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Chapter 1.  
Background information 
 

Anatomy 

Maxilla  

The maxillae are a pair of symmetrical bones connected at the intermaxillary suture, forming the upper jaw. The 
maxillae contribute to the formation of the nasal cavity, oral cavity, orbital cavity, while also supporting the upper 
teeth. Each maxilla is composed of a body, which forms a major part of the bone, and four processes: the zygomatic 
process, articulating with the zygomatic bone to form the cheekbone; the alveolar process, supporting the upper 
teeth; the palatine process, forming the anterior part of the hard palate; and the frontal process, forming the lateral 
boundary of the nose. The maxilla and its processes are shown in Figure 1.1. 1–4 

 

Figure 1.1. Maxilla bone from different angles. Four processes of the maxilla are shown: the frontal process forming the 
lateral boundary of the nose, the zygomatic process forming the cheekbone with the zygomatic bone, the alveolar process 

holding the upper teeth, and the palatine process forming the anterior part of the hard palate.5 

The paired, pyramid-shaped maxillary sinus is within the maxillae, as shown in Figure 1.2. The orbital floor forms 
its roof, the maxilla’s alveolar process forms the floor, and the lateral border of the nose is the medial border. The 
apex extends towards the zygomatic process.6 The maxillary sinus is the largest of the four paranasal sinuses, 
serving several functions, including skull weight reduction, air humidification, and assistance in voice resonance.7 
The maxillary sinus is lined with mucus cells, providing mucus to the nose.8 
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Figure 1.2. Maxillary sinuses are highlighted in purple in the cross-sectional CT scan (A), and they are depicted together with 
the other paranasal sinuses (B). 7,8 

Palate 

The palate serves as the roof of the oral cavity and consists of two parts: the hard palate (palatum durum) and the 
soft palate (palatum molle). The hard palate is formed by the palatine process of the maxillae and the horizontal 
plates of the palatine bone, with the interpalatine suture (existing of the intermaxillary suture and the median 
palatine suture) combining both sides (fig 3.1). The incisive foramen, situated directly posterior to the incisors on 
the midline, transmits nerves and arteries such as the sphenopalatine artery supplying the mucous membrane of 
the hard palate, and the nasopalatine nerves innervating the hard palate.1,2  

The greater and lesser palatine foramina are both bilaterally located and medial from the third molar. The lesser 
palatine foramen posterior to the greater palatine foramen. They respectively transmit the greater and lesser 
palatine vessels and nerves.1,2,9  

 

Figure 1.3. A) The bony anatomy of the hard palate. B) The nerves and arteries emerging from the incisive foramen, and the 
greater and lesser palatine foramina.2,10 

Maxillary dentition 

Teeth are essential for cutting, reducing and mixing food with saliva during mastication. They also play a role in 
the articulation of some sounds.2 To enable clear communication about dentition, the mouth is divided into four 
quadrants: the right maxillary quadrant (Q1), the left maxillary quadrant(Q2), the left mandibular quadrant (Q3) 
and the right mandibular quadrant (Q4). The teeth are numbered from the midline in the distal direction (fig 1.4.A). 
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There are four different types of teeth present in the maxilla: incisors (I2 and I2), canine (C), premolars (PM1 and 
PM2) and molars (M1, M2, and M3), see Figure 1.4. The surfaces of those teeth are described as follows (see Figure 
1.5):  

1. The lingual surface is directed inward, towards the tongue (lingua), also called the palatal surface for the 
maxillary teeth; 

2. The buccal surface is directed to the cheek; 
3. The labial surface is directed to the lip; 
4. The mesial surface is the one closest to the midline, present between 11-21 and 41-31; 
5. The distal surface is the one the furthest away from the midline; 
6. The occlusal surface is the masticatory surface. 

 

Figure 1.4. A) Dental quadrants; Q1) right maxillary, Q2) left maxillary, Q3) left mandibular, and Q4) right mandibular. The 
teeth are numbered from 1-8 from the medial line in the distal direction. B) Different types of dentition from anterolateral 

view. I1 and I2 are incisors, C are canine, PM1 and PM2 are the premolars and M1-M3 are the molars. 1 

 

Figure 1.5. Incisor (A) and molar (B) are shown with their surfaces. 1 

Teeth are composed of a crown and root, connected by the neck. Focusing on maxillary dentition, the root(s) (one 
or multiple) are fixated into the tooth socket in the alveolar process of the maxilla. The crown of the teeth is covered 
with enamel, whereas the root and neck are covered with dental cement. Where the two meet is called the cemento-
enamel junction (CEJ). Figure 1.6 shows the anatomy of the tooth.  

The alveolar process and the necks of the teeth are covered with mucosal tissue called gingiva. The marginal gingiva 
surrounds the necks of the dentition. The gingival sulcus is located between the teeth and the marginal gingiva 
(see Figure 1.6). 
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Maxillary teeth are innervated by the superior alveolar nerves, stemming from the maxillary root of the facial nerve 
(see Figure 1.7)  

 

 

Figure 1.6. Anatomy of a tooth in its alveolar socket. The tooth is divided into the crown, neck and root. The location where the 
enamel meets the cement is called the cemento-enamel junction. Where the gingival margin and the neck of the tooth meet, 

the gingival sulcus occurs. 11 

 

Figure 1.7. The maxillary root of the facial nerve is shown with its branches innervating the maxillary teeth.1 
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Maxillary cancer 

Epidemiology 

Over the last decade, head-and-neck cancer (HNC) has been the ninth most frequently diagnosed cancer in the 
Netherlands. HNC predominantly affects men over 50 years old. 12–15 Oral cavity cancer constitutes the majority of 
HNC cases, with oral and nasal cavity cancer combined having an incidence of 6.8 per 100,000 capita in 2022. Oral 
cancer can occur in various intraoral sites, including the tongue, lips, floor of the mouth, buccal and palatal 
mucosa, gingiva and alveolar process of the mandible or maxilla.16 Tumours affecting the maxilla can be involved 
with different structures, such as the maxillary sinuses, palate, alveolar bone/mucosa or the nasal cavity.17–19 Cancer 
involving the hard palate was diagnosed 43 times in the Netherlands in 2022.14  

Smoking and alcohol consumption are the main risk factors for oral and nasal cavity cancer. Exposure to 
carcinogenic substances like nickel and asbestos, as well as the HPV16 and EBV virus, is also proven to increase 
the risk of HNC.15,17,20 Ninety per cent of oral cavity tumours are squamous cell carcinoma (SCC).21    

Maxillectomy 

The indication for a maxillectomy is the surgical excision of tumours involving the maxilla. Maxillectomy is a 
commonly used treatment for maxillary tumours, possibly with adjuvant radiotherapy or chemotherapy.22–24 
Patients should be evaluated through a CT scan, MRI scan, or possibly both. While a CT scan assesses the bony 
anatomy of the patient, an MRI scan is superior in distinguishing the tumour from soft tissue.25 Understanding the 
tumour’s extent is crucial to decide on a partial or total maxillectomy, and to determine which adjacent tissue 
should be included in the resection. A maxillectomy involves three stages; soft tissue dissection and bone exposure; 
bony resection; closure and reconstruction.26  

To achieve adequate soft tissue dissection and bone exposure, three traditional approaches can be performed based 
on the tumour’s size and location: midfacial degloving, lateral rhinotomy, and Weber-Ferguson approach. The 
choice of approach depends on adequate exposure, function, and cosmesis.26–29 

The next step is the bony resection, classified according to Brown’s classification, illustrated in Figure 1.8 and 
described in Table 1.1.30 The classification offers a framework for the identification of different challenges and 
complexities of each defect, the planning of the maxillectomy as well as an indication for reconstructive options. It 
is important to perform the cuts through the tooth sockets when necessary, to prevent devitalization and 
destabilization of the adjacent tooth.31  

Following the bony resection, wound closure and reconstruction are achieved. Various reconstruction options are 
available after a maxillectomy, including local/regional flaps, free flaps or prosthetic obturation. Reconstruction 
aims to achieve oronasal separation for restored eating and speaking ability, preserve facial contours and 
symmetry, minimize eye dislocation, maintain the nasal airway, and restore dentition.26,32–34  

 

Figure 1.8. Browns classification.30 
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Obturator 

The focus of this research is on maxillectomy reconstruction using a prosthetic obturator. Prosthesis obturation 
offers advantages such as reduced hospital time and cost, the immediate restoration of facial and dental 
morphology and oral function, and the early inspection of the surgical site for possible malignancy recurrence.33,35–

38 Prosthetic obturation can be divided into three phases, each with distinct objectives.33,34  

Immediate surgical obturator 

During the maxillectomy, an immediate surgical obturator (ISO) is placed to ensure oronasal separation, allowing 
the patient to speak and eat after the surgery. It also provides a matrix for the placement of a skin graft for the 
wound, reduces oral contamination, and applies pressure on the soft tissue surrounding the defect. The ISO is not 
removed for the initial phase of wound healing. 34,39,40  

Comprising two parts, the ISO includes the palatal plate, also known as the baseplate, and the bulb. Before surgery, 
the baseplate is prepared using a working cast of the patient’s teeth and palate. The planned resection is marked 
on the cast, and within that area, the teeth are removed, and the alveolar process is smoothed. The baseplate is 
created by pressing clear acrylic resin over the processed cast.33,34,41 

The bulb is made from mouldable thermoplastic silicone putty and is hand-moulded by the prosthodontist during 
surgery. The putty is pressed into the defect. The prosthodontist can extend the bulb when necessary, to ensure 
pressure on the soft tissue to counteract the contraction of scar tissue developed by wound healing. The baseplate 
is adhered to the putty bulb. Figure 1.9 shows an example of an ISO before the surgery, comprising the baseplate, 
retention methods like (Adams) clasps, and a part where the bulb is built on. The bulb serves as a carrier for the 
skin graft covering the defect, often creating a ridge between the mucosa-skin graft junction. This ridge can aid in 
the retention of the ISO. Retention is frequently achieved by a wire bent around the zygomatic process of the 
temporal bone and wired around a bolder created on the prosthesis. Another widely used retention method involves 
wires around the patient’s teeth.33,34,41,42 

 

Figure 1.9. An example of an Immediate Surgical Obturator, with dentition (yellow), retention wires (blue), and an attachment 
for the bulb (green). 

