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1. Introducere. Chirurgia laparoscopici a evoluat semnificativ de la primele interventii din anii 1980, iar
trainingul specific pentru aceasta s-a dezvoltat In paralel cu dezvoltarea tehnologiei. Abilitatile necesare
pentru chirurgia laparoscopica difera considerabil de cele pentru chirurgia deschisd, necesitand coordonare
mana-ochi, perceptia profunzimii Intr-o imagine 2D, si utilizarea instrumentelor lungi.

Procedurile ghidate imagistic asupra ficatului, precum biopsiile hepatice si ablatia prin radiofrecventa (RFA),
sunt esentiale n diagnostic si tratament. Ghidajul ecografic este preferat pentru aceste proceduri datorita
imaginii in timp real si lipsei radiatiilor ionizante. In contextul trainingului medical modern, mulajele si
simulatoarele sunt utilizate pentru a imbunatati siguranta pacientului si pentru a oferi medicilor rezidenti
oportunitatea de a efectua aceste proceduri invazive inainte de a le efectua pe pacienti reali. Mulajele hepatice
sunt recomandate pentru pregatirea In proceduri interventionale, dar exista o lipsa de modele accesibile,
anatomic fiabile si la preturi rezonabile pentru training.

Chirurgia rectala laparoscopica este deosebit de dificila si necesita abilitati avansate din cauza complexitatii
disectiei in spatiul ingust al pelvisului. Un aspect esential este curba de invatare pentru chirurgi, care necesita
intre 15 si 100 de interventii pentru a atinge competenta, cu o variatie mare in functie de tipul de procedura.
Exista diferite exercitii practice necesare pentru a dezvolta abilitatile de coordonare si manipulare specifice
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chirurgiei laparoscopice. Desi au fost dezvoltate numeroase simulatoare pentru dobandirea acestor abilitati,
nu exista Inca un simulator specific, anatomic sau printat 3D, destinat trainingului in chirurgia laparoscopica
pelvina.

Solutiile dezvoltate, precum mulajele pe baza de gelatina si pelvi-trainerul 3D, reprezinta abordari unice,
publicate pentru prima data, si ofera un raport calitate-pret excelent si cu un real potential de imbunatatire si
dezvoltare ulterioara.

2. Stadiul actual al cunoasterii

2.1. Cancerul rectal reprezinta aproximativ o treime din cazurile de cancer colo-rectal, al treilea cel mai
frecvent cancer la nivel mondial. Factorii de risc includ istoricul familial de cancer colo-rectal, prezenta
polipilor colo-rectali, bolile inflamatorii intestinale, obezitatea, fumatul si consumul excesiv de alcool.
Simptomatologia cuprinde rectoragii, tulburari de tranzit, ocluzie intestinald, dureri abdominale si scadere in
greutate.

Diagnosticul pozitiv implicd anamneza, examenul obiectiv, tuseul rectal, colonoscopia cu biopsie, si markeri
tumorali precum CEA si CA 19-9. Stadializarea se efectueaza prin IRM si ecografie endo-rectala, completate de
CT si PET pentru a evalua extensia bolii. Stadializarea TNM este esentiala pentru determinarea tratamentului
adecvat si include evaluarea dimensiunii tumorii (T), prezentei nodulilor limfatici metastatici (N) sia
metastazelor la distanta (M). National Comprehensive Cancer Network (NCCN) recomanda ca toti pacientii
diagnosticati cu cancer de colon sa fie supusi unui test universal pentru statusul MMR/MS], care afecteaza
aproximativ 15% pana la 20% din cazurile sporadice de cancer colorectal. Testarea mutatiilor KRAS, NRAS,
HER?2 si BRAF este recomandata pentru pacientii cu cancer de colon metastatic nerezecabil. Scanarile CT
toracice, abdominale si pelvine sunt recomandate tuturor pacientilor diagnosticati cu cancer de colon.
Imagistica prin rezonanta magnetica (RMN) este utilizata de obicei numai daca se suspecteaza metastaze
hepatice sau daca pacientul este alergic la contrast iodat. O tomografie cu emisie de pozitroni-CT nu este
indicata in mod obisnuit.

Tratamentul cancerului rectal este multimodal si implica o echipa multidisciplinara. Chirurgia radicala este
principalul tratament, cu multiple optiuni de tratament in functie de stadiul bolii, precum polipectomie,
rezectie chirurgicala, chimio-radioterapie neoadjuvanta si adjuvantd, imunoterapie pentru cazurile cu
instabilitate microsatelitara si tratamente paliative pentru stadiile avansate. Tipurile de rezectii includ
rezectia anterioara de rect, rezectia ultra-joas3, rezectia abdomino-perineala atat pe cale deschisa cat si
laparoscopica si chirurgia robotica.

2.2. Tumorile hepatice pot fi benigne si/sau maligne, se impart in primare si secundare (metastatice). Cele
mai frecvente trei tipuri de tumori hepatice benigne sunt hemangioame, hiperplazia nodulard focald si
adenomul hepatocelular. Tumorile hepatice maligne primare includ carcinomul hepatocelular (HCC) si
colangiocarcinomul, cu o incidenta globala de peste 866.000 de cazuri anual. Factorii de risc pentru HCC sunt
hepatita cronica B si C, ciroza, si consumul de alcool. Diagnosticul se bazeaza pe metode imagistice precum
ecografia, CT-ul si IRM-ul cu contrast, iar pentru HCC se utilizeaza sistemul de stadializare BCLC.

Tratamentul HCC variaza in functie de stadiul bolii, incluzand rezectia chirurgicald, transplantul hepatic si
ablatia cu radiofrecventa pentru stadiile incipiente, iar pentru stadiile avansate, optiunile includ
chemoembolizarea arteriala si chimioterapia sistemica.

Colangiocarcinomul are un prognostic rezervat, cu o ratd de rezecabilitate de doar 25-30%. Tratamentul
include rezectia chirurgicala si chimioterapia adjuvantad pentru cazurile localizate, In timp ce cazurile
nerezecabile beneficiaza de chimioterapie, imunoterapie si tratamente paliative.
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Metastazele hepatice au o incidenta crescuta, ficatul fiind un sediu principal de metastazare pentru cancerele
digestive. Tratamentul multimodal al metastazelor hepatice include rezectia chirurgicala combinata cu
chimioterapie, RFA, radioterapia stereotactica si chemo-embolizarea trans-arteriala. Supravietuirea la 5 ani
poate ajunge la 58% pentru pacientii tratati chirurgical, comparativ cu doar 6 luni pentru cei fara tratament.

2.3. Mulaje de ficat pentru training. Exista diverse modele de mulaje de ficat, de la cele simple la cele
multimodale si cu functii avansate simulate precum circulatia sanguing, iar turnarea mulajelor in matrite
printate 3D este o metoda accesibila si eficienta pentru crearea de mulaje de ficat pentru training.

2.4. Trainingul in chirurgia laparoscopica. Trainingul in afara silii de operatie folosind simulatoare s-a
dovedit eficient si etic, reducand costurile si riscurile asociate cu trainingul traditional efectuat in sala de
operatie. Simulatoarele pentru laparoscopie, cum sunt box-trainerele si cele cu realitate virtuala (VR), sunt
instrumente valoroase de training pentru dezvoltarea abilitdtilor necesare. Dintre acestea, box-trainerele
sunt preferate datorita costurilor mai reduse si posibilitatii de a fi utilizate acasa, oferind un feedback tactil
real. Utilizarea acestor tehnologii si modele de training contribuie la reducerea curbei de invatare si
imbunatatirea performantei in chirurgia laparoscopica.

