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ABSTRACT 

Silicone-based composite phantoms were fabricated to be used as an education model in 

medical training. A matrix of silicone formulations was tracked to mimic the 

ultrasonography, mammography, surgical, and microsurgical responses of different human 

tissue and organs. The performance of two different additives: i) silicone oil and ii) vinyl-

terminated poly (dimethylsiloxane) (PDMS) were monitored with the acoustic setup and 

evaluated by the surgeons. Breast cancer is one of the most common types of cancer among 

women, and early diagnosis significantly improves the patient outcomes. The surgeons-in-

training necessitate the vast amount of practice to facilitate a noteworthy contribution to 

this outcome. Therefore, breast simulation models that contain skin layer, inner breast 

tissue, and tumor structures which allow the collection of samples with biopsy needle were 

fabricated to be used in ultrasonography, as well as mammography models to be used in 

tumor diagnostics, and breast oncoplasty models for surgeons to practice their suturing 

skills.  
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Development of microsurgical techniques signifies a foremost advance in the intervention 

of the injured peripheral nerves and with the aid of the operating microscopes; it is possible 

to evaluate the severity of the neural trauma. The advanced microsurgical skills of surgeons 

are essential for the success of the microsurgery, and in turn for the preservation of the 

nerve continuity. With this motive, a peripheral nerve phantom that contains skin layer, 

fascia tissue, epineurium, connective tissue, the fascicles, and the muscle layer has been 

designed. Herein, we highlight the fabrication of a realistic, durable, accessible, and cost-

effective training platform that contains breast ultrasonography, mammography, and 

oncoplasty models, as well as peripheral nerve with complex hierarchical layers. For 

training purposes, closest media to reality, fresh cadavers, are hard to obtain due to their 

price and/or unavailability. Hence, a variety of synthetic tissues were also designed through 

the optimization of formulations of silicone. Surgical simulation models that mimic various 

human tissue and organs such as i) multi layers of skin, ii) axilla and axillary lymph nodes, 

iii) veins, iv) isthmus of the thyroid gland, cricoid cartilage, tongue, larynx, esophagus, 

tracheal rings, and bronchial tree for the tracheostomy and  bronchoscopy models were 

fabricated.    
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ÖZET 

Silikon-bazlı kompozit fantomlar, tıp eğitiminde model olarak kullanılmak üzere 

üretilmiştir. Farklı insan doku ve organlarının ultrasonografi, mamografi, cerrahi ve mikro 

cerrahi tepkilerini taklit etmek için bir silikon formülasyonları matrisi yapılmıştır. İki farklı 

katkı maddesinin performansı: i) silikon yağı ve ii) vinil ile sonlandırılmış poli 

(dimetilsiloksan) (PDMS) akustik deney kurulumu ile incelenerek, cerrahlar tarafından 

değerlendirildi. Meme kanseri, kadınlarda en sık görülen kanser türlerinden biridir ve erken 

teşhis, hastaların iyileşme süreçlerini belirgin şekilde etkiler. Eğitim dönemindeki 

cerrahların, bu sonuca kayda değer bir katkı sağlamaları için yüksek miktarda pratik 

yapmaları gereklidir. Bu nedenle, meme simülasyon modelleri, cilt katmanı, meme iç 

dokusu ve biyopsi iğnesi ile numune toplanmasına izin veren tümör yapılarını içeren 

şekilde, ultrasonografide kullanılmak üzere tasarlanmıştır. Bunun yanı sıra tümör teşhisinde 
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kullanılmak üzere mamografi modelleri ve aynı zamanda cerrahların dikiş becerilerini 

geliştirebilecekleri meme onkoplasti modelleri de üretilmiştir. 

Mikrocerrahi tekniklerin geliştirilmesi, hasarlı periferik sinirlerin müdahalesindeki 

gelişmelere öncü olmuştur. Ayrıca operasyon mikroskoplarının yardımıyla; sinir 

travmasının ciddiyetini değerlendirmek mümkündür. Cerrahların gelişmiş mikrocerrahi 

becerileri, mikrocerrahi müdahalenin başarısı için ve ayrıca sinir sürekliliğinin korunması 

için de gereklidir. Bu motivasyonla, deri, fasya dokusu, epinöryum, bağ dokusu, fasiküller, 

ve kas dokusunu içeren bir periferik sinir modeli tasarlanmıştır. Bu tez çalışmasında, meme 

ultrasonografisi, mamografi, onkoplasti modelleri ve karmaşık hiyerarşik katmanlara sahip 

periferik siniri içeren, gerçekçi, dayanıklı, erişilebilir ve düşük maliyetli bir eğitim 

platformunun üretilmesini vurgulanmaktadır. Eğitim amaçlı olarak, gerçekliğe en yakın 

ortam olan kadavraların yüksek fiyatlı ve/veya kısıtlı tedariği nedeniyle elde edilmesi 

güçtür. Bu sebeple, silikon formülasyonlarının optimizasyonu ile çeşitli sentetik dokular 

tasarlanmıştır. Cerrahi simülasyon modeli olarak kullanılmak üzere, i) çok katmanlı cilt, ii) 

aksilla ve aksiller lenf düğümleri, iii) damarlar, iv) tiroid bezi isthmusu, krikoid kıkırdak, 

dil, gırtlak, yemek borusu, trakeal halkalar ve bronş ağacı trakeostomi ve bronkoskopi 

modellerinde kullanılmak üzere üretilmiştir. 
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Chapter 1  

Introduction 

 

In this thesis, the design and fabrication of realistic, durable, reliable, cost-effective, and 

hence, accessible silicone-based composite human tissue-like models are proposed. The 

thesis consists of six chapters that include an array of synthetic models which can be 

utilized in medical education. The first chapter provides an introduction and brief 

explanation of the proposed models; and the main findings of each chapter of the thesis.  

In the second chapter, the design and fabrication of silicone-based composite breast 

ultrasonography, mammography, and surgical simulation models, with a significant focus 

on their applications are elucidated in line with the given literature review. These fabricated 

breast phantoms include a multi-layered skin, inner breast tissue, and different sizes and 

shapes of malign/benign tumors that were prepared separately and combined into a single 

model afterward. A matrix of silicone formulations was investigated in order to mimic the 

ultrasonography, mammography, and surgical responses, and significant resemblance to 

acoustic, cosmetic, and tactile properties of the human breast tissue was achieved [1]. In the 

design of the ultrasonography model, the acoustic performance of two different additives: i) 

silicone oil and ii) vinyl-terminated PDMS were assessed by a home-made acoustic setup. 

One of the main challenges in the design of such ultrasonography model was to reach the 

acoustic similarity to human tissues.  
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Through the use of 75 wt % vinyl-terminated PDMS in two-component silicone elastomer 

mixture, 1.43–1.57×10³ m/s and attenuation coefficient of 9.5–12.6 dB/cm, as reported in 

the literature for human breast tissue was reached with 7 MHz ultrasound probes [1]. The 

optimized formulations exhibited a sound velocity of 1.29±0.09×10³ m/s and an attenuation 

coefficient of 12.99±0.08 dB/cm—values those match closely to the human breast tissue—

that were measured with 5–7 MHz probe. This model can also be used for ultrasound-

guided needle biopsy applications as well as for self-examination trainings. The mechanical 

properties of these phantoms were also investigated and the design parameters were 

optimized respectively. These models were also evaluated by radiologists and surgeons 

who are experts in their fields, and the validity of the models was approved. 

Surgeons-in-training necessitates practice to improve their skill sets and the shift towards 

simulation-based trainings enables trainees to learn at their own pace and experience 

custom-based cases rather than responding to the immediate needs of the patients. 

Oncoplasty for breast cancer encompasses tumor removal and subsequent breast 

reconstruction; and there are several oncoplastic techniques to ensure suitable treatment of 

the patients [2, 3]. Silicone-based composite models can be designed and manufactured to 

fulfill the necessities of breast surgery such as precise incision, epidermal undermining, 

suturing, and resisting suture tension after excision of a considerable mass [4]. In Chapter 

2, the performance of breast model for two oncoplastic techniques, ―Batwing 

Mammoplasty‖ and ―Modified Inferior Flap Rezai‖ have shown.  This phantom can be 

used in settings where it is difficult and/or expensive to find fresh cadavers. In addition, the 

model is also suitable to be used in self-diagnosis trainings, and contributes to 

communication platforms between surgeons and patients. 

Chapter three provides useful information about the development of peripheral nerve 

phantoms. The advancements in microsurgery techniques signify foremost intervention to 

treat the injured peripheral nerves. The employment of the operating microscopes and the 

interoperative electrodiagnosis in these surgeries paved the way to evaluate the severity of 

the degree of the neural trauma. The advanced microsurgical skills of surgeons are essential 

for the success of the microsurgery, and in turn for the preservation of the nerve continuity 

[5].  
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The competence of the microsurgical skills requires excellent dexterity, and the 

microsurgeons require medical education platforms that contain plenty of practices to 

advance their suturing skills. With this motive, a peripheral nerve microsurgery phantom 

that contains skin layer, fascia tissue, epineurium, connective tissue, the fascicles, and the 

muscle layers has been designed. This model can be utilized as an assessment tool for the 

improvements of technical skills of surgeons and how these techniques have been applied 

to the peripheral nerve microsurgery [6].  

In chapter four, the production of phantoms for surgical training was overviewed. The main 

aim was to fabricate a prototype of cost-effective, sustainable, and reliable synthetic 

surgical systems with blood and air flow that provide realistic responses to surgical 

interventions. Unlike digital simulation and virtual reality systems, the suggested tactile 

systems work based on imitation of the incision and suturing responses that are obtained 

from real tissue and organs; and the intra- and inter-blood and/or air flow in these systems 

ensures a traditional learning platform. Surgical trainees can receive training on a fresh 

cadaver and animal models that are tactile, suturable, cuttable [7]. However, the cost of 

fresh cadavers and complications in proper protection of these cadavers; the anatomical 

differences in animal models, the difficulty of obtaining animal models and accompanying 

ethical concerns prevent the spread of high-quality education among an ever-mounting 

number of medical students [8].  

In recent years, synthetic surgical models are utilized for the education of interventions that 

involve especially needles and tubes. These models are designed to be used for several 

times. They are closer to anatomical models in terms of durability; thus, their high prices 

are legitimized. The surgical models that can enable complex operations are very costly 

since they are damaged in every operation and their price prevents their use except in a few 

institutions in developed countries [9]. In the framework of this chapter, surgical 

simulations models: i) multi layers of skin, ii) axilla and axillary lymph nodes, iii) vascular 

models, iv) isthmus of the thyroid gland, cricoid cartilage, tongue, larynx, esophagus, 

tracheal rings, and bronchial tree for the tracheostomy and  bronchoscopy models were 

fabricated.  
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And finally, chapter five concludes the thesis with future aspects, including proposed 

traumatic torax and abdomen, and the knee models. There is a need for a sustainable, 

reliable, and affordable platform to diffuse simulation-based trainings to medical curricula 

and provide trainings even in resource-limited settings. Through cost-effective design and 

fabrication, it is possible to produce training models in any non-chemistry setup. This 

practical solution also eliminates the need for chemical/cold storage and risk of 

infections/molding, thus making it a preferable tool for teaching hospitals and also for 

individual practice. These models, which can generate realistic responses, will contribute to 

the level of medical education and in turn the global economy. 
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Chapter 2  

 

Breast Phantoms for Surgical, Ultrasonography, 

and Mammography Training 

 

2.1  Introduction 

Breast cancer is the most common type of cancer and foremost cause of death from cancer 

among women [10-12]. The frequency of women diagnosed with breast cancer increases 

rapidly due to the advances in technology [13, 14]. Ultrasonography and mammography are 

widely-used screening tools for the detection of breast cancer [15, 16] and their use in 

routine screening have been reported to reduce the mortality rates [17-22]. These 

techniques can differentiate the stages of breast carcinoma [23, 24] and segregate cystic 

lesions and benign/malign tumors based on their size, shape, and echo feedback with high 

precision [25, 26]. In addition, compared to the other imaging methods, such as magnetic 

resonance imaging and computed tomography, all of which produce ionizing radiation, 

ultrasonography utilizes high-frequency sound waves; thus, is not harmful to the patient 

[27-30]. Hence, in this study, special attention was paid on the design of the breast 

ultrasonography, mammography, and oncoplasty phantoms. 
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Surgical training models were studied since it is essential to preserve the physical 

appearance to facilitate the well-being of the patient upon breast surgeries [31, 32]. 

Medically and aesthetically successful oncoplastic surgeries assure the health of women 

and return of these women to their pre-cancer lives [33-35]. Therefore, the conflict of 

removing the carcinoma whilst preserving the breast tissue became a challenge for the 

specialists over the past few decades [36]. In recent years, the breast-conservation surgery 

along with the radiotherapy treatment is more favored over mastectomy, which results in 

the loss of higher mass breast tissues. In addition, where possible, the reconstruction of the 

breast through plastic surgery was preferred following mastectomy and breast-conserving 

therapy [37]. Oncoplastic surgery, an emerging branch in breast surgeries, combines 

oncological and aesthetic procedure such that it allows patients to circumvent a secondary 

reconstruction. Through oncoplastic surgery, the patients can avoid breast deformities 

caused by the post-plastic surgeries and encounter reduced treatment costs [38]. Immediate 

reconstruction facilitates the creation of more symmetric and well-positioned breast shape 

with fewer scars [39, 40]. Compared to breast conservation and mastectomy techniques, 

oncoplastic surgery was reported to have higher patient satisfaction, higher survival rates, 

reduced reoperation rates; and, hence ease of patient recovery after the treatment [41]. 