 Vertical 

I Maxillectomy without oronasal fistula 
II Maxillectomy not involving the orbit 
III Maxillectomy involving the peri-orbital area or with orbital floor 
IV Maxillectomy with orbital enucleation or exenteration 
V Orbitomaxillary defect 
VI Nasomaxillary defect  

 Horizontal 

a Palatal defect without alveolus 
b Defect is ≤1/2 unilateral 
c Defect is ≤1/2 bilateral or transverse anterior 
d Defect is >1/2 maxillectomy 

Table 1.1 Browns classification system. 30 
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Interim obturator 

Because of rapid soft tissue changes in the defect, the fit of the ISO is assessed 2-4 weeks after surgery. An interim 
obturator is developed, by modifying and relining the ISO or creating a new bulb. Changing the lining material of 
the bulb is essential due to its porosity, which may lead to bacterial contamination, unpleasant odours, and 
irritation of the mucous membranes. This obturator is used until the surgical site is completely healed and the 
defect is dimensionally stable. The interim obturator often includes dentition for cosmetic purposes and 
psychological benefits. A well-created interim obturator can serve as a backup obturator when the definitive 
obturator is in use. 31,33,34,39 

Definitive obturator  

A definitive obturator is created after the defect is completely stable and healed, mostly after 3-6 months. The 
definitive obturator is a newly crafted prosthesis designed to best fit the defect, ensuring comfort and preventing 
any potential leakage. For (partially) dentate patients, the retention of the definitive obturator is obtained from the 
potential skin-mucosal ridge, clasps around remaining teeth and/or implants. For edentulous patients, this skin-
mucosal ridge is important, along with the presence of implants. 31,33,39 
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Problem statement 

Despite conventional obturators being a good reconstructive option after maxillectomy, some drawbacks occur. 
The primary challenge lies in the obturator’s weight. This is particularly challenging for larger defects requiring a 
large bulb, that can weigh up to 70-80 grams.43 Achieving sufficient retention is a challenge for heavily weighted 
obturators, causing patient discomfort.44 Moreover, the bulb’s porous material facilitates bacterial and nasal mucus 
infiltration, leading to unpleasant odours and irritation of mucous membranes. 34,45 Furthermore, the 
intraoperative fabrication of the bulb increases the operating room (OR) time.  

To achieve weight reduction of the ISO, a hollow bulb can be used. A hollow bulb can reduce the weight of the ISO 
by 7-47%. The literature describes different techniques for the development of hollow obturators, including an 
open or closed approach 44,46–48. An open obturator can allow fluid accumulation, causing foul odour and taste.37 
Therefore, it is desired to develop closed hollow obturators, offering the advantage of eliminating fluid 
accumulation and providing superior extension into the defect.49 

Literature suggests using CAD/CAM and 3D printing as a way to design and develop hollow closed obturators, which 
would overcome the limitations associated with the conventional ISO.50–52  Opting for thermoplastic material, 
instead of porous material, prevents bacterial and mucus infiltration. Moreover, this approach can decrease OR 
time, as ISO development can be completed before surgery.  

At the NKI-AvL, there is ongoing research that examines a CAD/CAM workflow for designing and fabricating hollow 
ISOs.  

CAD/CAM workflow 

Steenhuis53 and Ooms43 established a CAD/CAM workflow for a patient-specific 3D-printed hollow ISO. Using an 
intraoral scan (IOS), the baseplate of the ISO is designed in Meshmixer. By using the preoperative CT scan and 
planned resection, a 2 mm thick hollow closed surface bulb is designed in 3D slicer. The IOS is registered to the 
CT-scan coordinate system using fiducial registration, which relies on handpicked fiducials to ensure the correct 
location of the bulb on the baseplate. Figure 1.10 shows the state-of-the-art workflow, while Figure 1.11 shows the 
ISO resulting from this workflow.  

 

Figure 1.10. The CAD/CAM workflow for the development of a 3D hollow closed surface model immediate surgical obturator.43 

 

Figure 1.11. The left image shows a hollow closed surface immediate surgical obturator as a 3D model. The right image is the 
resulting obturator after 3D printing and post-processing.  
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Thesis objective and outline 

As described in the previous section, Steenhuis and Ooms have already taken several steps towards creating a user-
friendly workflow for a patient-specific hollow ISO (hISO) for (partially) dentate patients. However, the obturator 
resulting from this workflow cannot be clinically implemented due to its lack of retention. During this research, a 
focus will be on this crucial step required for the implementation of the hISO.  

The main objective of this research is:  

 

To provide the current 3D-printed hollow immediate surgical obturator with retention.   

 

The research is divided into four parts, each offering distinct insights leading up to the phantom study in Chapter 
6, where various retention methods are assessed for different defects.  

Chapter 2 provides technical background information to understand the techniques that are used throughout this 
year of research.  

Despite the medical and technical jargon, clear communication about the shape of an obturator can be challenging. 
Especially with digital workflows for the design of prostheses on the rise, a clear guideline is missing. Previous 
research investigated bulb shapes from digital designs for different maxillectomy defects, and Chapter 3 proposes 
a classification system with design principles based on those tests. This classification system functions as a 
framework for the phantom study.  

Adams clamps are widely used for conventional obturators, but they cannot be incorporated into the CAD/CAM 
hISO workflow. Therefore, Chapter 4 proposes and evaluates a CAD/CAM workflow for 3D printed retention clasps. 
This retention method will be tested in the phantom study.  

In Chapter 5, the tongue-palate pressure during deglutition for young, healthy female subjects is tested. These 
outcomes are the basis for the simulation of deglutition in the phantom study.  

In addition to the tongue palate pressure determined in Chapter 4, obturators are also subjected to an outward 
force of shrinking scar tissue and wound exudate after a maxillectomy. These two forces are simulated in the 
phantom study of Chapter 6, where three retention methods, including the clasps from Chapter 5, are tested 
amongst each other for each class from the classification system stated in Chapter 3.  

In Chapter 7, the overall project will be discussed and future perspectives will be stated.  

 

 

 

 

 

 

 

 

 

 

 

Remark: All following chapters of this thesis are written so that they can be read separately. Therefore, some  

chapters contain overlapping information.   
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Chapter 2.  
Technical background 
 

This chapter provides technical background on techniques used during this year of research. The information will 
include principles of operation and specifics of equipment used in the NCI-AvL.  

Imaging techniques 

Medical imaging is an indispensable tool for the diagnosis and treatment of various diseases. Among the commonly 
used imaging techniques are X-ray scans, Computed Tomography (CT) scans, Magnetic Resonance Imaging (MRI) 
scans, Ultrasound (US) and Positron Emission Tomography (PET). Each technique is based on different principles, 
resulting in different information provided by the scans. US is a non-invasive imaging technique that utilizes the 
impedance of tissue and reflection of sound waves to produce a real-time image of tissue. However, it cannot 
penetrate through bone or air, US has limited penetration depth, and the quality of images varies considerably 
based on the operator’s skill. X-ray scans are a quick imaging method that utilizes radiation absorption in tissue 
to depict a 2D image. It is widely used to detect fractures, visualize dentition, or for inspection of the lungs and 
heart. However, X-ray is less effective in imaging soft tissues, and only shows a 2D projection image. MRI scans on 
the other provide a cross-sectional image with superior soft tissue detail, by using the spins of hydrogen nuclei 
and a magnetic field.  

A CT scan can be considered a 3D version of an X-ray image, which combines X-ray images from different angles 
to create a cross-sectional image of bones and soft tissue. These greyscale images are based on the Hounsfield 
Units (HU) of the depicted tissue, which are directly related to the physical density of the tissue and the x-ray beam 
attenuation. Water has an HU value of 0, whereas air has an HU of -1000. Bone has a HU of approximately 1000-
2000 based on its density. The zygomatic bone is very dense (approx. 2000 HU and much cortical bone), whereas 
the alveolar bone is less dense (approx. 1000 HU for the cortical bone).1,2   

Because the bony anatomy is very important for a suspected maxillary tumour, patients who have a suspicion of 
cancer in the maxillary region get a CT scan in our centre. This CT scan is performed from the cranial roof to the 
lowest point of the mandible, with the following settings: Gantry angle 0°, FOV 220-250 (including tip of nose, 
auricles, and mastoid), slice thickness 1 mm, 135 kV, 400 mAs.  

Moreover, CT scans offer an advantage over MRI scans for possible maxillectomy patients as the HU's of CT scans 
can be used for image segmentation. When the treatment plan involves a maxillectomy, a skull segmentation is 
made using thresholding from 200-250 HU and up, to include the cortical and trabecular bone and the possible 
dental fillings. Together with the surgeon, the planning for the resection is determined and separated from the 
original segmentation of the skull. Figure 2.1 shows a skull segmentation and the preoperative planned excision in 
red.  

 

Figure 2.1. Image of a bone segmentation of a skull, based on HU thresholding of a head-and-neck CT scan. Red shows the 
preoperative planned excision.  
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Navigation 

Surgical navigation plays a crucial role in maxillofacial surgery, serving as a valuable tool for surgeons.3,4 The 
preoperative planning segmentation serves as a guide during maxillectomies, with the preoperative CT scan used 
to determine the intraoperative planning. To use this planning during surgery, the CT scan is modified by altering 
the voxels within the planned excision to -1000, causing them to appear black in the modified scan (see Figure 2.2). 
This is referred to as the planning CT.  

  

Figure 2.2. Axial slice of the navigation CT scan for intraoperative navigation. The voxels of the original CT scan of the patient 
within the preoperative maxillectomy planning are altered to -1000, showing black on the image. This is called the planning 

CT.  

During the surgery, a Medtronic stealthstation ENT Navigation system (Medtronic, ENT, Minneapolis, Minnesota, 
U.S. 5) is used for intraoperative navigation. The planning CT is loaded into the system, and the position of the 
patient is matched to the CT scan using image-to-patient registration. The stealthstation navigation system operates 
on electromagnetic (EM) tracking, wherein the position of sensors is measured through an inhomogeneous 
magnetic field. This magnetic field is generated by a field generator (FG), which is placed near the surgery site. For 
maxillectomies, the Medtronic tabletop FG is placed under the patient’s head.  