2.5. Printingul 3D. Printarea 3D, sau "fabricatia aditiva", implica crearea obiectelor tridimensionale bazate
pe modele virtuale. Conceptualizatd in 1945 si realizata din punct de vedere tehnologic in anii ‘80, printarea
3D a cunoscut o dezvoltare rapid3, cu aplicatii variate in industrii precum transporturi, medicina, moda,
arhitectura, etc.. Tehnologiile principale cuprind: Fused Deposition Modeling (FDM): Cea mai raspandita
tehnologie, implica extrudarea unui filament de plastic topit de un cap de printare controlat computerizat,
astfel construind obiectul strat cu strat; Digital Light Processing (DLP): Utilizeaza lumina UV pentru a
solidifica polimeri lichizi. Un cip controleaza directia luminii, permitand solidificarea rapida a straturilor ;
Poly]Jet Printing (PJP): Similara cu stereolitografia, aceasta tehnologie proiecteaza jeturi de fotopolimeri
lichizi, solidificati ulterior cu lumina UV. Permite utilizarea simultanad a materialelor cu proprietati si culori
diferite; Selective Absorption Fusion (SAF): Folosita in productia industriala de volum mare, SAF
pulverizeaza straturi si utilizeaza lumina infrarosie pentru fuziune, asigurand temperaturi constante si
calitate superioara; Selective Laser Melting (SLM): Foloseste pulberi metalice topite cu un laser puternic
intr-o camera cu gaz inert, producand obiecte metalice cu precizie 1nalta.

3. Contributia personala
3.1. Studiul 1. Mulaje de ficat pentru proceduri ghidate imagistic turnate intr-o matrita printata 3D

Studiul abordeaza crearea unui mulaj de ficat pentru antrenamentul in proceduri ghidate imagistic, turnat
intr-o matrita printata 3D. Procedurile invazive pe ficat, cum ar fi biopsiile ghidate ecografic, implica o curba
de invatare semnificativ3, iar training-ul adecvat este esential pentru dobandirea competentelor necesare,
mai ales in contextul limitarii accesului la workshop-uri hands-on din cauza costurilor ridicate.

Exista cateva mulaje hepatice disponibile comercial, care permit antrenamentul pentru diverse proceduri
imagistice (ecografie, CT, RMN), dar acestea sunt fie foarte costisitoare, fie au limitari in ceea ce priveste
realismul anatomic sau functionalitatea (cum ar fi lipsa fluxului sanguin). Majoritatea modelelor descrise in
literatura sunt experimentale, cu functionalitati limitate si costuri relativ mari.

Echipa noastra de cercetare a creat un model de mulaj hepatic inovator, multimodal, realist din punct de
vedere anatomic, dar la un cost redus. Acest mulaj permite training-ul in proceduri ghidate imagistic, fiind
usor de realizat si personalizat pentru diferite aplicatii. Modelul dezvoltat nu include un perete abdominal
artificial si nu simuleaza fluxul sanguin, dar ofera o alternativa accesibila si eficientd pentru training.
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Materialele utilizate pentru a simula parenchimul hepatic, descrise in literatura includ diverse geluri si
siliconi, cu proprietati variate de rezistenta si stabilitate la temperaturi. Un a din retetele descrise in literatura
pentru crearea mulajului include gelatina si fibra de psyllium pentru a obtine un mulaj transparent si opac.

Proiectul isi propune sa ofere o solutie de training accesibila, reproductibila si eficientd, cu un cost sub 1000
EUR pentru matritad si sub 100 EUR pentru fiecare mulaj, contribuind astfel la formarea chirurgilor in
proceduri hepatice minim invazive ghidate imagistic.

Material si metoda. in cadrul acestui capitol al studiului, este detaliat procesul de creare si testare a unor
mulaje de ficat destinate trainingului In proceduri ghidate imagistic. Sectiunea este structurata in doua parti
principale: crearea matritei si realizarea mulajelor de ficat, urmate de testarea acestora.

Crearea matritei

1. Matrita virtuala:

o Procesul incepe cu segmentarea precisa a parenchimului unui ficat normal dintr-un fisier
DICOM CT-scan. Segmentarea este realizata cu ajutorul programului InVesalius, un software
open-source, unde imaginile DICOM sunt deschise si parenchimul hepatic este selectat
utilizand functia ,region growing”. Modelul 3D al ficatului este rafinat prin netezirea
suprafetei, inchiderea porilor si gaurilor, si exportarea fisierului STL.

o Acestfisier STL este apoi importat in Autodesk Fusion 360 pentru modelare 3D. Aici,
modelul ficatului este prelucrat pentru a imbunatati integritatea si geometria, iar
dimensiunile sale sunt verificate si optimizate pentru printare 3D. Matrita finala este
sectionatd In patru segmente pentru a facilita demularea produsului final, si sunt create
geometrii si gduri de asamblare pentru fixarea segmentelor. Matrita complet asamblata are
dimensiuni de 300 mm lungime, 200 mm latime si 200 mm inaltime.

2. Matrita fizica/reala. Matrita reala este realizata prin printare 3D folosind material ABS si tehnologia
FDM, obtinand astfel cele patru segmente ale matritei. Dupa printare, materialul suport este dizolvat,
iar suprafetele interioare si exterioare ale matritei sunt etansate cu un lac de plastic pentru a preveni
infiltrarea lichidelor. Pentru a usura demularea mulajelor, se aplica un strat de ceara pe suprafata
internd a matritei.

Crearea mulajelor de ficat

Mulajele sunt create folosind doua tipuri de materiale: gelatina si silicon bi-component, fiecare cu
caracteristici specifice pentru a simula parenchimul hepatic si formatiunile tumorale.

1. Mulajele pe baza de gelatina. Acestea sunt realizate fie opace, fie transparente, prin combinarea
gelatinei uscate de porc sau vitd cu zahar si apa. Pentru a imita aspectul ficatului steatozic, se adauga
smantana lichida cu concentratie ridicata de grasime. Tumorile sunt create folosind acelasi material
ca parenchimul si sunt incluse in mulajul final.

2. Mulajele pe baza de silicon. Siliconul bi-component ZA13 este utilizat pentru a crea mulajele, in
care tumorile sunt turnate separat si incluse ulterior In mulaj. Pentru simularea axelor vasculare si
biliare s-au utilizat baloane de modelaj umplute cu apa/cerneala si apoi integrate In mulaje.

Testarea mulajelor pe baza de gelatina

Mulajele din gelatina au fost testate de o echipa multidisciplinara de medici si ingineri, utilizind metode
precum ecografia, elastografia si biopsia ghidata ecografic. Testele au relevat ca mulajele din gelatina sunt
preferate fata de cele din silicon datorita costurilor mai mici si usurintei de productie.

Mulajele au fost evaluate siin cadrul unor cursuri practice de ecografie, desfasurate la diferite congrese
internationale si nationale, unde participantii, majoritar rezidenti si chirurgi specialisti fara experienta
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anterioara in ultrasonografie, au folosit mulajele pentru diverse proceduri. Rezultatele au aratat ca mulajele
de gelatind au fost eficiente 1n trainingul participantilor in identificarea structurilor interne si realizarea
procedurilor ghidate ecografic. Feedback-ul colectat de la participanti a fost pozitiv, indicand valoarea
educationald a acestor mulaje pentru formarea medicala.

Rezultate. Matrita a fost realizata prin tehnologia de imprimare 3D, utilizdnd o imprimanta Stratasys Fortus
380mc, care permite printarea unor componente de mari dimensiuni si o precizie ridicata. Procesul de
printare a durat 42 de ore, iar costul total al matritei a fost de aproximativ 1000 EUR. Mulajele de ficat din
silicon au un cost cuprins intre 70 si 90 EUR, 1n timp ce cele pe baza de gelatinad au un cost mult mai redus,
intre 8 si 15 EUR. Conform testelor efectuate, matrita poate fi utilizatd de peste 100 de ori fara a se deteriora,
iar procesul de creare a unui mulaj dureaza aproximativ sase ore.

