sensors transduce 
force/pression in a proportionally voltage (the change of electrical polarization of the piezoelectric 
material’s element induces a mechanical deformation), but high accuracy is balanced by low spatial 
resolution. The optical ones, including optical fiber and FBGs sensors, obtain tactile information by 
analysing wavelength’s changes (23, 24). An FBG sensor is a sensing element embedded into an 
optical fiber. FBGs sensors detect force/torque data using the variation in the FBG reflection 
spectrum induced by the applied load to be measure. A multicomponent FBG-based sensor should 
measure force/torque components along x-, y-, and z-axis. Optical sensors own unique properties 
essential in biomedical applications such as biocompatibility, chemical inertness, immunity to 
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electromagnetic interferences and high sensitivity while main limits include susceptibility to 
temperature, relatively high cost, complex information processing system and size limitations. As 
a consequence, their employment in biomedical applications is rapidly increasing. 

 
 
 
Table 2: Summary of main tactile sensing transduction mechanisms employed in biomedical 

applications with advantages and disadvantages (Synthesis from (6), (20–24)). 

 
 
 
 
1.2.3 Main actuation principles for haptic feedback 
 
Haptic devices, able to supply haptic feedback to the user, can be classified in two main families: 

grounded devices, with the base fixed to the ground, and wearable devices (25). In the following 
surgical applications, commercial grounded interfaces (described in detail in Chapter 7) are mainly 
employed with only some exception regarding novel design wearable interfaces. Grounded devices 
can display a vast range of forces at the expense of portability, high cost and bulk. Contrary, portable 
devices’ strengths are wearability, low weight and volume, reduced form factor, despite of the 
haptic stimuli provided is still limited to vibrations with a consequent inability in reproducing 
complex contact interactions. To enhance the wearability of haptic interfaces, researches are 
focused on relocating the grounding of the system closer to the point of actuation of the stimulus 
although the kinesthetic component of the stimuli is reduced, preserving the cutaneous stimuli. In 
the borderline case, when the grounding part is coincident with the stimulus application point, the 
system provides only cutaneous feedback anyway without compromising tactile discrimination 
(26). 

A possible classification of wearable haptic devices is based on haptic systems mechanical 
properties: Degrees of Freedom (DoF) of the end effector, workspace, precision of forces and 
positions rendering (describes the reproducibility of a specific action), resolution of forces and 
bandwidth. A fully actuated haptic device is able to render 3-Dof forces/torques, taking into 
account that increasing DoF number lead to a consequent increasing in design’s complexity. 

Haptic devices can be categorized based on action’s area (fingertip or whole hand) and 
subdivided for type of cutaneous cues they are able to provide: normal indentation, lateral skin 
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stretch and vibration (vibrotactile stimuli due to vibrotactile actuators) for fingertip systems, 
kinesthetic or vibration for whole hand systems. 

In fingertips systems based on normal indentation, actuation could be obtained using a moving 
system in contact with the finger pulp (27), pin arrays -with different pin diameter and pin spacing, 
usually moved by DC motors, servo motors, shape memory alloy (SMA) actuators, pneumatic 
actuators, dielectric elastomer actuators (28)- or pneumatic systems (jets and balloon-based 
systems). The actuation is usually due to DC motors, servomotors or SMA actuators. 

Whole hand devices (also called hand exoskeletons) can provide cutaneous and kinesthetic 
stimuli to the entire hand. These systems employ actuation technologies used for fingertip devices 
but differently they can provide kinesthetic and/or pressure and/or vibration stimuli to the user. 
Open issues involve kinematic coupling between wearer and exoskeleton joints without meddling 
with wearer’s motions and low wearability of systems providing kinesthetic feedback. As a solution, 
vibrotactile actuators with small form factor and low weight are employed to supply vibrotactile 
feedback instead of the kinesthetic one. 

 
1.3  Literature review: matherials and methods 

Prior to the literature search, data extraction, and analysis, the study protocol was defined 
under the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) 
statement . 

The questions were formulated based on the PICO model , and record search and study 
selection strategies were developed. 
The research question focused on the study, research and/or application of haptic sensors, 
sensorized tools, tactile sensors and integrated platform for dentistry and maxillofacial surgery. 

 

1.3.1 Search Strategy 

Manuscript published in English of haptic sensors, sensorized tools, tactile sensors and 
integrated platform for dentistry and maxillofacial surgery were searched electronically through 
Scopus, MEDLINE/PubMed, and Cochrane Library databases by two independent reviewers 
(G.C., A.F.) without date restriction until 1 November 2022, using keywords and Boolean 
operators as follows: (“haptic” OR “sensorized” OR “tactile” OR “integrated”) AND (“sensors” OR 
“tools” OR “platform” AND “dental” OR “dentistry” OR “maxillofacial”). No filters were applied. 

1.3.2 Study Selection and Eligibility Criteria 

Collected citations were recorded, duplicates were eliminated via the reference management 
tool EndnoteTM (Clarivate), and the remaining were screened by the three independent reviewers 
(FDS, FDA, MPDP), who then screened relevant abstracts. The full texts of these potentially 
eligible title-abstracts were obtained, contacting the study authors if full texts were unavailable, and 
were reviewed by the same authors . Inclusion criteria: no restrictions were applied on publication 
date, the number of studies, and study design included; Exclusion criteria: non-English language 
studies. 

1.3.3  Data Extraction and Collection 
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Data were extracted independently and in duplicate using a standardized data extraction form 
developed based on the models recommended for intervention reviews of RCTs and non-RCTs 
before data extraction . 

1.3.4 Data Synthesis 

A narrative synthesis of the data regarding the population studied, intervention(s), and 
outcomes was performed. 

The studies have been categorized in four different areas based upon the presented technologies 
and surgical district of employment with specific attention to maxillofacial/dental applications: 

 • Tactile sensors for instrumented tools 

 • Sensorized tools for contact forces detection 

 • Haptic interfaces for remote tactile feedback  

 • Integrated platforms for surgery and telemedicine  
 
1.4 Results 

After searching electronic databases, 7565 original manuscripts were retrieved as shown in 
figure 1. After applying inclusion/exclusion criteria, 31 articles have been included in the present 
review (17-47). A qualitative synthesis of the results have been made as reported.  

 
 

 

 

 
 PRISMA diagram resembling article selection process from identification to inclusion. 
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1st 
Author, year 

Co
untry 

Type Field S
ubjects 

Category Original 
technology 

Conclusions 

Arikatla 
2020 

US
A/ 

Ind
ia 

CR Ortho
gnatic 
surgery 

1 Integrated 
platforms 

NA In the future, we 
will employ the 
methods proposed in 
this paper to build a 
prototype that 
simulates the full 
procedure of the BSSO. 

Bandari 
2016 

Ca
nada 

Revie
w 

MIS 
and RMIS 

N
A 

TS-IT NA There is a 
relatively small number 
of recent developments 
of hybrid sensors for 
MIS and RMIS. 

Bugdadi
2018 

Ca
nada 

Experi
mental 

Neur
osurgery 

6* Haptic 
feedback; 
Integrated 
platforms 

NA To maximize 
realism of the training 
experience, educators 
employing virtual 
reality simulators may 
find it useful to assess 
expert opinion before 
choosing a force 
feedback device. 

Chen 
2018 

Ch
ina 

Experi
mental 

Denti
stry 

N
R 

Haptic 
feedback; 
Integrated 
platforms 

DISS The DISS may 
provide an alternative 
training method for the 
surgeons to enhance 
their dental implant 
surgical skills and 
experiences. 

Dahiya 
2010 

Ital
y 

Revie
w 

Trans
lational 

N
A 

TS-IT NA Much work needs 
to be done at the system 
level before artificial 
touch can be used in a 
real-world 
environment. 

Frediani 
2014 

UK
/Italy 

Experi
mental 

Trans
lational 

N
R 

Haptic 
feedback 

bubble 
like HC-DEA 

A novel tactile 
display able to simulate 
contact with virtual soft 
bodies via soft 
interfaces, offering low 
weight, no acoustic 
noise, no heating, 
scalability, and low 
power consumption. 

Giri 2021 Ca
nada 

Revie
w 

Trans
lational 

N
A 

Haptic 
feedback 

NA The medicinal 
world is still skeptical 
about the usage of 
haptic devices in 
surgeries and training. 
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Girod 
2015 

US
A 

Experi
mental 

Maxil
lo-facial 

10
** 

Haptic 
feedback; 
Integrated 
platforms 

Geomagic 
Touch, 3D 
Systems 

Our advanced 
haptic surgical 
planning system 
enabled surgeons to 
simulate mandibular 
fracture repair more 
accurately and with a 
better user experience 
than a CAD system. 

Hoshyar
manesh 2021 

 

Ca
nada 

Experi
mental 

MIS 
and RMIS 

N
R 

Haptic 
feedback; 
Integrated 
platforms 

neuroArm
PLUS 

 

This manuscript 
describes the 
engineering principles 
behind the design and 
development of a 
microsurgery-specific 
haptic interface. 
Establishing its clinical 
use is outside the scope 
of this work. 

Kim 
2020 

Ko
rea 

Experi
mental 

FESS  N
R 

Haptic 
feedback; 
Integrated 
platforms 

VR haptic 
platform 

VR haptic 
simulators can improve 
the skill and confidence 
of surgical trainees by 
allowing them to accrue 
experience in various 
tasks under different 
conditions.  

Liang 
2018 

Ch
ina/ 

Ca
nada 

Revie
w 

Trans
lational 

N
A 

TS-IT NA Significant 
improvements have 
been achieved in 
addressing numerous 
aspects of designing 
and developing multi-
component opto- 
electric force sensing 
systems. 

 

Liu 2012 Ch
ina 

Experi
mental 

Maxil
lo-facial 

N
A 

ST-CFD Control 
System for 
CMF Robot 

The repeatability 
accuracy experiment 
showed that the 
movement of the robot 
is smooth, stable and 
safe. 

Lo presti 
2020 

Sp
ain/Port
ugal/Ital
y/USA/
Kazakhs
tan 

Revie
w 

Trans
lational 

N
A 

TS-IT NA The considerable 
amount of attention 
given to FBGs in 
scientific papers and 
the growing market 
interest regarding their 
applications in 
medicine underline the 
strong interest to fulfill 
the gap between 
research and clinical 
practice. 
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Maliha 
2018 

US
A 

Revie
w 

Maxil
lo-facial 

N
A 

Haptic 
feedback 

NA Although 
seemingly beneficial to 
the trainee in 
maxillofacial surgery, 
simulation in education 
in this field is an 
underused commodity 
because of the 
significant lack of 
scientific and validated 
study designs reported 
on in the literature thus 
far. 

Medellìn
-Castillo 2016 

Me
xico/ 

UK 

Experi
mental 

Maxil
lo-facial 

21
** 

Haptic 
feedback 

NA A haptic-enabled 
approach is feasible in 
2D, 21⁄2D and 3D 
environments and that 
benefits were obtained 
in the reduction of 
measurement errors, 
lower variability and 
reduced task 
completion times. 

Mencatt
elli 2014 

Ital
y 

Experi
mental 

Denti
stry 

2 ST-CFD customize
d measuring 
platform 

This measuring 
system allows 
measurements of 6 
orthodontic forces 
exerted by any 
orthodontic device. 

Nicot 
2017 

Fra
nce 

CR Maxil
lo-facial 

1 Haptic 
model 

NA The description of 
defects through haptic 
3D printed models may 
be a next step in the 
provision of parental 
information. 

Nilsson 
2020 

De
nmark/S
weden 

Retros
pective 

Maxil
lo-facial 

12 Haptic 
feedback 

NA In this study, we 
present an in-house 
haptic assisted 
planning tool with high 
usability that can be 
used for pre-operative 
planning and 
evaluation of complex 
mandible fractures. 

Olsson 
2013 

Sw
eden 

CR Maxil
lo-facial 

1 Haptic 
feedback 

 Preliminary 
testing with one 
surgeon indicates that 
our haptic planning 
system has the potential 
to become a powerful 
tool that with little 
training allows a 
surgeon to complete a 
complex CMF surgery 
plan in a short amount 
of time. 
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Pacchier
otti 2015 

Ital
y 

Experi
mental 

Trans
lational 

15 Haptic 
feedback 

3-DoF 
cutaneous 
haptic device 

Cutaneous 
feedback showed better 
performance than 
employing no force 
feedback at all, but, as 
expected, it was 
outperformed by full 
haptic feedback 
provided by grounded 
haptic interfaces. 