Within this inhomogeneous field, magnetic sensors can determine their position and orientation. These sensors 
feature three orthogonally aligned coils, where the magnetic field induces a voltage. The system control unit then 
measures and amplifies these electric signals, determining the position and orientation of the sensors. 6–8 

Sensors can be defined based on their degrees of freedom (DOF), which describe the number of axes along which 
changes in the sensor’s position can be detected. For instance, a 6DOF sensor detects translation in the x-, y-, and 
z-axis, as well as orientation in yaw, pitch and roll (see Figure 2.3).  

 

Figure 2.3. The six degrees of movement. The x-, y-, and x-axis define the translation of an object, whereas the yaw, pitch and 
roll define the orientation.   
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3D-scanning  

To obtain patient-specific dental and palatal anatomy, three-dimensional (3D) scanning can be used. At our centre, 
these 3D scans are made with a 3Shape (Copenhagen, Denmark) Trios 3 Intraoral scanner (see Figure 2.4). This 
scanner created a 3D model using confocal microscopy. By focusing a light source and detection optics on the 
same spot, using a dichromatic mirror, thousands of images are captured and combined to produce an accurate 
3D surface model.9–13 This 3D scan will be called the intraoral scan (IOS) in this thesis. The Trios scanner has 
software to visualise the IOS and export it as an STL file for further processing.  

 

Figure 2.4. The 3Shape (Copenhagen, Denmark) Trios 3 intraoral scanner. 14 

Registration  

To ensure proper alignment of the bulb to the baseplate, the IOS must be registered to the skull segmentation from 
the CT scan. There are various registration methods, each utilizing different principles to transform datasets into 
the same coordinate system. One of these datasets is transformed towards the other set, by using a transformation 
model. For this study, fiducial registration is used, which creates a linear rigid transformation based on manually 
selected points that are identical in both scans, called fiducials. A linear rigid transformation applies only 
translation and rotation to create the transformation model, so the transformation is performed with 6DOF. No 
scaling or warping is performed with a linear rigid transformation. 15–17 

The registration error can be measured by the fiducial registration error (FRE), which calculates the root-mean-
square (RMS) of the differences between matching fiducial pairs after registration.18,19 An example of the FRE is 
shown in Figure 2.5.  

 

Figure 2.5. An example of a fiducial registration error calculation, which is the root-mean-square of the distance of the paired 
fiducials.  
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CAD/CAM  

Computer Aided Design (CAD) and Computer Aided Manufacturing (CAM) are two important technologies that 
involve the use of computers in designing and manufacturing. CAD software, such as AutoCAD and Solidworks, is 
used to create 2D and 3D models. Mesh-based models can also be digitally designed using software like 3Matic and 
Meshmixer, which construct the designs via a triangular polygon mesh consisting of many small triangles that 
form a 3D model. The Meshmixer object is represented as a face-vertex mesh, with a certain connectivity of the 
vertices. Figure 2.6 shows an example of a face-vertex mesh. These designs are then exported to a Stereolithography 
(STL) file, which is opened with CAM software to translate the 3D model into a job for the manufacturing machine.  

 

Figure 2.6. An example of a triangular polygon mesh, existing of faces (the grey surface indicated with a letter) and vertices 
(the blue dots, having an x- y- and z-axis location).20 

The use of CAD/CAM technology has seen a rise in head and neck oncologic surgery, particularly in virtual surgery 
planning and the development of patient-specific implants and prostheses.21 In the maxillofacial prosthodontic 
field, 3D scanning and planning are commonly used.22During this research, the software Meshmixer 
(RRID:SCR_015736, ©2020 Autodesk, Inc.) is used for the design of the obturators and phantoms. These designs are 
then exported to Preform (Formlabs, Somerville, Massachusetts, U.S.), a CAM software that prepares the parts for 
3D printing. 

3D-printing  

3D printing is a manufacturing method involving CAD/CAM software. There are various types of 3D-printing, such 
as selective laser sintering, fused deposit modelling and stereolithography (SLA). A Formlabs SLA 3D printer (Form 
3B) is used for prototypes at the NKI-AvL. SLA printing is commonly known as resin 3D printing, and it involves 
using a laser or projector to cure the liquid thermoset resin into hardened plastic onto a platform, creating a 3D 
printed object (see Figure 2.7). Supports are printed to secure the stability of the printed object, enabling complex 
shapes to be printed.  

 

Figure 2.7. Schematic image of a Stereolithographic (SLA) 3D printer. A laser cures the thermoset resin into hard plastic on a 
platform to create the part.23  
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Post-processing is a crucial step after 3D-printing. The object is washed in isopropyl alcohol to remove the liquid 
resin sticking to it. When the object is dry, it is post-cured in a chamber providing heat and UV radiation. This 
process finalizes the cross-linking of the polymer network, thereby improving the material properties of the 
polymer. The temperature and duration of the post-curing are specific to each type of resin.   

During this research, Formlabs Clear Resin (V4) is used for the ISO, enabling vision on the surgery site when fitting 
the ISO. Clear resin is washed for 10 minutes, and post-processed for 15 minutes at a temperature of 60 degrees 
Celsius.24 However, it is important to note that this resin is not biocompatible, and thus cannot be used when the 
3D-printed ISO is clinically implemented. Due to the cost and availability of the biocompatible clear resin, non-
biocompatible clear resin is used during this research.  
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Chapter 3.  

The NKI Classification: A novel classification 
system for the preoperative planning and 
design of Immediate Surgical Obturators in 
patients undergoing maxillectomy 
ABSTRACT 

Maxillectomy, a surgical procedure involving the marginal or segmental removal of the maxilla, presents complex 
challenges in functional and aesthetic rehabilitation. Obturators, designed to close oronasal communication and 
restore speech, swallowing, and facial aesthetics during the first healing phase, offer an effective solution for 
patients. While various classification systems exist for maxillectomy resections, there is no classification system 
enabling communication and guidelines for the design of the obturator. This article introduces a novel 
classification system for preoperative obturator planning and design in maxillectomy patients. Six different 
obturator designs were tested intraoperatively to establish design principles for each class. The resulting 
classification system consists of seven classes, each with its specific design principles. A validation dataset of 17 
patients confirmed the classification system's usefulness in obtaining accurate and customized obturator designs. 
The system's implementation allows for streamlined fabrication processes, improved obturator design accuracy, 
and enhanced patient outcomes.  

Introduction 

Maxillectomy, a surgical procedure involving the removal of (part of the) the maxilla, presents complex challenges 
for functional and aesthetic rehabilitation in patients1,2. Various classification systems have been developed to 
categorize maxillectomy resections, providing some guidance for surgical planning and reconstruction options.1,3–

6 These existing classification systems primarily focus on the extent and location of the maxillary resection, 
providing a framework for decision-making regarding reconstructive techniques. 

During maxillectomy procedures, surgeons have two primary options for restoration: reconstruction or the use of 
an obturator 1,7,8. While reconstructive techniques are the best option for some patients, surgical obturators have 
emerged as an effective solution for functional and aesthetic rehabilitation for many patients. Immediate surgical 
obturators are designed to close the oronasal communication and restore speech, swallowing, and facial aesthetics 
during the first healing phase.2,9,10 However, the specific design and classification of obturators have received 
relatively less attention compared to the extensive classifications available for reconstructive options. 

With the advancement of preoperative planning and design techniques, particularly the integration of Computer-
Aided Design and Computer-Aided Manufacturing (CAD/CAM) technology, there is a growing need for a 
comprehensive classification system specifically addressing the preoperative design of obturators. The design of 
the obturator bulb i.e. that fills the defect, which determines its size, shape, and contour, plays a crucial role in 
achieving optimal results10. A classification system focusing on the obturator design can provide a standardized 
framework for communication and anticipation of obturator requirements preoperatively. 

This article aims to introduce a novel classification system for the preoperative planning and design of obturators 
in patients undergoing maxillectomy. The integration of this novel classification system into the preoperative 
planning process can enable clinicians, prosthodontists, and surgeons to anticipate and communicate the specific 
design requirements of obturators. This can streamline the fabrication process, improve the accuracy of obturator 
design, enable communication between professionals about the obturator and ultimately enhance patient 
outcomes.  
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Materials and methods 

Study Design 

The obturator design consists of two parts: the baseplate and the bulb, which obturates the defect. This study aimed 
to develop and validate a classification system for the design of standardised CAD/CAM bulb shapes. Six different 
strategies for the design of the bulb are intraoperatively tested to establish principles of obturator design. The 
classification system is validated on a retrospective dataset. 

Designing, printing and fitting Process 

All designed bulb shapes are based on the resection that is planned prior to the OR on a segmentation of the CT 
scan and the intraoral scan (IOS). The IOS is made with 3Shape Trios (Copenhagen, Denmark), and loaded into 
Meshmixer (Autodesk, San Francisco, California, U.S.). The patient CT scan is loaded into 3D Slicer (Slicer 5.2.1 
software, Surgical Planning Lab, Harvard Medical School, Harvard University, Boston, USA) to create a segmentation 
and plan the resection. To ensure the planned resection complies with the actual per-operative resection, a 
Medtronic StealthStation (Minneapolis, Minnesota, US) Surgical Navigation Tower is used.  

For each patient, the resection is planned and six different bulb shapes are preoperatively designed: The first shape 
is a hollow dome design, existing of a sphere that is manually shaped around the segmented bone resection. The 
second bulb shape is based on a 3D optical scan of the obturator of a patient who had a resection in the same 
region, scaled to the defect. The third bulb shape is based on two different segmentations: the bone resection and 
the soft tissue resection. A surface model is automatically created around the outer surface points of the 
segmentations, also called a closed surface model (CSM). Figure 3.1 shows the design step for creating the CSM, 
and shows different segmentations. For the third bulb shape, a CSM around the bone resection and a CSM around 
the soft tissue resection will be created separately and combined, and then scaled to 0.8 for a layer of tissue 
conditioner around the bulb. The fourth bulb shape is based on the CSM merely around the segmentation of the 
bone resection, which is also scaled to 0.8. The fifth bulb shape was created by shaping the CSM around manually 
selected points around the buccal fat pad, taking into account not blocking the lower jaw from closing. The sixth 
and last bulb shape is based on the segmentation of the bone resection and soft tissue resection combined. A CSM 
is created around the combined segmentation, and scaled to 0.8. The different order of steps between this bulb and 
the third bulb shape results in a different shape. Figure 3.2 shows the six bulb shapes craniocaudally.   