Proficiency of surgeons on oncoplastic techniques, and the success of radiologists in 

diagnostic accuracy depend on the level of experience and practice they get [42, 43]. 

Simulation in the training of doctors has improved patient outcomes [44-46]. Availability 

of realistic ultrasonography, mammography, and surgical phantoms are, thus, crucial for 

effective trainings—phantoms with a cosmetic, acoustic, and tactile resemblance to human 

breast tissue have the potential to enhance skill sets of medical doctors [47]. However, in 

general, commercially available models are not affordable; hence, not accessible by 

many, and laboratory scale models are either too simple or not durable. There is a need for 

realistic and easy-to-access models to realize the true impact of simulation in medical 

education.  

Materials selection is the most critical step in simulating the complex structure of the 

breast. Hydrogels, such as polyvinyl alcohol (PVA) [48], gelatin [49], agar [50], and 

polyacrylamide (PA) [1], are reported as tissue-mimicking materials. The phantoms that 
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utilize agar and gelatin are easy-to-produce, cost-effective, and non-toxic; but, they do not 

have long shelf lives and are prone to bacterial and yeast infection. These models 

necessitate an anti-bacterial treatment and refrigeration for prolonged durability [51]. PA 

cross-linked polymer matrices require a chemical setup and safety measures since toxic 

chemicals are utilized during the synthesis [52]. In PVA cryogel formation, chemical 

agents and experimental steps such as freeze-thawing cycles are also involved. These 

factors limit the fabrication of PA- and PVA-based phantoms to more advanced 

laboratories [53].  

Silicone is extensively used as a tissue mimicking material in various fields from the film 

industry to prosthetics [54, 55]. The ease of shaping, coloring, and durability make silicone 

a noteworthy possibility for surgical, ultrasonography and mammography phantoms  [56]. 

Silicone-based materials can be tailored to provide realistic responses to incision, 

dissection, and suturing; thus, enable tactile simulations in surgical skills laboratories and 

there are several companies that provide silicone-based models and materials for modeling 

purposes [57]. However, studies that utilize silicone as a tissue mimicking material for 

ultrasonography training reported lower attenuation coefficients in comparison to the 

human breast tissue [1, 58]. On the other hand, in several patents on silicone-based breast 

phantoms, although detailed production process and ultrasonography images are revealed, 

systematic studies on acoustical properties are not demonstrated [59-63]. Here we report, 

the design of such training phantoms by tracking the formulation of silicone layers to 

imitate tactile and acoustic responses of human breast tissue, as well as malign tumors. 

Skin, inner breast tissue, tumor structures, and muscle layer were fabricated according to 

the human anatomy (Fig. 1) [64]. These models can be fabricated in a simple setup (e.g., in 

a non-chemistry lab) that contain only a scale and an oven.  
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Figure 1 The anatomy of the human breast that illustrates the skin, subcutaneous fat tissue, 

inner breast tissue, mammary glands, the muscle layer, and the rib bones (from outer to 

inner) [64].  

These models have the potential to overcome the limitations that other materials pose with 

their simplicity in fabrication, cosmetic similarity to the human tissue, and reusability. 

Therefore, the designed ultrasonography model reveal similar attenuation coefficient to that 

of biological tissues as well as matching the speed of sound, the mammography model 

mimic the breast calcifications successfully, and the oncoplasty training phantom poses an 

adequate imitation of surgical sutures and significant tactile similarity. 

2.2  Materials and Methods 

2.2.1 Formulation of the Tissue-mimicking Materials 

Two-component liquid silicone rubber; component A (SL-3358A) and B (SL-3358B), and 

vinyl-terminated PDMS were obtained from KCC Corporation, Korea. Silicone oil was 

purchased from Sapar, Turkey (PMX200-350 CST). Carbon black, graphite flakes and 

PVA were purchased from Sigma-Aldrich, alumina nanopowder was obtained from AKP-

50 Sumitomo Chemicals, Japan, and gypsum was received from local providers. For the 
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cosmetic resemblance, a coloring agent (Wacker Chemie AG) in the skin color was added 

to the formulation. Fabrics that were supplied from local providers applied between two 

different skin layers (skin and subcutaneous fat layer) in surgical models and also utilized 

for simulation of the rib bone in ultrasonography phantoms. 

2.2.2 Preparation of the Inner Breast Tissue and the Skin  

Component A and B were mixed in equal weight, while the additives were utilized at 

different amounts for the inner breast tissue. The amount of additives (i.e., silicone oil and 

thinning agent) spanned a range of 50–83.3 wt% of the total mixture, and the remaining 

weight was equally split between components A and B, and silicone oil (Fig. 2). 

 

Figure 2 The wt % of A and B components and the additives (i.e., silicone oil or thinning 

agent) 

These formulations were prepared by mixing the components with a hand mixer and kept 

under vacuum for 30 min and then cured at 110 ºC for 1 h. The reaction was addition 

curing with a platinum catalyst and no by-product was observed. Although curing step can 

be carried out at room temperature, higher temperatures were utilized to speed up the 

process. In addition, the vacuuming step can also be eliminated by waiting for 2–3 hours 

for possible air bubbles to leave the system. The formulation of the skin layer was prepared 

with the same method by mixing equal amounts of component A and B with 50 wt % 

silicone oil. Inner breast tissue and lesions were combined into a single model during 

0 50 66.7 75 80 83.3

A B Silicone oil or thinning agent

wt % phantom material
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molding. The areola was prepared through the molding of dye-colored silicone elastomers 

and after curing, attached to the breast. Although there are various areola-related diseases 

that require imaging, the areola region was mainly included in the model to offer a 

reference point for the needle biopsy and provide a breast-like appearance [65, 66]. All 

silicone formulations were cured in an aluminum mold that was designed as a tear-drop 

shape in order to mimic the anatomy of the human breast and provide dimensional stability. 

However, any mold (e.g., made out of gypsum) that can withstand temperatures around 110 

ºC without deformation can be used to prepare the inner breast tissue.  

Various materials were studied for tissue-mimicking and added to the silicone formulations 

for the imitation of the inner breast tissue. Carbon black powder, which is an organic 

material, and formed by the combustion of hydrocarbons, and water absorbent poly 

(sodium acrylate) gel particles (10 wt %) were utilized to obtain information about the 

reflection of ultrasonic sound waves. Expancel (30 wt %) was used as an additive in the 

silicone formulations for the fabrication of mammography and surgical models. PAA gel 

was also utilized for the imitation of inner breast tissue and tumor structures in the 

ultrasonography model. 600 mL of distilled water, 120 mL of acrylic acid, 0.96 g of 

reaction initiator ammonium persulfate, and 600 mL of cross-linker ethylene glycol 

dimethacrylate, all purchased from Sigma Aldrich were added to the reaction vessel 

respectively, and the mixture was stirred at room temperature for 5 minutes using a 

magnetic stirrer to form the inner breast tissue. After that, it was kept in a zipped bag in the 

oven at 60 °C for 4 hours. The reaction was subjected to deoxygenation with nitrogen gas, 

which is an important step for the successful completion of the polymerization and for the 

absence of air bubbles in the model that will adversely affect the ultrasonic measurements. 

2.2.3 Chemical Characterization of the Inner Breast Tissue Formulation 

FTIR spectra of the inner breast tissue formulation that contains two-component silicone 

elastomer with 50 wt % vinyl-terminated PDMS was recorded on Thermo Scientific 

Nicolet IS10 ATR-FTIR Spectrometer equipped with diamond Smart ATR Attenuated 

Total Reflectance sampling accessory. The minimum and maximum range limits were 550 

to 4000 cm
-1

 with a resolution of 0.5 cm
−1

. 
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2.2.4 Preparation of the Tumor Structures 

The preparation of different masses within the breast tissue was achieved with the 

formulation of two-component silicone elastomer, 50 wt % silicone oil, and  35 wt % 

different additives. Carbon black, graphite flakes, PVA, alumina nanopowder, and gypsum 

were screened to simulate acoustic properties of human breast tumor. Calcium-rich egg 

shells and alumina particles that simulate tumor tissue-specific calcifications have been 

used for the mammography model. In order to attain a heterogeneous structure in 

ultrasonography images and increase the density, 35 wt % alumina was added to PAA gel 

during the reaction within a 1.5 mL eppendorf tube. Non-spherical shapes without any 

distinctive contours (1–2 cm) were prepared by curing silicone elastomers. These tumor-

simulators placed into the uncured formulation of the inner breast tissue at different 

locations (close to the nipple or to the lymph nodes, upper outer and central quadrants) 

during molding, and the inner breast tissue was cured afterward. We specifically focused on 

the upper outer quadrant since the occurrence rate in this region was reported to be higher 

than that of upper inner, lower outer, or central quadrants [67]. 

2.2.5 Fabrication of the Breast Phantom 

The fabrication process (Scheme 1) was composed of four steps: i) preparation and curing 

of the tumor/lesions, ii) preparation of the inner breast tissue formulation, iii) combination 

of the cured tumor/lesions and inner breast tissue; curing the inner breast, and iv) 

application of the skin. Here, for the breast models, we used tear-drop shaped aluminum 

molds. Silicone-based or gypsum molds did not produce models with well-defined contours 

and dimensional stability. We, first, cured the inner breast tissue, employed a textile layer, 

and then, applied the outer silicone layer that simulates dermis and epidermis. The Young‘s 

Modulus of the inner breast tissue was adjusted through the addition of silicone oil. The 

areola was molded and colored separately, and attached to the breast after curing the outer 

layer. The back of the models was capped with Velcro to be attached to a wooden plane 

that provides four different angles of inclination. Anatomical landmarks like the clavicles 

and jugular notch can be marked on this plane for training purposes.  
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Scheme 1 Fabrication steps of the breast phantom 

2.2.6  Acquisition of Ultrasonography Images 

Measurements were performed using a 16 mm diameter PZT-5A sheet of thickness 

0.508 mm (f0=4.28 MHz). The transducer element was glued on a plastic rod of identical 

radius, and the front surface was covered with a 1 mm thick epoxy layer for electrical 

insulation. The sample was placed within the Fraunhofer region of the acoustic beam for 

which 1<S<3 was satisfied so that radial field variations did not have an effect on the 

measurement, where S is the Fresnel parameter given as S=zλ/a
2
, with λ the wavelength 

(nm), a, the transducer radius (mm), and z, the axial distance (cm) [68]. For f=4 MHz this 

corresponds to a range of 171 mm<z<512 mm (Fig. 3). To avoid possible errors caused by 

transients, the transducer was driven by a tone burst of at least 10 RF-cycles, as to mimic a 

continuous-wave measurement. The beam propagating in the specimen would have a length 

of 15 mm in the case of Va=1500 m/s, where Va is the acoustic propagation velocity (m/s) 

so that multiple reflections were avoided in a sample thickness of 20 mm. Measurement 

results later indicated that Va<1500 m/s, so that the requirement was met. An Onda HGL-

0200 hydrophone (Onda Corporation, Sunnyvale, CA) was used in the measurements. 
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Figure 3 The beam pattern of the transducer for f=4 MHz and a=16 mm 

The samples were placed into a setup shown in Scheme 2, for tracking the acoustical 

properties. A transducer that was connected to a function generator was located 180 mm 

away from the sample and used as an ultrasound source to form longitudinal ultrasonic 

waves. Measurements were completed in an aqueous environment in the presence of a 

hydrophone and an oscilloscope for the acquisition of the signal. The transducer, phantom, 

and hydrophone were aligned coaxially in a water bath. The ultrasonography imaging of 

the phantoms was performed with a 9–15 MHz ultrasound probe (Aplio 400, Toshiba, 

Tokyo, Japan) by an expert radiologist in the field. 

 

Scheme 2 Experimental setup of the acoustical measurements 
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2.3  Results and Discussion 

2.3.1 Design and Fabrication of the Breast Ultrasonography Phantoms 

Various formulations of silicone with different additives (i.e., silicone oil and thinning 

agent) were tested for acoustical properties. The chemical formulations of these materials 

that were utilized in the design of the breast phantom can be seen in Scheme 3. Chemical 

characterization of the two-component silicone elastomer and vinyl-terminated PDMS 

additive formulation was also revealed in Fig. 4 via FTIR measurements. In addition to the 

inner breast tissue; the tumor structures, skin, muscle, and ribs were also simulated to be 

used in ultrasonography training. Materials selection was followed by the optimization of 

the formulations of two-component silicone elastomers with different additives.   