Pacchier
otti 2015b 

Ital
y/USA 

Experi
mental 

Trans
lational 

18 Haptic 
feedback 

SynTouch 
BioTac 

Subjects who used 
a dragging strategy 
achieved even better 
results with cutaneous 
feedback of fingertip vi- 
brations. Subjects also 
highly preferred 
conditions providing 
cutaneous feedback 
over the one without 
any haptic feedback. 

Pacchier
otti 2017 

Fra
nce/Chil
e/Italy 

Revie
w 

Trans
lational 

N
A 

Haptic 
feedback 

NA The “wearables” 
technology trend will 
continue to play a 
strong role in pushing 
haptics forward 
throughout the coming 
decade. 

Prattichi
zzo 2013 

Ital
y 

Experi
mental 

Trans
lational 

14 Haptic 
feedback 

novel 3-
DoF wearable 
display 

In comparison to 
similar existing 
cutaneous devices, this 
one has three actuated 
degrees of freedom and 
it is able to simulate a 
contact force with 
general direction at the 
fingertip. 

Saccoma
ndi 2014 

Ital
y 

Revie
w 

Trans
lational 

N
A 

TS-IT NA The growing and 
continuous research in 
the field of tactile 
sensing for biomedical 
application will go 
towards the fusion of 
many technologies, 
aiming to enhance the 
pros of each technique. 

Shujaat 
2021 

Bel
gium/ 

Sw
eden 

CR Ortho
gnatic 
surgery 

1 Haptic 
feedback 

NA Our findings 
provide evidence on the 
anatomical and haptic 
quality 3D models with 
various printers which 
may allow us to guide 
physicians and trainees 
to select a certain 
printer and material 
depending on the task 
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at hand for improving 
surgical planning and 
clinical training. 

Syed 
2013 

Ch
ina 

Experi
mental 

Maxil
lo-facial 

N
R 

Haptic 
feedback 

6-DOF The repeatability 
experimental results 
show that the 
movement of the 
manipulator under the 
satisfactory boundaries, 
which is suitable and 
fulfills the needs of the 
surgery. 

Wu 2014 Ch
ina 

Experi
mental 

Maxil
lo-facial 

25
** 

Haptic 
feedback 

VR-MFS The VR-MFS 
provides an efficient 
and cost-effective way 
to train maxillofacial 
novices. 

Zaragoz
a-Siqueiros 
2019 

Me
xico/ 

UK 

CR Ortho
gnatic 
surgery 

6*
* 

Haptic 
feedback; 
Integrated 
platforms 

OSSys The proposed 
system integrates the 
four main stages of the 
traditional OGS 
planning process: 
clinical facial analysis, 
cephalometric analysis, 
model surgery, and 
surgical template 
generation. 

Zhang 
2012 

Ch
ina 

Experi
mental 

Denti
stry 

N
R 

Haptic 
feedback 

 
 

digital VR 
simulator 

 

This paper 
presents an effective 
framework to simulate 
the pilot-drilling 
procedure of the micro-
implants surgery.  

Zhang 
2015 

Ch
ina 

Experi
mental 

Maxil
lo-facial 

N
R 

Haptic 
feedback 

This system 
provides training to 
medical students, and 
can also be used in 
preoperative planning. 

Zhang 
2021 

Ch
ina 

Experi
mental 

Maxil
lo-facial 

10
** 

Haptic 
feedback 

There are still a lot 
of technical challenges 
in the devel- opment of 
virtual surgery. 

 
 
 
 
 
Abbreviations: CAD (Computer-Aided Design); CMF (Cranio Maxillo-facial); CR (Case Report); DISS 

(Dental Implant Surgery Simulator); FESS (Fiberoptic Endoscopic Sinus Surgery); HC-DEA (hydrostatically 
coupled dielectric elastomer actuators); MIS (Minimally Invasive Surgery); NA (Not Aplicable); NR (Not 
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Reported); OGS (Orthognatic Surgery); RMIS (Robotic Minimally Invasive Surgery); ST-CFD (Sensorized 
tools for contact forces detection); TS-IT (Tactile Sensors for Instrumented Tools). 

Legend: *Neuro Touch expert’s Surgeons; **resident trainee in oral/maxillofacial surgery or plastic 
surgery with no prior experience with haptic systems 

 
 

 
 
 

1.5 Tactile sensors for instrumented tools: dentistry and maxillofacial applications  
 
Transduction mechanisms of tactile transducers can be divided in two different categories: 

electrical-based sensors (piezoresistive, piezoelectric, capacitive, inductive sensors) and 
opticalbased sensors (17, 18). Capacitive and inductive tactile sensors display changes in capacitance 
and inductance respectively. They are actually hardly used in the biomedical scene because of 
weaknesses listed in Table 2, although the future potentialities of capacitive sensors, especially in 
MIS. Piezoresistors show resistivity changes as a consequence of an applied force. Advantages 
include high spatial resolution and sensitivity while main weaknesses are low frequency response 
and repeatability. Strain gauge sensors consist of a resistive elastic unit and their sensing principle is 
based on resistance changes with strain because of shape deformation (19). Resistance variation is a 
function of the applied strain. Advantages include ease design and high spatial resolution while main 
handicaps large hysteresis and non-linear response. Piezoelectric tactile sensors transduce 
force/pression in a proportionally voltage (the change of electrical polarization of the piezoelectric 
material’s element induces a mechanical deformation), but high accuracy is balanced by low spatial 
resolution. The optical ones, including optical fiber and Fiber Bragg Grating (FBG) sensors, obtain 
tactile information by analysing wavelength’s changes (20, 21). An FBG sensor is a sensing element 
embedded into an optical fiber. FBGs sensors detect force/torque data using the variation in the 
FBG reflection spectrum induced by the applied load to be measured. A multicomponent FBG-
based sensor should measure force/torque components along the x-, y-, and z-axis. Optical sensors 
have unique properties essential in biomedical applications such as biocompatibility, chemical 
inertness, immunity to electromagnetic interference and high sensitivity while main limits include 
susceptibility to temperature, relatively high cost, complex information processing system and size 
limitations. As a consequence, their employment in biomedical applications is rapidly increasing. 

 
 Table 2 Summary of main tactile sensing transduction mechanisms employed in biomedical 

applications with advantages and disadvantages (Synthesis from (6), (20–24)). 
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1.6  Sensorized tools for contact forces detection: dentistry and maxillofacial applications   
 
 
Maxillofacial surgery interventions are complex due to different types of anatomical structure 

in restricted surgical fields, each of them requiring specific procedures and appropriate skills. 
Moreover, esthetical appearance is essential for patients and must be considered evaluating 
postoperative results. Nowadays, maxillofacial procedures are performed manually for the 
majority, using different tools (e.g. pincers, drill, saw) -with limitations related to the 
intervention’s duration (often more than eight hours), tiredness of surgeon, high desired accuracy 
in bone positioning- trying to minimize tissue and vessels’ damages (22). Regarding cleft lip/palate 
diagnosis in unborn children, a 3D printed custom haptic model is presented by Nicot (23). This 
model allows surgeons to have a realistic idea of a child's anatomy as well as to perform a 
preoperative planning with high accuracy.  In orthodontics’ field an open issue is to detect and 
measure loads and forces applied during treatments performed with different tools in order to 
prevent damages. To solve this problem a customized measuring system, able to reveal forces in a 
range between 0.1 and 2 N, was designed by Mencattelli (24). Sensing unit is composed of 6 load 
cells each coupled with a strain gauge.   

 
 
1.7 Main actuation principles for haptic feedback: Dentistry and maxillofacial 

applications 
 
Haptic devices, able to supply haptic feedback to the user, can be classified in two main families: 

grounded devices, with the base fixed to the ground, and wearable devices (25). In the following 
surgical applications, commercial grounded interfaces are mainly employed with only some 
exceptions regarding novel design wearable interfaces. Grounded devices can display a vast range 
of forces at the expense of portability, high cost and bulk. Contrary, portable devices’ strengths are 
wearability, low weight and volume, reduced form factor, despite the haptic stimuli provided is 
still limited to vibrations with a consequent inability in reproducing complex contact interactions. 
To enhance the wearability of haptic interfaces, researches are focused on relocating the grounding 
of the system closer to the point of actuation of the stimulus although the kinesthetic component of 
the stimuli is reduced, preserving the cutaneous stimuli. In the borderline case, when the grounding 
part is coincident with the stimulus application point, the system provides only cutaneous feedback 
anyway without compromising tactile discrimination (26). A possible classification of wearable 
haptic devices is based on haptic systems mechanical properties: Degrees of Freedom (DoF) of the 
end effector, workspace, precision of forces and positions rendering (describes the reproducibility 
of a specific action), resolution of forces and bandwidth. A fully actuated haptic device is able to 
render 3-Dof forces/torques, taking into account that increasing DoF number leads to a consequent 
increase in design’s complexity.  Haptic devices can be categorized based on action’s area (fingertip 
or whole hand) and subdivided for type of cutaneous cues they are able to provide: normal 
indentation, lateral skin stretch and vibration (vibrotactile stimuli due to vibrotactile actuators) for 
fingertip systems, kinesthetic or vibration for whole hand systems. In fingertips systems based on 
normal indentation, actuation could be obtained using a moving system in contact with the finger 
pulp (27), pin arrays -with different pin diameter and pin spacing, usually moved by DC motors, 
servo motors, shape memory alloy (SMA) actuators, pneumatic actuators, dielectric elastomer 
actuators (28)- or pneumatic systems (jets and balloon-based systems). The actuation is usually due 
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to DC motors, servomotors or SMA actuators.  Whole hand devices (also called hand exoskeletons) 
can provide cutaneous and kinesthetic stimuli to the entire hand. These systems employ actuation 
technologies used for fingertip devices but differently they can provide kinesthetic and/or pressure 
and/or vibration stimuli to the user. Open issues involve kinematic coupling between wearer and 
exoskeleton joints without meddling with wearer’s motions and low wearability of systems 
providing kinesthetic feedback. As a solution, vibrotactile actuators with small form factor and low 
weight are employed to supply vibrotactile feedback instead of the kinesthetic one.    

Haptic interfaces are widely used in dental and maxillofacial surgery especially for digital 
simulation purposes. A dental implant surgery simulator (DISS), based on the haptic device 
Omega.6 (Force Dimension, Switzerland) and CHAI3D software, is proposed in (29). Driller 
diameter and drill speed are variable during simulation, conducted on patient specific virtual 
models. Users wear 3-D glasses to receive visual feedback too. A voxel-based approach to 
reconstruct oral tissues and an analytical drilling force model for haptic simulation of micro-
implants procedure are proposed in (30). The aim is to train orthodontists in this common 
procedure minimizing risks for patient’s tooth roots and providing a real-time force feedback from 
different tissue layers. Surgeons must be careful to apply appropriate forces performing procedures 
like Bilateral Sagittal Split Osteotomy (BSSO), the most common mandibular intervention, which 
requires cutting the mandible through burr and oscillating saw. BSSO simulator (31) provides the 
visual feedback to the user with Occulus Rift HMD and force feedback through Geomagic Touch 
haptic device. Prototyping of interactive virtual environments is implemented with the interactive 
medical simulation toolkitiMSTK.  Wu et al. (32) implemented a multimodal (visual, touch, sound) 
VR training system for Le-Fort I osteotomy with virtual 3D models of anatomic structures 
reconstructed from CT patient’s data. Hardware architecture is composed of a 3D Display 300 
(SenseGraphics, Switzerland), 2D LCD monitor and a force feedback haptic device Omega.6. 
VS2008 is the Integrated Development Environment software (Microsoft, Washington, USA) and 
CHAI3D (Stanford, USA) allows the communication with the haptic manipulator. Omega.6 
doesn’t provide torque feedback and maximum force detected during simulation is only 12 N, 
lower than typical forces commonly used, thus a novel haptic device is required. Common 
procedures in maxillofacial surgery like open reduction and palate fixation can be performed using 
the digital VR simulator proposed by Zhang et al. (33). In cranio-maxillofacial surgery an important 
issue is to restore normal skeletal anatomy in patients with complex and massive traumas. Regarding 
reduction of maxillary fractures and facial traumas, novel training visuo-haptic simulators have been 
developed (34, 35). In (34), Geomagic Phantom (3D Systems, Rock Hill, USA) desktop haptic 
device (providing 6-DOF input and 3-DOF force output) and CHAI 3D software allow it to operate 
in the 3D virtual environment with haptic sensations. A Lenovo thinkpad workstation (Beijing, 
China) is used to simulate the immersive scenario. To solve the issue of low maximum output force 
(7,9 N) related to Geomagic, authors set different levels of force feedback to allow users to feel 
changes in motions (35). The authors highlighted better user experiences, intuitiveness, and post-
operative results of Computer Assisted Surgical (CAS) systems compared to Computer-aided 
design (CAD) systems used in bone fractures reduction, providing the sense of touch to users. 
Additionally, it’s proved that appropriate pre-operative planning systems cause a reduced operating 
time and morbidity in patients who need this operation (36). Olsson et al. proposed a new surgery 
pre-operative planning system with visuo-haptic feedback regarding bone fragments reconstruction 
(37). Medellin-Castillo et al. deal with the topic of cephalometry (38, 39). They demonstrated 3D 
cephalometry significantly reduces landmarking errors compared to 2D methods and proposed a 
haptic VR system involving cephalometry analysis reducing bias versus traditional approach. Should 
be kept in mind that force feedback on different devices don’t influence simulation’s performances 
in a significant way like Bugdadi’s work assess (40). Despite the growing relevance of haptic 
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simulators due to several advantages in oral and maxillofacial application these devices are 
underused too, probably because of the lack of scientific studies reported on in literature (41). The 
main future challenge will be to provide appropriate real-time haptic sensations during simulation 
and research should be directed in this direction.     