 

Figure 3.1. shows the bone segmentation and its closed surface model (CSM) on the left. On the right, different segmentations 
are shown, such as the bone resection, m. buccinator and m. masseter resection, the bischa resection and the cheek fat. A 

CSM can be designed around all different resections, combined or apart and later combined.  
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Figure 3.2. Six different patient-specific obturator designs that are intraoperatively fitted.  

The designed obturators are printed with Clear V4 in a Formlabs SLA printer (Form 3B, Somerville, Massachusetts, 
U.S.) and post-processed as intended.  During the OR, the maxillectomy is performed according to the 3D pre-
operative planning and confirmed by EM navigation intra-operatively and the 3D printed obturators are 
individually fitted into the resection. However, it is crucial to emphasize that these obturators were not used for 
treatment; they were solely utilized to derive the design principles for each class of the classification system. 

Evaluation of Bulb Shapes and Classification System Creation 

During the intraoperative placement, the clinical fit is examined. The following parameters were important to 
describe the clinical fit of the obturator: 1) the bulb has to fit in the defect; 2) the bulb does not block occlusion; 3) 
the defect gives enough counter pressure to the surrounding wound tissue; 4) the cheek or lip shape is aesthetically 
acceptable; 5) the obturator can be inserted and removed with the (sometimes limited) mouth opening of the 
patient; and 6) general expert opinion of the maxillofacial prosthodontist.  

Based on the results of the fitting process, a classification system for obturator design was empirically created. The 
different defects encountered during oral surgeries were categorized into distinct classes within the classification 
system, based on differences of optimal bulb shape per defect. For each class, specific design principles were 
identified, documented, and associated with the corresponding defect. These design principles formed the basis 
for creating obturators that effectively addressed each class of defects. 

Classification System Validation Dataset 

To evaluate the performance of the classification system, a dataset was compiled including patients who underwent 
a maxillectomy between 2009 – and 2020 in the NKI-AvL hospital. The inclusion criteria included that both a pre-
and postoperative CT scan were available for each patient. In addition, the conventional bulb could be distinguished 
in grayscale and therefore segmented from the postoperative CT scan. This inclusion left 17 patients who were 
enrolled in the dataset. This dataset is used for the validation, the data is not used to develop the classification 
system.  

Data Collection and Analysis 

For each patient in the validation dataset, their resection was assigned to the corresponding class of the 
classification system. Their conventional bulb was segmented and a new bulb was designed according to the 
described process and scaled, both with the use of 3D Slicer. It is important to mention that the design of the new 
bulb was done in a blinded fashion, without knowledge of the conventional bulb shape. The shape comparison 
between the conventional obturator and the new design according to the classification system was also assessed in 
3D Slicer by one of the most used overlap-based segmentation metrics: the Hausdorff Distance (HD). The HD 
calculates the largest distance (d) between point set X (newly designed obturator) to Y (conventional obturator) as 
schematically visualized in Figure 3.3. Furthermore, the maximum HD without outliers is calculated, called the 95th 
percentile (95%) HD. In addition, the average HD was calculated, including outliers. To validate the classification 
system, the newly designed obturator must have a small HD with the conventional obturator.  
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The CAD/CAM-designed bulb must fit into the conventional bulb, to ensure that it can fit into the resection. 
Therefore, the Dice Similarity Coefficient (DSC) is evaluated. The DSC measures the similarity between two sets of 
binary data, with values between 0 and 1, where 0 indicates no overlap, and 1 represents a perfect overlap. The first 
binary set is the CSM, and the second is the Boolean Intersection of the CSM and the Conventional bulb, resulting 
in a segmentation of the CSM, which is inside the conventional bulb. This is schematically shown in Figure 3.3. The 
DSC of those two binary sets gives the percentage of the CSM that fits into the conventional bulb. The DSC is 
determined in 3D Slicer.  

  

Figure 3.3. On the left, a schematic overview of distances between two obturator bulbs is shown. Blue represents the 
conventional bulb, and orange represents the CAD/CAM bulb. Dxy and dyx represent distances between the two bulbs, the 
Hausdorff distance is the biggest distance. On the right image, the pink represents the result of the Boolean intersection. 

When the Dice Score Coefficient is determined between the pink and the orange bulb, the result tells which percentage of the 
CAD/CAM bulb fits inside the conventional bulb. 
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Results 

Classification System 

The case studies resulted in the identification of two important factors affecting the bulb shape: the involvement 
of the canine tooth, the height of the resection, and the involvement of the anterior nasal spina. When the resection 
includes the canine, the lip needs to be supported; therefore, the m. buccinator segmentation should be taken into 
account for the CSM design. The zygomatic arch and process are the support of the cheek and are important for 
the facial structure. When the resection involves the zygomatic process of the maxilla, the obturator should extend 
to cover this defect and provide support. Therefore, the CSM must extend from the alveolar process to the zygomatic 
process in a direct plane, or with a slight curve outward. When the resection involves the anterior nasal spina, the 
support of the nose is removed. The bulb design should replace the support of the spina to prevent the nose from 
sagging. It is also important to provide pressure from within the lip, to prevent the scar tissue from contracting 
and change the shape of the lip in a later stage.  

The outcomes described above result in the following classification system, which consists of seven distinct classes, 
each with its own set of design principles. Figure 3.5 illustrates the classification system. The classification system 
takes into consideration the height of the defect, ranging from the alveolar bone to the orbital floor. 

Figure 3.5. Classification system for the design principles immediate surgical obturators based post-operative resections after 
maxillectomy. The left image shows maxillectomy resection not extending the alveolar maxilla (A). The right image shows 

maxillectomy resections to the height of the zygomatic process (Z). I represents a resection including (pre)molars, II 
represents a resection including (pre)molars and the canine, III represents a resection including (pre)molars, the canine and 

the incisors, and IV represents a resection of the incisors. 

Design Principles  

Each class within the classification system is associated with specific design principles that guide the fabrication 
of the obturator bulb. The design principles address the unique requirements of the bulb design for each class, 
ensuring optimal fit, functional restoration and optimal aesthetics. Table 3.1 summarizes the design principles for 
each class, highlighting the key considerations and recommendations for obturator design. The design principles 
associated with the classification system provide guidance for fabricating obturators tailored to specific defect 
characteristics.  
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Table 3.1 Design principles for the NKI – obturator classification system 

Alveolar 
class 

 

Class A1 Maxilla resection involves the (pre)molars and is limited to the alveolar bone. The ISO remains 
narrow, slightly exceeding the bony resection margins. Therefore, only the resection bone is 
considered in the ISO design. The height of the ISO is limited to the vertical resection margin. 

Class A2 Maxilla resection involves (pre)molars and the canine. The height is limited to the alveolar bone.  
Because the canine is involved, the bulb should provide pressure to the surrounding soft tissue of 
the cheek and lip. This results in a wide-shaped ISO exceeding the lateral bony resection margins. 
Therefore, both the resected bone as the m. buccinator are considered in the ISO design. The height 
of the ISO is limited to the vertical resection margin. 

Class A3 Maxilla resection involves the anterior and lateral alveolar bone, including all teeth from the 
molars to the incisors. This ISO design is a combination of A2 and A4, taking the m. buccinator 
and nasal spina into account.  

Class A4 Maxilla resection involves the incisors and the canine. It is limited to the anterior alveolar bone. 
The ISO should support the nose due to the removal of the anterior nasal spina. The bony resection 
is taken into account for the CSM, which should extend to the spina for support. The maximal 
height is limited to the upper bound of the nasal spina.  

Zygomatic 
class 

 

Class Z1 Maxilla resection involves both the alveolar bone and zygomatic process and (pre)molars. The ISO 
is narrow and tall, slightly exceeding the contours of the bony resection. Therefore, only the 
resection bone including the zygomatic process is considered in the ISO design. The bulb extends 
from the alveolar process to the zygomatic process in a direct plane. The height is limited to the 
vertical resection with its maximum reach until the orbital floor. 

Class Z2 Maxilla resection involves the alveolar bone and zygomatic process, (pre)molars, and canine. The 
involvement of the canine and the zygomatic process results in a tall and wide ISO, extensively 
supporting the cheeks. Therefore, the bulb extends from the alveolar process to the zygomatic 
process in a direct plane. The height is limited to the vertical resection with its maximum reach 
until the orbital floor. 

Class Z3 Maxilla resection involves the anterior- and lateral alveolar bone, the zygomatic process, and all 
teeth from the molars to the incisors. This ISO design is a combination of A4 and Z2. 

 

Validation of the Classification System 

To validate the effectiveness and reliability of the classification system and design principles, a validation dataset 
as described in the method section was utilized. This dataset consisted of 17 patients with diverse defects. The 
validation dataset was independent of the data used to develop the classification system.  

For each obturator case in the validation dataset, the classification system assigned a specific class based on the 
corresponding defect characteristics. The assigned class indicated the appropriate design principles for the given 
defect. This design is compared to the shape of the conventional obturator, the HD and DSC are calculated as the 
outcome and shown in Table 3.2.  
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Table 3.2: Hausdorff distances (HD), presenting minimum, maximum, mean (μ) values and standard deviation (σ), and Dice 
Score Coefficient (DSC) of the conventional bulb versus the Boolean intersection of the conventional bulb and the CAD/CAM 
bulb.  

Patient 
No. 