 

Scheme 3 Chemical formulations of a) Vinyl-terminated PDMS, b) Poly(dimethylsiloxane-

co-methylhydrosiloxane), trimethylsilyl-terminated, c) Silicone dioxide 

 

 

Figure 4 FTIR spectra of two-component silicone elastomer, with 50 wt % vinyl-

terminated PDMS additive.  
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2.3.2 Acoustical Characterization 

Design parameters of the breast ultrasonography phantom were determined with respect to 

the acoustical characterization results. Sound velocity and attenuation coefficient were 

tracked to assess the capacity of the formulations to imitate the breast tissue. The 

ultrasound signal was transmitted through the sample or water (as a control) and using the 

temporal shift ∆𝑡 (s) between the sample and the control, sound velocity was calculated as: 

                                             𝑐𝑝 =  
1 

𝑐𝑤
−

∆𝑡

∆𝑥
 
−1

                                                 (1) 

where cp  is the sound velocity of the phantom (m/s), 𝑐𝑤  is sound velocity of water (m/s) 

and ∆𝑥 is the thickness of the sample (m). Attenuation coefficient of the sample material 𝛼𝑝  

(Np/m) was calculated as in Eq. (2): 

       𝛼𝑝 = 𝛼𝑤 −  ln(𝐴𝑝/𝐴𝑤) − ln 𝑇𝑤𝑝 · 𝑇𝑝𝑤   /∆𝑥                         (2) 

where 𝛼𝑤  is the attenuation coefficient of water (Np/m), 𝐴𝑝  and 𝐴𝑤  are the amplitude of 

the received ultrasound signal with and without the presence of the phantom (Pa), 𝑇𝑤𝑝  and 

𝑇𝑝𝑤  are the pressure transmission coefficients (Pa/Pa) at the water-phantom and 

phantom-water interfaces, respectively. The transmission coefficients were given by: 

           𝑇𝑤𝑝 =
2𝑍𝑝

 𝑍𝑤 +𝑍𝑝  
,            𝑇𝑝𝑤 =

2𝑍𝑤

 𝑍𝑤 +𝑍𝑝  
,                                        (3) 

                                               𝑍𝑝 =  𝜌𝑝𝑉𝑎,𝑝 ,              𝑍𝑤 =  𝜌𝑤𝑉𝑎,𝑤                                        (4) 

where 𝜌𝑝  and 𝜌𝑤  are the mass densities (kg/m
3
), 𝑉𝑎,𝑝  and 𝑉𝑎,𝑤  are acoustic propagation 

velocities (m/s), and, 𝑍𝑝  and 𝑍𝑤  are specific acoustic impedances (Pa·s/m) of the respective 

medium [1, 69]. A transducer was prepared to generate frequencies up to 5 MHz and an 

average of triplicate measurements with the standard deviations was reported. Table 1 lists 

the acoustical properties (sound velocity and attenuation coefficient) of the silicone 

formulations as well as human breast tissue as reported in literature [1, 70].  
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Table 1 List of measured acoustic parameters of silicone formulations and human breast 

tissue as reported in literature 

Material wt% 
Sound Velocity 

×10³ (m/s) 
Attenuation coefficient(dB/cm) 

Human breast tissue [1] 0 1.43–1.57 9.5–12.6 

No additive 0 0.98±0.1 5.84±0.08 

 
50 1.025±0.02 2.79±0.1 

 
66.6 1.036±0.04 2.65±0.04 

Breast model-oil 75 1.046±0.01 2.83±0.1 

 
80 1.08±0.09 2.10±0.09 

 
83.3 1.08±0.01 2.16±0.06 

Breast model- 50 0.98±0.08 7.48±0.09 

thinning agent 66.6 0.99±0.12 9.69±0.09 

 
75 1.29±0.09 12.99±0.08 

2.3.3 Acquisition of Ultrasonography Images of Inner Breast Tissue 

Two-component silicone elastomers dyed with different color and elasticity were prepared, 

from the outside to the inside in a consecutively layered manner, to achieve the 

heterogeneous structure of the breast tissue. Each layer was cured separately, with the 

elimination of air bubbles between the layers. In Fig. 5, this heterogeneous layers and the 

image difference resulting from a change of depth in the model can be observed. 

 

 

Figure 5 Ultrasonography of the inner breast tissue performed by layered application of 

two-component silicone elastomers with different elasticity. 
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The feedback of the sound waves has been studied in samples where carbon black was 

added between the silicone layers. In Fig. 6, the comparison of the ultrasonography images 

with the increasing amount of carbon black addition can be seen. As the amount of carbon 

black increased, a similar to the feedback from the air bubbles in the image was generated. 

With these conclusions, it was decided not to use carbon black in the models. 

 

 

Figure 6 Comparison of the ultrasonography images of cured two-component silicone 

elastomers, with increasing amounts of a) 10 wt %, b) 20 wt %, and c) 30 wt % carbon 

black powder added samples. 

Ultrasonography was performed with poly (sodium acrylate) gel which is a water-absorbing 

material. The resulting image quality indicates that this material was suitable to be utilized 

for the inner breast tissue (Fig. 7). However, during the curing process onto a two-

component silicone elastomer layer in the oven; reflections in the form of air bubbles were 

generated. Therefore; although gel particles were thought to be appropriate for applications 

that involve curing in the room temperature. However, this method was not a cost-effective 

and easy-to-produce fabrication as proposed in this study. 

 

Figure 7 Ultrasonography images obtained by the placement of a water-immersed water-

absorbing additive onto the pre-cured two-component silicone elastomer. 

a b c 



18 

 

Fig. 8 reveals the ultrasonography image of two-component silicone elastomers with 

different oil ratios (50 and 66.6 wt % silicone oil) that mixed with each other just before 

curing in the oven. Different oil ratios in the composition allowed the system to form a 

heterogeneous structure from these two silicone formulations with different densities. 

 

 

Figure 8 Ultrasonography image of heterogeneous breast tissue resulting from the mixture 

of two different oil content silicone elastomers with different colors. 

The sample that contains 75 wt % thinning agent as an additive exhibited a considerable 

increase in the sound velocity in comparison to the samples with silicone oil, and 

approximating the values of human breast (Table 1). Expectedly, this sample generated 

better images in ultrasonography, based on the feedback provided by the radiologists. 

Although samples with silicone oil also produced acceptable images, the attenuation 

coefficients in the thinning agent-added samples were much larger than those with silicone 

oil-added samples; thus, we concluded the superiority of the formulation with 75 wt % 

thinning agent. We have, then, monitored the attenuation coefficient and sound velocity of 

this formulation as a function of frequency between 1 to 5 MHz (Fig. 9). The increasing 

frequency resulted in the enhancement of the attenuation values [49, 68, 71]. 
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Figure 9 Acoustic parameters of thinning agent-added silicone phantom with increasing 

frequency between 1–5 MHz. 

The obtained ultrasonography images reveal the effects of additives in the inner breast 

tissue design. Experimentally measured acoustic parameters–sound velocity and attenuation 

coefficient of the phantoms—were correlated with the ultrasonography results of a series of 

phantoms. Fig. 10 and Fig. 11, show the direct comparison of the ultrasonography images 

of 50, 66.6, and 75 wt % thinning agent-added, and 50, 66.6, 75, 80, and 83.3 wt % silicone 

oil-added samples. The use of silicone oil and thinning agent with different wt % resulted 

in the change of inner breast tissue ultrasonography in parallel with acoustic measurements. 

 

Figure 10 Comparison of the ultrasonography images of inner breast tissue simulation with 

different amounts of vinyl-terminated PDMS (thinning agent) content; image acquisition 

with 12 MHz ultrasound probe, scale bar represents 1 cm. 
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Figure 11 Comparison of ultrasonography images of inner breast tissue simulation with 

different amounts of silicone oil content; image acquisition with 12 MHz ultrasound probe, 

scale bar represents 1 cm. 

2.3.4 Ultrasonography of Tumor Structures 

The material selection for the inner breast tissue was followed by the design of tumor 

structures within the breast with various sizes and shapes. It has been concluded that the 

ratio obtained in the experiments using different amounts of alumina was the limiting ratio 

that will not prevent the polymerization of the liquid reaction to solid-state gel. Another 

important parameter was to prevent the formation of air bubbles; hence two-component 

silicone elastomer mixtures in different formulations were kept under vacuum for 1–2 h. To 

mimic the acoustic response of tumor structures within the breast tissue, 10 wt % carbon 

black, alumina, gypsum, graphite flakes, and PVA were separately added to the silicone 

formulations. In addition, although PAA hydrogel was not preferred as an appropriate 

material for the fabrication of breast phantom due to its homogeneous appearance in 

ultrasonography, which was highly similar to water, the role of PAA hydrogels for the 

demonstration of tumor masses (benign or malign, fibroadenoma, or fibrocystic changes) 

were investigated. The lack of inhomogeneity of real breast tissues such as muscle, fat, 

tumor, and milk glands and the complexity during the polymerization process were the 

main reasons for eliminating PAA in the design. Figure 12a indicates the 10 wt % alumina 

added-PAA gel tumor model located in two-component silicone elastomer inner breast 

tissue. The PAA gel used in this model has not shown any significant difference in density 

despite the alumina addition; hence PAA gel has not been utilized in the fabrication of both 

inner breast and tumor structures. Two-component silicone elastomers were chosen to be 

the most favorable material to be used as an inner breast.  
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Figure 12 Ultrasonography of two-component silicone elastomer inner breast tissue with a) 

pristine and b) alumina added PAA gel tumor models 

Two-component silicone elastomer formulations without silicone oil provided comparable 

structures with breast tumors; however, the addition of silicone oil was found to be 

necessary for the successful entry of the biopsy needle and for the ease of tissue collection 

during the biopsy. 50 wt % silicone oil was qualitatively found to be the minimum amount 

to enable pinching of the material. The graph in Fig. 13 demonstrates the acoustic 

parameters of these tumor simulations measured with 5 MHz transducer. Both alumina and 

carbon black addition increased the attenuation coefficient; however, alumina was selected 

due to its higher sound velocity. 35 wt % alumina was the highest-possible amount that 

could be incorporated into the silicone mixture without forming clumps; therefore, we 

utilized this amount to simulate malign tumor structures. 

a b 
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Figure 13 Acoustic parameters of different breast tumor-mimicking phantom materials 

measured with 5 MHz transducer. 

In Fig. 14a, the ultrasonography images of the tumor tissue with 35 wt % alumina added 

two-component silicone elastomer formulations were demonstrated. A size of 1.5 cm was 

chosen since 51.3 % of the invasive lobular carcinomas are reported to be ≤2 cm [72]. An 

ultrasound-guided needle biopsy was achieved with a 12 MHz probe through locating the 

mass within the breast using an ultrasound transducer and taking a piece of the mass with a 

biopsy needle simultaneously. The arrows in Fig. 14a shows the biopsy needle moving 

inside the inner breast tissue, entering into the tumor structure, and leaving the phantom 

with the collected tumor sample. Fig. 14b shows the image of the entry of the biopsy needle 

and the collected piece of tumor. Tumor structures were designed in a different color 

(beige) than the inner breast tissue (white) to confirm the successful collection of the tumor 

sample. 
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Figure 14 Simulation of the tumor structure with 35 wt % alumina added silicone. a) 

Ultrasonography of tumor structure, the arrows indicate the entry and exit of the biopsy 

needle from the tumor. Scale bar represents 1.5 cm. b) Images of biopsy needle entry to the 

breast and the collected tumor piece. Scale bar represents 0.5 cm. 

2.3.5 Ultrasonography Images of the Muscle and Rib bones Simulation Models 

Another important component of the breast phantom is the muscle layer that supports the 

breast tissue and provides an anatomical separation between the rib bones and the breast. 

Since muscle tissue has a highly fibrillated structure, a variety of papers with different 

thickness and shapes have been used due to their fabrics and cellulose contents for the 

successful design. As seen in Figure 15, since these fabrics provided an image with high 

contrast in ultrasonography images, it has been deemed appropriate to use them by pre-

curing with silicone material instead of a direct addition to the breast formulations.  

 

 

Figure 15 Ultrasonography of two-component silicone elastomer inner breast tissue, and 

different sizes and shapes a) fabric and b) paper addition for the muscle layer imitation.  

a b 
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In order to design the muscle layer and rib bones that are similar to human tissues, models 

were produced inside a mold with a specific pattern, and fabrics and fibrils were applied 

into this silicone layer in repetitive patterns. Fibrous fabrics were placed into the silicone as 

a thin layer repeatedly to imitate the ultrasonography response of the rib bones. In Fig. 16, 

attention is drawn to these repetitive structures integrated with the breast tissue. 

 

 

Figure 16 Ultrasonography images of (a) two-component silicone elastomer inner breast 

tissue, and (b) imitated rib bones layer. 

2.3.6 Ultrasonography Images of the Skin Model 

The ultrasonography images of the skin model formed through the utilization of two-

component silicone elastomers (Fig. 17a) emphasizes the similarity to the human skin and 

subcutaneous muscle tissue (Fig. 17 b). However, the fabric between the muscle layer and 

the skin layer presented an exceedingly sharp feedback, hence it was decided that no fabric 

should be applied between these layers in the following models. 

 

 

Figure 17 a) The skin model that consists of cured two-component silicone elastomers, b) 

Ultrasonography of human muscle tissue (arm). 

a b 

a b 
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2.3.7 Fabrication of the Mammography Phantoms 

Silicone formulation with 66.6 wt % silicone oil is utilized for the mammography model 

with the addition of 30 wt % expancel additive for the inner breast tissue. Expancel that 

composed of ultra light microspheres has the potential to expand upon curing with higher 

temperatures, due to its thermoplastic nature. Although incorporation of these microspheres 

has shown absorption of the ultrasound waves, it has appeared that expancel can be used as 

an additive to the silicone formulation as a tissue-mimicking material for the breast 

mammography model which is another important imaging and diagnostic technique. Fig. 

18 shows the mammography image of this model. 

 

 

Figure 18 Mammography image of inner breast tissue that contains two-component 

silicone elastomer with 66.6 wt % silicone oil and 30 wt % expancel additive. 

In mammography models, the diagnostic effects of the low dose x-ray on the breast model 

were examined by the comparison of the elasticity that was adjusted by varying silicone oil 

and the additive content. In this view, the addition of expancel to silicone formulations with 

different densities has allowed the diagnostic screening of the breast tissue in 

mammography imaging. The model aimed to simulate human breast with lower (10 wt % 

silicone oil added) and higher (50 wt % silicone oil) elasticity and the differences were 

observed in mammography images in Fig. 19. 
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Figure 19 Comparison of mammography images of inner breast tissue that contains two-

component silicone elastomer with a) 10 wt % expancel, and b) 50 wt % expancel. 