 
1.8 Integrated Platforms for surgery and telemedicine: dentistry and maxillofacial 

applications  
 
Computer assisted surgery had boundless progress in a short time, realizing improvements for 

patients and surgeons thanks to an increasing use of robotic platforms for surgery (1). In the 
following sections main robotic platforms have been reviewed, including mannequin simulators 
(surgical tool-target physical interactions) with haptic feedback for dentistry-maxillofacial surgery. 

Haptic devices let a user interact with a real remote object/structure or with a computer 
generated environment, providing a sense of tangibility -called haptic feedback- (42) stocked by the 
device’s actuators. A haptic device is a robot with a different number of degrees of freedom (DOF) 
-depending from structure and design- located at a control station and moved directly by the 
operator (43) in order to give feedback on movements and forces imposed by the user himself. The 
haptic tool can provide tactile feedback due to mechanoreceptors, kinesthetic feedback due to 
muscle tensions or rarely thermal feedback. A haptic interface is a two-way device: the user 
manoeuvres the haptic device and commands are sent to the robotic end-effector; meanwhile the 
tool-tissue contact forces are detected with force/torque sensors and sent back to the haptic device. 
During years numerous commercial grounded haptic devices have been proposed trying to satisfy 
the demanding requests in terms of huge workspace, kinematic isotropy and force/torque 
provided. Some of commercial haptic devices usually employed for surgical applications have been 
developed by Force Dimension (Omega 3, Omega 6, Omega 7 devices able to provide force 
feedback with 3, 6, 6+1 DOF respectively), SensAble Technologies (Phantom Omni, Phantom 
Desktop supplying force feedback with 3/6 DOF), Moog FCS Robotic (HapticMaster with 3 DOF), 
Novint (Novint Falcon™ with 3 DOF) and Entact Robotics (Entact W5D with 5 DOF). Main 
current limits related to these technologies are the reduced workspaces, different from 
conventional surgery, and lack of specificity. Given these limitations, surgeons must adapt gestures 
and movements to the instrument’s structure, the direct line of sight between surgeon and device 
could induce distractions as well as holding a rigid and bulky object can lead to surgical errors.  

Surgical simulators were introduced for the first time in the 1990s with the aim to simulate 
immersive and specific scenarios and simplify training for complex surgical procedures (41). Novel 
simulators employ multimodal (visual, touch, sound) virtual reality (VR) in order to improve 
training with countless advantages. VR simulators are cost effective, easy to use, can automatically 
assess surgeon’s performances and provide objective feedback measures as well as enhance the 
strength, speed and dexterity (31). Moreover, they allow to overcome limits of traditional 
simulation like cost and availability of animal or cadaveric models and time-consuming practice 
under the supervision of experienced surgeons as well as the reduced biomimetic of physical 
simulators. These evaluations contributed to the growth of mannequin and digital VR simulators. 
Incorporating haptic feedback into VR training systems will obtain better results in terms of 
performance accuracy, safety, skills acquisition and learning speed (5). Main digital/physical 
simulators presented in our review are summarized in Table 2 based on the surgical application’s 
field. 

The first robotic assisted maxillofacial intervention in animal models was executed in 2003. 
Transoral Robotic Surgery (TORS) became a disruptive surgical technique with the FDA approval 
of the Da Vinci Surgical System for TORS (Intuitive Surgical Inc, USA) in 2009. The effectiveness 
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of these systems was evaluated during years in terms of safety, functional outcomes, oncological 
outcomes, reduced post-operative complications and cost. Limitations include limited accessibility 
of bulky instruments, initial long setup, long operative times and lack of force feedback and tactile 
perception of tissues (1). This robot’s first-generation was modified in 2015 with the introduction 
of FLEX Robotic System (Medrobotics Inc, Raynham, USA) a robotic platform with higher 
manoeuvrability. Nowadays robotic surgery systems are commonly employed in head and neck 
neoplasm resection, cleft lip and palate, fracture reduction and OSAS (the most common type of 
sleep apnea) treatments. However, the complete lack of haptic and force feedback in each 
commercial existing system must be noticed. Novel systems should be designed to allow an 
integration with most common commercial robotic platforms providing tactile sensations to the 
user. For instance, Pacchierotti (44) implemented a cutaneous feedback interface integrated on an 
Intuitive Surgical da Vinci Standard, able to measure contact deformations, in the end-effector of a 
surgical instrument. Haptic feelings are provided to the user by fingertip deformations with a 
significant improvement in palpation performances.  

3D printed models are widely employed in physical surgical simulators for dental and 
maxillofacial applications enabling surgeons to understand anatomy/pathology, practicing intricate 
tasks too (45). Syed et al. (46) proposed a multi-arm medical platform with a 6-DoF surgical 
manipulator and haptic device with force feedback (Omega.6 haptic device) able to improve surgical 
accuracy during maxillofacial tele-operations. A pressure commercial sensor (force-torque sensor 
IFS50M31A25-I25) is installed on the manipulator end-effector to detect collisions and transfer the 
intensity value to a haptic device. A VR haptic platform for endoscopic sinus and skull base surgeries 
was presented by Kim (47). Platform’s architecture is composed of two Geomagic Touch X haptic 
devices to supply haptic feedback, a monitor for visual feedback and an endoscope device.  

 
 
 
Table 2: Simulators with haptic feedback retrived in the present review.  

 
 
 
 
1.9. Discussion 
 
In this study a comprehensive review of the newest haptic technologies - tactile sensors, 

sensorized tools, haptic interfaces and integrated platforms for telemedicine - employed in dentistry 
and maxillofacial surgery is proposed. CAS introduces several benefits in surgical practice and 
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training, compared to traditional surgery, like improved surgeon’s performances and skills, higher 
precision and reproducibility, reduced complications and invasiveness with better post-operative 
outcomes meanwhile allowing teleoperations and large-scale adequate medical treatments. 
Consequently, during years many efforts have been made to overcome technological limits, the 
main one is the complete lack of haptic/force feedback to the surgeon in master-slave systems. In 
particular, research has pointed to novel tactile sensors and sensorized tools’ development able to 
be integrated in commercial existing surgical platforms. However, despite several scientific 
evidence in effectiveness of both force and haptic sensing, technological translation from research 
to clinical practice remains unfulfilled probably because of high implementation costs and design 
complexity. The major shortage of studies can be noticed in the dental and maxillofacial surgical 
field with only a partially consistent literature covering haptic digital simulators and training 
platforms and a total absence of specifically designed tactile sensors or tools. A research gap between 
dental/maxillofacial surgery and other surgical specialties like endovascular treatments, 
laparoscopic surgery and microsurgery is clear. In fact, by screening results of the present review 
we mainly found case reports and retrospective work with an absence of prospective large scale, 
multicentric studies and clinical trials. Furthermore, this work intends to establish -based on the 
literature- technological trends about haptic transducing mechanisms in surgery over the years in 
order to suggest the most adequate sensing principle able to be translated in maxillofacial and dental 
surgery’s applications.  Despite the major adoption in each surgical field of electrical-based tactile 
sensors (e.g., piezoresistive and piezoelectric tactile sensors) during the years, since the last decade 
the adoption of optical-based tactile sensors is growing. A preeminent adoption and development 
of optical and FBGs-based sensors/tools has been highlighted especially in microsurgery, 
endovascular procedures (48), MIS (20) and MRI-guided interventions because of unique properties 
essential in biomedical applications. The employment of optical and FBGs-based tactile sensors in 
novel tools especially designed for dental/maxillofacial surgery purposes, in light of the excellent 
technological results exposed in literature, could be an innovative and disruptive idea to enhance 
surgical performances simultaneously reducing drawbacks. To confirm this thesis additional work 
should be carried on especially in the unexplored field of haptic feedback in dental and maxillofacial 
surgery.  
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The experimental part of this work proposes a prototype of a new sensorised tool for surgery. 

 
2. Tool design and development  

 
2.1 Tool choice, preliminary tool design, role of Finite Element Method in 

engineering field  
 

 
The selection of the instrument was performed by Dr.Guido Gabriele while the design and the 

experiments was performed by Dr. Pietro Navalesi under the supervision of Prof. Calogero Maria 
Oddo at Scuola Superiore Sant’anna in Pisa, Italy. 
Because of the scarce presence of sensorized surgical tools addressed to maxillofacial surgery or 
dentistry in literature, the first step of this experimental work is the choice of a commercial surgical 
tool able to be sensorized.. The chosen tool should be: largely employed in maxillofacial 
procedures, easy to handle, with low weight and volume, space-savings, ergonomics, cheap and 
able to operate in the range of forces typical of maxillofacial tasks like suturing, grasping or drilling 
(see Chapter 1). Because of the wide range of possible tasks and consequently the wide range of 
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exerted forces, a skimming of candidates was carried out deciding to focus this work on grasping 
and palpation tools.  

Moreover, a balance between surgical demands and engineering/design demands was 
mandatory. The chosen tool should be: feasible to be sensorized with optical FBGs-based sensors 
with adequate dimensions and properties, possibly low bulk, easily 3D printable in plastic or metal 
with an adequate complexity and ease in assembling sensors with frame.  

In light of previous considerations, the choice fell on a shortlist of candidate commercial surgical 
forceps, whose CAD files were available on online CAD-databases like GrabCAD, CadNav, 
Sketchfab and Turbosquid. The final choice fell back on the surgical forceps whose preliminary CAD 
design (powered with Autodesk fusion 360 software) is in Figure 2.1, because of adequate 
dimensions, thickness and length able to permit the future integration of optical fiber sensors, 
adequate shape of the tip and handle for tool sensorization and manipulation. 

 

 
Figure 2.1: Preliminary CAD design of the chosen surgical forceps. 
 

The presented tool has a length of 120 mm, a mean thickness of 2 mm and a mean width of 5 mm 
with the maximum width at the grip and the minimum at the tip, resulting manoeuvrable and 
adequate to complex anatomies and inaccessible places.  
The following step (described in 2.2) is a preliminary Finite Element (FE) simulation employing 
Autodesk Fusion 360 software and subsequently an in-dept FE simulation with Ansys Mechanical 
APDL software.  
The Finite Element Method (FEM) is a computer-based method, employable in many fields -from 
industrial field to biomedical applications- able to describe, analyse and solve complex issues using 
numerical methods. Complex structures can be decomposed into numerous simple elements which 
in their entirety form the mesh. The final solution derives from the sum of the calculations carried 
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out by the solver for each single element. Definitely, FE simulations allow to solve and bypass the 
main design issues responding to various needs during prototyping with high performances and 
accuracy, allowing to find out best prototype properties, materials, geometries before the physical 
fabrication and avoiding wastes of time/money during design and test phases. These strengths lead 
to an increasement in efficiency and productivity. A possible weakness, identifiable in biomedical 
field, is model generation due to a previous lack of knowledge of the model’s anatomy intended to 
be studied. Consequently, an intermediate step of model anatomy acquisition with magnetic 
resonance of computer tomography is necessary.  

In this work, the forceps model with a known geometry is designed in a CAD environment and 
then imported in FE software. 