NKI - 
class 

Tumor site Bulb 
shape 

HD max 
(mm) 

HD average 
(mm) 

HD 95th 
percentile 

(mm) 

DSC  

1 Z1 Left IV 3.15 0.07 0.68 0.991 
2 Z3 Left VI 15.9 1.59 9.92 0.886 
3 A1 Left IV 6.20 0.43 3.00 0.954 
4 Z2 Right VI 20.84 6.57 13.18 0.819 
5 Z3 Left IV 8.01 0.71 3.62 0.899 
6 Z3 Left IV 14.79 1.77 8.26 0.857 
7 A1 Right IV 4.88 0.41 2.79 0.956 
8 Z2 Right IV 10.37 0.34 2.88 0.981 
9 Z2 Left IV 5.42 0.25 1.86 0.974 
10 Z3 Left IV 6.07 0.47 3.65 0.950 
11 A3 Right IV 10.77 0.23 1.77 0.972 
12 Z3 Right VI 16.15 1.89 9.83 0.801 
13 Z3 Right VI 12.00 0.88 5.12 0.939 
14 Z3 Left IV 9.25 1.09 5.61 0.910 
15 A3 Right VI 16.59 5.08 10.72 0.959 
16 Z3 Left IV 10.35 0.64 5.05 0.934 

Minimum - - - 3.15 0.07 0.68 0.819 
Maximum - - - 20.84 1.8 8.7 0.991 

μ±σ - - - 9.99 ± 4.26 1.06 ± 1.21 4.89 ± 3.13 0.924 ± 0.056 
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Discussion 

The present study aimed to investigate the fitting of bulb shapes for different classes of patients based on bone 
and soft-tissue segmentation. Prior to the tests, for classes A2, A3, Z2, and Z3, the bone-and-soft-tissue CSM (III or 
VI) was expected to fit best. The results revealed that bulb shape IV, based only on bony resection, provided the best 
overall fit for all classes. In addition, bulb shape VI was a good fit for classes A3, Z2, and Z3, which is consistent 
with the design principles of these classes. Furthermore, it was observed that manual adaptation of the bulbs 
according to the design principles is crucial, and can be done digitally. However, if shape IV is chosen, the bulb 
can be intraoperatively extended with tissue conditioner. 

The study also revealed significant differences between the maximum HD and the 95% HD, which may be due to 
the resolution of the segmentations. Although there is no cut-off value for the HD, a lower HD average signifies 
greater similarity in shape. The DSC was used to evaluate the similarity in shape. The average DSC for all patients 
was found to be 0.924 with a low standard deviation, which is considered reasonable. However, values below 90% 
were observed for half of the Z2 and Z3 class bulbs, mainly for bulb VI. Therefore, it can be concluded that the 
complete soft-tissue-and-bone CSM overestimates the shape, while the use of only bone segmentation tends to 
underestimate it.  

Future research should focus on developing an optimal segmentation method to create the CSM according to the 
design principles. In the meantime, bone segmentation can be used for all classes, with manual adjustments based 
on the design principles. 

To our best knowledge, there is no classification system providing a framework for (digital) bulb design. Hazra et 
al.11 also mentioned this gap and proposed a prosthetically driven classification system from the prosthodontist’s 
standpoint. This classification system focuses on retention options and implant placement, rather than the bulb 
shape.   

The development and validation of the classification system for obturator design represent an advancement in the 
field of obturators for maxillectomy defects. This classification system provides a framework for effectively 
addressing various maxillectomy defects, allowing guidelines for customized obturator designs that enhance 
patient comfort and oral function. However, it is important to acknowledge certain limitations and considerations 
that should be taken into account when interpreting the validity of this system. 

The validation dataset consisted of 17 patients, which did not cover all classes equally. Especially class A1, A2 and 
Z3 are underrepresented in the dataset and should be further validated. Future studies should aim to expand the 
dataset to include a larger and more diverse patient population to further validate and refine the design principles 
per class.  

Furthermore, it is essential to highlight that the classification system has undergone validation using a 
retrospective approach with a validation dataset. While the validation process provides valuable insights into the 
system's performance and reliability, it falls short of prospective implementation in real-time clinical settings. 
Prospective studies involving a larger sample size and longer-term follow-up are necessary to evaluate the system's 
performance and validate its efficacy. 

On the other hand, it is worth mentioning that within our centre, the classification system has been tested in 
practice on 4 occasions, yielding promising results. These initial experiences demonstrate the potential benefits 
and feasibility of implementing the system in clinical settings. The system has provided valuable guidance for 
CAD/CAM of immediate surgical obturators in our centre. However, it is important to acknowledge that these 
limited experiences within a single centre cannot substitute for comprehensive validation through larger-scale 
prospective studies involving multiple centres and diverse patient populations. 

Conclusions 

In conclusion, the classification system can enable experts to communicate about maxillectomy defects and the 
design of the corresponding obturator. Surgeons and maxillofacial prosthodontists can more easily align their 
expectations pre- and peroperatively. With CAD/CAM, also for obturators, it is important to gain communicative 
frameworks to consult about the optimal patient-specific obturator, within but also between institutions. The design 
of obturators is still one like craftsmanship, but with a tool for communication, knowledge sharing between 
institutions can be enhanced. This way, the fabrication process can be streamlined, the accuracy of obturator 
design can be improved and ultimately patient outcomes can be enhanced. 
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Chapter 4.  
Workflow for the design of clasp retention 
for CAD/CAM immediate surgical 
obturators 
 

Introduction 

An obturator is a commonly used reconstruction option for patients who have undergone maxillectomy. The 
primary challenge with the obturator is inadequate retention of the prosthesis.1–3 To enhance retention, a more 
lightweight prosthesis can be designed.2,4,5 A way to achieve this is by designing a hollow bulb, which can reduce 
the obturator’s weight by 7-47%.6–8 Various methods can be used to create a hollow bulb obturator, including the 
use of a CAD/CAM workflow for the hollow Immediate Surgical Obturator (hISO), which is currently being explored 
at our centre.8,9 In this workflow, the bulb of the hISO is designed based on preoperative planning using the CT 
scan of the patient. The bulb is created around the planned resection, scaled to 0.8 to enable space for tissue 
conditioner, and made hollow. The baseplate is designed using a 3D-Intra Oral Scan (IOS) of the patient. The bulb 
and baseplate are connected using handpicked fiducial registration to create the hISO, which is then 3D-printed 
before the maxillectomy. However, this workflow is not yet suitable for clinical application due to the lack of 
retention on the 3D-printed obturator. 

For conventional obturators, Adams clasps are widely used to provide retention, together with a boulder and 
zygomatic wire combination or a palatal screw. These Adams clasps are metal wires that are bent to create two 
arrowheads, fitting around the mesiobuccal and distobuccal undercuts of the teeth.10 Retention is provided by 
engaging with these undercuts. The undercut is defined as “the portion of the surface of an object that is below the 
height of contour in relationship to the path of placement”.11 A surveyor (see Figure 4.1) is used on a plaster cast 
of the patient’s teeth and hard palate to determine where the undercut is located. First, the height of contour is 
determined on the cast, delineating the biggest circumference for a certain alignment of the cast, shown as the 
orange line in Figure 4.2. The area under this line is the undercut of the tooth (see Figure 4.2). When the clasps 
are located in the non-undercut area, they provide no retention.     

  

Figure 4.1. Examples of dental surveyors. A dental cast is put in a surveyor, to observe the optimal path of placement and 
determine the undercuts of the teeth.12,13  
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Figure 4.2. A survey line is shown in orange, delineating the biggest circumference of the tooth from one path. Beneath this 
line, the undercut of the tooth is located, where retentive arms should be located to provide retention. 14 

The metal wires are positioned on the plaster cast made from the teeth and hard palate, located around the 
remaining or available teeth needed for retention. Guidelines on the placement of the clasps are described by 
Aramany et al.15 The wires are bent over the occlusal embrasure and are called the minor connectors (see Figure 
4.3), leaving the ends of the metal wire on the palate, creating retentive tags (see Figure 4.3). These retentive tags 
are encapsulated in the acrylic baseplate that is pressed over this cast to fixate the Adams clasp into the baseplate.  

For a 3D-printed hISO, it is not possible to encapsulate these retentive tags after or during 3D-printing, because 
the hISO goes from a liquid resin to a solid object. Therefore, another method must be developed to create retention 
options for the 3D-printed hISO. This study aims to develop a workflow for the design of 3D-printed retention 
clasps, which can be added to the CAD/CAM workflow for hISOs.  

 
Figure 4.3. On the left, the location of the occlusal embrasure is shown with the yellow v, being the opening between the two 

curved proximal surfaces of adjacent posterior teeth. 16 The right image shows a completed Adams clasp on a plaster cast. The 
retentive tags are encapsulated in the acrylic baseplate that is pressed over the cast, to fixate the Adams clasp into the 

baseplate. The minor connectors are also shown in the image, going from the buccal undercut over the occlusal embrasure. 10 

Method 

To create 3D-printed retention clasps, design criteria are set up with the expertise and proficiency of a maxillofacial 
prosthodontist from our centre and a dental technician specialized in the design of (Adams) clasps and other 
retention methods for dental prostheses. With their knowledge, a starting prototype for the retention clasps is 
designed using the design criteria as a guideline for the workflow (see Figure 4.4). The workflow and the design are 
iteratively tested on 3D-printed dental models and on patients during surgery. During this process, the workflow is 
altered and design criteria are added to the list. In this section, the design criteria are stated and the workflow is 
described. To test the workflow, the clasps resulting from the final workflow are tested on a dental cast. When the 
design criteria are met with this test, the workflow for the clasp retention can be added to the CAD/CAM workflow 
for ISOs.  
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Figure 4.4. In beige, a 3D-printed model of a 3D-intraoral scan of the upper jaw. On the premolars and molars, an initial 
design for 3D-printable retention clasps is placed.   

Design criteria 

Provide retention - The clasps must provide retention to the ISO by covering the buccal undercut. The design of 
these clasps must be tested for their retention by the maxillofacial prosthodontist during fitting. Ultimately, these 
3D-printed retention clasps must provide comparable to superior retention when compared to retention methods 
of the conventional ISO. This will be tested on a phantom in Chapter 6. 

Dental bulge – For the clasps to provide retention with the use of the undercut, they need to first pass the bulge of 
the teeth (see Figure 4.5). The design must be compatible with this bulge, and thus fit over the bulge of the teeth.   

Free gingival sulcus –The ISO is secured for the initial recovery period after the maxillectomy. It is important to 
maintain oral hygiene by cleaning the gingival sulcus (see Figure 4.5). Poor gingival sulcus hygiene can lead to 
gingivitis and periodontitis, which can lead to instability of the remaining teeth due to alveolar bone loss. 
Preservation of the remaining teeth is crucial for retention.17 Therefore, the retention clasps must keep clear from 
the gingival sulcus.10 

Dental enamel – Gingival recession can be present in some patients. This means that the gingival margin and 
possibly the free gingiva are withdrawn back. In this case, the cemento-enamel junction (CEJ) is emerged. To 
prevent the patient from experiencing dentin hypersensitivity, it is important to stay on dental enamel and not 
cross the CEJ.18 The CEJ is visible on the teeth of the patient, as well as on the IOS as can be seen in Figure 4.6.  