Matrita permite crearea unor mulaje personalizate, care pot include formatiuni tumorale de diferite
dimensiuni si structuri vasculare, utile pentru trainingul in diverse proceduri ghidate imagistic. in urma unui
chestionar aplicat celor 33 de participanti la cursuri practice de ecografie, 94% dintre acestia s-au declarat
Jfoarte multumiti” sau ,multumiti” de experienta utilizarii mulajelor din gelatina pentru trainingul in
procedurile ghidate ecografic.

Discutii. Echipa de cercetare, cu peste un deceniu de experienta in trainingul in chirurgia laparoscopicj, a
investit semnificativ in dezvoltarea metodelor de training avand la baza printingul 3D. Matritele si mulajele
create s-au dovedit a fi instrumente eficiente pentru a accelera curba de Invatare a chirurgilor in formare.
Utilizarea acestor mulaje poate reduce numarul de proceduri pe pacienti reali necesare pentru a atinge
competenta in diverse interventii ghidate imagistic, ex.: ablatia cu radiofrecventa (RFA) si biopsia hepatica.

Lucrarea pune in discutie si comparatia cu alte studii din literatur3, evidentiind avantajele si limitarile altor
modele de matrite printate 3D. In comparatie cu alte matrite descrise in literatura, cele dezvoltate de echipa
noastra de cercetare sunt mai robuste si ofera posibilitatea de a turna mulaje din diverse materiale, nu doar
din silicon.

Costurile de productie si materialele utilizate au fost de asemenea analizate. Matritele descrise de alti autori
aveau costuri mai mici, dar prezentau limitari semnificative, cum ar fi un numar redus de utilizari sau
dificultiti in asamblare. In schimb, matrita dezvoltati in acest studiu este mai durabili si mai eficients, fiind
usor de asamblat si dezasamblat, ceea ce o face ideald pentru productia de mulaje pe scara larga, necesare in
cursurile hands-on.

Concluzii Matritele si mulajele de ficat realizate de echipa noastra de cercetare reprezinta o alternativa
accesibila si eficienta la mulajele costisitoare existente pe piata. Acestea au fost validate prin feedback-ul
pozitiv primit de la participantii la cursurile practice, care au constatat utilitatea acestora in invatarea
procedurilor ghidate imagistic. Echipa noastra este optimista ca utilizarea pe scard larga a acestor mulaje va
contribui la imbunatatirea rezultatelor clinice pentru pacientii cu patologii hepatice.

Aceasta cercetare subliniaza potentialul utilizarii tehnologiei de printare 3D 1n trainingul medical, oferind
solutii practice si accesibile pentru pregatirea chirurgilor si altor specialisti In domeniul interventiilor minim
invasive ghidate imagistic.

3.2. Studiu 2. Mulaje de ficat pe baza de gelatina pentru training: o abordare de carte de bucate

Introducere. Terapiile ghidate imagistic sunt esentiale pentru tratarea patologiilor hepatice, inclusiv a
tumorilor si abceselor. In Statele Unite, chirurgii au inceput sa utilizeze ecografia, in anii 90. Rezectiile
hepatice efectuate sub ghidaj ecografic intraoperator aduc un beneficiu mare pentru pacienti, deoarece
permit pastrarea a cit mai mult parenchim hepatic viabil. Chirurgii trebuie sa parcurga o pregatire riguroasa
si o curba de invatare pentru a efectua proceduri ghidate imagisticde diagnostic si/sau interventionale. Unele
organizatii soliciti efectuarea unui numir minim de proceduri sub supraveghere. in SUA, de exemplu, sunt
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necesare minim 40 de biopsii hepatice ghidate ecografic pentru certificare. In Romania, pentru certificarea in
ecografie generald, sunt necesare 300 de examinari ecografice. Mulajele hepatice sunt recomandate pentru
pregatirea in proceduri interventionale, dar exista o lipsa de modele accesibile, anatomic fiabile si la preturi
rezonabile pentru training. Echipa noastra a dezvoltat si testat retete pe baza de gelatina pentru mulaje de
ficat destinate trainingului in procedurile ghidate imagistic, raspunzand astfel unei nevoi importante in acest
domeniu.

Material si Metoda. Scopul principal al studiului a fost crearea unui mulaj anatomic al ficatului, destinat
trainingului tinerilor chirurgi in proceduri minim invazive ghidate imagistic: punctia, biopsia si ablatia cu
radiofrecventa (RFA). Mulajele trebuie sa fie accesibile, usor de utilizat si bazate pe materiale disponibile,
reproducand cat mai fidel anatomia ficatului pentru utilizarea in examinari ecografice, CT si RMN.

Pentru a dezvolta matrita, echipa a folosit software-uri precum InVesalius 3 si Autodesk Fusion 360 with
Netfabb pentru a crea un model virtual al ficatului pe baza unui fisier DICOM obtinut in urma unei scanari CT.
Modelul 3D a fost segmentat ti modelat 3D pentru a crea un fisier STL, care a fost apoi utilizat pentru a genera
0 matritd modulara care ulterior a fost printata 3D.

Materialul de baza ales pentru mulaje a fost gelatina, inspirata de o reteta de gel balistic combinata cu zahar.
Patru retete diferite au fost testate in prima faza a studiului, variind cantitatea de gelatina (intre 8 gsi 16 gla
100 ml de apa) si zahar adaugate. Aceste retete au fost evaluate de o echipa de medici si ingineri, utilizand un
set de noua criterii pentru a determina cea mai buna formula pentru trainingul in procedurile ghidate
imagistic. Rezultatele au aratat ca adaugarea de 14 g de gelatina la 100 ml de lichid oferea cele mai bune
proprietati pentru manipulare si utilizare in aceste proceduri, comparativ cu ficatul de porc ex-vivo.

Pentru a imbunatati viteza sunetului in material, s-a testat inlocuirea unui procent din apa cu alcool tehnic, iar
diverse substante precum smantana lichida, faina de grau, amidonul de porumb si pudra de talc au fost
analizate pentru evaluarea efectului de impristiere si contrastul oferit in imagistica. In urma acestor teste, s-a
stabilit ca pulberile precum fadina de grau, amidonul de porumb si talcul nu erau adecvate din cauza
compozitiei neomogene obtinute.

Echipa a dezvoltat 14 retete distincte de mulaje, impartite in mulaje transparente si opace. Aceste retete au
fost testate folosind ultrasonografia, tomografia si RMN-ul, iar rezultatele au fost comparate cu valorile
ficatului de porc ex-vivo si cu cele ale ficatului uman, obtinute din literatura de specialitate. De asemenea, au
fost efectuate masuratori ale elasticitatii, densitatii CT, intensitatii semnalului IRM si fortei de fracturare.

In urma evaludrii, reteta cu 14 g de gelatini la 100 ml de solutie s-a dovedit a fi optima pentru crearea
mulajelor transparente, avand caracteristici similare cu un ficat cirotic si oferind cel mai bun echilibru intre
elasticitate si friabilitate. Aceasta retetd a fost considerata baza pentru dezvoltarea tuturor celorlalte mulaje
transparente.

Pentru mulajele opace, s-a descoperit cd addugarea de smantana lichida in proportie de 25% (cu un continut
de grasime de 32%) a oferit cea mai bund omogenitate si efect de Imprastiere la examinarea ultrasonografica,
oferind un contrast bun la CT si RMN.

Rezultate. In cadrul studiului au fost create mulaje bazate pe gelatind pentru toate cele 14 retete. Evaluirile
au aratat ca penru mulaje transparente reteta G14 (14 g gelatina/100 ml) este cea mai putin friabila si are
caracteristici optime pentru trainingul in proceduri ghidate imagistic. Aceasta permite vizualizarea
structurilor interne prin imagistica, fiind astfel adecvata in trainingul de baza al acestor proceduri.