Alumina particles and egg shells were utilized in order to simulate tumor calcification, 

which is an important parameter for the diagnosis of the breast tumor in mammography. 

The aim was to capture the mammography images of these materials in the form of 

calcification, which is a result of deposits near the ducts of the milk glands, or their 

transformation into a tumoral structure (Fig. 20). 

 

 

Figure 20 Comparison of additives (10 wt %) in two-component silicone elastomer inner 

breast tissue that mimics calcification in breast mammography images, a) alumina (µm 

scale), b) egg shell (mm scale). 

a b 

a b 
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2.3.8 Fabrication of Breast Phantoms for Surgical Training 

Two different techniques to underline the performance of surgical breast models have been 

selected. In Fig. 21, Batwing Mammoplasty (BWM) technique was demonstrated [73, 74]. 

BWM is an effortless and easy-to-learn technique that is mostly targeted for periareolar 

cancers that are located in the upper quadrant of the breast. In this technique, the 

positioning of the nipple-areola complex was not necessary and the patients report positive 

cosmetic outcomes upon the surgery [74]. After marking and measuring the landmarks, the 

tumor site above the nipple site was resected until deep fascia of pectoralis major muscle. 

Then, the operation site was repaired with the neighboring breast tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21 Sequential photography of Batwing Mammoplasty technique 

In Fig. 22, Rezai technique is presented. It is one of the oncoplastic techniques that can 

offer a high level of local control along with the aesthetic outcome [75]. After planning the 

Wise Pattern which was modified by Dr. Mahdi Rezai [76], the surgeon can resect the 
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tumor in any portion of the breast. After resection, the site was reconstructed with the 

remaining breast tissue.  

 

 

 

 

 

 

 

 

Figure 22 Sequential photography of Rezai technique 

Moreover, these models can also be used in public education as ―self-diagnosis‖ models. 

These models were designed to contain masses that simulate malign tumors of different 

sizes at different locations such that self-examination can be learned. During the molding 

process, pieces of cured silicone from the used models were added to the uncured silicone 

mix, and then the entire system was cured to ensure the attachment of individual recycled 

pieces. These models can also be employed as anatomical models in clinical practice as 

decision-making tools for surgeons to determine proper operation techniques for 

complicated cases and as a platform for communication between surgeons and patients. 

2.4  Conclusions 

The formulations of two-component silicone elastomers were tuned with two different 

additives (i.e., silicone oil and vinyl-terminated PDMS) in order to approximate the 

acoustical, tactile, and mammography properties of human breast tissue (skin, subcutaneous 

fat, muscle, and rib bones) as well as malign tumors. The sample that contains 75 wt % 
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thinning agent exhibited the highest similarity to acoustical properties of human breast, 

while the utilization of alumina to the silicone formulation simulated malign masses 

effectively in the ultrasonography phantom.  

In addition, the designed surgical models offer a cost-effective, easy-to-handle, and 

sustainable alternatives to human tissues. A key milestone for global impact on medical 

education is to design and fabricate affordable models such that medical schools and even 

individual physicians can afford these models. Depending on the utility of the model, the 

target groups can also be expanded to nursing students, medical staff, and healthcare 

professionals. Considering new laws restraining cadaver use outside of anatomy 

laboratories and European Union regulations limiting training hours of medical interns, 

demand for this type models is expected to increase. In addition, affordable ―self-

diagnosis‖ models will facilitate the training of healthcare workers and the public; and are 

expected to potentially enable earlier diagnosis of breast cancer. For early diagnosis, self-

exam is crucial; however, surveys from resource-limited settings clearly demonstrate the 

lack of education for self-diagnosis in public and most strikingly even among healthcare 

workers. Countries that lack proper infrastructure rely especially on non-governmental 

organizations or healthcare workers to visit rural areas [77, 78]. Portable education-

enabling tools, such as the ―self-diagnosis‖ model that is described here, are expected to 

improve breast cancer awareness and detection. Cost-effective fabrication of realistic self-

diagnosis models will potentially allow access to these models by a higher number of 

agents that provide such trainings; hence, increase the number of beneficiaries. 

The fabrication process was specifically designed to enable the production of this type of 

models in a non-laboratory setup in order to spread the utilization of phantoms in medical 

trainings and educating women and medical personnel for palpation. We believe with cost-

controlled production and utilizing silicone, which can mimic the human breast tissue much 

better than other materials; it is possible to fabricate cost-effective, thus accessible models, 

with good quality. Hence, through effective collaboration between medical doctors and 

engineers, best possible training platforms can be designed for the betterment of the 

medical education. 
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Chapter 3  

 

Fabrication of the Peripheral Nerve Model 

 

3.1 Introduction 

In the last several decades, great advances have been made in the microsurgery of 

peripheral nerves. The return of the developments in technology has been significant for the 

enhancements of the microsurgery techniques [79].  Peripheral nerve disorders occur either 

due to the entrapment of structural tunnels, compression of anomalous structures or severe 

external injuries [80]. In addition, heavy sports activities [81], traumas associated with 

accidents [82], or stress accumulation due to the repetitive physical movements of joints, 

muscles, or ligaments [83, 84] can be classified as several reasons of serious peripheral 

nerve damage. The presence of nerve injuries in the lives of patients leads to significant 

limitations on the physical activity of the patients and most of the time also has 

psychological implications [85-87].  

Microsurgery became an integral part of several branches of surgery, such as plastic 

surgery, neurosurgery, and orthopaedic surgery as well as other surgical disciplines to 

ensure improved clinical outcomes [88, 89]. Long-term assessment of recovery on nerve 

injuries that are repaired through microsurgery indicates a faster healing process and 
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retrieval of sensory and motor functions [90]. The correct assessment of the treatment plan 

can be achieved upon the accurate classification of the nerve injury [91] which was 

introduced by Seddon [92], and further divided into five sub-groups by Sunderland [93]. 

Injuries of peripheral nerves can be debilitating, in particular the injuries of the nerves in 

hands may cause the weakness of the arm, wrist, and hand, and once these injuries severely 

affect the nerve continuity, by creating a fifth-degree nerve injury, the surgical intervention 

is necessary to restore the hand functions (Fig. 23) [94].           

 

Figure 23 The representation of the ulnar nerve in hand upon decompression of the branch 

[94]. 

Microsurgeons-in-training necessitates intense practice to augment their surgical 

competence, proficiency, and dexterity [95]. Current education system relies on the 

Halstedian apprenticeship model [96], where a senior surgeon evaluates competence and 

technical skills of trainees [97]. Working with animal models and cadavers along with 

living patients is considered as the gold standard in medical education [98]. In addition, 

fresh tissues such as pig legs [99], human placenta [100], and avulsed skin [101] are 

utilized as practice media; while surgical gloves and medical grade tubes [98, 102] are also 

employed as primitive alternatives. However, i) access to cadavers and live 

humans/animals is not constantly available [98], ii) there are ethical concerns related to 

working on live patients and animal models [103], iii) fresh tissues require either 

refrigeration or contain high risk of transmissible diseases, hence can be classified as 

biohazard, and vast amount of effort is needed for self-protection [104], and iv) synthetic 

materials latex [105], polyethylene [106], Gore-Tex [107] and parafilm [108] cannot offer 
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the necessary fragility, complexity, and hierarchical outlook of real tissues. Unrealistic 

materials such as latex strips, latex tubes, or natural tissues (chicken wings) are utilized as 

injured nerves for the training models in nerve microsurgery simulations [109, 110]. The 

survey in 38 training center in the U. S. confirms that only 3 % of the students could 

receive neuromicrosurgical training [111]. There is a need for a realistic, standardized—

hence reliable, and accessible platform for microsurgical trainings.  

Here we report, the design of a silicone-based, composite peripheral nerve microsurgery 

phantom. We have optimized the formulations of silicone to imitate tactile, cosmetic, and 

mechanical responses of human peripheral nerve tissues. These models can also be 

fabricated in a simple setup (e.g., in a non-chemistry lab) that contain a scale and an oven. 

The phantom consists of i) a skin layer (i.e., epidermis and subcutaneous fat), ii) fascia 

layer, iii) peripheral nerves, (i.e., epineurium, connective tissue, and fascicles), and iv) a 

muscle layer. These components were prepared separately and combined into a single 

model afterward. The layers were designed out of two-component silicone elastomers that 

were formulated to simulate tactile and cosmetic properties of peripheral nerves. We 

tracked a matrix of silicone formulations to reach the reported elastic modulus of 3–10 MPa 

for live tissues [112-114].  Visible light microscopy (VLM) and scanning electron 

microscopy (SEM) indicated no damage upon the entry of the needle while still offering 

fragility towards microsurgical suturing. This model provides a durable and realistic tactile 

medium for surgical simulations where surgeons-in-training can learn at their own pace as 

well as be examined on a standardized platform. 

3.2 Materials and Methods 

3.2.1 Tissue-Mimicking Materials 

Two-component liquid silicone elastomer; component A (SL-3358A) and B (SL-3358B), 

were obtained from KCC Corporation, Korea. Silicone oil was purchased from Sapar, 

Turkey (PMX200-350 CST). Cotton fibers were received from local providers. Dyes that 

were used in coloring were obtained from Wacker Chemie, AG. 
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3.2.2 Design of the Peripheral Nerve Model 

The phantom was prepared according to the human anatomy of the peripheral nerve tissues 

[115]. The model aimed at mimicking ulnar, median or radial nerves in the upper extremity. 

Fig. 24 demonstrates different layers of the phantom, which consists of i) a skin layer, ii) 

fascia (the connective tissue layers between the skin, nerves, and the muscle layers), and iii) 

peripheral nerves (epineurium and fascicles). The epineurium has an inner diameter of 3 

mm with a wall thickness of 1 mm. It holds three fascicles which were 1 mm-thick 

composite structures that contain 0.1 wt % cotton fiber in their formulation.  

 

Figure 24 Different layers of the designed phantom 

3.2.3 Preparation of the Nerve Structures  

Same curing method of the breast model with two-component silicone elastomers was used 

in the fabrication of microsurgery phantom (refer to section 2.2.2). The formulation of the 

skin layer was prepared by mixing equal amounts of component A and B with 50 wt % 

silicone oil. A single red line of silicone in sinusoidal shape was deposited on epineurium 

to enable the confirmation of successful joining of the broken ends of the nerves. Cotton or 

wool natural fibers were further added to the formulations of silicone between 0.1–1 wt % 

to tune the elastic modulus of the epineurium and fascicles. Consecutive curing of the 

muscle layer, fascia layer (before and after the attachment of pre-cured fascicles), 

subcutaneous fat layer and the epidermis layer was achieved in a 14x7 cm sized mold. The 

fascicles were cured in a 3D-printed poly lactic acid (PLA) mold for the precise size and 

shape match.  
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3.2.4 Mechanical Characterization 

Different formulations of silicone, either pristine specimens or those that contain natural 

fibers, were prepared in dog-bone shape according to the ASTM (American Society for 

Testing and Materials International) standards. The specimens were tested with 200 kN 

force in the Universal testing machine (UTM), and an average of 4 tests was reported as the 

test result. 

3.2.5 Scanning Electron Microscopy 

The microsutures of epineurium and the nerve fascicles containing cotton fibers or pristine 

formulations were sputter coated with a thin layer of carbon by Cressington carbon coater 

and mounted onto the carbon tape. Images were acquired by scanning electron microscope 

JSM6010-LV, with in-lens secondary electron (SEI) detector, using an electron gun voltage 

of 5 kV. 

3.2.6 Visible Light Microscopy 

The 8/0 microsuture on the epineurium that contains cotton fibers were cut longitudinally 

and the suture part was placed between the microscope slides.  The entry sites of the suture 

needle, the suture knots, and the fibers within the two-component silicone elastomer 

structure were observed with visible light microscope (VLM) Nikon Eclipse ME 600, both 

in the bright field (BF) and the dark field (DF). 

3.2.7 Assessment of Microsuturing in the Tissue-mimicking Phantom  

The suturing properties of the designed nerve samples were assessed by one of the surgeons 

(M.B.) who is an expert in his field. Samples were tested by 8/0 and 10/0 non-absorbable 

polypropylene sutures (Prolene) with BV 175–7 and BV 100–4 needle and 11/0 polyester 

fiber (Mersilene) with TG 160/4 Plus needle (Ethicon Inc., New Jersey,USA), with the aid 

of an operating microscope (OPMI Vario 700, Carl Zeiss Meditech AG, Germany).  
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3.3  Results and Discussion 

3.3.1 Selection of materials for the nerve model 

For the design of this model, we have surveyed a matrix of formulations of silicone that is 

commonly used as a tissue-mimicking material in prosthetics [54, 55], film industry, and 

soft robotics [57]. The ease of fabrication, molding, and coloring have made silicone a 

remarkable option for the simulation models [116]; for instance, there are numerous 

commercially available phantoms (e.g., skin pads) for suturing practice [117]. Likewise, 

silicone tubes are utilized for microsurgical models [118, 119].  