 

Figure 4.5. Schematic overview of a molar with its gingival sulcus, the height of contour that is drawn with a surveyor and the 
delineation of the bulge of the molar, and the undercut under the bulge.  
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Figure 4.6. The buccal part of some teeth of an STL of an intraoral scan of a patient is shown. The red arrows point at the 
visible cemento-enamel junction. 

Material – The retention clasps are added to the existing CAD/CAM workflow for the fabrication of the hISO, creating 
a one-piece 3D-printed hISO with clasps. Thus, the material for the clasps must be the same as the resin used for 
the hISO. The material should ultimately be biocompatible. Because the hISO is not yet clinically used during this 
study, it is sufficient to use a non-biocompatible material with properties alike the final material. The resin used 
during this study is Clear Resin (Clear Resin V4, Formlabs, Somerville Mas., U.S. 19).  

Solidity – The clasps should be solid and not break off during use. The material properties of 3D-printing resins 
are different from the stainless steel that is used for the Adams clasps. Especially the difference in Ultimate Tensile 
Strength (65 MPa for Formlabs Clear V4 resin 19, and 320-795 MPa for SS 316 20) show that the resin will break 
more easily when there are forces applied. The design should be tested for solidity during intended use.  

Obturator fit – The obturator must fit as intended. The retention clasps should not alter the position of the 
obturator.  

Safe design – The design must be safe, with no small parts that can break off easily or sharp edges that can harm 
patients or staff. The design must not consist of unnecessary crevices to maintain hygiene.   
 
3D-printing properties – The minimal wall thickness and layer thickness should be considered specifically for the 
chosen material and 3D-printer. The design must be 3D-printed as intended.  
 
Table 4.1 shows the design criteria and the evaluation method. 
 

 

  

CRITERIA EVALUATION 
Provide retention Tested by maxillofacial prosthodontist.  

Dental bulge The clasps get over the bulge of the teeth, and “click” in their intended place.  

Gingival sulcus Gingival sulcus must be free.   

Dental enamel The clasps must not cross CEJ.  

Material Same material as hISO.  

Solidity No breach after 10 times of placement and removal.   

Obturator fit  hISO fits as intended.  

Safe design No parts break off during the fitting process. No sharp edges, no unnecessary crevices. 

3D-printable The clasps are 3D-printed as intended.  

Table 4.1. Design criteria for 3D-printable retention clasps for a 3D-printed hollow obturator with their evaluation method. 
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Iterative testing and evaluation 

The retention clasps are iteratively tested on three patients. For each patient, a dental cast was 3D-printed from the 
IOS, on which the retention clasp designs were tested. For two patients, the hISO and clasp design is also tested 
intraoperatively during their maxillectomy surgery. The 3D-printed dental cast of patient 3 is used for the final 
evaluation of the workflow and clasp design. Table 4.2 provides an overview of the tests performed per patient. 

 

PATIENT DENTAL CAST TEST INTRAOPERATIVE TEST 
1   
2   
3 Evaluation  

 

Results 

The result of this study is the evaluated workflow for 3D-printed retention clasps for obturators with its 
corresponding design principles that follow from the design criteria.  

Design principles 

Throughout the iterative tests, a set of design principles was established to meet the design criteria. In order to 
ensure solidity and cover the bulge, flexibility must be the primary focus. The minor connectors were observed to 
be susceptible to bending forces when the clasps pass the bulge, which led to frequent breakage during the iterative 
tests. Figure 4.7 demonstrates the designated terminology. The following design principles were established: 

Buccal undercut – The clasps should only cover a portion of the buccal undercut in order to provide sufficient 
retention. The distal undercut must not be covered by the clasps.  

Interproximal space – During the design process, protrusions that extend into the interproximal space are often 
observed. To reduce the bending forces exerted on the minor connectors, the protrusions should be trimmed as 
much as possible.  

Thin distal minor connector – The minor connector should be kept thin to increase flexibility.  

Minor connectors – To ensure enough strength, the minor connectors should have a thickness of 1mm. 

  

Figure 4.7. On the left is the inferior view of the palate, showing the left maxillary teeth (dark grey) and retention clasps (light 
grey). The buccal side of the teeth is annotated in orange. The bridges over the occlusion are called the minor connectors. On 
the right, the buccal side of the teeth is shown (dark grey) with the retention clasps in light grey. The distal minor connecter is 

shown, as are the interproximal spaces between the adjacent teeth. 

 

Table 4.2. Testing method per patient for the workflow of 3D-printed retention 
clasps. 



Retention for 3D-printed hollow immediate  
surgical obturators for maxillectomy patients  Workflow for 3D-printed retention 
 

39 
 

Teeth selection – During the iterative tests, various configurations of teeth were selected for the design of the 
retention clasps and tested. Table 4.3 shows the different configurations that were tested intraoperatively on patient 
3. The principle resulting from these tests is to select no more than three adjacent teeth. The design of 3D-printed 
retention clasps on four adjacent teeth decreases flexibility and causes failure.  

For a conventional ISO, the canine and the tooth adjacent to the defect are included in the retention.15 During the 
iterative tests for the 3D-printed clasps, including those teeth did not provide additional retention. Especially for 
patient 3, the right PM1 did not have much undercut. Therefore, this tooth is not included in the final evaluation 
of the clasps on the dental cast.  

Table 4.3. Different configurations of retention clasps tested on a 3D-printed maxillary cast.  
SELECTED TEETH IMAGE RESULT OF THE FITTING 

Left: C PM2 M1 
Right: PM1 M1 M2 M3 

 The right PM1 did not provide extra 
retention.  
The left M1 buccal surface is troubling. 

Left: C PM1 PM2 M1 
Right: M1 M2 M3 

 Left side failure. 

Left: C PM1 PM2 M1 
Right: PM1 M1 M2 M3 

 Left side failure. 
 

Left: C PM2 M1 
Right: M1 M2 M3 

 The right side fits well; the left M1 buccal 
surface is troubling.  
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Workflow  

Intraoral Scan – First, an IOS is made with the Trios 3Shape (Copenhagen, Denmark) and loaded into Autodesk 
Meshmixer (RRID:SCR_015736, ©2020 Autodesk, Inc.). The ISO is designed and the STL file is altered according to 
the workflow designed by S. Steenhuis9 and A. Ooms8. 

Determine the included teeth for retention – Include the most distal tooth on the opposite side of the defect, with 
one or two adjacent teeth when available, no more than three adjacent teeth, teeth adjacent to the defect, and the 
canine when available. An example of teeth included for retention is shown in Figure 4.8.  

 
Figure 4.8. Example of the teeth included for the retention clasps.  

Selection – The area directly on the chosen teeth is then selected, keeping in mind the undercut of the teeth and 
the thin distal minor connector. The minor connectors over the occlusal embrasure are also selected with a size 
of about 25. Once the selection is made according to the criteria, the boundary is optimized and smoothed. Figure 
4.9 shows the selected area with optimized and smoothed boundaries. 

 
Figure 4.9. The selected area for retention clasp design is shown in orange, with optimized and smoothed boundaries. 

Offset and separate – An offset of 0.2 mm is applied to correct for 3D-scanning and printing errors. The outer 
selection is then separated into its own group. Work with this new group.  

Extrusion – Perform an extrusion of 1.5 mm towards the normal of the triangles. The spikes that arise with this 
performance are smoothed out. Figure 4.10 shows the clasps after extrusion on the left and on the right the clasps 
after smoothing.  

 
Figure 4.10. On the left retention clasps after extrusion. The right image shows the clasps after smoothing and sculpting.  

Offset check – The part is checked for the offset, as the sculpting may cause it to not fit over the teeth anymore. 
Corrections can be made from the inside of the IOS using the sculpt ShrinkSmooth brush or the Move brush. 
Figure 4.11 shows the clasp exceeding the IOS STL on the left, and the right image shows the result after this offset 
check.  
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Figure 4.11. Sculpting of the retention clasps can result in the part exceeding the intraoral scan, which causes the clasps to 

not fit anymore, as shown in the left image. The right image shows the result after sculpting the part from the inside.  

Smooth and sculpt – Check the design for unnecessary crevices or spikes and remove or alter them when present. 
Always check the inside of the IOS to check the offset when the part is altered to check the offset. Decrease the 
protrusions at the interproximal space. Smooth the part. Figure 4.12 shows the retention clasps before (left) and 
after (right) smoothing and sculpting. 

 

Figure 4.12. Retention clasps, before smoothing and sculpting (A), and after (B).  

Merge – Finally, the retention clasps are merged with the baseplate of the ISO to be 3D-printed as one part. Hard 
transitions should be smoothed.  

Figure 4.13 shows the complete workflow.  
 

Figure 4.13. The CAD/CAM workflow for 3D-printable retention clasps. To be fabricated in one piece with a 3D-printed hollow 
obturator.  
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Evaluation 

The 3D-printed dental cast of patient 3 is used for the final evaluation of the design. Figure 4.14 shows the fitting 
of the 3D-printed baseplate and retention clasps on the cast model. Table 4.4 shows the list of design criteria and 
the evaluation.  

 

Figure 4.14. 3D-printed baseplate and retention clasps fitted on a 3D-printed dental cast. The clasps are evaluated according to 
the design criteria stated in Table 4.4. 

  

CRITERIA EVALUATION 
Provide retention The clasps provide sufficient retention according to the maxillofacial prosthodontist. 

Bulge The clasps get over the bulge of the teeth. They “click” in place.  

Gingival sulcus Gingival sulcus is free. 

Dental enamel Clasps do not extend the CEJ. 

Material The material is the same as for the hISO (Clear V4).  

Solidity The clasps do not break when placed and removed 10+ times.  

Obturator fit  hISO fits as intended.  

Safe design The design is smooth. No parts break off. No sharp edges.  

3D-printable Successfully 3D-printed in one-piece with the baseplate.  