Pentru al doilea nivel de dificultate in training, mulajele opace precum G14S32:15 si G14S32:10 au oferit cel
mai bun parenchim omogen si efect de Imprastiere uniform, ceea ce a rezultat intr-un contrast bun la
examindrile ecografice, CT si RMN. Costul de realizare a acestor mulaje a fost estimat intre 10 si 20 de euro,
ceea ce le face o solutie accesibila pentru training.
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Discutii. In acest capitol, au fost examinate diferite metode de simulare a parenchimului hepatic pentru
trainingul in procedurile ghidate imagistic. Au fost prezentate mai multe solutii pentru crearea de mulaje
hepatice, fiecare avand avantaje si dezavantaje specifice. S-a ales utilizarea unei solutii pe baza de gelatina
pentru a turna mulaje in forma de ficat de dimensiuni reale Intr-o matrita printata 3D. Acest tip de solutie este
recunoscut ca fiind fiabil si usor de realizat, cu posibilitatea de a produce un mulaj in mai putin de 90 de
minute (daca sunt create mai multe mulaje simultan), care poate fi pastrat timp de panala o lunala
temperaturi scazute.

In literatur3, existd o varietate de retete utilizate pentru a imita parenchimul hepatic, incluzand solutii pe
baza de agaroz3, silicat de magneziu, gel de ulei, spuma cu celule deschise, gel de poliacrilamid3, alcool
polivinilic, polimeri siliconici si altele. Totusi, mulajele pe baza de gelatina raman cele mai populare datorita
costului scazut si a simplitatii de realizare. Un exemplu de reteta utilizata utilizaeaza gelatind combinata cu
fibra muciloida hidrofila psyllium pentru a obtine un efect de imprastiere necesar in examinarea ecografica.
Aceastd metoda a fost descrisa de Bude si Alder (1995), care au demonstrat ca aceste mulaje pot fi pastrate in
frigider mai multe saptdmani fara deteriorare microbiologica vizibila.

Un alt aspect discutat in cadrul studiului a fost utilizarea diferitelor materiale pentru a imbunatati calitatea
mulajelor. Initial, s-a folosit pulbere de talc, faiina de grau si amidon de porumb pentru a simula efectele de
imprastiere si atenuare, dar s-a constatat ca aceste materiale au tendinta de a se sedimenta. Prin urmare, s-a
utilizat o solutie lipidica si smantana lichida cu 32% grasime, care nu sedimenteaza atunci cand sunt
combinate cu gelatina. De asemenea, au fost utilizate microsfere de sticla sau plastic, pulbere de grafit si lapte
evaporat pentru a imbunatati efectul de imprastiere si atenuarea.

In ceea ce priveste costurile, mulajele realizate in cadrul acestui studiu variazi intre 10 si 20 EUR, in functie
de complexitate si de ingredientele utilizate. Aceste costuri sunt semnificativ mai mici decat cele ale mulajelor
comerciale, care pot varia intre 2.897 si 8.700 USD. Prin urmare, aceste mulaje pe baza de gelatina reprezinta
o alternativa accesibila pentru trainingul in proceduri ghidate imagistic si de diagnostic.

Concluzie. Studiul a evaluat diferite retete de mulaje de ficat pe baza de gelatina si a identificat cele mai bune
retete pentru trainingul in proceduri ghidate imagistic. Pentru trainingul de baza, se recomanda utilizarea
retetei G14, care este transparenta si usor de realizat, in timp ce pentru trainingul avansat se sugereaza
utilizarea retetelor opace G14S32:12.5 si G14S32:10. Aceste mulaje sunt ieftine, repetabile si usor de realizat,
oferind un suport esential pentru o pregatire eficientad In acest domeniu.

3.3. Studiu 3. Pelvi-trainer versatil printat 3D pentru training in chirurgia minim-invaziva colorectala

Introducere. In acest capitol am analizat evolutia si importanta chirurgiei laparoscopice si robotice in
tratamentul cancerului colorectal, subliniind c3, desi laparoscopia a fost metoda preferata de peste un
deceniu, chirurgia robotica ofera avantaje considerabile, cum ar fi o vizualizare mai buna si o disectie mai
precisa datorita multiplelor grade de libertate ale instrumentelor.

Se subliniaza avantajele si necesitatea trainingului In afara salii de operatie, prin utilizarea simulatoarelor si a
box-trainerelor, pentru a reduce riscurile si costurile asociate formarii In blocul operator. Astfel trainingul in
afara blocului operator permite dobandirea mai rapida a abilitatilor necesare, scurtand curba de invatare.

Desi simulatoarele VR si box-trainerele sunt ambele utilizate in trainingul in chirurgia laparoscopica, box-
trainerele sunt considerate superioare datorita accesibilitatii, utilizarii instrumentelor reale si a posibilitatii
de a fi folosite acasa. Box-trainerele sunt echivalente 1n eficienta cu modelele cadaverice si animalele vii, fara
a prezenta dezavantajele etice si financiare ale acestora.

Material si metoda. Realizarea Pelvi-Trainerului Anatomic. Capitolul descrie procesul detaliat de creare a
unui pelvi-trainer anatomic utilizat pentru trainingul in chirurgia laparoscopica. Acest pelvi-trainer a fost
dezvoltat in doua etape, implicand atat realizarea prototipurilor virtuale, cat si fizice.
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Primul Prototip:

1. Pelvi-Trainerul Virtual: Un pelvis plastifiat din Muzeul de Anatomie a fost scanat folosind un aparat
CT. Aceste imagini au fost apoi procesate intr-un software open-source, InVesalius 3, pentru a crea un
model 3D virtual. Dupa segmentare si modelare 3D, a fost generat un fisier STL pentru printarea 3D.

2. Pelvi-Trainerul Real: Modelul STL a fost printat folosind o imprimanta 3D Stratasys Fortus 380mc
din material ABS. Cu toate acestea, primul prototip s-a dovedit instabil si cu pereti prea grosi, ceea ce
l-a facut impropriu pentru utilizare.

Al Doilea Prototip

1. Pelvi-Trainerul Virtual: Fisierul STL al primului prototip a fost modelat 3d folosind Autodesk
Fusion 360 cu Netfabb. Modificarile au inclus recrearea coloanei lombare si a peretelui abdominal
posterior, addugarea unor suporturi pentru stabilitate si optimizarea modelului pentru printarea 3D.
S-a addugat si un orificiu pentru fixarea intestinului sau rectului in interiorul pelvisului.

2. Pelvi-Trainerul Real: A doua versiune a fost imprimata 3D, avand o structura optimizata si mai
stabila. Obiectul imprimat a fost sigilat cu un lac pentru materiale plasticepentru a preveni infiltrarea
lichidelor in materialul ABS printat 3D, care este poros. Apoi, s-au creat orificii suplimentare pentru a
permite fixarea elentelor pentru exercitiile de realizat in interiorul acestuia.

Realizarea Valvelor de Silicon Valvele de silicon, necesare pentru introducerea trocarelor, au fost create
folosind o matrita metalica special conceputa. Aceste valve ofera flexibilitate si libertate de miscare pentru
instrumentele chirurgicale, simuland conditiile reale.

Asamblarea Box-Trainerului Box-trainerul a fost realizat dintr-o cutie de depozitare transparenta de 20 de
litri, care a fost adaptata pentru a fi utilizatd cu o camera web, sau cu un laparoscop ca element video. S-au
realizat orificii speciale In capacul cutiei pentru a monta valvele de silicon si pentru a fixa camera web sau
pentru introducerea laparoscopului.

Testarea si Validarea Box-Trainerului Pentru a testa si valida pelvi-trainerul, s-au creat patru exercitii
fundamentale in interiorul pelvi-trainerului (,rings on laces”, ,string threading”, ,pattern cutting” si ,suture
drill”). Pelvi-trainerul a fost testat de 33 de chirurgi cu diferite grade de experienta, fiind utilizat atit intr-o
cutie de plastic cu web cam si ulterior cu camera de laparoscopie cat si intr-o cutie de carton special
conceputad utilizand camera de la telefonul mobil ca sursa video. Acestia au evaluat performanta acestuia prin
completarea unui chestionar detaliat.