 
 

2.2 Qualitative Finite Element Analysis  
A preliminary qualitative FE analysis was carried on with Autodesk Fusion 360 software as a 
comparison with the following more complex and automatized simulations. The aim of this step is 
to emulate a gripping procedure with a force in the handle emulating the force exerted by user’s 
fingertip and a force on the tool’s tip emulating the nodule’s reaction force. Manually modifying 
loads intensity and area of application is feasible to study parameters of interest like displacement, 
mechanical strain and mechanical stress in a “Static Structural” analysis.  
Tool design in Figure 2.1 is directly available in the software section ‘Simulation’. The process steps 
can be summarized in:  
• _Design simplification: taking advantage from tool symmetry, simulation can be limited to a single 
tool side whereas the other will behave in a specular way. Moreover, a removal of non-essential 
design processes is powered.  
• _Tool material: Commercial Aluminium 1100-O (isotropic, elastic, linear material).  
• _Applied mechanical loads: A force in the range [0-10] N applied in a similar fingertip circular 
area of 16π _𝑚𝑚𝑚𝑚2 in the handle emulating the force exerted by user’s fingertip and a force in 
the range [0-10] N applied in the tool tip emulating the nodule reaction force.  
• _Mechanical constrains: a fixed structural constraint (x, y, z axes) on the reaction force opposite 
end.  
 
Results (after a free meshing process):  
• _Total mechanical displacement: Maximum at the tip, zero value on the constrain.  
• _Total mechanical strain (equivalent deformation): Maximum at the tip, due to the nodule 
reaction force.  
• _Total mechanical stress (Von Mises): Maximum at the tip, due to the nodule reaction force.  
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Figure 2.2: (a) Simulation’s features, (b) Results: total mechanical displacement. 
 
 
 
Subsequently, an in-depth FE static structural analysis was conducted with Ansys Mechanical 

APDL and Ansys Mechanical APDL Batch simulation environment for simulation process 
automatization. The aim of this phase is the simulation of a gripping procedure under many different 
input simulation conditions. The mechanical static structural analysis was carried on varying 3 input 
parameters: 

• Force in the handle emulating the force exerted by user’s fingertip, with an intensity in the 
range [1;5]N with a step of 1N, applied in a fingertip-similar square area of 4mm side length. 

• Force on the tool tip emulating the nodule reaction force, with an intensity in the range [1;5]N 
with a step of 1N, applied in a nodule-similar square area of 20 μm side length. 

• Square centre position along the tool major axis (z axis) in a range of [-2;0]mm with a step of 
0.5 mm toward the tool middle line, in order to emulate user’s fingertip position. 

Definitely, there are 125 different combination of input parameters and consequently 125 
different simulations derived. Regarding data extraction, the aim is to save -in different txt files- 
results referred to each single node of the mesh in order to feed a Neural Network. 

Simulation process can be summarized as follows: 
• Design adjustment and simplification: Some changes in tool design are necessary to allow the 

meshing step. Taking advantage from tool symmetry, simulation can be limited to a single tool side 
whereas the other will behave in a specular way. Moreover, a single tool side can be divided in 
other two symmetric sides along the tool major axis (z-axis), introducing a symmetry constraint, 
whereas the other will behave in a specular way. A splitting of the single resulting tool side into 10 
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different partitions is necessary to allow a mapped mesh in the meshing phase. The final model 
ready for importation is in Figure 2.3. 

• Model importation and scaling: CAD model obtained with Autodesk Fusion 360 is saved in a 
“iges” file, able to be imported into Ansys APDL. A scaling from metres to mm is necessary. 

 
 

 
Figure 2.3: Final CAD model for Ansys APDL importation.  
 
 
 
Element type: Element type 45, describing a 4-node 3D structural solid.  
• _Material properties: Commercial Aluminium 1100-O (isotropic, elastic and linear material) 

with a Young Module of 69 GPa and a Poisson Module of 0,33.  
• _Meshing: Thanks to the previous splitting, a mapped mesh is implementable in each model 

partition (a detail of tool’s tip mapped mesh in Figure 2.4).  
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Figure 2.4: Detail of forceps ‘tip mapped mesh.  
 
 
 
• _Mechanical and symmetry constraints, mechanical loads: Because of the single tool side 

division along the major tool axis in two symmetrical parts a symmetry constrain along the y axis is 
necessary. A fixed structural constraint (x, y, z axes) -on the reaction force opposite end- is 
implemented too in order to guarantee system mechanical balance (Figure 2.5). Constraints are 
implemented in mesh nodes. Mechanical loads are described previously and implemented in mesh 
nodes (Figure 2.6)  

 

 
 
 
Figure 2.5: Mechanical and symmetry constrains. 
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Figure 2.6: Mechanical loads (for fingertip position along z_axis=0 mm). 
 
 

 
 
Figure 2.7: Qualitative simulation results for: (a) total displacement, (b) total mechanical von 

Mises strain for the input parameter combination fingertip_force=3 N, reaction_force=3 N, 
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fingertip position along z_axis=0 mm, (c) total mechanical von Mises stress for the same parameters 
combination. 

 
We conducted a qualitative study to demonstrate the feasibility of the automatized simulation 
process and the relative data extraction with a complex geometry using Ansys Mechanical APDL 
and Ansys Batch simulation environment. In particular, the extraction involves each node of the 
mesh for each combination of input parameters. Saving data of every combination in a unique ‘txt’ 
file proved unmanageable, since a single ‘txt’ file for each result derived from a single parameters 
combination is recommended. Results of interest for each node of the mesh are:  
• _Node number, each node of the mesh is identifiable with a unique integer and positive number.  
• _Node X-coordinate, Y-coordinate, Z-coordinate, to localize spatially each node.  
• _Total von Mises mechanical strain (EPTOEQV)  
• _EPTOX, EPTOY, EPTOZ  
• _EPTOXY, EPTOYZ, EPTOXZ  
• _Total von Mises mechanical stress (SEQV), expressed in Pascal  
• _SX, SY, SZ (expressed in Pascal)  
• _SXY, SYZ, SXZ (expressed in Pascal)  
 

For each input parameters combination, data extraction involves 18 results of interest for each 
node of the mesh. 

 
 
2.3 Geometry choice, Finite Element simulation of a nodule gripping  
 
In light of the previous dissertations, the feasibility of an automatized simulation process is 

demonstrated as well as an adequate data extraction. However, because of the complex model’s 
geometry an appropriate comparison with the expected theoretical results is hard. Moreover, a 
reaction force with imposed intensity on forceps tip emulating the nodule reaction force could be 
an oversimplification of the tool-tissue contact phenomenon.  

Consequently, a decisive case study could be a model-geometry simplification, replacing the 
original model geometry with a similar-beam geometry, meanwhile implementing a more realistic 
simulation of the tool-nodule contact phenomenon in the field of non-linear contacts. Instead of an 
imposed reaction force at the tool tip, simulations are carried out obtaining data directly from beam-
nodule contacts. Hence a hemisphere of 5 mm diameter emulating the nodule is implemented.  

A FE static structural analysis is conducted with Ansys Mechanical APDL and Ansys Mechanical 
APDL Batch simulation environment for simulation process automatization. The aim of this phase 
is the study and data extraction of a gripping procedure under many different input simulation 
conditions. The mechanical static structural analysis was carried on varying 3 input parameters:  

• _Force in the handle emulating the force exerted by user’s fingertip, with an intensity in the 
range [0;10]N with a step of 1N, applied in a fingertip-similar square area of 6 mm side length 
(handle_load input parameter).  

• _Square centre position along the tool major axis (y axis) in a range of [-10;0]mm with a step 
of 1 mm toward the tool middle line, in order to emulate user’s fingertip position (y_central input 
parameter).  

• _Hemisphere centre position along the tool major axis (y axis) in a range of [57;47]mm with 
a step of -1 mm toward the tool tip, in order to emulate different gripping positions (y_hemisphere 
input parameter).  
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Definitely, there are 1331 different combination of input parameters and consequently 1331 
different simulations derived. Regarding data extraction, the aim is to save -in different txt files- 
results referred to each single node of the mesh in order to feed an ad hoc Neural Network.  

Simulation process can be summarized as follows:  
• _Element type: Element type 185, 3D 8-Node Structural Solid.  
 
 
 

 
 
 
 

 
 

• Model realization and simplification: Taking advantage from the tool symmetry, 
simulation can be limited to a single tool side whereas the other will behave in a specular 
way. A rectangular beam emulating a single side of the surgical forceps is generated directly 
in Ansys APDL environment as well as the hemisphere emulating the nodule. Particularly, 
the beam dimensions derive from the mean dimensions of the original model: beam length 
of 120 mm, width of 5 mm, thickness of 2 mm. Hemisphere radius is 2,5 mm while 
hemisphere centre is along the beam major axis (Figure 2.8).  

• Material properties: Commercial Aluminium 1100-O (isotropic, elastic and linear 
material) with a Young Module of 69 GPa and a Poisson Module of 0,33 for the beam. 
Silicon-based material (isotropic, elastic and linear material) with Young Module of 0,003 
GPa and a Poisson Module of 0,49 for the nodule.  
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Figure 2.8: Models employed in the FE analysis (beam and hemisphere). 
 

 
• Meshing: A mapped mesh is implemented in the beam while a free mesh is 

implemented in the hemisphere (Figure 2.9).  
 

 
 
 
Figure 2.9: Detail of beam’s mapped mesh and hemisphere free mesh. 
 
 
• Implementation of mechanical contacts: This phase is initially performed with the Ansys 

APDL contact manager and subsequently with an ad hoc APDL code (see Appendix 2) for the 
automatization. 
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• Mechanical constraints, mechanical loads: A fixed structural constraint (x, y, z axes) -on the 
nodule opposite end- is implemented in order to guarantee system’s mechanical balance. Another 
fixed structural constraint (x, y, z axes) is implemented in the base area of the hemisphere. 
Constraints are implemented in mesh nodes. Mechanical loads are described previously and 
implemented in the mesh nodes (Figure 2.10). 

• Non-linear nodal solution, necessary because of the contact’s implementation. 
 

 
 
Figure 2.10: Mechanical constrains and mechanical load (for fingertip position y_central=-

9mm). 
 

 
 
Qualitative results of total displacement, total von Mises mechanical strain and total von Mises 
mechanical stress are presented in Figure 2.11. 
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Figure 2.11: Qualitative simulation results for: (a) beam total mechanical von Mises stress, (b) beam 
total mechanical von Mises strain for the input parameter combination Fingertip_force=7 N, 
nodule position along y_axis= -1 mm, fingertip position along y_axis=-9 mm, (c) total 
displacement for the same parameters combination. 
 
 
Subsequently, a quantitative analysis and an automatized data extraction are performed with Ansys 
Mechanical APDL Batch simulation environment. In particular, the extraction involves each node 
of the mesh for each combination of input parameters. A single ‘txt’ file for each result derived 
from a single parameters combination is recommended. Results of interest for each node of the 
mesh are:  
• _Node number (Node ID), each node of the mesh is identifiable with a unique integer and positive 
number.  
• _Node X-coordinate, Y-coordinate, Z-coordinate, to localize spatially each node.  
• _Total von Mises mechanical strain (EPTOEQV)  
• _EPTOX, EPTOY, EPTOZ  
• _EPTOXY, EPTOYZ, EPTOXZ  
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• _Total von Mises mechanical stress (SEQV), expressed in Pascal  
• _SX, SY, SZ (expressed in Pascal)  
• _SXY, SYZ, SXZ (expressed in Pascal)  
 
 
 
Definitely, there are 1331 different combination of input parameters and consequently 1331 
different simulations derived whose results are saved in 1331 different ‘txt’ files. For each input 
parameters combination, data extraction involves 18 results of interest for each node of the mesh. 
In a single ‘txt’ file, numerical results are organized in a matrix representation with the number of 
columns equal to 21 (the number of results of interest (18, listed below) and the three-input 
parameter which define a specific combination P1/P2/P3) and the number of rows equal to 3054 
representing the total nodes number (including hemisphere nodes). This results representation 
allows a profitable subsequently data analysis and management of the Neural Networks.  
A model of the final matrix 3054x21 obtained at the end of the data extraction process for each 
parameters combination is presented below in Figure 2.12 
 

 
 
Figure 2.12: Model of the final matrix 3054x21 obtained at the end of the data extraction process 
for each parameters combination. 
 