Table 4.4. Design criteria for 3D-printed retention clasps, evaluated on a dental cast.   
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Discussion 

This study aimed to develop and evaluate a workflow for 3D-printed retention clasps for the hISO. The final workflow 
and clasp design met all design criteria. However, determining the undercuts was the most common limitation 
during the iterative process. Specifically, patients with significant bulges on the distal side of the last molar 
presented challenges, as the workflow focused on the buccal undercut and lacked flexibility in the distal direction. 
For patients with bilateral retention clasps, undefined undercuts caused problems with finding the path of insertion 
and fitting the clasps over bulges. All teeth have a certain mesial distal angulation, which is different for each 
patient.21 This angulation causes the direction of insertion of the prosthesis to be important. The use of a digital 
surveyor could address these issues.  

Digital surveying for removable partial dentures (RPD) is described in the literature, which has similar retention 
clasps as an obturator. Previous studies have used the 3Shape CAD software for electronic surveying.22–25  Lee et al. 
27 describe the use of the path of placement for the undercut areas, determined in 3-Matic (3-Matic; Materialise 
NV). Williams et al. 26 describe a method for electronic surveying using MATLAB software (MATLAB; The 
MathWorks, Inc., Natick, Mass) that marks downward-facing triangle surfaces from the registered and aligned STL, 
which enables automation of the surveying process.  

Based on these literature findings, a first attempt at a digital surveyor is performed. A PLY file of the IOS is loaded 
into MATLAB. This file is a triangular polygon mesh, consisting of many faces and vertices, together creating the 
3D-image of the intraoral scan. The normal of each vertex is determined as a vector. The faces with an upward 
normal in the z-axis (z>0) are depicted as red, and the rest of the faces are white (see Figure 4.14). Appendix B 
elaborates on this method of digital surveying. This digital surveying shows promise, but validation is necessary 
before clinical use.   

 

Figure 4.14. Example of a 3D-model of an intraoral scan after being digitally surveyed. Red shows the undercuts.   

The retention clasps are 3D-printed in Formlabs Clear Resin. However, for optimal results, it is recommended to 
print them in biocompatible resin, such as Formlabs Dental LT Clear Resin. The material properties of Dental LT 
Clear Resin are different from Clear Resin, with a lower ultimate tensile strength (52 MPa vs 65 MPa for clear 
resin), higher flexural modulus (2.3 GPa vs. 2.2 GPa for clear resin), and higher notched Izod test (449 J/m vs 25 
J/m for clear resin). This indicates that Dental LT Clear Resin can bear more load before breaking. Other clear, 
biocompatible resins for Formlabs SLA printers include Formlabs BioMed Durable Resin and Formlabs BioMed 
Clear Resin. However, BioMed Durable Resin can only be used for short-term dentin contact (<24 h), which is not 
useful for the ISO that needs to stay in place for at least 2 weeks.  

To evaluate the clinical implementation of this workflow, tests should be performed with Dental LT Clear Resin. 
Because most mechanical properties are in the same order of magnitude, it is expected that the workflow is also 
usable when biocompatible material is used for 3D-printing.  

It is important to note that the retention of dental prostheses is highly patient-specific and dependent on various 
factors. Therefore, the results of this report only indicate the usability of these 3D-printable retention clasps. 
Clinical reports are needed to evaluate the 3D-printed retention clasps in a more complex clinical situation. 
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Future perspectives 

In this study, evaluation of the retention relies on the expert's proficiency, as there is a lack of a measurable 
outcome for sufficient retention for obturator prostheses, other than patient satisfaction. The literature suggests 
that insufficient retention is a factor for prosthesis failure, based on clinical experience.1–3  Because the 3D-printed 
retention clasps cannot be clinically tested yet, their performance should be evaluated in a comparison study with 
the conventional method. For clinical implementation, the new technique must meet or exceed the performance 
of the conventional retention clasps. Chapter 6 describes a phantom study that examines the performance of this 
new retention method technique.  

Moreover, it is important to emphasise the importance of stability and support in maxillofacial prostheses. Stability 
is defined as the resistance to horizontal and rotational forces. Figure 4.15 shows a tooth with its survey line, where 
the upper part plays a role in the stability of the prosthesis. The design of the 3D-printed retention clasps includes 
this side of the survey line, and could thus provide some level of stability. Future research should evaluate if this 
level of stability is sufficient.   

 

Figure 4.15. Tooth with survey line. In blue, part of the undercut is shown which provides retention when a clasp is placed in 
this area. In purple, the region providing stabilization is shown when a clasp is placed in this area. 28 

Support is vital to resist cranial vertical forces, which is specifically important in obturators to prevent the bulb 
from pushing into the wound tissue, causing pain. It can be achieved by designing rests on the teeth or with 
maximum extension onto the residual palate and contact with residual bony structures.29 The minor connectors of 
the design of the 3D-printed retention clasps could provide some level of support, which can be evaluated in future 
research.   

As stated, further research should be done to develop and validate a digital surveyor. With a digital surveyor, the 
path of insertion and the undercuts can be visualized. Future research can also look into other options for digital 
surveying, such as the 3Shape digital surveyor or the 3Matic function.  

Conclusion 

In summary, this research presents a practical CAD/CAM workflow that enables the addition of 3D-printed 
retention clasps to an existing CAD/CAM workflow for a 3D-printed hollow obturator. The retention clasps designed 
in this study satisfy all design criteria, thus proving the feasibility of this workflow. However, it is worth noting that 
the path of insertion for bilateral retention clasps is challenging to define, which can lead to misfit or breach. To 
overcome this issue, future research can focus on validating a proposed method for digital surveying using a digital 
surveyor on the digital cast model. 
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Chapter 5.  
Tongue palate pressure for deglutition 
simulation on immediate surgical 
obturators 
 

Introduction 

Immediate Surgical Obturators (ISO) are intraoperatively placed into the maxillectomy defect. The primary goal of 
the ISO is to restore oronasal separation, enabling the restoration of speech, swallowing, and facial aesthetics 
during the first healing phase. The ISO is secured in position using palate screws, zygomatic wires, retention wires 
and/or Adams clasps.1–4 

During deglutition, speech, and mastication, the ISO undergoes various forces, including caudal pressure caused 
by tissue contraction and wound exudate. In the phantom study of Chapter 6, the aim is to simulate these forces to 
evaluate the 3D printed retention for all ISO classes. While studies have investigated the mastication function of 
patients with obturators5–8, there is limited literature discussing the impact of other forces on the obturator.  

As the current workflow for the 3D printed ISO does not incorporate dentition, mastication forces are excluded 
from this study. Yano et al.9 assessed both swallowing and articulation pressure across five palatal locations. Their 
findings indicate that the tongue pressure during swallowing reached a 6.0-6.7 times higher maximal magnitude 
than during articulation. Therefore, the focus of this study is the tongue-palate pressure (TPP) during deglutition. 
This TPP is used in the phantom study to develop a tongue phantom.  

During the oral stage of swallowing, the tongue executes a wave-like motion. The tip of the tongue exerts pressure 
on the alveolar ridge and front part of the hard palate while the back part of the tongue descends to allow the bolus 
to move towards the pharynx. Thereafter, the tongue gradually pushes against the palate from anterior to posterior 
to propel the bolus into the pharynx.10 The final phantom study aims to mimic this tongue movement, to determine 
the maximum displacement of the obturator during deglutition. This displacement is responsible for prosthesis 
failure and lack of retention. Given the complexity of swallowing, the movement is simplified for the phantom 
study. The largest displacement of the obturator takes place when the anterior part of the obturator is pushed, 
directly followed by the posterior part. Therefore, our focus is on the TPP at these two locations. Additionally, a 
third location medially on the hard palate is examined, to replicate a wave-like motion. The measurements are 
taken at the midline of the hard palate since Miller et al.11 found no difference in TPP between the mid-anterior 
tongue and the lateral sides. 

Method 

TPP was measured using the Iowa Oral Performance Instrument (IOPI Medical LCC, Redmond, Washington). This 
instrument is a pneumatic device, measuring pressures in kPa. It consists of an air-filled balloon attached to a 
flexible plastic tube that is connected to the device. The balloon is approximately 3.5 cm in length, 1.5 cm in width 
and has an internal volume of 2.8 mL. 

The TPP is measured at three locations along the tongue midline: anterior, posterior, and medial. To determine the 
location of the anterior TPP (TPPa), the middle of the balloon is placed on the alveolar ridge, just posterior to the 
incisors. For the posterior TPP (TPPp), the tip of the balloon is placed at the transition of hard to soft palate. The 
median TPP (TPPm) is in the middle of the TPPa and TPPp. An elastic band marks the location on the connecting 
tube for all three locations (see Figure 5.1). 
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Figure 5.1. A schematic figure of the IOPI balloon placed on the medial part of the tongue. The blue, yellow and pink bands are 
elastic bands on the tube, marking the anterior, median and posterior location of the balloon on the hard palate, specific for 

each subject. This ensures that the placement of the balloon is identical for all three repetition measurements. The elastic 
band is placed just outside the lips.12 

The study enrolled three healthy, young (age 23-24) females, who were recruited from the NCI-AvL. To evaluate TPP 
during deglutition, the participants were asked to drink a small sip of water (10-20 mL 13) through a straw. During 
one measurement repetition, each subject is seated in a chair facing forward and instructed to take three 
consecutive sips of water with the bulb in the anterior position, then three consecutive sips with the bulb in the 
middle position and finally three consecutive sips with the bulb in the posterior position. Each subject performs 
three of these measurement repetitions.   

Analysis 

The analysis is done in twofold. Firstly, the mean pressure is calculated for each location, averaging all 27 
measurements taken at the location. Secondly, a Wilcoxon Signed Ranks Test is performed in SPSS software (IBM, 
New York, USA), to evaluate whether there are any differences between TPPa, TPPm and TPPp. This test compares 
population means to determine if there is a significant difference between related data sets. 

In SPSS data contained three variables, TPPa, TPPm and TPPp, each with 27 measurements (3 subjects * 3 sips * 3 
sets = 27 measurements). As the statistical analysis is used as substantiation for the hypotheses that TPPa, TPPm 
and TPPp do not significantly differ (H0: the groups differ), all measurements per location are aggregated. The 
confidence interval is set at 95%, with a significance level of 0.05. This means that a p-value of >0.05 suggests the 
similarity of the three locations, but does not provide conclusive evidence. For the 95% confidence interval, the Z-
value cutoff is 1.96. A Z-value between -1.96 and 1.96 supports the hypothesis of the similarity of TPPa, TPPm and 
TPPp.  