Rezultate

In urma testirii, pelvi-trainerul anatomic s-a dovedit a fi un instrument practic si util pentru trainingul in
chirurgia laparoscopica, atat de baza, cat si avansata. Evaludrile chestionarului au indicat o satisfactie ridicata
a participantilor, majoritatea preferand utilizarea pelvi-trainerului intr-o cutie de depozitare din plastic si cu
laparoscopul ca sursa video.

Participantii au oferit sugestii pentru imbunatatirea pelvi-trainerului, inclusiv utilizarea unor suporti pentru
camerd, integrarea materialului biologic proaspat si adaugarea de modele suplimentare pentru training. De
asemenea, au fost propuse noi aplicatii si exercitii suplimentare, inclusiv simularea interventiilor chirurgicale
pelvine complexe si utilizarea robotilor chirurgicali.

Pelvi-trainerul creat de echipa noastra a demonstrat versatilitate si eficient3, fiind un instrument valoros
pentru pregatirea chirurgilor in cadrul unui mediu controlat si sigur. Costul total al materialelor si al
procesului de printare 3D a fost de aproximativ 875 EUR, ceea ce face ca acest trainer sa fie o solutie
accesibila comparativ cu alte dispozitive disponibile pe piata.
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Discutii. in cadrul studiului, echipa a dezvoltat un pelvi-trainer printat 3D, care reprezinti primul model
anatomic destinat trainingului in chirurgia laparoscopica in spatiul ingust al pelvisului. Acest pelvi-trainer
este inovativ, oferind oportunitati unice pentru simularea procedurilor chirurgicale avansate si pregatirea in
afara salii de operatie. De asemenea, poate fi utilizat in chirurgie robotica si in training pe organe pelvine ex-
vivo, demonstrand astfel versatilitatea sa.

Designul pelvi-trainerului a fost realizat cu atentie pentru a asigura o experienta de training cat mai realista.
Pentru acest fapt distantele Intre trocare si instrumentele chirurgicale au fost calculate pentru a corespunde
celor recomandate de experti, asigurand un unghi de lucru optim intre instrumente. Aceasta fidelitate a fost
validata prin compararea cu date din literatura de specialitate, ceea ce sustine acuratetea si aplicabilitatea
practica a pelvi-trainerului.

in plus, echipa noastri a dezvoltat valve de silicon adaptabile pentru porturile trocarelor, care pot fi utilizate
pe orice box-trainer existent. Acestea au un cost de productie foarte scazut si ofera flexibilitate si
manevrabilitate superioard pentru instrumentele endoscopice. Aceasta inovatie adauga valoare semnificativa
dispozitivului, crescandu-i versatilitatea si accesibilitatea.

Comparativ cu alte simulatoare disponibile pe piata, pelvi-trainerul dezvoltat de echipa noastra este unic prin
faptul ca este singurul model anatomic printat 3D destinat trainingului in chirurgia laparoscopica pelvina.
Majoritatea box-trainerelor existente folosesc spatii plate de lucru si sunt echipate cu camere web standard.
In contrast, pelvi-trainerul creat de echipa noastra poate fi utilizat cu o gama largi de solutii video, incluzind
camera laparoscopica, web cam si camera unui smartphone, ceea ce il face extrem de flexibil si potrivit pentru
diverse scenarii de training.

Studiul evidentiaza avantajele pelvi-trainerului printat 3D In termeni de costuri si eficientd. Costul initial, desi
mare datorita utilizarii printingului 3D, poate fi redus semnificativ in cazul productiei in masa. Mai mult,
acesta oferd o alternativa mult mai accesibila fata de simulatoarele VR, care sunt considerabil mai scumpe si
nu ofera un mediu de training la fel de realist.

Concluzie. Pelvi-trainerul anatomic printat 3D creat de echipa noastra are potentialul de a revolutiona
trainingul in chirurgia laparoscopica pelvina. Acesta ofera un mediu de training sigur si realist, care poate
contribui la imbunatatirea competentelor chirurgicale ale rezidentilor si chirurgilor. Validarea sa, printr-un
studiu comparativ cu box-trainerele conventionale, ar putea consolida pozitia sa ca un instrument de baza in
pregatirea in chirurgia laparoscopica. Astfel, pelvi-trainerul nu doar ca imbunatateste calitatea pregatirii, dar
poate si sa contribuie semnificativ la reducerea riscurilor in sala de operatie.

4. Originalitatea si contributiile inovative ale tezei. in cadrul acestor studii, s-a urmarit
dezvoltarea unor metode inovative de training pentru interventiile ghidate imagistic asupra ficatului si
pentru chirurgia laparoscopica colorectala/pelvina, utilizand mulaje anatomice si dispozitive care simuleaza
cat mai fidel mediul de lucru din sala de operatie. S-a dorit crearea unor solutii noi, diferite de cele existente
pe piata sau In literatura de specialitate, pentru a aduce trainingul medical 1a un nivel de profesionalism cat
mai ridicat. In acest context, au fost dezvoltate mulaje de ficat din gelatini si silicon, utilizind matrite
modulare reutilizabile, capabile sa imite fidel anatomia ficatului si sa fie utilizate pentru diferite proceduri
ghidate imagistic. De asemenea, a fost creat primul pelvi-trainer anatomic printat 3D, destinat trainingului in
chirurgia rectala minim invaziva, dar si pentru alte specializari precum urologia si ginecologia. Aceste inovatii
au fost validate si deja utilizate In cadrul unor cursuri internationale, demonstrandu-se eficienta lor in
pregatirea medicilor.
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1. Introduction. Laparoscopic surgery has evolved significantly since the first interventions in the 1980s,
and specific training for it has developed in parallel with the development of technology. The skills required
for laparoscopic surgery differ considerably from those for open surgery, requiring hand-eye coordination,
depth perception in a 2D image, and the use of long instruments.

Imaging-guided liver procedures, such as liver biopsies and radiofrequency ablation (RFA), are essential in
diagnosis and treatment. Ultrasound guidance is preferred for these procedures because of the real-time
imaging and lack of ionizing radiation. In the context of modern medical training, replicas and simulators are
used to improve patient safety and give in-training surgeons the opportunity to perform these invasive
procedures before performing them on real patients. Liver phantoms are recommended for training in
interventional procedures, but there is a lack of accessible, anatomically reliable and reasonably priced
models for training.

Laparoscopic rectal surgery is particularly difficult and requires advanced skills due to the complexity of the
dissection in the narrow space of the pelvis. A key aspect is the learning curve for surgeons, who require
between 15 and 100 interventions to achieve proficiency, with a large variation depending on the type of
procedure. There are various practical exercises required to develop the coordination and manipulation skills
specific to laparoscopic surgery. Although numerous simulators have been developed to acquire these skills,
there is still no specific anatomical or 3D printed simulator for training in laparoscopic pelvic surgery.
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The solutions developed and described further, such as the gelatin-based phantoms and the 3D pelvic trainer,
represent unique approaches, published for the first time, and offer excellent value for money with real
potential for further improvement and development.

2. Current state of knowledge

2.1. Rectal cancer. Rectal cancer accounts for approximately one third of colorectal cancer cases, the third
most common cancer worldwide. Risk factors include family history of colorectal cancer, the presence of
colorectal polyps, inflammatory bowel disease, obesity, smoking, and excessive alcohol consumption.
Symptoms include rectal bleeding, transit disturbances, intestinal occlusion, abdominal pain and weight loss.