 
2.4 Data analysis and results 
 
 
After the data extraction, the next step is a data analysis using MATLAB Software in order to 
demonstrate the accuracy of FE analysis results and the congruence with the theoretical ones. 
First of all, an importation of the previous ‘.txt’ result files from the specific Ansys working 
directory into MATLAB Software is implemented. Analysis elements of interest are: 
• Beam nodes: with a node ID from 1 to 2916 
• Nodule nodes: with a node ID from 2917 to 3054 
• Nodes of the base area of the nodule: with a node ID from 2933 to 2944, in order to calculate the 
nodule reaction force 
A rearrangement of results matrices is proposed to allow a direct discrimination of the nodes 
membership (beam node/nodule node) attributing the value ‘1’ to beam’s nodes and the value ‘3’ 
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to nodule’s nodes. Therefore, a further matrix column, containing only the values 1 or 3, is 
proposed in addition to the previous ones. 
Moreover, the reaction force on the nodule (Fz) -expressed in Newton (N)- is obtained for each 
parameters combination and a further matrix column, containing the reaction force value, is added 
to the previous ones. First of all, the average SZ is obtained adding the stress along z (SZ) on the 12 
nodes belonging to the base area of the nodule (with a node ID from 2933 to 2944) and then dividing 
for the number of nodes. The reaction force for the parameters combination is obtained by 
multiplying the average SZ with the base area of the nodule. As a consequence, a negative value of 
the nodule reaction force is expected. 
The final rearrangement step is a conversion of the previous ‘.txt’ results’ file format into a ‘.mat’ 
format, to facilitate the data plotting and manipulation. 
A model of the final matrix 3054x23, saved in a ‘.mat’ file, obtained at the end of the data 
rearrangement process for each parameters’ combination is presented below in Figure 2.13: 
 
 

 
 
 
Figure 2.13: Model of the final matrix 3054x23 obtained at the end of the data rearrangement 
process for each parameters combination. 
 
Consequently, a plot of some results of interest is performed to validate the FE results. In particular, 
the plotted results are referred to all nodes of the six layers along the z axis of the mesh separately. 
Therefore, there are six different plotted graphs -one for each beam’s mesh layer along z axis- for 
each input parameters combination and for each result of interest. Beam mesh layers along z axis 
(named with the ‘h’ variable) range from h=0 mm to h=2 mm with a step of 0.4 mm, covering the 
entire thickness of the beam. A plot of the nodes composing the entire mesh, with the layers along 
the beam thickness, is proposed in Figure 2.14: 
 

 
 
Figure 2.14: Beam mesh layers along z axis (named with the ‘h’ variable) range from h=0 mm to 
h=2 mm with a step of 0.4 mm, covering the entire thickness of the beam. 
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Plotted results for each input parameters combination are: 
• Total von Mises mechanical strain (EPTOEQV), for each layer of the beam mesh along the z axis 
(column number 8 of the results matrix). 
• Strain along the z axis (EPTOZ), for each layer of the beam mesh along the z axis (column number 
11 of the results matrix). 
• Total von Mises mechanical stress (SEQV), for each layer of the beam mesh along the z axis 
(column number 15 of the results matrix). 
• Stress along the z axis (SZ), for each layer of the beam mesh along the z axis (column number 18 
of the results matrix). 
There are 1331 different combinations of input parameters, 4 results of interest need to be plotted 
(EPTOEQV, EPTOZ, SEQV, SZ) for each layer of the beam mesh along the z axis (6 layers) for a 
total number of plotted graphs of 31944. Different plotted graphs are directly saved in a ‘png’ 
format in four especially dedicated directory based on the result of interest to allow a better 
visualization and search. 
Some significant graphs for each result of interest and for different layers are exposed in the 
following Figures. In each plotted graph is highlighted the corresponding input parameter 
combination, the ‘h’ value, the obtained value of nodule reaction force (Fz), the fingertip centre 
position along the tool major axis (y_central input parameter) in red and the hemisphere centre 
position along the tool major axis (y_hemisphere input parameter) in blue. 
 
 
1) Total von Mises mechanical strain (EPTOEQV) plotted graphs for the ‘h’ value of 1.6 mm 
(Figure 2.15): 
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2) Strain along the z axis (EPTOZ) plotted graphs for the ‘h’ value of 1.6 mm (Figure 2.16): 
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(3) Total von Mises mechanical stress (SEQV) plotted graphs for the ‘h’ value of 1.6 mm (Figure 
2.17): 
 

 
 
 
 

 
 
 
4) Stress along the z axis (SZ) plotted graphs for the ‘h’ value of 1.6 mm (Figure 2.18): 
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2.5 FBGs optimization via Neural Networks, Neural Networks input and output 
 
In this Section the implementation of ad hoc Neural Networks using MATLAB software will be 
discuss with a dual aim: 
• To demonstrate the feasibility of FE simulation input parameters reconstruction (y_central input 
parameter, y_hemisphere input parameter, handle_load_intensity input parameter) and nodule 
reaction force (Fz) starting from the corresponding EPTOY value on the beam nodes (the column 
number ‘10’ of results matrices). 
• To obtain the best FBGs-based sensors positioning along the beam with an automatized method, 
maximizing the neural network performance. Each node of the beam (Node ID from 1 to 2916) 
could be a candidate for the FBG positioning. 
The choice to employ optical FBGs-based sensors is due to the unique properties of optical sensors, 
essential in biomedical applications, such as biocompatibility, chemical inertness, immunity to 
electromagnetic interferences and high sensitivity. Main limits include susceptibility to 
temperature, relatively high cost, complex information processing system and size limitations. As 
a consequence, their employment in biomedical applications is rapidly increasing. Optical sensors, 
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including optical fiber and FBGs sensors, obtain tactile information by analysing wavelength 
changes. FBGs sensors detect force and moment information using the variation in the FBG 
reflection spectrum induced by the applied load to be measure. 
In this work, FBGs-based sensors are employed to detect the strain along a single direction. 
The basic concept is to find out the optimum positioning of six FBGs sensing elements, browsing 
through each of the 2916 mesh nodes composing the beam. The use of six FBGs sensing elements 
could be an adequate compromise between detection capability, design complexity and cost. 
Therefore, the process is leaded to a 6 nodes position choice, each representing the position of 6 
FBGs elements. 
The reference dataset is composed by the 1331 ‘.mat’ file results (each file results is a matrix 
3054x23) obtained at the end of the data rearrangement process exposed in the paragraph 2.4 and 
saved in a specific directory. 
Two different FBGs configurations are considered in this process: 
1) A horseshoe FBGs configuration, employing six FBGs sensors disposed on the same thickness 
plane (using as a reference the nodes z-coordinate) in a specular way in relation to the same central 
axis. In other words, the following conditions must be respected during the node scanning: 
training_node_1=[-x_node -y_node z_node] 
training_node_2=[-x_node y_node z_node] 
training_node_3=[-x_node 0 z_node] 
training_node_4=[x_node 0 z_node] 
training_node_5=[x_node -y_node z_node] 
training_node_6=[x_node y_node z_node] 
 
2) A random FBGs configuration, employing six FBGs sensors without any constrain in terms of 
positioning and nodes coordinates. The combinations of six nodes are chosen randomly in the Node 
ID range 1-2916. This configuration is essential to extract the best neural network performance in 
terms of Mean Squared Error in order to compare the horseshoe configuration value with the 
random configuration value. 
Moreover, the implementation of a tolerance-based algorithm (tolerance equal to 10−10) is 
necessary to match the Nodes ID with the nodes coordinates along the x-/y-/z- axis, because of the 
numerical approximations of results due to the FE analysis. 
The results matrix column of interest is the column number ‘10’, related to the strain value along 
the y axis (EPTOY) of the beam’s nodes, since this is the result of interest we would like to detect 
with the FBGs-based sensors. A further strength of the proposed method is the flexibility in 
changing the column of interest related to a specific result of interest, keeping unchanged the 
procedure. 
 
Input and output of the Neural Network (NN):  
• _NN Input: A 6x1331 matrix, with a number of rows corresponding to six training nodes and 
a number of columns equal to the number of results files of the dataset (Figure 2.19). Each matrix 
element contains the EPTOY value for the training node in question for each results file of the 
dataset. In this way all the EPTOY values related to each combination of FE analysis input 
parameter are considered.  
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Figure 2.19: Input matrix (6x1331) of the Neural Network. 
 
• NN Output: A 4x1331 matrix, with a number of rows corresponding to the number of the input 
parameters in the FE Analysis (y_hemisphere, y_central, handle_load_intensity) and a fourth row 
corresponding to the nodule reaction force. The number of columns is equal to the number of 
results files of the dataset (Figure 2.20). 
The first/second/third/fourth row elements consist of the y_hemisphere/y_central 
/handle_load_intensity values respectively, originating the corresponding EPTOY values in the 
training nodes of the input matrix. 
 

 
 
Figure 2.20: Output matrix (4x1331) of the neural network. 
 
The final aim of this artificial intelligence method is the obtaining of a 2916x7 matrix, called 
nodes_errors_matrix. The number of matrix rows correspond to the total number of nodes 
considered in each combination of possible FBGs positions. The number of columns correspond to 
the number of the six candidates Nodes ID for FBGs positioning and the neural network 
performance related to the nodes combination (Figure 2.21). Each row of the matrix is obtained 
after a Neural Network training; thus 2916 different NN training phases are necessary to compose 
the final nodes_errors_matrix. In the end, only the six Nodes ID related to the best NN 
performance in terms of NN Mean Squared Error will be elected for the six FBGs final positioning. 
 



 44 

 
 
Figure 2.21: Nodes_errors_matrix (2916x6), containing all the candidate combinations of nodes 
for the 6 FBGs positioning and the relative NN performance. 
 
2.6 Neural Networks architecture and training  
 
The Neural Network implementation and training are carried on with the MATLAB Neural 
Network Start ‘nnstart’ tool for Input-Output and curve fitting.  
The entire starting dataset consisting of 1331 ‘.mat’ result files (each result matrix is a 3054x23 
matrix) can be subdivided into three sub-categories:  
• _Training set: dataset for the Neural Network training, composed by 905 result files (training 
ratio equal to 0.68). These samples are presented to the network during training, and the network 
is adjusted according to its error.  
• _Validation set: dataset for the Neural Network validation process, composed by 213 result files 
(validation ratio equal to 0.16). These samples are used to measure network generalization, and to 
halt training when generalization stops improving.  
• _Testing set: dataset for the Neural Network testing process, composed by 213 result files 
(validation ratio equal to 0.16).  
 
The dataset partition into the three sub-categories is totally random with the only ratios defined.  
The proposed Neural Network is a two-layer feed-forward network able to fit multi-dimensional 
mapping problems (Figure 2.22). 
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The number of NN hidden layers is fixed to ‘10’.  
• _The chosen NN training algorithm is the Levenberg-Marquardt algorithm, that requires more 
memory but less time. Training automatically stops when generalization stops improving  
• _The NN performance is evaluated in terms of Mean Squared Error (MSE) and Regression (R). 
MSE is the average squared difference between outputs and targets. Lower values are better (zero 
means no error). Regression values measure the correlation between outputs and targets. An R 
value of 1 means a close relationship.  
The NN regression plots, related to the errors_nodes_matrix, are displayed in Figure 2.23. The R 
parameter is extremely close to the value of 1, showing the training goodness. 
 
 

 
 
 
 
 
 
2.7 Neural Networks implementation and FBGs sensing elements positioning 
 
The previous Neural Network is implemented in four different working conditions: 
To find out the best horseshoe 6-FBGs configuration in ideal conditions, without any measurement 
noise. Six FBGs sensing elements disposed on the same thickness plane (using as a reference the 
nodes z-coordinate) in a specular way in relation to the same central axis. In other words, the 
following conditions must be respected during the node scanning: 
 
training_node_1=[-x_node -y_node z_node] 
training_node_2=[-x_node y_node z_node] 
training_node_3=[-x_node 0 z_node] 
training_node_4=[x_node 0 z_node] 
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training_node_5=[x_node -y_node z_node] 
training_node_6=[x_node y_node z_node] 
 
After 2916 Neural Networks trainings, the process will return a 2916x7 matrix, called 
nodes_errors_matrix. The number of matrix’s rows correspond to the total number of nodes 
considered in each combination of possible FBGs positions. The number of columns correspond to 
the number of the six candidates Nodes ID for FBGs positioning and the neural network 
performance related to the nodes’ combination (Figure 3.3). Each row of the matrix is obtained 
after a neural network training; thus 2916 different NN training phases are necessary to compose 
the final nodes_errors_matrix. In the end, only the six Nodes ID related to the best NN 
performance in terms of NN Mean Squared Error (MSE) will be elected for the six FBGs final 
positioning (Figure 2.24). Minimum MSE means the best NN performance. 
 

 
 
Figure 2.24: Final FBGs positioning for the horseshoe 6-FBGs configuration in ideal conditions, 
without any measurement noise. 
 