The suturing strength of epineurium, perineurium or fascicles demonstrate differing values 

of elastic modulus [120]. Hierarchical structure of the model was designed to match the 

elastic modulus of these nerves. The elastic modulus of the samples decreased with 

increasing silicone oil content (Fig. 25). The sample with 83.3 wt % silicone oil exhibited 

highest similarity to nerve tissues in terms of elastic modulus (3–10 MPa [112, 121]) and 

thus was chosen as the material to form fascicles. The sample that contains 66.6 wt % 

silicone oil was preferred for the epineurium, since it has higher elastic modulus than the 

inner connective tissues. UTM results also showed plastic deformation before fracture in all 

specimens (Fig. 26). 

 

Figure 25 Comparison of elastic modulus of formulations with increasing wt % silicone oil  
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Figure 26 Tensile test with dog-bone shaped specimens, a) plastic deformation of the 

sample during the test, and b) after fracture 

For the design of epineurium, we have added wool or cotton fibers (0.1 wt %) to the sample 

that contains 80 and 83.3 wt % silicone oil to further tune the elastic modulus and imitate 

microsuturing of the nerve tissue. These fibers facilitate realistic suturing of the epineurium 

since they strengthen the medium against tensile forces. Wool and cotton were chosen as 

reinforcing fibers due to their accessibility at a low-cost [122, 123] 

We focused on the elastic modulus at the range of 3–10 MPa [124-128]. The aim is to 

sustain the fragility of the fibers; thus having a low elastic moduli while asserting atraction 

force on the needle during suturing. Since, cotton fiber-added samples exhibited relatively 

smaller values than the wool-added ones, we tracked the change in elastic modulus at 

cotton-added samples in formulations with 80 and 83.3 wt % silicone oil. The higher 

silicone oil content assured lower values of elastic modulus (Fig.27).  
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Figure 27 Comparison of elastic modulus of two highest wt % silicone oil containing 

specimens with increasing wt % cotton content  

The sample with 83.3 wt % silicone oil that contains 0.1 wt % cotton fiber was chosen to be 

used as the nerve fascicles mimicking part of the phantom. Having fibers in the model 

allowed the microsuture to remain intact on the nerves. It can be concluded that utilizing 

either 83.3 wt % with cotton fibers or 66.6 wt % without fibers can both give microsuturing 

response similar to epineurium at the wall thickness of 1 mm, while the cotton-added 

sample provides a form of traction. Hence, our model has both the elastic modulus and the 

suture response resemblance to the nerve tissues.  

3.3.2 Evaluation of Microsuture on Nerve Phantom  

One of the main obstacles during microsurgery is the damage imposed by the entry of 

needle to the tissues where bleeding is possible. This bleeding, in turn, may result in the 

disruption of the area of surgery, and hence obstruct the vision of surgeon during the 

operation. Having smaller damage can also provide a faster healing process after the 

surgery. The mechanical properties of the suggested model allow entry of the needle 

without introducing a significant hole that may cause leakage. In order to evaluate the 

damage around the entry sites of the needle, we have monitored the sutures by VLM (Fig. 

28) and SEM. Two different sizes of sutures were utilized for the evaluation of the damage. 

The suture ends (entry sites) and the contribution of the fibers was focused.  
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Figure 28 The VLM images of 8/0 microsuture and 0.1 wt % cotton fibers in epineurium 

model. a-b) BF (a) and DF (b) images of the microsuture, c-d) BF (c) and DF (d) images of 

the microsuture with arrows indicating the needle entry sites, e-f) Cotton fibers in the 

epineurium structure. All the scale bars represent 200 µm (e–50 µm). 

In Fig. 29, 10/0 sutures were used on the formulations of silicone with i) pristine 

epineurium models, ii) 0.1 wt % cotton fiber-added epineurium, and iii) 0.1 wt % cotton 

fiber-added fascicles. SEM micrographs confirm that the sutures inflicted no significant 

damage on the entry sites of the needle and adequately joined two sides of the epineurium 

and the fascicles. The traumatized peripheral nerves were cut in order to simulate the fifth-

degree nerve injury. Despite the overlap of two sides of the nerves, the placement of 10/0 

sutures resulted in the successful entry of the needle, hence a knot was tied effectively even 

on the pristine models. The addition of the cotton fibers allows the peripheral nerve model 

to hold the sutures securely. 
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Figure 29 a-b) Epineurium model pristine, c-d) Epineurium model with 0.1 wt % cotton 

fibers, e-f) Fascicle model with 0.1 wt % cotton fibers. 10/0 sutures were used. Entry sites 

of the needle were focused on the smaller scale bars.  
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In Fig. 30, the silicone formulations with pristine (a-b), and 0.1 wt % cotton fiber-added (d-

f) epineurium models, and the 0.1 wt % cotton fiber-added fascicles (c) were tested, and the 

repair of peripheral nerves with 8/0 sutures applied on the phantom showed no substantial 

damage at the entry sites of the needle. 

 

Figure 30 a-b) Epineurium model pristine, c) Fascicle model with 0.1 wt % cotton fibers, 

d-f) Epineurium model with 0.1 wt % cotton fibers. 8-0 sutures were utilized. 

3.3.3 Microsurgical Assessment of Peripheral Nerve Phantom 

A fifth-degree severe peripheral nerve injury has been simulated with the fabricated 

peripheral nerve model. The anatomy of these nerves is mimicked including the fascia 

tissue, vasa nervorum, epineurium, connective tissue, and the fascicles. In Fig. 31, the 

microsurgery on the nerve model without the addition of cotton fibers can be seen. The 

fascia tissue on the nerves was removed gently (a-c), and a cut on the peripheral nerve was 

achieved, and the fascicles and connective tissue were observed. The blue tissue paper was 

placed below the area of procedure for the ease of visualization (d-f). Vasa nervoum was 

aligned on both sides of the nerve and the fascicles were sutured with 8/0 suture. The 

needle was inserted with 45° angle and removed with circular movements to prevent 
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generating the excess needle hole. Then, the same application with reverse order was 

achieved to complete the nerve repair. The model has considerable resemblance to 

peripheral nerve tissues with similar resistance to the sutures.  

 

Figure 31 Nerve model pristine. a-c) Removal of fascia part to release the nerve, d-f) A cut 

on epineurium, and beneath outer epineurium layer, connective tissues and fascicles 

viewed, g-h) Microsutures on fascicles, i) Microsutures on epineurium.   

The significant part of the epineural repair was the correct alignment of the nerve ends to be 

sutured. The size of the suture must comply with the topology of interest. In Fig. 32, a cut 

on the peripheral nerve model with 0.1 wt % cotton fiber can be seen. The alignment of 

both ends was followed by the suturing of these sides with 8/0 suture. The addition of 

cotton fibers has improved the suture resistance of the epineurium, while facilitated the 

successful alignment since the sutures of epineurium should be loose to avoid the 

overlapping of the fascicles within the structure. 
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Figure 32 Nerve model with 0.1 wt % cotton fibers. a-f) Systematic assessment of a nerve 

cut, and microsuturing of the epineurium layer. 

The images of designed pristine epineurium of the peripheral nerve model can be seen in 

Fig. 33. A cut was made and a microsuture with 10/0 sutures were achieved on the model. 

 

Figure 33 Sutures (10/0) on the epineurium part of the peripheral nerve model.  
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3.4  Conclusions 

Peripheral nerve injuries commonly occur in radial, ulnar and median nerves [129-131]. 

However, treatment of these nerves has been a challenge for surgeons due to the lack of 

advancements in technology [132, 133], e.g., development of higher magnification 

operating microscopes [134], instrumentation and suturing materials [135]. Although 

technological aids in reconstructive processes facilitate significant enhancement in 

peripheral nerve surgery, due to the complex nature of these structures, this field still 

remains grueling for the microsurgeons [136, 137]. The most severe type of these 

peripheral nerve injuries is the fifth-degree (Seddon‘s neurotmesis) [138, 139] injuries, 

where a local response to the rigorous trauma arises. Proximal and distal changes in 

peripheral nerves can be reckoned as an evidence of the injuries [140]. The 

electrodiagnostic studies can determine the degree and the localization of the injury at early 

stages. The anatomical structures that peripheral nerves composed of–endonerium, the 

fascicles, Schwann cells, axons, and the epineurium are completely ruptured at this level of 

injury. In addition, the activated morphology of the fibroblasts at the severed areas of 

epineurium, Schwann cells, perineurium, and endoneurium can be observed [141, 142]. 

The overall response of the peripheral nerve tissue components and the surrounding tissues 

correlates with the asperity of the experienced trauma and the scar formation [142]. 

The uttermost importance of the microsurgical techniques in the successful restoration of 

the injured peripheral nerve tissues has been recognized with the aid of advancements in 

technology [143]. According to the anatomical part of the nerve that has been injured, a 

pertinent microsuturing technique shall be achieved. As an instance, coaptation of the 

fascicular tissue which is the most significant repair technique of the peripheral nerve 

tissues is achieved upon the injury [144].  

Silicone-based simulation models were repaired through the alignments of the epineurium 

and the fascicles by utilizing 10/0 and 8/0 sutures. Precise alignment in fascicular level with 

the shorter operation, dissection, and anesthetic times is crucial for post-operative 

functional repair of the nerves [5]. A comprehensive anatomical understanding, in line with 

the successful practice of technical instruments and expertise in microsuturing maneuvers, 
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are essential for neurosurgical achievement [145]. Hence, an extensive training and 

repetitive practice are required to develop these skills. However, current training materials 

are live patients, animals (cadavers), virtual reality platforms, or prosthetics. There‘s a lack 

of training materials in medical education. In this chapter, a realistic, accessible, reliable, 

and standardized silicone-based composite peripheral nerve phantom to be used in the 

training of microsurgeons was revealed. The mechanical, structural, and tactile 

characterization of the model was achieved with UTM, VLM, SEM, and the microsurgery 

operation.  
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Chapter 4    

 

Skin, Axilla, Axillary Lymph Nodes, Tracheostomy, 

Bronchoscopy, and Vascular Models for Surgical 

Training 

 

4.1   Introduction 

The fabrication of synthetic tissue and organs have the potential to imitate the response of 

human tissues to surgical interventions [146]. Recently, simulation models are employed 

both in medical and theoretical trainings. The successful implementation and utilization of 

surgical phantoms in medical education curriculums ensure the desired outcome 

achievements of the faculties and training institutes [147]. Surgeons-in-training entails 

considerable amount of practice in order to improve their surgical skill sets and together 

with simulation-based training systems, the trainees learn at their own pace and experience 

various medical scenarios rather than incidents where the urgent response to the patients is 

required [148, 149]. Practicing with simulation materials offers a safe environment where 

failing is a part of the learning process, thanks to the unlimited repetition opportunity. 

Hence, there is a need for such a reliable platform to diffuse simulation-based trainings to 

medical curricula [150].  
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For training purposes, fresh cadavers can be classified as the closest media to real tissues. 

However, these tissue substitutes are difficult to obtain due to their price and/or 

unavailability. Utilization of cadavers in the training of health workers (e.g., medical 

doctors, nurses) is essential [151]. However, following the same trend in the donation of 

organs, the endowment of cadavers is also minimal [152]. Although, public campaigns to 

enhance altruistic donations are developed for promoting the awareness of cadaver 

bequest—yet, there is a need for more consistent and durable solutions [153]. Nevertheless, 

they are not affordable by medical schools in many countries, for instance, synthetic 

cadavers are priced $30.000–$80.000 and the cost of individual organs starts from $300 

[154]. In this study, the designed models were fabricated with these properties: i) at least 

90% of the used materials have purchased from local suppliers, ii) the models were custom-

made and open to immediate modifications depending on the feedback from the health 

professionals, and iii) the models provide realistic responses to suturing. These phantoms 

can be used as individual parts; yet, in the long term, a synthetic cadaver that will include 

these tissue parts can be built, and be employed in settings where it is difficult to attain 

fresh cadavers. This cost-effective and convenient solution provides trainings even in 

resource-limited settings, and also reduces the need for chemical/cold storage applications 

on the cadavers and risk of infections/molding. Thus, these attributes make the models a 

preferable education tool for individual practices.  

In this part of the thesis, the design and fabrication of realistic, sustainable, easy-to-

produce, and low-cost synthetic tissue and organ models which enable the tactile 

simulations in surgical skills laboratories was revealed. This tactile simulation platform will 

assist surgeons to improve their surgical skills and facilitate their learning process. In the 

framework of these purposes, i) multi layers of the skin, ii) axilla and axillary lymph nodes, 

iii) vascular models, iv) tracheostomy  and  bronchoscopy models for surgical simulations 

were fabricated by utilizing silicone-based elastomers with several additives and textiles. 

The mechanical properties were investigated through the UTM in order to confirm the 

resilience of the models with human tissues, for the optimized response towards suturing.     
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4.1.1  Significance of Surgical Education Materials 

Synthetic models that act as human tissues have been produced by utilizing silicone-based 

composite materials. These models allow surgeons-in-training to improve their vocational 

and diagnostic skills as well as imitation of the surgery. In particular, the vascular models 

that were prepared in this study allow simulations to be performed dynamically, with 

interchangeable vessels, and adjustable blood flow frequency and velocity. The overall 

system has the potential to introduce a blood flow during the medical scenario of a vessel 

tear intervention.  

Surgical simulation platforms include systems ranging from simple bench top and box 

simulators (animal models) to cadavers, where simple operations can be practiced. In box 

simulators, a camera and a surgical instrument are inserted through a hole, and the trainee 

can manipulate real tissues or synthetic materials that are inside the box [155]. Although 

there are differences in anatomical placements, the use of only just killed or anesthetized 

animals in education is often preferred; since the realistic surgical environment can be 

experienced due to hemorrhage during the operation, however extensive use of the animals 

cause major ethical issues in many countries [156, 157].  