Positive diagnosis involves history, objective examination, rectal palpation, colonoscopy with biopsy, and
tumor markers such as CEA and CA 19-9. Staging is performed by MRI and endo-rectal ultrasound,
supplemented by CT and PET to assess the extent of the disease. TNM staging is essential for determining
appropriate treatment and includes assessment of tumor size (T), presence of metastatic lymph nodes (N),
and distant metastases (M). The National Comprehensive Cancer Network (NCCN) recommends that all patients
diagnosed with colon cancer undergo universal testing for MMR/MSI status, which affects approximately 15% to
20% of sporadic colorectal cancer cases. Testing for KRAS, NRAS, HERZ2, and BRAF mutations is recommended for
patients with unresectable metastatic colon cancer. CT scans of the chest, abdomen, and pelvis are recommended
for all patients diagnosed with colon cancer. Magnetic resonance imaging (MRI) is usually only used if liver
metastases are suspected or if the patient is allergic to iodinated contrast. A positron emission tomography-CT
scan is not routinely indicated.

Rectal cancer treatment is multimodal and involves a multidisciplinary team. Radical surgery is the main
treatment, with multiple treatment options depending on the stage of the disease, such as polypectomy,
surgical resection, neoadjuvant and adjuvant chemoradiotherapy, immunotherapy for cases with
microsatellite instability, and palliative treatments for advanced stages. Types of resections include anterior
rectal resection, ultra-low resection, abdomino-perineal resection both open and laparoscopic, and robotic
surgery.

2.2. Liver tumors. Liver tumors can be benign and/or malignant, they are divided into primary and
secondary (metastatic). The three most common types of benign liver tumors are hemangiomas, focal nodular
hyperplasia and hepatocellular adenoma. Primary malignant liver tumors include hepatocellular carcinoma
(HCC) and cholangiocarcinoma, with a global incidence of more than 866,000 cases annually. Risk factors for
HCC are chronic hepatitis B and C, cirrhosis, and alcohol consumption. Diagnosis is based on imaging methods
such as ultrasound, CT, and contrast-enhanced MRI, and the BCLC staging system is used for HCC.

Treatment of HCC varies according to the stage of the disease, including surgical resection, liver
transplantation, and radiofrequency ablation for early stages, and for advanced stages, options include
arterial chemoembolization and systemic chemotherapy.

Cholangiocarcinoma has a poor prognosis, with a resectability rate of only 25-30%. Treatment includes
surgical resection and adjuvant chemotherapy for localized cases, while unresectable cases benefit from
chemotherapy, immunotherapy and palliative treatments.

Liver metastases have an increased incidence, the liver being a main site of metastasis for digestive cancers.
Multimodal treatment of liver metastases includes surgical resection combined with chemotherapy, RFA,
stereotactic radiotherapy, and trans-arterial chemoembolization. 5-year survival can be as high as 58% for
patients treated with surgery, compared to only 6 months for those without treatment.
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2.3. Liver phantoms for training. There are various models of liver phantoms, from simple to multimodal
and with advanced simulated functions such as blood circulation and modelling the phantoms into 3D printed
molds is an affordable and effective method for creating liver phantoms for training.

2.4. Training in laparoscopic surgery. Training outside the operating room using simulators has been
proven effective and ethical, reducing the costs and risks associated with traditional training conducted in the
operating room. Laparoscopy simulators, such as box trainers and virtual reality (VR) simulators, are valuable
training tools for developing the necessary skills. Of these, box trainers are preferred due to their lower costs
and the possibility of being used at home, providing real tactile feedback. The use of these technologies and
training models helps reduce the learning curve and improve performance in laparoscopic surgery.

2.5. 3D printing. 3D printing, or "additive manufacturing”, involves the creation of three-dimensional objects
based on virtual models. Conceptualized in 1945 and technologically realized in the 80s, 3D printing has
experienced rapid development, with varied applications in industries such as transportation, medicine,
fashion, architecture, etc. The main technologies include: Fused Deposition Modeling (FDM): The most
widespread technology, it involves extruding a molten plastic filament by a computer-controlled print head,
thus building the object layer by layer; Digital Light Processing (DLP): Uses UV light to solidify liquid
polymers. A chip controls the direction of the light, allowing the layers to solidify quickly; Poly]Jet Printing
(PJP): Like stereolithography, this technology projects jets of liquid photopolymers, which are then solidified
with UV light. It allows the simultaneous use of materials with different properties and colors; Selective
Absorption Fusion (SAF): Used in high-volume industrial production, SAF sprays layers and uses infrared
light for fusion, ensuring constant temperatures and superior quality; Selective Laser Melting (SLM): Uses
metal powders melted with a powerful laser in an inert gas chamber, producing high-precision metal objects.

3. Personal contribution
3.1. Study 1. Liver phantoms in 3D-printed mold for image-guided procedures

The study addresses the creation of a liver replica for training in imaging-guided procedures, castin a 3D-
printed mold. Invasive liver procedures such as ultrasound-guided biopsies involve a significant learning
curve, and adequate training is essential to acquire the necessary skills, especially in the context of limited
access to hands-on workshops due to high costs.

There are several commercially available liver phantoms that allow training for various imaging procedures
(ultrasound, CT, MRI), but they are either very expensive or have limitations in terms of anatomical realism or
functionality (such as lack of blood flow). Most of the models described in the literature are experimental,
with limited functionalities and relatively high costs.

Our research team has created an innovative, multimodal, anatomically realistic liver phantoms at a affordable
cost. This mold allows training in imaging-guided procedures, being easy to make and customized for
different applications. The developed model does not include an artificial abdominal wall and does not
simulate blood flow but offers an affordable and effective alternative for training.

Materials used to simulate the liver parenchyma described in the literature include various gels and silicones,
with varying properties of strength and temperature stability. One of the recipes described in the literature
for creating the mold includes gelatin and psyllium fiber to obtain a transparent and opaque mold.

The project aims to provide an affordable, reproducible and efficient training solution with a cost of less than
€1000 per mold and less than €100 per phantom, thereby contributing to the training of surgeons in
minimally invasive imaging-guided liver procedures.
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Material and method. In this chapter of the study, the process of creating and testing liver models intended for
training in imaging-guided procedures is detailed. The section is structured in two main parts: creating the
mold and making the liver phantoms, followed by their testing.

Mold creation
1. The virtual mold:

o The process begins with the precise segmentation of the parenchyma of a normal liver from a DICOM CT-
scan file. Segmentation is performed using the InVesalius program, an open-source software, where the
DICOM images are opened, and the liver parenchyma is selected using the "region growing" function. The 3D
model of the liver is refined by smoothing the surface, closing the pores and holes, and exporting the STL file.

o This STL file is then imported into Autodesk Fusion 360 for 3D modeling. Here, the liver model is processed
to improve integrity and geometry, and its dimensions are checked and optimized for 3D printing. The final
mold is sectioned into four segments to facilitate the demolding of the final product, and assembly geometries
and holes are created to attach the segments. The fully assembled mold measures 300mm long, 200mm wide
and 200mm high.

The physical /real mold. The actual mold is made by 3D printing using ABS material and FDM technology,
thus obtaining the four segments of the mold. After printing, the support material is dissolved, and the inner
and outer surfaces of the mold are sealed with a plastic varnish to prevent infiltration of liquids. To facilitate
demoulding of the phantoms, a layer of wax is applied to the inner surface of the mold.

Creating liver phantoms. The liver phantoms are created using two types of materials: gelatin and bi-
component silicone, each with specific characteristics to simulate liver parenchyma and tumor formations.

1. Gelatin-based liver phantoms. They are made either opaque or transparent by combining dried pork or
beef gelatin with sugar and water. To mimic the appearance of steatotic liver, high-fat liquid cream is added.
Tumors are created using the same material as the parenchyma and are included in the final model.

2. Silicone-based liver phantoms. ZA13 bi-component silicone is used to create the phantoms, where the
tumors are projected separately and later included into the phantom. Modeling balloons filled with water/ink
and then integrated into the phantoms were used to simulate the vascular and biliary axes.

Testing gelatin-based phantoms. The gelatin phantoms were tested by a multidisciplinary team of doctors
and engineers, using methods such as ultrasound, elastography and ultrasound-guided biopsy. Tests have
shown that gelatin phantoms were preferred over silicone phantoms due to their lower cost and ease of
production.