 
 
 
2) To find out the best random 6-FBGs configuration in ideal conditions, without any measurement 
noise. Six FBGs sensing elements, without any constrain in terms of positioning and nodes 
coordinates, can be selected. The combinations of six nodes are chosen randomly in the Node ID 
range 1-2916. This configuration is essential to extract the best neural network performance in 
terms MSE in order to compare the horseshoe configuration value with the random configuration 
value.  
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After 2916 Neural Networks trainings, the process will return a 2916x7 matrix, called 
nodes_errors_random_matrix. Each row of the matrix is obtained after a neural network training; 
thus 2916 different NN training phases are necessary to compose the final 
nodes_errors_random_matrix. In the end, only the six Nodes ID related to the best NN 
performance in terms of NN Mean Squared Error (MSE) will be elected for the six FBGs final 
positioning (Figure 2.25). This is the best working condition in terms of performance. 
 

 
 
Figure 2.25: Final FBGs positioning for the random 6-FBGs configuration in ideal conditions, 
without any measurement noise. 
 
 
 
3) To find out the best horseshoe 6-FBGs configuration in real conditions, with a measurement 
noise. The input NN data (EPTOY results composing the input matrix) present a gaussian noise (a 
Gaussian probability distribution with average equal to zero). Therefore, there will be values of 
strain along the y axis (EPTOY) equal to the sum of the value of strain along the y axis in ideal 
conditions with the 3% of the maximum EPTOY obtained in all the combinations.  
After 2916 Neural Networks trainings, the process will return a 2916x7 matrix, called 
nodes_errors_gaussian_matrix. In the end, only the six Nodes ID related to the best NN 
performance in terms of NN Mean Squared Error (MSE) will be elected for the six FBGs final 
positioning.  
4) To find out the best random 6-FBGs configuration in real conditions, with a measurement noise. 
The input NN data (EPTOY results composing the input matrix) present a gaussian noise (a 
Gaussian probability distribution with average equal to zero). Therefore, there will be values of 
strain along the y axis (EPTOY) equal to the sum of the value of strain along the y axis in ideal 
conditions with the 3% of the maximum EPTOY obtained in all the combinations.  
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After 2916 Neural Networks trainings, the process will return a 2916x7 matrix, called 
nodes_errors_random_gaussian_matrix. In the end, only the six Nodes ID related to the best NN 
performance in terms of NN Mean Squared Error (MSE) will be elected for the six FBGs final 
positioning. This is the worst working condition in terms of performance because of the coincidence 
of measurement noise and random 6-FBGs configuration. 
 

 
 
Figure 2.26: Final FBGs positioning for the horseshoe 6-FBGs configuration in ideal conditions (in 
red) and real conditions (in green). 
 
2.8 Neural Networks performance and final FBGs sensing elements positioning 
choice  
 
Making a comparison among the four final different 6-FBGs configurations, discussed in Section 
2.7, some issues should be taken in consideration. First of all, the different best performance of the 
Neural Network, investigating the beam’s nodes, in the four working conditions. The best NN 
performance, in terms of MSE (lower values are better, zero means no error), can be identified in 
the seventh column of the errors-nodes-matrix obtained in the end the training process. The MSE 
is marked for each 6-nodes combination, investigated by the NN.  
A summary of the best NN performances in terms of MSE, for the four different working 
conditions, is noted in Figure 2.27: 
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The best NN performance can be noticed obviously in the NN ideal working conditions, without 
any measurement noise, with a random nodes choice probably because of the constraints’ absence 
during the investigation. This result can be considered as a landmark for the other working 
conditions. However, the two final 6-FBGs positions with a constrained horseshoe configuration 
allow a better mechanical design due to the symmetry and a greater manufacturability using additive 
manufacturing methods, without clear deviations in NN performance. Thus, the choice fell on this 
configuration type. Regarding the constrained configuration in ideal conditions a NN performance 
value close to the reference one (random configuration) is obtained. 
Moreover, despite of the appreciable difference between ideal conditions and real conditions in the 
horseshoe configuration (Figure 3.8), in both cases the six-FBGs positioning falls back into the 
beam’s middle section within a range of -20 mm to +20 mm around the zero value along the major 
beam y axis. Regarding the z coordinate, both results are very close: the ideal conditions one at a 
z- axis value of 1.6 mm while the real conditions at a z-axis value of 1.2 mm (Figure 2.28). 
 

 
 
 
Definitely, in light of the previous considerations, the final 6-FBGs positioning choice falls on the 
constrained configuration in ideal conditions with the associated following Nodes ID:  
The final Nodes ID for 6-FBGs positioning are [2456, 2104, 2280, 2292, 2468, 2116] 
corresponding to the nodes in red in Figure 2.26/Figure 2.28. 
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2.9 Constructive requests and instrument design rearrangement 
The next milestone of the work includes a rearrangement of the design tools previously described, 
both for the FE analysis and the machine learning algorithms. This is a necessary stage to match the 
previous simulation issues and results with the constructive requests in terms of fabrication 
feasibility. This is the step preceding the 3D printing device realization and the FBGs-based optical 
sensors fabrication. 
The Aluminium beam frame realization occurs at the Certema S.c.a.r.l. “Laboratorio Tecnologico 
Di Grosseto (GR)”, thanks to a partnership with the Scuola Superiore Sant’Anna of Pisa, while the 
FBGs based sensors achievement occurs at TeCIP Institute of the Scuola Superiore Sant’Anna. 
Therefore, some regards have been made taking into account the Certema technological requests 
and available equipment as well as the TeCIP Institute optical sensors availability. A re-adaptation 
of the geometric frame design to allow an adequate sensors positioning, of the FE simulation 
parameters and of the NN dataset are necessary. Particularly: 
Geometric design adjustment: two through holes have to cross along the metallic frame in positions 
identified at the end of the artificial intelligence process described in Chapter 2. These holes should 
host two optical fibers with the 6-FBGs sensing elements placed in particular beam points, thus the 
holes diameter should be major of the Coating optical fiber diameter in addition to a tolerance 
necessary for the frame-fibers gluing. The optical fibers available at TeCIP Institute have a Coating 
Diameter of 160 μm, thanks to the coating material employed (Polyimide). According to previous 
considerations, the two through holes will have a diameter of 300 μm. 
Moreover, a housing is necessary to allow the beam fixing to moving plate of the experimental Set-
Up machinery, using two M3 screws. Housing and beam are considered as a unique body, with a 
similar ‘T’ letter geometry (Figure 2.29), starting from the design step and in all the subsequent 
phases. The two M3 screws holes should be considered in the FE analysis while the two through 
holes crossing the frame can be neglected because of the reduced dimensions in comparison with 
the beam’s ones. 
 

 
 
Figure 2.29: Geometric design adjustment 
 
 
2.10 Finite Elements analysis and Neural Networks rearrangement 
 
Regarding the FE analysis of a nodule gripping procedure, some changes are necessary to meet the 
fabrication issues (FE simulation features not mentioned below remain unchanged in comparison 
with features described in Section 2.3): 
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1) Material Properties: the metallic frame is obtained with an additive manufacturing method using 
the Concept Laser M2 Cusing instrument and the CL 30AL Aluminium alloy. Hence, a change in 
the FE material property is necessary, according to the employed material datasheet, regarding the 
Young Module. 
The CL 30AL Aluminium alloy has a Young Module of 75 GPa after the printing and a 
recommended heat treatment. 
2) Model Realization: the two M3 screws holes should be considered in the FE analysis as well as 
the housing (the final body has a similar ‘T’ letter geometry) while the two through holes crossing 
the frame can be neglected because of the reduced dimensions in comparison with the beam’s ones. 
The housing and the two M3 screws are performed directly in the Ansys Mechanical APDL 
environment using Boolean instructions. To allow a better meshing phase and nodes merging the 
housing is subdivided into two different parts: a part is called base_housing and it is directly in 
contact with the original beam and with the screws_housing (Figure 2.30) 
 
 

 
 
 
Meshing: A mapped mesh is implemented in the original beam and in the base_housing, while a 
free mesh is implemented in the hemisphere and in the screws_housing ( 
 
 
4) Implementation of mechanical contacts: This phase is initially performed with the Ansys APDL 
contact manager and subsequently with an ad hoc APDL code (see Appendix 2) for the 
automatization. 
 
5) Mechanical constraints, mechanical loads: Two fixed structural constraints (x, y, z axes) are 
implemented inside the two screw holes to simulate a screwing constrain and to guarantee system’s 
mechanical balance (Figure 2.31). Another fixed structural constraint (x, y, z axes) is implemented 
in the base area of the hemisphere. Constraints are implemented in mesh nodes. There are no 
changes in mechanical loads implementation. 
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Qualitative results of total displacement, total von Mises mechanical strain and total von Mises 
mechanical stress are presented in (Figure 2.32) 
 

 
 
 
Figure 2.33: Qualitative simulation results for: (a) total displacement, (b) beam total mechanical 
von Mises strain for the input parameter combination Fingertip_force=7 N, nodule position along 
y_axis= -1 mm, fingertip position along y_axis=-9 mm, (c) beam total mechanical von Mises 
stress for the same parameters combination.  
 
Qualitative results are very close to the previous results described in Section 2.3, with only some 
gaps in the housing location, because of the different mechanical constrains implementation.  
Subsequently, a quantitative analysis and an automatized data extraction are performed with Ansys 
Mechanical APDL Batch simulation environment. In particular, the extraction involves each node 
of the mesh for each combination of input parameters. Results of interest for each node of the mesh 
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are the same of Section 2.3. There are not differences in terms of data extraction and data analysis 
with the previous one, except for the higher number of nodes composing the housing-configuration 
mesh.  
The next rearrangement phase is the NN process adaptation. In this case, only a few changes are 
necessary due to the different starting dataset. In particular, there is a different number of nodes 
composing the frame’s mesh:  
 
Nodes ID from 1 to 2916: nodes composing the original beam  
Nodes ID from 2917 to 3054: nodes composing the nodule (hemisphere)  
Nodes ID from 3055 to 3450: nodes composing the base_housing  
Nodes ID from 3451 to 4636: nodes composing the base_housing  
 
Only the Nodes ID from 1 to 2916 will be considered in the Neural Network investigation. In other 
words, only the original beam nodes are nominated for the 6-FBGs positioning. 
 
Moreover, in light of the previous dissertations, the Neural Network is implemented only in the 
constrained horseshoe configuration for the ideal conditions (without any measurement noise) with 
an additional simplification: the NN investigation involves only the nodes y coordinate considering 
the z coordinate fixed to the value of 1.6 mm and the x coordinate fixed to the value of 1,5*10−3, 
both obtained in the end of the process described in Section 2.8. This is an additional metallic 
frame’s realization and geometry constraint. 
 
Neural Network Input/Output are the same with a 6x1331 input matrix and a 4x1331 output 
matrix, as described in Section 3.1. The final aim of the process, after 81 Neural Networks 
trainings, is the achievement of an 81x7 matrix, called housing_nodes_errors_matrix. The number 
of matrix’s rows correspond to the total number of layers along the beam’s y axis. The number of 
columns correspond to the number of the six candidates Nodes ID for FBGs positioning and the 
neural network performance related to the nodes’ combination. Each row of the matrix is obtained 
after a neural network training; thus 81 different NN training phases are necessary to compose the 
final housing_nodes_errors_matrix. In the end, only the six Nodes ID related to the best NN 
performance in terms of NN Mean Squared Error (MSE) will be elected for the six FBGs final 
positioning. 
 
The best NN performance, compared with the previous performances, is displayed in Figure 2.33. 
 

 
 
The extremely close performances under different NN working conditions demonstrate the 
accuracy in FE analysis combination of Input parameters reconstruction. As a consequence, the new 
6-FBGs positioning results strictly near to the previous one. 
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Figure 2.34: The final 6-FBGs sensing elements position (in red), in comparison with the previous 
one (in green. 
 
3 Tool fabrication 
 
3.1 Theoretical background and measurement principle of FBGs-based optical 
sensors 
 
The structure of a general optical fiber is composed by an internal ‘core’ with a high refractive index 
and an external ‘cladding’ with a lower refractive index. The dissimilarity in terms of refractive 
index between core and cladding coerces the light into the core, allowing a refection at the 
interface. 
 