In many countries, the need of cadavers in the training of medical, dental and nursing 

students are not satisfied. Most of the medical students graduate without participating in the 

surgical practices on cadavers. There are only about twenty centers in the country that 

include cadavers in medical training, and many of the recently established medical 

faculties, cannot offer cadaver practices due to the lack of facilities [158]. Although there 

are public campaigns to increase cadaver donation and cadaver imports from the abroad 

[158], it is clear that other arrangements are needed. Alternatives to cadavers may be 

synthetic models; however, existing, models that the medical faculties in our country may 

purchase are not intended to be used by the surgeons for training in critical applications, as 

these models do not reflect the true sense of operation [60]. Contrarily synthetic models 

that are designed and manufactured to reflect human tissue and organs with i) mechanical, 

ii) physical and iii) cosmetic properties are alternatives to be used for educational purposes.  
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Overall, the employment of these advanced technology-based models in simulation labs 

can greatly contribute to the education of the students and patient safety. With this motive, 

we aimed to imitate a range of human tissue-like organs. Furthermore, in order to obtain a 

realistic practice environment, a vascular model with a setup that contains real-time blood 

flow associated with the adjustable heart pulses was fabricated. Thanks to the feedbacks 

and informative commentaries from surgeons, in line with the literature reviews regarding 

the human anatomy, we have designed our phantoms with an excellent resemblance to 

human tissues. This interdisciplinary research has the potential to provide an affordable and 

functional platform and complete the lack of these models in medical education.  

In order to increase the number of successful doctors in the field, the current educational 

system requires new training platforms due to the live patients being used as an educational 

object and the lack of cadavers. One of the techniques being developed in this area is 

simulation-based medical education [159].  Simulation; contributes to the learning of real-

life experiences, earlier with the guided accompaniment. The use of simulation in medical 

education is recognized over the last several decades [160]. Simulation-based medical 

education offers more theoretical or direct advantages over education on the live patient. 

Procedures learned in the clinical settings may cause stress on the student and the stress has 

negative effects on the ability to make clinical decisions. One of the most important causes 

of this stress is the mistakes that can be made on the patient or the fear of affecting the 

health of the patients negatively [161]. The possibility to exercise on the patient is 

diminished by the limited numbers of samples and hence affects the learning process 

inefficiently. On the other hand, the duration of on-the-patient learning method depends on 

the trainer and self-practice.  

In the case of simulation-based medical education, the focus on the patient is distributed on 

to the students. The students are trained more competently by making mistakes on the 

simulation, proceeding at their own pace, and repeating a certain procedure without any 

limitations [162]. Continuous practice reduces stress on students, increases their confidence 

and thus increases their technical ability. Medical students who practice on simulations may 

learn proficiently by receiving comprehensive feedback from practical mistakes [163]. 

Receiving regular feedbacks during medical education improves the knowledge and skills 
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of trainees significantly [164]. By simulating the clinical settings similar to the reality, 

critical thinking, decision making and problem-solving abilities of trainees can be 

improved. In simulation-based medical education, active learning, the theoretical 

knowledge and application skills of the students are integrated. Thus, thanks to the 

optimized training system, the error rate is reduced practically and patient care is carried 

out safely [165].  

The benefits of simulation-based training of health personnel are listed in many studies: i) 

the ability to make decisions and intervene individually and in teams successfully, in 

particular in the cases of emergencies, ii) to enable the experience of various emergency 

scenarios iv) increase the confidence of the medical personnel, iv) reduction of avoidable 

medical errors, v) experienced specialists and students can repeat the same scenario many 

times and at their own learning pace, and vi) in the long-term, drop of medical costs due to 

the better education [166-168]. Upon the increasing interest in medical training platforms 

over the last few decades, the simulation models are designed with the highest similarity to 

reality. These realistic tissue simulations are produced with the latest technology [169]. In 

the first simulation models, the anatomy of the human body is mimicked with a geometric 

measure [170]. The second generation simulation models are designed according to the 

physical interactions of each anatomical structure with each other, in addition to the 

anatomy geometry. In the third generation models, the physiology of the organs was also 

taken into consideration. The superiority of this simulation is the achievement of imitation 

of physical and physiological properties of the organs, in addition to the geometric 

resemblance to the human anatomy. Realistic tissue responses can further be developed by 

taking into consideration the deformability of the organs followed by the application of 

force during the operation (cutting, sewing, processing). Thus, simulations designed with 

the most similar responses during the medical processes are obtained [171]. 

The University of Texas and Tulane University received a positive feedback, although a 

small number of students have practiced the vascular knotting on a simulator. The students 

have successfully knotted by the application of less force. The error rates were found to be 

27 % before the simulation-based practices, while this amount has been reduced by 10 % 

after training with a simulator [172]. These feedbacks exemplified how a simulation-based 
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medical education has contributed positively to the skills of trainees. Wake Forest 

University has also highlighted the beneficial effects of the simulation in doctor‘s training. 

In this study, anesthesia assistants, emergency medical assistants, pulmonary intensive care 

workers, intensive care unit nurses, and students have experienced the simulation-based 

training and the overall score of tracheostomy examination average was raised to 91 % 

from 56 % after the training [173]. These results once again emphasize the importance of 

simulation in medical education. According to a survey, the final year students of the 

medical faculties in Turkey responded only 31% of the questions about medical sciences 

correctly. Considering that basic medical information is the fundamental part of practical 

applications, that the lack of practical practice in medical faculties explains the inadequacy 

of assimilating this information. The results of this study led to the fact that practical 

applications in medical education played an important role in keeping the theoretical 

knowledge up to date [174-176]. 

In the market, a simulation model with the highest similarity to human anatomy "Adult Cric 

Trainer" was produced by SynDaver. The model contains cricoid cartilages and nasal 

passages that allow nasal intubation and surgical cricothyrotomy (Fig. 34). However, the 

unit price of this cricothyrotomy model is around $ 1250 [177]. 

       

Figure 34 ‗Adult Cric Trainer‘ cricothyrotomy model produced by SynDaver [177]. 
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The larynx model (Interventionsfähige Larynxmodell für die Laserchirurgie (IMOLA)), 

which allows practice microlaryngeal laser surgery in Fig. 35, is a synthetic larynx 

simulation produced in Germany. Although this model is similar to the larynx model 

produced in this thesis, it shows differences in the direction of its objectives. IMOLA 

microlaryngeal laser surgery has been produced to improve the surgical skills and also 

gives a real human tissue response [178]. 

 

Figure 35 IMOLA larynx model for laser microsurgery simulation [178]. 

The number of medical students has increased significantly, and there is substantial concern 

about the quality of education due to the constraints such as lack of cadaver and/or live or 

dead animals, the limited resources at the training centers, and the ethics about the on-

patient training platforms [179-181]. The continuation of quality education in the world, 

where economic crises are often experienced, depends only on the low-cost, easy-to-use, 

and durable educational materials designed and produced in a way that is accessible by 

many different people or institutions. Medical departments and education and research 

hospitals can have the highest benefit with such designed synthetic organs as a part of this 

study. Training through simulation can improve the physical facilities of medical schools 

and hence provide a standardized education platform to these institutions [182, 183]. 
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4.1.2 Assessment of the Medical Applications and Determination of Organs to 

Fabricate 

Tracheostomy is the surgical opening of a hole leading to the pneumatic tube. During the 

procedure, the patient is laid down on the back and the thyroid and cricoid cartilages are 

palpated. Then, a transverse incision is made about 0.5 cm below the cricoid cartilage, 

corresponding to the thyroid isthmus, and deepens to the platysma. When staying on the 

median line, the muscles can be separated easily. Infrahyoid (strap muscles) retracted from 

both sides to reach thyroid isthmus. The thyroid isthmus is removed from the surgical site 

by changing its position up or down. If the thyroid is thick enough not to allow this 

movement, thyroid suture is done so that thyroid isthmus is clamped on both sides and then 

cut off. Tracheal rings are counted and the second and third tracheal rings are opened. After 

the intercartilaginous membrane between the tracheal rings is incised transversally and 

enlarged to the extent that the cannula can pass through, the secretion in the trachea is 

aspirated and the tracheotomy cannulated  (Fig. 36) [184-186]. 

 

 

Figure 36 A transverse and vertical incision of trachea for the tracheostomy application 

[184]. 
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Endotracheal intubation is the process of placing a tube into the trachea through the mouth 

or nose, with the aim of securing the respiratory tract or controlling the respiration with the 

aid of a laryngoscope or special apparatus [187]. During the procedure, upon a slight 

flexion to the neck and an extension to the head of the patient, the flattening of the mouth-

pharynx-larynx line is achieved. In the case of oral intubation, the laryngoscope is placed 

on the right side of the mouth between the teeth. The laryngoscope is placed between the 

root of the tongue and the epiglottis (valleculae) and is lifted up to the palate (up and 

forward) and pressed against the tongue to move the epiglottis to open the trachea. The 

intubation tube is placed right into the glottis and is pushed through the chordae vocalis to 

the trachea. In the case of nasal entubia, the tube is inserted into the nose perpendicularly 

[188]. The tube is advanced until it is seen in the oropharynx to concha attentively, and 

through the use of a laryngoscope, the movement of the tube near the chordae vocalis is 

achieved and the procedure can be seen in Fig. 37 [189].   

 

Figure 37 Oral tracheal intubation with the aid of laryngoscope [189]. 
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Bronchoscopy is a type of endoscopy that is used to examine the respiratory tract and lungs 

from the laryngeal region and to perform a number of procedures and interventions for 

diagnosis and treatment. During bronchoscopy, oxygen is given to the patient through the 

mouth. Bronchoscopy is performed when the patient is lying on the back or in a sitting 

position, and the bronchoscope is inserted into the trachea or to the bronchus from the 

mouth or the nose of the patient. In fiber optic bronchoscopes, the part that enters the 

bronchial tree is more incised. Through the use of this device, the bronchial tree is 

monitored. If the dense phlegm is overgrown in the bronchus, this phlegm obstructs the 

lungs from breathing and causes a pulmonary exacerbation. In order to cure this condition, 

bronchoscopy is performed to clear the phlegm and to aspirate these secretions that are 

obstructing airways [190, 191]. 

 

 

Figure 38  The views of bronchi during bronchoscopy. a) left and right main bronchus, b) 

branches of right main bronchus, c) left main bronchus, d) right upper lobe, e) left upper 

lobe, f) right basal segments, g) right middle lobe, h) left basal segments [190]. 
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4.2   Materials and Methods 

4.2.1 Design of the Skin Model 

Two-component silicone elastomers both liquid silicone elastomer (LSR) and room 

temperature vulcanizing (RTV) types were utilized in the design of the skin phantom. 

Silicone elastomers were combined with different additives to achieve hardness and 

elasticity properties of different parts of the skin. Silicone oil (50 wt %) was used as an 

additive in the second layer, and a textile layer was placed in between these two layers to 

mimic epidermis and subcutaneous fat below the epidermis. The hardness of cured 

silicones can be changed between 4-50 Shore hardness with these additives within the 

mixture. As a further contribution, skin color in the skin layer, yellow in the fat layer and 

red silicone paints in the muscle layer was used to obtain cosmetic properties. Unlike in 

microsurgery model, that contains a subcutaneous fat layer with small portions of silicone 

cured in a single clay mold, this suture model is a rectangular shape (20x10 cm) with a 

smooth texture on both sides. 

4.2.2 Axilla and Axillary Lymph Nodes   

The model produced within the scope of the project consists of two regions, breast and the 

axilla. The connection between the breast tissue and the axilla was demonstrated with the 

addition of axillary nodes. These regions consist of skin, fat, muscle layers and lymph 

glands. RTV and LSR two-component silicone elastomers, woven fiber and silicone oil 

additive were used in the production of these tissues. In the experiments, the mold was 

created through the use of a medical mannequin. The arm connection was achieved with the 

replication of this anatomy by clay molding. Furthermore, the cast of this clay mold was 

produced to be used in the production of breast and axilla that was cured in the oven for 2 

h, at 110 °C. 
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4.2.3 Fabrication of the Vascular Model  

Vessels were obtained by curing RTV silicone elastomer without additive around 3D-

printed PLA bars with diameters of 5 and 7 mm. The bars coated with silicone by dipping 

method were kept in the oven for 15 minutes at 110 °C. Afterwards; the vessels were 

peeled from the surface of the bar in one piece and inserted into the designed system. The 

production of the aneurism models was achieved by the assembly of the cured silicone 

formulations onto the several wires that were curved with angles ranging between 40–60° 

with different diameters. A particular system has been developed in order to provide the 

blood flow. In the system, artificial blood was pulled from the reservoir by using the water 

pump. The blood passing through the pump was separated into four paths by a pneumatic 

multiplexer. This separated blood was pumped into veins that were mounted in a separate 

vessel with different depths and diameters. The blood passing through these vessels was 

reduced to a single line again with the multiplexer and returned to the chamber.  