The phantoms were also evaluated in practical ultrasound courses, held at various international and national
congresses, where the participants, mostly residents and specialist surgeons with no previous experience in
ultrasonography, used the phantoms for various procedures. The results showed that gelatin phantoms were
effective in training participants to identify internal structures and perform ultrasound-guided procedures.
Feedback collected from participants was positive, indicating the educational value of these phantoms for
medical training.

Results. The mold was made by 3D printing technology, using a Stratasys Fortus 380mc printer, which allows
the printing of large components and high precision. The printing process took 42 hours, and the total cost of
the mold was around €1000. Silicone liver phantoms cost between €70 and €90, while gelatin-based ones
cost much less, between €8 and €15. According to tests, the mold can be used more than 100 times without
damage, and the process of creating a mold takes about six hours.

The mold allows the creation of customized phantoms, which can include tumor formations of various sizes
and vascular structures, useful for training in various imaging-guided procedures. Following a questionnaire
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administered to 33 practical ultrasound course participants, 94% of them declared themselves "very
satisfied" or "satisfied" with the experience of using gelatin phantoms for training in ultrasound-guided
procedures.

Discussions. The research team, with over a decade of experience in laparoscopic surgery training, has
invested significantly in the development of training methods based on 3D printing. The molds and phantoms
created have proven to be effective tools to accelerate the learning curve of surgeons-in-training. The use of
these phantoms can reduce the number of procedures on real patients required to achieve proficiency in
various image-guided interventions, eg: radiofrequency ablation (RFA) and liver biopsy.

The paper also discusses the comparison with other studies in literature, highlighting the advantages and
limitations of other 3D printed mold designs. Compared to other molds described in the literature, the ones
developed by our research team are more robust and offer the possibility to cast phantoms from various
materials, not just silicone.

Production costs and materials used were also analyzed. The molds described by other authors had lower
costs, but had significant limitations, such as a small number of uses or difficulties in assembly. In contrast,
the mold developed in this study is more durable and efficient, easy to assemble and disassemble, making it
ideal for the large-scale production of phantoms required in hands-on courses.

Conclusions The liver molds and phantoms made by our research team represent an affordable and effective
alternative to the expensive phantoms on the market. These were validated by the positive feedback received
from the participants in the practical courses, who found their usefull in learning imaging-guided procedures.
Our team is optimistic that widespread use of these phantoms will help improve clinical outcomes for patients
with liver disease.

This research highlights the potential of using 3D printing technology in medical training, providing practical
and affordable solutions for training surgeons and other specialists in minimally invasive imaging-guided
interventions.

3.2. Study 2. Gelatin-based liver phantoms for training purposes: a cookbook approach

Introduction. Imaging-guided therapies are essential for the treatment of liver pathologies, including tumors
and abscesses. In the United States, surgeons began to use ultrasound in the 90s. Liver resections performed
under intraoperative ultrasound guidance bring a great benefit to patients, because they allow preserving as
much viable liver parenchyma as possible. Surgeons must undergo rigorous training and a learning curve to
perform imaging-guided diagnostic and/or interventional procedures. Some organizations require a
minimum number of procedures to be performed under supervision. In the US, for example, a minimum of 40
ultrasound-guided liver biopsies are required for certification. In Romania, for certification in general
ultrasound, 300 ultrasound examinations are required. Liver phantoms are recommended for training in
interventional procedures, but there is a lack of accessible, anatomically reliable and reasonably priced
models for training. Our team has developed and tested gelatin-based recipes for liver phantoms for training
in imaging-guided procedures, thus addressing an important need in this field.

Material and Method. The main aim of the study was to create an anatomical model of the liver, intended for
the training of young surgeons in minimally invasive imaging-guided procedures: puncture, biopsy and
radiofrequency ablation (RFA). phantoms must be affordable, easy to use and based on available materials,
reproducing as faithfully as possible the anatomy of the liver for use in ultrasound, CT and MRI examinations.

To develop the mold, the team used software such as InVesalius 3 and Autodesk Fusion 360 with Netfabb to
create a virtual model of the liver based on a DICOM file obtained from a CT scan. The 3D model was
segmented, and 3D modeled to create an STL file, which was then used to generate a modular mold that was
then 3D printed.
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The base material chosen for the phantoms was gelatin, inspired by a ballistic gel recipe combined with sugar.
Four different recipes were tested in the first phase of the study, varying the amount of gelatin (between 8g
and 16g per 100ml of water) and sugar added. These recipes were evaluated by a team of doctors and
engineers, using a set of nine criteria to determine the best formula for training in imaging-guided
procedures. The results showed that the addition of 14 g of gelatin per 100 ml of liquid offered the best
properties for handling and use in these procedures compared to ex-vivo pig liver.

To improve the speed of sound in the material, replacing a percentage of the water with technical alcohol was
tested, and various substances such as liquid cream, wheat flour, corn starch and talcum powder were
analyzed to evaluate the scattering effect and the contrast provided in imaging. Following these tests, it was
determined that powders such as wheat flour, corn starch and talc were not suitable due to the
inhomogeneous composition obtained.

The team developed 14 distinct mold recipes, divided into transparent and opaque phantoms. These recipes
were tested using ultrasonography, tomography and MRI, and the results were compared with ex-vivo pig
liver and human liver values obtained from the literature. Measurements of elasticity, CT density, MRI signal
intensity and fracture force were also performed.

After evaluation, the recipe with 14 g of gelatin per 100 ml of solution was found to be optimal for the
creation of transparent phantoms, having characteristics similar to a cirrhotic liver and offering the best
balance between elasticity and friability. This recipe was considered the basis for the development of all other
transparent phantoms.

For opaque phantoms, the addition of 25% liquid cream (with a fat content of 32%) was found to provide the
best homogeneity and scattering effect on ultrasonographic examination, providing good contrast on CT and
MRI.

Results. In the study, gelatin-based phantoms were created for all 14 recipes. Evaluations have shown that for
transparent phantoms the G14 recipe (14 g gelatin/100 ml) is the least friable and has optimal characteristics
for training in imaging-guided procedures. This allows visualization of internal structures through imaging,
thus being appropriate in the basic training of these procedures.

For the second training difficulty level, opaque phantoms such as G14S32:15 and G14S32:10 provided the
best homogeneous parenchyma and uniform scattering effect, resulting in good contrast in ultrasound, CT,
and MRI examinations. The cost of making these phantoms was estimated between 10 and 20 euros, which
makes them an affordable solution for training.

Discussions. In this chapter, different methods of simulating liver parenchyma for training in imaging-guided
procedures were examined. Several solutions have been presented for creating liver phantoms, each with
specific advantages and disadvantages. The solution chosen was to use a gelatin-based solution to cast life-
size liver phantoms into a 3D printed mold. This type of solution is recognized as reliable and easy to make,
with the possibility of producing a mold in less than 90 minutes (if several phantoms are created
simultaneously), which can be stored for up to a month at low temperatures.

In the literature, there are a variety of recipes used to mimic liver parenchyma, including agarose solutions,
magnesium silicate, oil gel, open cell foam, polyacrylamide gel, polyvinyl alcohol, silicone polymers, and
others. However, gelatin-based phantoms remain the most popular due to their low cost and ease of
manufacture. An example of a recipe employed uses gelatin combined with hydrophilic mucilloid fiber
psyllium to achieve a scattering effect needed in ultrasound examination. This method was described by Bude
and Alder (1995), who demonstrated that these phantoms could be stored in the refrigerator for several
weeks without visible microbiological deterioration.

Another aspect discussed in the study was the use of different materials to improve the quality of the
phantoms. Initially, talcum powder, wheat flour, and cornstarch were used to simulate scattering and
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attenuation effects, but these materials were found to tend to settle. Therefore, a lipid solution and liquid
cream with 32% fat were used, which do not sediment when combined with gelatin. Glass or plastic
microspheres, graphite powder and evaporated milk have also been used to improve the scattering effect and
attenuation.