In particular, the fiber Bragg grating (FBG) is a periodical variation of the core refractive index with 
a grating pitch (Λ). A FBG sensor is a sensing element embedded into the core of an optical fiber 
whose (24) main feature is the light reflection in a narrow band placed around the so-called Bragg 
wavelength (𝜆𝜆𝐵𝐵). When the light has a wavelength near to 𝜆𝜆𝐵𝐵 there is a large amount of 
reflected light, and the structure resonates: 
 

𝜆𝐵=2𝑁𝑒𝑁𝑁𝑁𝑁*Λ 
 

𝜆𝐵=Bragg wavelength 
𝑁𝑒𝑁𝑁𝑁𝑁= effective reflective index 

 
The FBG produces a reflected spectrum with a peak centred in the Bragg wavelength with a 
reflectivity included in a range 10%-90% in FBGs with a length from 3 mm to 10 mm. The reflected 
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bandwidth is approximately of 0.3 nm for FBGs wavelength of 1550 nm. In my thesis, six FBGs 
with previous features are employed (length of 3 mm, operating wavelength around 1550 nm). 
 
The measurement principle of the FBGs is based on the dependence between 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 and 
Λ, regarding strain and temperature. A strain along the fiber z-axis or a temperature variation 
induce a shift of the Bragg wavelength (∇λ) and consequently of the whole spectrum. 
 
The FBGs-based optical sensors need dedicated connectors to link the fibers with a device, called 
optical interrogator (with a variable number of channels in the range 1-16), able to interrogate the 
FBGs sensing elements with a rapid scanning laser coupled to a photodetector (PD) followed by a 
transimpedance amplifier (TIA) coupled to a spectrometer (SP). 
 
 

 
 
Figure 3.1: The entire schematic experimental Set-up to interrogate FBGs (24). 
The FBGs-based sensors achievement occurs at the Institute of Mechanical Intelligence and 
Department of Excellence in Robotics & AI of Scuola Superiore Sant’Anna. The model design 
rearrangement is based on the equipment and optical fibers availability of the Institute. In particular, 
the choice falls on a germanium doped Single-Mode (SM) fiber model SM1250BI (9.8/125)P*, 
with a 9,8 µm core size and a 125 ± 1 µm cladding diameter, produced by the company FIBECORE. 
The fiber coating, realized in Polyimide, has a coating diameter of 155 ± 5 µm. Therefore, the two 
through holes crossing along the metallic frame should have a diameter of almost 300 µm to allow 
the fibers insertion and the following fibers gluing. Advantages of the employed fibers are bend 
insensitivity, hermetic coating and low loss. The full datasheet is proposed in Figure 3.2. 
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Figure 3.2: Optical fiber specifications. 
 
 
Following the project specifications, the achievement of three equally spaced FBGs elements for 
each fiber is necessary. The chosen FBG length is 3 mm and each FBG is centred in the 
corresponding node of the frame mesh obtained in the previous Sections, at a distance from the 
tool’s tip of 43.5 mm, 60 mm, 76.5 mm respectively as shown in Figure 3.3 (For the whole 
technical tables see Appendix 1). 
 

 
Figure 3.3: Positioning of the three FBGs elements along the fiber (lengths expressed in mm). 
The two optical fibers with three FBGs embedded are specular, hence the following process can be 
implemented in the same way. The chosen reflection wavelengths for the three FBGs elements are 
respectively 1538 nm for FBG1 (the FBG closest to the housing), 1548 nm for FBG2 (the middle 
FBG) and 1558 nm for FBG3 (the FBG closest to the tip). 
The 3 FBGs achievement process can be summarized in: 

1) Fiber cleaning with Isopropyl alcohol to remove any impurities, able to modify the 
process. 

2) Fiber manual alignment on the motorized vertical stage 8MVT120-25 (designed by 
‘standa’ company). The alignment involves the x-y plane as well as the z-axis. 
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3) The laser beam is centred on the core fiber in the pre-established point in order to 
enable the FBG element (Figure 3.4). The laser machinery is produced by Newport 
company. 

 

Figure 3.4: Laser beam centred in the core fiber, ready to work. 
 
 

4) Setting of the energy profile of the laser beam and FBG element length setting (3 mm). 
The employed configuration is a gaussian standard profile (Figure 3.5). 

 

Figure 3.5: Laser’s energy profile. 
5) Setting of the stage speed, fixed to an empirical value of 99.78 µm/s. 

 
 
The final optical fiber, with the 3-FBGs sensing elements embedded, is shown in Figure 3.6. 
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Figure 3.6: A single optical fiber with the 3-FBGs sensing elements embedded. 
 
 
 
 

6) Wavelength final check: in the end of the process a final check is recommended to 
verify the gap between the desired wavelengths and the obtained ones. In this case the 
final reflection wavelengths are 1538.341 µm instead of 1538 µm for FBG1, 1548.904 
µm instead of 1548 µm for FBG2 and 1557.880 µm instead of 1558 µm for FBG3. 
The three reflected spectrums (Figure 3.7), centred in the previous wavelengths, can 
be visualized using an optical spectrum analyser (OSA) like the MS9740A OSA by 
‘Anritsu’ company. 

 
Figure 3.7: The three reflected spectrums centred in the chosen wavelengths, related to the three 
FBGs elements. 
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1.1 Frame realization and final assembly 

The Aluminium beam frame realization occurs at the Certema S.c.a.r.l. “Laboratorio Tecnologico 
Di Grosseto”, using additive manufacturing technologies. In particular the Concept Laser M2 
Cusing (in Figure 3.8), able to print different types of metals, is employed to realize the tool. 

 
Figure 3.8 Concept Laser M2 Cusing. 
This machinery is a “powder bed fusion” technology, which provides the controlled fusion of 
metallic powder grains under the action of heat. In this case, the heat source is a laser system, hence 
the technology is called “laser sintering”. The machinery is composed of: 

1) A laser system with laser diameter of 50 µm and laser power of 400 W 
2) A powder tank with dimensions of 250 x 250 x 280 mm 
3) A construction room with dimensions of 250 x 250 x 280 mm and a mechanism for 

powder spreading 
The entire process occurs in a controlled environment. Critical parameters to check are 
temperature as well as the gas composition in the construction room. This is necessary because the 
employment of metallic powders involves the usage of an inert gas (Argon) to avoid the reaction 
between hot metal and oxygen. 
The Concept Laser M2 Cusing has an accuracy of ± 100 µm, construction rate of 2-35 cm³/h with 
an obtainable layer thickness in the range 20-80 µm. 
The material, initially in form of powder, is the CL 30AL Aluminium alloy (containing a 10% of 
Silicon) by General Electric (GE). The CL 30AL Aluminium alloy has a Young Module of 75*103 
𝑁/𝑚𝑚2 after the printing and a recommended heat treatment (this is the value considered in 
Section 3.2). 
Because of constructive issues and to avoid a failure during the gluing fibers-frame procedure, the 
final Aluminium frame provided by Certema is quite different from the original design described in 
Section 2.10. In particular, the similar beam Aluminium frame has a thickness of 2.45 mm instead 
of 2 mm and the two through holes crossing along the metallic frame has a diameter of 800 µm 
instead of 300 µm. These changes are necessary to guarantee the assembly and gluing procedures, 
avoiding obstructions of the two holes. 
The gluing procedure is implemented using a Cyanoacrylate-based glue because of adequate features 
in terms of viscosity. The fundamental request is that the glue must penetrate along the entire holes 
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to ensure an excellent fiber fixing. The final prototype (optical fibers integrated in the metallic 
frame) is presented in Figure 3.9. 

 
Figure 3.9: Gluing procedure (a) and final prototype (b) (optical fibers integrated in the metallic 
frame). 
 

4.Tool experimental assessment   
 
4.1Design and fulfilment of the experimental Set-Up 
 

In this Chapter, an experimental assessment of the previous prototype is proposed. The first step is 
the design of an experimental Set-Up, using Autodesk Fusion 360 Software, able to reproduce the 
simulated conditions and features of a gripping procedure. The second step is the fulfilment of ad- 
hoc components using additive manufacturing technologies in order to build the Set-Up. In the end, 
an experimental protocol is proposed as well as the final experimental results. 
The experimental Set-Up should emulate the simulation conditions of the nodule gripping 
procedure exposed in Section 2.3, in order to validate the obtained results: 

1) A force in the handle emulating the force exerted by user’s fingertip, with an intensity 
in the range [0;10]N with a step of 1N, applied in a fingertip-similar square area of 
6mm side length (handle_load input parameter). 

2) Square’s centre position along the tool major axis (y axis) in a range of [-10;0]mm with 
a step of 1 mm toward the tool middle line, in order to emulate the user’s fingertip 
position (y_central input parameter). 

3) Hemisphere/nodule centre position along the tool major axis (y axis) in a range of 
[57;47]mm with a step of -1 mm toward the tool’s tip, in order to emulate different 
gripping positions (y_hemisphere input parameter). Moreover, reaction force on the 
nodule (Fz) -expressed in Newton (N)- should be detected for each parameters 
combination. 

The experimental Set-Up design is implemented using Autodesk Fusion 360 Software (technical 
tables available in Appendix 1) and it is composed of: 

(1) A precision vertical positioner 8MVT120-25 by ‘standa’ company (Figure 3.1), able 
to provide a high precision positioning along the z-axis. 
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Figure 3.1: Precision vertical positioner 8MVT120-25 by ‘standa’ company. 
 

(2) An Aluminium base plate able to ensure the adequate work environment in light of the 
Set- Up components dimensions involved. Moreover, this element is necessary to 
guarantee ad- hoc links between the precision vertical positioner and the other Set-Up 
components. 

(3) Two ad-hoc interfaces specifically 3D printed (Interface 1 and Interface 2), in order to 
customize the Aluminium base plate adapting it to the other Set-Up elements. 
Adequate housings for screws and screw-nuts are implemented too. 

(4) A stable steel translation stage (called Stage 1) 7T67-25 by ‘standa’ company (Figure 
3.2) with 25 mm travel range, able to provide a manual high precision positioning of 
the nodule along the y-axis of the prototype. This is essential to emulate different 
nodule gripping positions varying the y_hemisphere input parameter. 

 

Figure 3.2: Stable steel translation stage (called Stage 1) 7T67-25 by ‘standa’ company. 
 

(5) A load cell ATI Nano43. The ATI Nano43 Multi-Axis Force/Torque Sensor system 
measures all six components of force and torque. It is essential to measure the reaction 
force on the nodule (Fz). 

(6) An ad-hoc interface specifically 3D printed (Interface 3), in order to connect the 
translational stage ‘Stage 1’ with the load cell. Screws housings have to be customized 
considering the lead cell specifications. 

(7) A 3D printed probe with a soft silicon-based and hemispherical end, emulating the 
nodule. 



 62 

(8) Two micro translation stages (called Stage 2 and Stage 3) model M-105 by ‘Physik 
Instrumente (PI)’ company (Figure 3.3) with 18 mm travel range mounted in a Y-Z 
configuration, able to provide a manual high precision positioning of the device along 
the y- axis as well as the z-axis. The displacement along the z-axis is essential to allow 
a device- nodule contact with different types of intensities. The z-axis mounting 
bracket for vertical mount of M-105 stages is necessary to allow the Y-Z configuration. 
Moreover, an adapting plate for the fixing of M-105 stage along the y-axis with the 
Aluminium base plate is necessary. 

 
 

 
Figure 3.3: Translation stage (Stage 2 and Stage 3) model M-105 by ‘Physik Instrumente (PI)’ 
company. 

(9) A 3D printed device support, specifically customized based on the beam specifications, 
able to connect the prototype with PI translation stage (Stage 3) along the z-axis. 

The entire CAD experimental Set-Up is displayed in Figure 3.4: 
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Figure 3.4: The entire CAD experimental Set-Up. 
 
For a proper assembly of all the Set-Up components some screws and screw-nuts are necessary: 

• 10 M3 screws 
• 19 M6 screws 
• 5 M3 screw-nuts 
• 6 M6 screw-nuts 

In the Set-Up assembly only simple or countersunk screws are employed while the screw-nuts use 
is necessary to fix Stage 1 with Interface 1, Interface 2 with the adapting plate for Stage 2 and the 
device with the device support. 
Five Set-Up elements (Interface 1, Interface 2, Interface 3, Probe and the Device support) in red in 
Figure 3.4 have to be 3D printed while the other components (included the Aluminium base plate) 
are immediately available in the Laboratory. The employed 3D printer is an Ultimaker S5 printer 
(Figure 3.5), belonging to the fused deposition modelling (FDM) technology. The FDM process 
consists in the extrusion and subsequent deposition of a fused filament of polymeric material. The 
material filament is pushed towards a hot nozzle by some sprockets. After the extrusion, the 
material cools, leading to a hardening of the deposited filament with a return to the solid state. A 
weakness of this technology is the high printing time. 