4.2.4 Material Selection and Design of Tracheostomy and Bronchoscopy Model 

These models were fabricated with RTV silicone elastomer without the additives, 

supported with fibers in order to achieve the highest similarity to thyroid and cricoid 

cartilages. Epiglottis and arytenoid cartilage were also produced by utilizing RTV silicone 

1: 1 without additives and fibers. Moreover, the epithelial tissue that necessitates silicone 

oil-added RTV elastomer provided the elastic resemblance to the human tissues. The 

section to be cut during the tracheostomy procedure was reinforced with 10 wt % woven 

fiber to allow the suture. The cartilage rings were also fabricated with pristine silicone 

formulations since the cuts and sutures for the tracheostomy necessitate the elasticity. LSR 

elastomer was used to mimic the flexible tissue that covers the cartilage. LSR was preferred 

due to its similar elastic properties to the real tissues, in comparison to the same 

formulation that contains RTV silicone and the same amount of silicone oil additive. The 

bronchus and bronchiole were produced from the LSR elastomer with the same motive as 

the continuation of the ligament covering the trachea. In the preparation of inferior thyroid 

venules that were feeding the thyroid gland, RTV elastomer was used with the formulation 

of the vascular model.  
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4.3   Results and Discussions 

4.3.1 Surgical Skin Model 

2 layers skin model was developed and a muscle layer was added to the model, hence 

different surgical procedures could be applied on these layers. These skin, fat, and muscle 

layers were designed with adjusted hardness, thickness, and elasticity separately. The 

thickness of the skin in the human body varies according to its region. For instance, the 

skin of the dorsal part is about 4 mm thick, whereas the skin of the skull is about 1.5 mm 

thick. In the same way, the thickness of fat and muscle tissues varies due to their locations 

in the body [192, 193]. Based on the feedback from the consulting surgeons, the layer 

thicknesses of the skin model were determined to be 2 mm for the skin layer, 5 mm for the 

fat layer, and 3 mm for the muscle layer. These 3 layers of the designed skin model can be 

seen in Fig. 39. The textile between the skin and the fat layers can be observed below the 

epidermis part. 

 

 

Figure 39 The skin model with different layers: Skin, subcutaneous fat and the muscle 

layers from top to bottom.  

 

 

 

 



58 

 

The silicone oil has been added to the system at different ratios to increase the elasticity of 

the tissues. Among the viscosity values of the silicone oil between 0.1–100 cSt, the higher 

viscosity silicone oils were preferred. When the viscosity is low, a problem of silicone oil 

diffusion at the surface of the model has occurred. This adverse situation affected the ease 

of use and the durability of the model inconveniently. For this reason, the silicone 

formulation of the model was optimized by using silicone oils with high viscosity value. 

Hence, the silicone oil was only employed in the subcutaneous fat layer (between the skin 

and the muscle layers). However, considering the silicone oil diffusion to the outside of the 

model, LSR silicone elastomers with lower viscosity has been utilized. Therefore, the 

elimination of the silicone oil has been achieved since the cured LSR silicone resulted in 

the significantly higher mimicking of the skin with high elasticity (Fig. 40).  

 

Figure 40 Different suture techniques were applied on the designed skin model with 

subcutaneous fat layer and the textile in between those two layers. 
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Human skin can hold sutures due to its fibered structure. In order to incorporate this feature 

to the model, woven and nonwoven fibers were added to the silicone formulations during 

the fabrication of the skin layer. Unwoven fiber addition resulted in agglomerates that 

disrupted the homogeneous appearance and mechanical properties of the skin surface. For 

this reason, woven fiber has been preferred in the production process. To prevent the 

changes in the elasticity of the cured silicone formulation, the woven fiber that can flex in 

two directions was chosen. Moreover, soft-structured fibers have been used to ensure that 

the scalpel was not exposed to great resistance when the cut was applied to the skin. 

4.3.2 Axilla and Axillary Lymph Nodes 

Breast cancer is most commonly spread through the lymph nodes [194]. The lymphoid 

glands are in the form of beans ranging from 0.5 to 2 cm in length and are very rigid once 

they contain malignant tumors. The condition of the axillary lymph nodes is inspected 

during physical examination and then assessed by the ultrasonography. However, for the 

certain diagnosis, a sample from the lymph nodes should be collected and a pathology 

report can conclude the decision [195]. 

 

 

Figure 41 The cast and clay molds prepared for the axilla model. 
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A fat layer was formed by pouring a mixture of polymeric expancel microspheres, RTV 

elastomers and silicone oil to form a porous structure inside the cast mold (Fig, 41). 

Particles mimicking the cancerous lymph gland that were prepared from RTV elastomer, 

0.5–2 cm in size, were embedded into the fat layer. A 1 cm deep LSR elastomer was 

poured over the cured fat layer to fabricate the muscle layer. The resulting structure was 

removed from the cast and covered with woven fiber. In order to form the skin layer, the 

RTV elastomer with 50 wt % silicone oil additives was cured by pouring onto a pre-cured 

fat and muscle layers. 

When the model was first prepared, it was observed that an impairment of the skin layer 

has developed over time. It has been determined that expancel provided the shape of the fat 

layer by the enhancement of volume upon heating, and the loss of function at low 

temperatures caused the resultant structure to shrink (Fig. 42). Since the skin layer was 

cured onto the fat layer and retained its initial volume after the curing process, it was shown 

that the skin layer has lost its stretched shape abundantly by the shrinkage the fat layer 

which is beneth this layer. 

 

 

Figure 42 Axilla model that consists of the breast and arm pit.  

In the second design, the order of the process was changed and the production of skin and 

muscle layer was accomplished before the fat layer. The muscle layer was cast through the 

use of pristine RTV elastomer. The skin layer was prepared by the addition of 50 wt % 

silicone oil in order to increase the elasticity of the skin to respond the swelling fat layer 
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underneath. The formulation of the fat layer was prepared with the same composition and 

poured through the opening between the muscle and the skin and embedded in pieces made 

of the pristine RTV elastomer in the size of 0.5–2 cm. The obtained model was suitable for 

palpation of the lymph nodes and the suturing of the removed tissue that was damaged (Fig. 

43). 

 

Figure 43 The second design of axilla model with the stretched skin layer. 

4.3.3 Vascular Model with Blood Flow Mechanism 

The blood vessels in the human body (from the aorta to fine capillary vessels) vary in 

diameter and hardness due to their location in the body [193]. The veins designed in this 

thesis were of two different diameters and their elasticity was adjusted upon the feedbacks 

received from the consultant surgeons. In addition to the straight shaped and single-

diameter vessels, a vein network that consists of multiple connection points and aneurism 

which is an abnormal balloon on the wall of an artery was simulated (Fig. 44).  
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Figure 44 Different size and diameter branched vessels for the aneurism simulation model.  

One way of treating these unclog vascular sites are endovascular intervention. In this 

method, a long and thin plastic tube called a catheter is introduced into the problematic 

segment of the vein guided by an imaging camera [196]. The model was produced in such 

curved and branched way that the catheter can pass through these branches and be inserted 

into the veins once reached to the troubled region. This model provided a training platform 

where trainees can develop their skill-sets. The extent of the vascular passages and the 

angle of the junctions were tested with endovascular imaging of vessels and revised with 

the feedback of doctors (Fig. 45). 

 

 

Figure 45 Endovascular imaging of the aneurism model.  
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In the treatment of vascular injuries, the control of bleeding is significantly vital as well as 

preventing the clog in the veins. Therefore, the vessels with the blood flow that allows the 

practice of suturing techniques were also included in the vascular model (Scheme 4). 

 

Scheme 4 Schematic of the vascular model with blood flow mechanism. 

 

In this system, suturing the damaged veins was simulated. The vein to be operated was 

blocked by the attachment of an apical clamp in order to eliminate the blood flow. The 

pumped blood continued to pass with a higher pressure than the other vessels. The damaged 

vein was sutured and the clamp was removed. The adequacy of the sutures was tested by 

providing the blood flow through the veins. The bypass technique can also be practiced in 

this model. Bridging can be achieved by suturing an external vein between the two veins 

where the blood flow remained. Clogged veins were cut off, and the blood flow continued 

through the repaired vein. Fig. 46 indicates the vascular system and the designed veins 

whilst the blood was passing through the veins.  

 



64 

 

.

 

Figure 46 The mechanism that contains fabricated veins with different diameters and a 

blood flow system through a water pump. 

The design of the electrical circuit that allowed blood flow was achieved with a 12 V water 

pump to ensure the circulation of blood in the model. The flasher, used in the signal lamps, 

was connected to a water pump to mimic the pumping of blood from the heart at certain 

intervals. Furthermore, the dimmer circuit element, which adjusts the voltage of the pump, 

has been added to the circuit so that the blood pump rhythm and the flow of the blood can 

be adjusted. 220/12 V and 250 watt transformer were used as power source. Since the 

dimmer reduced the power of the water motor and the frequency of the flashlight at the 

same time, a circuit has been designed in which the dimmer and flasher can be adjusted 
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separately in the subsequent prototype. In this system, the engine power can be adjusted in 

10 % increments. Thus, the system can change the blood pressure in the veins and obtain 

different blood pressure values. The engine can be adjusted separately in the on and off 

states which allowed to imitate the health conditions of people with different ages and 

medical states. The heart pumps 60–100 times per minute in adults, 100–120 times in 

children, and 100–140 times in babies [197]. The designed system was adjustable between 

20–200 heart pulses and the time elapsed between engine run times was calculated and 

given in Table 2. 

Table 2 The heart pulses and the time elapsed between the two pulses is given in the table.  

Heart Pulse Time elapsed between two pulses (sec.) 

20 3 

40 1,5 

60 1 

80 0,75 

100 0,6 

120 0,5 

140 0,428 

160 0,375 

180 0,333 

200 0,3 
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With the LCD display connected to the generated circuit, the motor power and the time 

elapsed between two pulses (blood pumped from the motor) can be read. The schematic of 

the electrical circuit of the prototype is given in Scheme 5. 

 

 

Scheme 5 The schematic of the electrical circuit of the vascular mode 

4.3.4 Tracheostomy and Bronchoscopy Model 

In order to be able to comply with the tracheostomy procedure, the following structures 

should be included in the design of the model (Fig. 47); 

i) Thyroid and cricoid cartilages, which could be recognized from above the skin through 

palpation, 

ii) The thyroid gland, which can be cut and sutured from the isthmus, 

iii) Movable infrahyoids (strap muscles), which can be separated into two sides, 

iv) At least 3 tracheal cartilage rings in the continuation of the cricoid cartilage, 
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v) Intercartilaginous membrane between the tracheal rings that is suitable to be cut and 

sutured, 

vi) Cutaneous and subcutaneous fat tissue that can be cut and sutured. 

 

Figure 47 The anatomy of the neck indicating the structures to be mimicked for the model 

[184]. 

In addition, the following structures have been added to the model to prepare the ground for 

the most common complications arising from errors during the procedure; 

i) Inferior thyroid vein, which is the greatest risk of hemorrhage when the trachea is 

dissected from the midline, 

ii) An esophagus that can be cut and sutured for the complications of tracheoesophageal 

fistula (a hole between the tracheal tube and the esophagus generated during the tracheal 

passage in the procedure). 

Although surgeons generally prefer to intervene between the 2
nd

 and 3
rd

 tracheal cartilage 

rings, the applications involving the lower trachea is also possible. Hence, the model was 

designed to have 5 cartilage rings. Moreover, these structures in the model were also 

compatible with transtracheal needle ventilation (a no. 16 or thicker cannula with plastic 

trocar inserted through cricothyroid membrane or most palpable and nearest side of the skin 
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of trachea, and upon the removal of the needle, the respiration of the patient through this 

thick plastic trocar is achieved) and cricothyroidotomy (incision of the skin, subcutaneous 

and membrane which is followed by insertion of an endotracheal tube or cannula into this 

cricothyroid membrane, that is just above the cricothyroid cartilage and below the lower 

edge of the thyroid cartilage). 

In order to make the model suitable for tracheal intubation within the anatomical 

information, it is necessary to additionally include the following: 

i) The head, which holds the oral and nasal cavities and a moving jaw, 

ii) A flexible neck, 

iii) The tongue that can stretch when pressed, 

iv) Epiglottis cartilage, which is tied to the tongue and moves when the tongue is pressed, 

v) Chordae vocalis, 

vi) Trachea. 

Apart from these models, different types of structures have been added to the model in 

order to mimic the complications during the processes; Unilateral intubation; the excess 

amount of movement of the intubation tube in the main bronchus. In such a case, one lung 

is ventilated. To observe this condition, bronchial system and air-swellable lungs were 

added to the system. Another complication is the unrecognized esophageal intubation that 

is the most serious complication of tracheal intubation attempt. In this case, the air goes to 

the stomach instead of the lungs. To observe this situation, the stomach as a continuation of 

the esophagus was added to the model that can be inflated with air. With this motive, in 

order to be compatible with the bronchoscopy procedure, the model was designed with a 

removable bronchial tree that allowed the simulation of the adverse health conditions such 

as lung dysfunction and the obstruction of foreign materials. 
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All of the organs and tissues fabricated in the model are listed below;  

i) Cartilage derived structures; thyroid, cricoid and arytenoid cartilages, epiglottis, first 5 

tracheal rings (hyaline cartilages),  

ii) Tubular organs; trachea, esophagus, bronchial tree,  

iii) Hollow structures; larynx wall, pharynx wall, lung, stomach,  

iv) Structures in the mouth; tongue and valleculae, soft and hard palate,  

v) Strap (infrahyoid) muscles,  

vi) Chordae vocalis,  

vii) Thyroid gland,  

viii) Inferior thyroid vein, 

ix) The head with mouth, and nasal cavity, and a moving neck,  

x) Skin and fat layers for the head and neck region.  

The trachea is an elastic tubular organ with an average length of 11 cm and a width of 2 cm. 