In terms of costs, the phantoms made in this study range between €10 and €20, depending on the complexity
and the ingredients used. These costs are significantly lower than commercial phantoms, which can range
from $2,897 to $8,700. Therefore, these gelatin-based phantoms represent an affordable alternative for
training in imaging-guided and diagnostic procedures.

Conclusion. The study evaluated different formulations of gelatin-based liver phantoms and identified the
best formulations for training in imaging-guided procedures. For basic training, it is recommended to use the
G14 recipe, which is transparent and easy to achieve, while for advanced training, it is suggested to use the
opaque recipes G14S32:12.5 and G14S32:10. These phantoms are affordable, repeatable and easy to make,
providing essential support for effective training in this field.

3.3. Study 3. Versatile 3D printed pelvi-trainer for training in minimally invasive colorectal surgery

Introduction. In this chapter we have reviewed the evolution and importance of laparoscopic and robotic
surgery in the treatment of colorectal cancer, emphasizing that although laparoscopy has been the preferred
method for over a decade, robotic surgery offers considerable advantages such as better visualization and
more precise dissection due to the multiple degrees of freedom of the instruments.

The advantages and necessity of training outside the operating room, using simulators and box-trainers, are
emphasized to reduce the risks and costs associated with training in the operating room. Thus, training
outside the operating room allows for the faster acquisition of the necessary skills, shortening the learning
curve.

Although VR simulators and box-trainers are both used in laparoscopic surgery training, box-trainers are
considered superior due to their affordability, use of real instruments, and the ability to be used at home. Box
trainers are equivalent in effectiveness to cadaver models and live animals, without their ethical and financial
disadvantages.

Material and method.

Realization of the Anatomical Pelvis-Trainer. The chapter describes the detailed process of creating an
anatomical pelvis-trainer used for training in laparoscopic surgery. This pelvic trainer was developed in two
stages, involving both the creation of virtual and physical prototypes.

First Prototype

1. The Virtual Pelvis-Trainer: A plasticized pelvis from the Museum of Anatomy was scanned using a CT
machine. These images were then processed in an open-source software, InVesalius 3, to create a virtual 3D
model. After segmentation and 3D modeling, an STL file was generated for 3D printing.

2. Real Pelvis-Trainer: The STL model was printed using a Stratasys Fortus 380mc 3D printer in ABS
material. However, the first prototype proved unstable and too thick-walled, making it unsuitable for use.

Second Prototype

1. Virtual Pelvis-Trainer: The STL file of the first prototype was modeled in 3d using Autodesk Fusion 360
with Netfabb. Changes included recreating the lumbar spine and posterior abdominal wall, adding
reinforcements for stability, and optimizing the model for 3D printing. A hole was also added to secure the
intestine or rectum inside the pelvis.
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2. Real Pelvis-Trainer: The second version was 3D printed, having an optimized and more stable structure.
The printed object was sealed with a plastic varnish to prevent liquids from seeping into the 3D printed ABS
material, which is porous. Then, additional holes were created to allow the securing of the elements for the
exercises to be performed inside it.

Making the Silicone Valves. The silicone valves, required for the insertion of the trocars, were created using
a specially designed metal mold. These valves provide flexibility and freedom of movement for surgical
instruments, simulating real conditions.

Assembling the Box-Trainer. The box-trainer was made from a 20-liter transparent storage box that was
adapted to be used with a web camera, or a laparoscope as a video element. Special holes were made in the lid
of the box to mount the silicone valves and to fix the web camera or to insert the laparoscope.

Testing and Validating the Box-Trainer. In order to test and validate the pelvic-trainer, four fundamental
exercises were created inside the pelvic-trainer ("rings on laces", "string threading", "pattern cutting" and
"suture drill"). The pelvic trainer was tested by 33 surgeons with different degrees of experience, being used
both in a plastic box with a web cam and later with a laparoscopy camera, and in a specially designed
cardboard box using the mobile phone camera as a video source. They evaluated his performance by

completing a detailed questionnaire.

Results. After testing, the anatomical pelvic trainer has proven to be a practical and useful tool for training in
both basic and advanced laparoscopic surgery. Questionnaire evaluations indicated high participant
satisfaction, with the majority preferring to use the pelvic trainer in a plastic storage box and with the
laparoscope as the video source.

Participants provided suggestions for improving the Pelvi-Trainer, including the use of camera mounts, the
integration of fresh biological material, and the addition of supplementary training models. Additional new
applications and exercises have also been proposed, including the simulation of complex pelvic surgeries and
the use of surgical robots.

The pelvic trainer created by our team has demonstrated versatility and efficiency, being a valuable tool for
training surgeons in a controlled and safe environment. The total cost of the materials and the 3D printing
process was around €875, making this trainer an affordable solution compared to other devices available on
the market.

Discussions. In the study, the team developed a 3D printed pelvic trainer, which represents the first
anatomical model intended for training in laparoscopic surgery in the narrow space of the pelvis. This pelvic
trainer is innovative, offering unique opportunities for simulating advanced surgical procedures and training
outside the operating room. It can also be used in robotic surgery and ex-vivo pelvic organ training, thus
demonstrating its versatility.

The design of the pelvic trainer has been carefully conceived to ensure the most realistic training experience.
For this fact, the distances between the trocar and the surgical instruments were calculated to correspond to
those recommended by experts, ensuring an optimal working angle between the instruments. This fidelity
was validated by comparison with data from the specialized literature, which confirms the accuracy and
practical applicability of the pelvic trainer.

In addition, our team has developed adaptable silicone valves for trocar ports that can be used on any existing
box-trainer. They have a very low production cost and offer flexibility and superior maneuverability for
endoscopic instruments. This innovation adds significant value to the device, increasing its versatility and
affordability.

Compared to other simulators available on the market, the pelvic trainer developed by our team is unique in
that it is the only 3D printed anatomical model intended for training in laparoscopic pelvic surgery. Most
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existing box trainers use flat workspaces and are equipped with standard web cameras. In contrast, the pelvic
trainer created by our team can be used with a wide range of video solutions, including laparoscopic camera,
web cam and smartphone camera, making it extremely flexible and suitable for various training scenarios.

The study highlights the advantages of the 3D printed pelvic trainer in terms of costs and efficiency. The initial
cost, although high due to the use of 3D printing, can be significantly reduced in the case of mass production.
Moreover, it offers a much more affordable alternative to VR simulators, which are considerably more
expensive and do not provide as realistic a training environment.

Conclusion. The anatomical 3D printed pelvic trainer created by our team has the potential to revolutionize
training in laparoscopic pelvic surgery. It provides a safe and realistic training environment that can help
improve the surgical skills of residents and surgeons. Its validation, through a comparative study with
conventional box-trainers, could strengthen its position as a basic tool in training in laparoscopic surgery.
Thus, the pelvic trainer not only improves the quality of training but can also significantly contribute to
reducing risks in the operating room.

4. The originality and innovative contributions of the thesis. In these studies, the
development of innovative training methods for imaging-guided interventions on the liver and for
colorectal/pelvic laparoscopic surgery was pursued, using anatomical models and devices that simulate as
faithfully as possible the working environment in the operating room. It was ment to create new solutions,
different from those existing on the market or in specialized literature, to bring medical training to the highest
possible level of professionalism. In this context, gelatin and silicone liver phantoms have been developed
using reusable modular molds used for casting liver phantoms capable of faithfully imitating liver anatomy
and being used for various imaging-guided procedures. Also, the first 3D printed anatomical pelvis-trainer
was created, intended for training in minimally invasive rectal surgery, but also for other specialties such as
urology and gynecology. These innovations have been validated and already used in international courses,
proving their effectiveness in the training of doctors.
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