 
Figure 3.5: Ultimaker S5 printer. 
 
 
The printing protocol is the same for each 3D element: 

1) Creation of the CAD drawing with Autodesk Fusion 360 Software and saving in ‘STL’ 
format. 

2) Uploading of the ‘STL’ file into the ‘Cura’ Software in order to set different printing 
parameters. The following parameters are valid for each element: 

• Material: PLA 
• Profile: 0.1 mm 
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• Shell: Wall Thickness 1.6 mm, Wall Line Count 4 layers, Top/Bottom 
Thickness 1mm, Top/Bottom layers 10 

• Infill density: 40% 
• Support: No support needed 
• Build Plate Adhesion: Brim 

3) Saving of the previous file in an ‘UFP’ format able to be read by the printer. 
Moreover, a PLA model of the device is printed too, in order to verify the assembly correctness 
before mounting the original sensorized prototype. 
The final experimental Set-Up, after the assembly, is proposed from different views in Figure 3.6: 
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Figure 3.6: Different views of the final experimental Set-Up, after the assembly. 
 

4.2 Experimental protocol 
 

The proposed tool experimental evaluation follows a peculiar experimental protocol in order to 
collect adequate and robust results, able to implement the following experimental assessment. 
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A mandatory condition during the protocol drafting is the coherence with the FE analysis working 
conditions and features described in Chapter 2. The proposed experimental Set-Up is able to 
reproduce all the working conditions of the nodule gripping procedure considered in the FE 
analysis: 

(1) A force in the handle emulating the force exerted by user’s fingertip, with an intensity 
in the range [0:1:10] N, applied in a fingertip-similar square area of 6 mm side length. 

(2) Square centre position along the tool major axis (y axis) in a range of [-10;0] mm with 
a step of 1 mm toward the tool’s middle line, in order to emulate user’s fingertip 
position. 

(3) Hemisphere (nodule) centre position along the tool major axis (y axis) in a range of 
[57;47] mm with a step of -1 mm toward the tool tip, in order to emulate different 
gripping positions. 

Despite of the designed Set-Up potentialities, the experimental assessment involves only the nodule 
centre position along the tool major axis (y-axis), initially positioning the probe on the tool tip and 
then moving it manually towards the tool handle using the stable steel translation stage 7T67-25 
(Stage 1). The indentations cycles are powered moving manually the micro translation stage M-105 
(Stage 2) along the z-axis in order to induce a tool-nodule contact. 
The experimental protocol considers 33 total cycles of indentations, obtained by varying the 
position of the probe (and consequently of the silicon-based nodule) along the tool y axis, in six 
different points. For each probe position 3 cycles of indentations are repeated: 

(1) y_probe= 0 mm: 3 cycles of indentations 
(2) y_probe= 0.5 mm: 3 cycles of indentations 
(3) y_probe= 1 mm: 3 cycles of indentations 
(4) y_probe= 1.5 mm: 3 cycles of indentations 
(5) y_probe= 2 mm: 3 cycles of indentations 
(6) y_probe= 2.5 mm: 3 cycles of indentations 
(7) y_probe= 3 mm: 3 cycles of indentations 
(8) y_probe= 3.5 mm: 3 cycles of indentations 
(9) y_probe= 4 mm: 3 cycles of indentations 
(10) y_probe= 4.5 mm: 3 cycles of indentations 
(11) y_probe= 5 mm: 3 cycles of indentations 

The data acquisition occurs at the Neuro-Robotic Touch Laboratory of The BioRobotics Institute 
(Scuola Superiore Sant’Anna). An optical interrogator FBG-Scan 90X (Figure 3.7) by ‘FBGS’ 
company is necessary to acquire experimental data, during the evaluation procedure, from the six 
FBGs sensors integrated in the tool. This machinery is able to work in a wavelength range 1510-
1590 nm with four different optical channels, hence it is compliant with the project specifications. 
Moreover, two LC/APC adapters are necessary to link the optical interrogator with the two optical 
fibers terminations FC/APC. The optical interrogator is linked with a PC and the ILLumiSense 
Software v3.1.x – FBGS is employed to perform real time measurements. 
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Figure 3.7: Optical interrogator FBG-Scan 90X and optical fibers connectors. 
 

4.3 Experimental assessment 
 

Following the proposed experimental protocol, the data acquisition via optical interrogator is 
implemented using the measurement software ILLumiSense v3.1.x – FBGS (Figure 3.8). Two 
optical channels are employed because of the two different optical fibers with 3-FBGs elements 
inscribed. In Figure 3.8 are displayed the variations in terms of wavelength for each of the six FBGs 
elements (a single FBG is represented with a colour in order to identify the proper wavelength 
trend) during a nodule-tool indentation. 
Each experimental session, in terms of cycles of indentations, is recorded. In the end of each 
different cycle, the measurement software provides two different ‘txt’ file, one for each channel 
(CH1/CH2), containing all the wavelength variations values related to the six FBGs sensors (3 FBGs 
for channel). Hence, in the end of the entire process a total number of 66 different files is provided 
to implement the final assessment. 

 
Figure 3.8: ILLumiSense Software, variations in terms of wavelength for each of the six FBGs 
elements. 



 68 

The final step of the experimental evaluation involves the implementation of a Neural Network, 
using MATLAB Software, in order to obtain the performance of the six FBGs sensors in terms of 
reconstruction of the y_probe parameter (the probe position along the y-axis of the tool) and 
consequently the nodule position described in the previous Section, starting from the wavelength 
variations. 
The NN dataset is composed by the 66 ‘txt’ files achieved from the ILLumiSense Software, 
considering that a coupling of the two optical channels (CH1/CH2) is necessary to obtain a single 
file containing the wavelengths data referred to the 6 FBGs sensors. 
Input and output of the Neural Network (NN): 

• NN Input: A 515653x6 matrix, with a number of rows corresponding to each value 
of wavelength variation, detected with the optical interrogator, for each of the 33 files 
composing the NN dataset and a number of columns equal to the number of the FBGs 
sensors (Figure 3.9). 

 
Figure 3.9: Input matrix (515653x6) of the Neural Network. 
Each column of the Input matrix, containing the wavelength values related to a specific FBG in all 
the indentation cycles, can be plotted as a function of time dividing the number of samples by 
1/(100 Hz) as in Figure 3.10. 

 
Figure 3.11: Plotted matrix columns. 
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• NN Output: A 515653x1 vector, with a number of rows corresponding to the total 
number of wavelength variations in the entire experimental process (33 cycles of 
indentations), containing the y_probe value related to the wavelength values (Figure 
3.11). 

 

Figure 3.11: Output vector (515653x1) of the Neural Network. 
 
 
 
The entire starting dataset consisting of 33 ‘.txt’ result files can be subdivided into three sub- 
categories: 

(1) Training set: training ratio equal to 0.7 
(2) Validation set: validation ratio equal to 0.15 
(3) Testing set: validation ratio equal to 0.15 

The dataset partition into the three sub-categories is totally random with the only ratios defined. 
The proposed Neural Network has the same features of the NN described in Chapter 2. 
The NN performance is evaluated in terms of Regression (R). 
The NN regression plots as well as the error histogram are displayed in Figure 3.12. The R 
parameter is close to the value of 1, showing the training goodness and the capability of the proposed 
6-FBGs sensors in detect the nodule position along the y-axis. Moreover, the NN error histogram 
shows a similar Gaussian trend with the maximum error (errors= targets-outputs) in the range [–
0.2;0.2] mm. Hence, the proposed sensorized tool is able to detect a nodule with an error of 0.2 
mm during a gripping procedure. 
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Figure 3.12: NN regression plots and NN error histogram. 
The proposed surgical sensorized tool is able to detect the nodule-device contact during the grasping 
procedure with an accuracy of 200 µm, employing six FBGs sensors with the optimized positioning 
derived from the FEM analysis combined with the inverse modelling via Neural Networks. 
The detection performance could be enhanced by inserting a threshold value of wavelength in order 
to highlight only when nodule and tool get in touch, instead of considering the entire dataset. As a 
consequence, the NN performance should improve as well as the capability in nodule position 
reconstruction. 
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5 Conclusions and future perspectives   
 
 
The future vision will be the release of a new generation of smart surgical instruments with tactile 
and temperature sensing capacities interfaced to wearable haptic interfaces. 
The design of instruments should be compatible for multiple tasks such as gripping, cutting, drilling, 
palpating, cauterizing. Variation in the design will enable hosting sensors. 
The possibility to provide artificial sense of touch to the surgeon is expected to enormously impact 
surgical practice. The tactile information to be restored is a fundamental source of information for 
evaluation of clinical state of tissues and for controlling the surgical gesture.  
From a medical perspective, the tactile information will prevent surgeons from accidentally 
applying excessive forces and damaging the treated tissue. Moreover, the sensorization of surgical 
tools will make MIS simulations more effective for trainees. Training with smart instruments will 
provide awareness of the forces being applied and the tissues being manipulated, leading to a shorter 
learning curve with a steadier upward 
trend. 
From a technological point of view, the integration of sensors in surgical tools will provide 
quantitative data for presenting haptic feedback to surgeons. This will allow improving the overall 
surgeon control and maneuverability of devices. The use of FOSs for multi-point force sensing will 
contribute overcoming challenges related to the application of electrical sensors in MIS, by 
developing final components either rigid (sensorized with FBGs) or flexible (sensorized with RBS) 
with waterproof, heat proof, and shock-proof properties and proper spatial resolution. FBG-based 
sensorization will improve the capabilities of conventional tools without considerable modification 
in terms of shape and dimensions. RBS, otherwise, will be used to develop a novel biomimetic 
flexible instrument for bringing up further enhancements to MIS tactile sensing applications by 
continuous tactile measurements. Finally, the integration of the temperature module with the 
surgical tools will bring knowledge about the influence of temperature in MIS 
procedures (still underexplored) and foster the development of multifunctional tactile systems for 
MIS, to perform accurate and reliable force measurements by decoupling thermal and mechanical 
effects. 
 
Such an instrumentation would  address real-case scenarios, such as: 
 

• Endoscopic surgery: this surgery is performed with endoscopic instruments that work 
without a pressure feedback for the surgeon: this surgery actually is based only upon 
endoscopic reduced images. The possibility to introduce sensors into these instruments will 
allow a better perception of surgery and an enhanced outcome. 

• Neurosurgery: sensorized instruments will give advantage to brain surgery. In fact the 
possibility to measure mechanical and thermal forces will help to avoid iatrogenic lesions 
to healthy neural tissue, especially when treating tumors or vascular malformation making 
possible of avoid unwanted bleeding, unnecessary resections, shortening operation time, 
reducing risks of post-operative complications. 

• Bone drilling surgery:t he possibility to insert haptic sensors inside bone drills could lead 
to a more accurate bone surgery.  

• Zygomatic implants represent surgical interventions useful to restore fixed denture in 
edentulous patients with maxillar atrophy. This implant surgery unfortunately is related to 
many complications, as orbital impingement, zygomatic bone fracture and soft tissue 
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invasion. The possibility to introduce haptic sensors in bone drills could lead to a feedback 
bone drilling and safer surgery. 

• Endovascular procedure: in endovascular procedures, catheters do not transmit mechanical 
properties of pathological or healthy tissues so that the surgeon cannot module pressure 
and strength so that the potential sensorization of catheters and probes can reduce 
iatrogenic risks and guarantee effective intervention. 

• Training and simulation platform: the possibility with haptic sensors to measure pressure 
during surgical operations is a great matter of interest for students and residents in the 
training process. The simulation with sensorized instruments could be standardized in 
Universities and training courses, expectedly smoothing the surgical learning curve. 

• Microsurgery and supramicrosurgery: micro and supramicrosurgical procedures require to 
handle micro instrumentation and suture, and address microscopic anatomical structures 
such as blood vessels or lymphatics. Having haptic sensors on a micro instrument will make 
each gesture more precise and safer. In addition, micro tactile feedback could be 
augmented via AI algorithms to amplify micro perception and make the gesture easier. The 
application could be extended also to robotic microsurgical procedures. 

• Gynecology: medical assisted procreation is nowadays widely adopted. It requires in vivo 
embryo transfer with ecographic real-time monitoring. Releasing the embryo at the right 
position is essential. The currently adopted transfer probe cannot restitute tactile 
properties of the uterine tissue. 

• Recording surgical gesture: the possibility of monitoring surgical gestures during 
operations in terms of mechanical and thermal forces applied by a surgeon represents a 
record of the procedure with a medical legal value in cases of trials about the adequacy of 
the surgical gesture. 
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