In this model, cartilage structures of the thyroid and cricoid cartilage were prepared rigid 

and can be sensed with palpation from the frontal surface of the neck. Epiglottis has a 

flexible anatomy with respect to the cricoid cartilage. The inner surface of the trachea is 

covered with epithelium. There are 16–20 "C" shaped hyaline cartilages that are wrapped 

from the front and side. The top of the cartilage is covered with elastic tissue. The trachea is 

composed of ciliated epithelium, epithelial cells, muscle tissue, cartilaginous tissue, and 

elastic connective tissue from the inside to outside, respectively (Fig. 48) [6]. 
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Figure 48 The anatomy of the trachea and surrounding structures [198]. 

The esophagus is covered with (from inner to outer), epithelium, smooth muscle and 

connective tissue. The length is about 25 cm and the diameter is 2 cm (Fig. 49) [190, 193]. 

Silicone oil-added RTV elastomer was used in the fabrication of the model and reinforced 

with the woven fibers to allow re-suture in the case of tracheoesophageal fistula 

complication. In the nasal cavity and pharyngeal wall construction, although produced as a 

thin membrane, in order to preserve the shape, a high viscosity RTV elastomer was utilized. 

 

Figure 49 The anatomy of esophagus monitored including epiglottis and cartilages that 

were designed within the model [190]. 
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Although tongue has a muscular structure, it should have the elasticity to open the epiglottis 

flap when pressed. For this reason, RTV elastomer with 83.3 wt % silicone oil additive has 

been used in the fabrication. The vallecula was manufactured as a sheath that was passed on 

to the tongue and attached to the epiglottis to provide mechanical communication between 

the replaceable portion of the model and the permanent portions. It has been fabricated with 

pristine RTV elastomer formulation with low elasticity to effectively transmit the force 

applied to the tongue and the epiglottis. 

Since the skull was not used in the model, hard palate is the only structure that separates the 

nasal cavity and the oral cavity, and it is important to preserve its shape extensively. For 

this reason, it was produced from pristine RTV elastomer as well. The soft palate has the 

higher elasticity that can be moved easily. This structure was provided by using 50 wt % 

silicone oil additive and RTV elastomer.  

Infrahyoid (Strap) muscles are pulled on both sides during the procedure; hence their 

design must ensure the movement (Fig. 50) [199]. However, in some applications, doctors 

prefer to cut these muscles instead of moving from side to side, therefore, the model was 

designed with a formulation that holds the suture. The fabrication of these properties was 

achieved with 50 wt % silicone oil-added RTV elastomer reinforced with woven fiber. 

 

Figure 50 The anatomy of the strap muscles [199]. 
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The models were manufactured by using plastic anatomic models, display case manners, 

clay and aluminum bars in order to avoid expensive metal molds, and for the ease of 

access. In the production of the bronchial tree, thyroid cartilage, esophagus, and tongue 

anatomical models were used. The images of the anatomical can be seen in Fig. 51. 

 

 

Figure 51 The anatomical models that were utilized as a mold in the fabrication of the 

tracheostomy and the bronchoscopy models. 

The clay molds were used for the fabrication of cricoid and arytenoid cartilage, tracheal 

rings, epiglottis, trachea and larynx, and thyroid gland. The pictures of the clay molds with 

given shapes can be seen in Fig. 53. 

 

 

Figure 52 Clay molds that were used in the production of the model. 
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A thyroid gland is composed of two lobes with the isthmus between them, and the structure 

is sensitive to the applied pressure. The thyroid gland must be moved up or down during 

the tracheostomy procedure, and 83.3 wt % silicone oil was used to make the model highly 

elastic that will allow the movement of the structure. In some cases, the thyroid gland is 

discontinued from isthmus, and in order to cut and suture, the structure was reinforced with 

5 wt % non-woven fiber. Chordae vocalis should be flexible not to interfere with the 

passage of the intubation tube. For this reason, 20 wt % silicone oil-added RTV elastomer 

was used. The fat and skin layers of the head and neck regions were produced on the basis 

of the breast models with LSR elastomer, RTV elastomer and 50 wt % silicone oil. The 

thyroid gland was obtained by pouring RTV silicone elastomers onto the previously spread 

non-woven fiber to the corresponding clay mold. Consequently, a thin layer of RTV 

silicone elastomer was applied to imitate the membrane structure. Production of inferior 

thyroid veins was performed by using aluminum bars of different diameters (3–5 mm), as 

in the vascular model. Silicone mixtures which were applied in the liquid form around the 

bars were cured and then removed from the bars. Aluminum bars with small diameters 

were immersed in the veins formed inside the thick bars and covered with silicone and 

cured. Once the thin bars were removed, a number of branched veins were fabricated (Fig. 

53). 

 

 

Figure 53 Thyroid gland with inferior veins. 
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The anatomical pattern of the esophagus was coated with woven fiber, immersed in a 

silicone formulation, cured and then scraped off. The bronchial tree was constructed by 

immersing the anatomical model in a two-component silicone elastomer formulation and 

cured in the oven for 1 h at 110° (Fig. 54). 

   

 

Figure 54 a) Bronchial tree, and b) The trachea with bronchial tree and the modular parts 

For the construction of the tongue, the anatomical model was coated with pristine silicone 

formulations. The silicone was removed after curing and used as a mold. This pristine 

silicone obtained in the form of a membrane was employed as a mold and a 66.6 wt % 

silicone oil-added RTV elastomer formulation was poured into this mold. After curing, the 

stiff mold was removed from the inside, and elastic tongue pattern was obtained (Fig. 55). 

 

 

Figure 55 a) Tongue, b) Tongue with the sheath that contains vallecula fold that allows the 

epiglottis movement 

a b 

b a 
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 The cricoid and arytenoid cartilage, tracheal rings, trachea, and larynx were obtained by 

coating their individual clay molds with formulations of pristine silicone elastomer and 10 

wt % non-woven fibers.  Once cured in the oven, tracheal rings were removed from the 

mold and cut in a "C" shaped structure at a thickness of 4 mm. Epiglottis was formed by 

covering the upper front surface of the same mold with silicone in the triangular shape. The 

larynx and the trachea were obtained by coating the woven fiber around the clay mold and 

immersing it in a liquid silicone formulation and cured in the oven. 

 

Figure 56 Modular parts of the thyroid cartilage, cricoids cartilage, arytenoids cartilage, 

and tracheal rings, and their assembled imaged. 

4.4   Conclusion 

Surgeons-in-training requires substantial amount of practice in order to improve their 

surgical skill sets and together with simulation-based training systems, the trainees learn at 

their own pace and experience various medical scenarios rather than incidents where the 

urgent response to the patients is required. Hence, there is a need for such a reliable 

platform to diffuse simulation-based trainings to medical curricula. In this part of the thesis, 

the design and fabrication of realistic, sustainable, easy-to-produce, and cost-effective 

synthetic tissue and organ models which enable the tactile simulations in surgical skills 
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laboratories was revealed. Being inspired from the anatomy of the tissues that were 

mimicked, and by utilizing two-component silicone elastomer formulations with silicone 

oil and textiles; multi-layered skin, axilla, axillary lymph nodes, vascular model with a 

blood flow setup, tracheostomy, and bronchoscopy models that contain the tongue, 

epiglottis, thyroid gland with inferior veins, tracheal rings, bronchial tree, and cricoids 

cartilage were fabricated. The motive for designing these structures was providing a 

reliable, cost-effective, and accessible surgical education platform to surgeons-in-training.      
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Chapter 5  

Conclusion and Future Aspects 

 

Formulations of two-component silicone elastomers were utilized for mimicking various 

human tissue and organs. The use of silicone oil and vinyl-terminated PDMS additives 

allowed the successful resemblance of the acoustical, mammography, surgical, and 

microsurgical properties. These tissue-mimicking phantoms were designed and fabricated 

with the motivation of providing medical training platforms to the surgeons and 

radiologists-in-training. In chapter two, fabricated breast models to be used in different 

applications were revealed in detail. An accomplishment in the design of these phantoms 

necessitates an extensive understanding of the anatomy of tissue and organs to be 

mimicked. The breast models are composed of skin, subcutaneous fat, muscle, and rib 

bones as well as malign tumors. The sample that contains 75 wt % thinning agent exhibited 

the highest similarity to acoustical properties of human breast, while the utilization of 

alumina to the silicone formulation simulated malign masses effectively in the 

ultrasonography and the mammography phantoms. The designed surgical models offer a 

cost-effective, easy-to-handle, and sustainable alternatives to human tissues. In addition to 

the allowance of the biopsy needle entry and exit, the breast models with different size and 

shape tumors provide a self-examination model for public education.  
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In chapter three, the fabrication of the peripheral nerve simulation models were discussed. 

The reconstructive surgery was altered with the aid of the technological advances in 

microsurgery. Modern microsurgical techniques endeavor to augment the preoperative 

planning of the intervention to the injured peripheral nerves, which in turn result in 

improved patient outcomes. Microsurgical skills are an essential requirement for the 

successful use of these techniques. Therefore, advanced education platform is vital for the 

training of microsurgeons. The most severe type of these peripheral nerve injuries is the 

fifth-degree (Seddon‘s neurotmesis) [138, 139] injuries, where a local response to the 

rigorous trauma arises. The anatomical structures that peripheral nerves composed of–

endoneurium, the fascicles, Schwann cells, axons, and the epineurium are completely 

ruptured at this level of injury. According to the anatomical part of the nerve that has been 

injured, a pertinent microsuturing technique shall be achieved. The peripheral nerve 

simulation models that were fabricated throughout this thesis contain a fascia layer, 

epineurium, and the fascicles as well as the skin and the muscle layers and produced by 

utilizing two-component silicone elastomers with silicone oil additive and cotton fibers. In 

order to simulate the fifth-degree peripheral nerve injury, a cut was applied to the nerves, 

and these structures were repaired through the alignments of the epineurium and the 

fascicles by utilizing 10/0 and 8/0 sutures. Precise alignment in fascicular level with the 

shorter operation, dissection, and anesthetic times are crucial for post-operative functional 

repair of the nerves [5]. Hence, a cost-effective, easily accessible, and reliable training 

model was designed for microsurgeons to practice on with significant mechanical and 

tactile similarity. 

Chapter 4 includes the fabrication of various silicone-based human body parts to be used in 

several medical applications (e.g. bronchoscopy, tracheostomy). Within the scope of this 

chapter, multi-layered skin, axilla, axillary lymph nodes, a vascular model with a blood 

flow setup, tracheostomy, and bronchoscopy models that contain the tongue, epiglottis, 

tracheal rings, thyroid gland with inferior veins, bronchial tree, and cricoids cartilage were 

fabricated with a tactile resemblance to human tissues. These models can be used as 

individual parts; yet, our long-term plan is to build a synthetic cadaver that will include 

these individual parts as a reliable solution to the problems related to fresh cadaver supply. 

These models can be combined into a traumatic thorax and abdomen models in modular 
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fashion. The system can allow the replacement of organs and tissues individually once they 

are damaged. In addition, it may be possible to repair the damaged organs with silicone-

based chemicals to some extent. The user-friendly design will be considered at all times 

and the systems can permit individual and group use. The models will provide a medium to 

experience a variety of scenarios from relatively simple interventions such as hemothorax 

and pneumathorax to cardiopulmoner bypass. 

Another future prospect is the design of a knee model that includes meniscus and bursa 

sacs. The knee is one of the most dynamic parts of the human body that resist to repetitive 

movements. The meniscus cartilages are significant anatomical structures that disperse 

friction in the knee joint between the tibia and the femur and these cartilages preserve the 

knee towards the motions, responsible for the delivery of the string load, the absorption of 

shock and the stabilization of joint. The outer parts of the meniscus are surrounded by 

blood vessels with red-like color, however, these vessels cannot reach the inner parts, and 

hence the color of these parts appears to be white. The outer part of the meniscus in red 

color can heal itself when the structure tears apart. Contrarily, the injuries of the white part 

require a cut off at the torn parts by the meniscectomy [200].  

Additionally, bursa sacs are placed in between the bones and knee tendons that allow the 

movement of the knee. These sacs are filled with synovial fluid that provides the 

lubrication of the joint and the knee bones. The knee joint is open to the numerous pain 

syndromes, one of the most significant ones is bursitis of these bursa sacs [201]. The 

required intervention for the treatment of the inflammation in bursa sacs (i.e. bursitis) is the 

removal of the liquid. Hence, such phantom can be designed with self-healing materials 

that will allow the needle entry without any leakage. The model should also withstand the 

liquid pressure and expansion. Parameters such as how many times the first volume can 

expand upon the injection, and how much pressure it can sustain can be assessed. 

Therefore, again by utilizing two-component silicone elastomers with silicone oil, a knee 

model can be designed. The prototype of this model can be seen in Fig. 57. 



80 

 

 

Figure 57 The prototype of the knee model, a) meniscus structures with different colors 

representing the accumulation of the blood vessels, b) the knee model with the meniscus 

cartilages and bursa sacs combined into a single model.  

With cost-controlled production and utilizing silicone and additives; it is possible to 

fabricate cost-effective, thus accessible models, with good quality. Hence, through effective 

collaboration between medical doctors and engineers, best possible training platforms can 

be designed for the betterment of the medical education. The participation of doctor in this 

thesis allows the first-hand design of phantoms with emergency scenarios, testing of these 

models, and receiving the feedback and input from the end-user before the fabrication of 

the final models. However, current training materials are live patients, animals (cadavers), 

virtual reality platforms, or prosthetics. There‘s a lack of training materials in medical 

education. Therefore, the designed silicone-based composite phantoms offer a realistic, 

accessible, reliable, and standardized training environment for radiologists and surgeons-in-

training.  
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