Results 

The raw data of the tongue pressure on the hard palate for TPPa, TPPm and TPPp for three subjects that completed 
three measurement repetitions can be found in Appendix A.  

The mean and standard deviation for all three locations (N=27) are shown in Table 5.1. 

  

 Average Standard 
deviation 

TPPA 16.8 kPa 5.5 
TPPM 17.6 kPa 4.5 
TPPP 17.4 kPa 3.2 

 

Table 5.1. mean and standard deviation of the tongue palate 
pressure on three locations measured on young healthy females. 
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Three Wilcoxon Signed Ranks Tests were performed to compare all three groups. The Z- and p-values of those 
three tests are shown in Table 5.2.  

 

 Z P value 
TPPA vs. TPPM -.526 .599 
TPPA vs. TPPP -.789 .430 
TPPM vs. TPPP -.013 .989 

 

Discussion 

This study aims to investigate the TPP on three palate locations during deglutition of a sip of water. The results 
indicate a TPP of 17-18 kPa for all three locations. The Wilcoxon Signed Ranks test did not indicate a significant 
difference between all groups, thus the null hypothesis (H0) is not rejected. This implies that the TPP is uniform 
across all three locations.  

However, these results do not match with some literature. Yano et al.9 measured the tongue pressure for articulation 
(monosyllable, Japanese) and deglutition (dry, saliva) with a sensor sheet attached to the hard palate. They found a 
dissimilarity between the anterior, medial and posterior measurement points on the palatal midline. Miller et al.11 
supported this finding, by concluding that the anterior-medial and posterior-lateral parts of the palate have a high 
maximal magnitude of tongue pressure for the bolus to propagate. One explanation for our results is the size of 
the balloon of the IOPI, which can lead to some overlay at the three locations.  

The outcomes of this study will serve as the basis for designing a tongue phantom that can mimic a simplified 
swallowing motion. The tongue phantom will be configured with the IOPI to attain a pressure of 17 kPa, which will 
be measured at all three locations.  

There are some limitations to this study. Firstly, the bolus size was not standardized. During the measurements, 
the subjects took a sip of water through a straw. Both the bolus size and viscosity affect the TPP.11,14,15 Thus, we were 
unable to measure the maximum pressure the obturator will endure during swallowing, as the pressure can 
increase with a larger volume or when swallowing a thicker substance. 

Another limitation is that these results are measured for healthy young female subjects. Age can influence tongue 
pressure.14 The tongue function may also differ in maxillectomy patients. Ogino et al.16 conducted a retrospective 
analysis of tongue function and swallowing in maxillectomy patients and found impaired EAT-10 scores. They also 
highlighted the importance of obturator retention, as poor retention can even lead to impaired tongue functions 
that can cause dysphagia. Therefore, the TPP may differ for maxillectomy patients compared to healthy young 
subjects. Literature is inconclusive about the effect of gender on tongue strength. Vanderwegen et al.17 found that 
men, in general, showed higher tongue pressures, though Stierwalt et al.18 found no significant difference.  

Conclusion 

Within the limitations of this study, we can conclude that the TPP for young healthy female subjects is 17 kPa in 
three locations measured with the IOPI. The TPP is uniform across the three locations on the midline of the palate. 
These findings can be used in the deglutition test of the phantom study in Chapter 6.  

  

Table 5.2. Z- and p-value of three comparisons with the Wilcoxon 
Signed Ranks test.  
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Chapter 6.   
Retention Methods for 3D-printed 
Immediate Surgical Obturators: A 
Phantom Study  
 

Introduction 

The success of an obturator is dependent on many factors. Adequate retention contributes to the prosthesis’ 
success. Retention of a dental prosthesis is defined as “the quality inherent in the dental prosthesis acting to resist 
the forces of dislodgment along the path of placement”.1 For some patients, a conventional obturator prosthesis 
with various retention methods such as clasps, wires and screws is sufficient for the phase of the immediate 
surgical obturator (ISO). Unfortunately, there are also patients where these methods do not suffice in retention, 
stability and support, leading to prosthesis dissatisfaction.2 Reducing the weight of the bulb could enhance the 
retention and stability of an obturator.3–6 

Designing a hollow bulb can reduce the weight of an obturator by 7-47%.7,8 Within the NKI-AvL, a CAD/CAM 
workflow for the fabrication of 3D-printed hollow ISO (hISO) is developed.9,10 The current workflow (see Figure 6.1) 
consists of the data acquisition and registration, and the design and fabrication of the baseplate and the bulb. 
Before the hISO can be clinically implemented, retention must be included in this workflow. 

 

Figure 6.1. CAD/CAM workflow for the fabrication of a hollow bulb Immediate Surgical obturator. This workflow includes the 
data acquisition and registration, and the design and fabrication of the bulb and baseplate.  

Retention of an obturator is affected by many different aspects, such as the remaining teeth, the size of the defect, 
and the availability of tissue and muscles around the defect.11 A conventional ISO is mainly secured with the 
following four different techniques, alone or combined12: Zygomatic wires and boulders, palatal screws, retentive 
clasps, and circumferential wires around teeth (see Figure 6.2).  
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Figure 6.2 Four different retention methods used for the fixation of a surgical obturator during maxillectomy. From left to 
right: Zygomatic wire and boulder; palatal screws; Adams clasp; and circumferential cerclage wires around the teeth, through 

holes in the baseplate. 13–16 

Based on these retention methods for the conventional ISO, the retention methods for the 3-printed hISO are 
developed. A standardized boulder for the zygomatic wire is designed (see Figure 6.3) that can be scaled and added 
to the digital design of the hISO. For the palatal screws and circumferential wires around the teeth, holes can be 
included in the design, or drilled in the desired locations after fabrication. In addition, Chapter 4 proposes a 
workflow for 3D-printable retention clasps. These clasps can be used on their own or in combination with other 
retention methods.  

 

Figure 6.3. A digital design of an obturator, with the boulder delineated with red. A zygomatic wire can be placed around the 
boulder. 

This study aims to investigate the retentive value of these 3D-printed clasps in different combinations for different 
defects. This is done by performing a phantom study, which compares the retention clasps to the circumferential 
wires around the teeth in combination with the zygomatic wire and boulder. The retentive value of the clasps is 
also determined in combination with a palatal screw. These tests are performed for each NKI class, as stated in 
Chapter 3. The retentive value is measured as displacement under simulated forces of deglutition and wound tissue 
contraction and exudate, where less displacement means better retention.  

Methods 

This phantom study includes skull phantoms in a steady mounting frame, obturators with different retention 
method combinations, a tongue phantom and a spring balance, which will be elaborated on in this method section.  

The goal of the phantom study is to determine the displacement of the obturators relative to the skull phantom 
under two forces: deglutition and the outward force of tissue contraction and exudate. To determine this 
displacement, electromagnetic (EM) tracking is used. Two EM sensors are placed: one on the skull (SS) and one on 
the obturator (SO). This section elaborates on the measurements and set-up. 
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Skull phantom and mounting frame design and fabrication 

Chapter 3 proposes a new classification system for the design of hISOs. This study aims to determine the 
implications of the use of 3D-printed clasps for each of these classes.   

A skull phantom is designed for each class to mimic the corresponding defect. A CT scan and intraoral scan of a 
subject are used to design the skull phantom. As in the CAD/CAM workflow for the hISO, a skull segmentation is 
derived from the CT scan. This segmentation is merged with the intraoral scan in Artec Studios (Artec, 
Senningerberg, Luxembourg) to include more dental detail into the skull phantom. Also, the bone segmentation of 
the CT scan only includes the palatal bone, so the merge with the IOS provides the mucosal anatomy of the upper 
jaw. To shorten fabrication time and decrease costs, only the region of interest is included in the final digital 
design, including the maxilla and the zygomatic arch. Holes are created between the teeth present on the phantom 
to mimic the interproximal space, which is important for the circumferential wires around the teeth. Figure 6.4 
shows the final designs of all seven skull phantoms. Note the adapters, for fixation to the mounting frame, which 
will be elaborated on later on.  

All skulls are 3D-printed using a Formlabs SLA printer (Formlabs, Somerville Mas., U.S.) in Formlabs Tough 1500 
Resin. To mimic the mucosa on the hard palate, a thin layer of tissue conditioner (Coe-Soft, GC America Inc., Alsip, 
IL, U.S.A.) is put on the palate of all phantoms.  

Figure 6.4. Seven digitally designed phantom skulls, each representing another NKI class defect. Note the adapters on the 
designs, for easy and repeatable montage on a mounting frame.  

The mounting frame (see Figure 6.5) is made out of non-magnetic parts to minimize the disturbance on the EM 
field during measurements. This means plastic poles, plates, screws and nuts are used. The frame consists of three 
poles (20x20x200 mm) with vertical notches. As seen in Figure 6.4, the skull phantoms have adapters, each 
corresponding to one pole. A screw and nut can be put through the adapter, and slide into the notch of the pole. 
This way, the skull phantoms can be easily swapped and tightly secured. Figure 6.6 also shows these adapters, to 
ensure the right location to the poles.  

The base plate and tongue plate are made out of Perspex, which have been laser cut into the right shape. The tongue 
plate includes windows, so it can slide over the poles. Windows are cut into the tongue plate for it to slide over de 
poles, after which it is fixated on the right height with corner brackets. The poles are screwed onto the baseplate.  
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Figure 6.5. Digital design of the mounting frame for the skull phantoms. The frame exists of a baseplate, tongue plate and 
three poles that are screwed into the baseplate. The tongue plate has windows to fit over the poles and is fixated on the right 
height with corner brackets in the eventual set-up. The image also shows the adapters on top of the poles, to determine their 

right location when added to the skull phantoms.  

 

Figure 6.6. Digital design of the mounting frame with a skull phantom. The adapters are now positioned to the skull phantom, 
to ensure the right fit.  

Obturators 

For each skull phantom, four 3D-printed hollow obturators are designed according to the state-of-the-art workflow 
to test the retention methods, each with different combinations of retention methods (see Figure 6.7):  

1. Zygomatic wire and boulder + circumferential wires 
2. Zygomatic wire and boulder + 3D-printed retention clasps 
3. Palatal screw + 3D-printed retention clasps 
4. Palatal screw 

These designs also include two extra holes so a string can be inserted through them to apply a pulling force to the 
obturators. These obturators are 3D-printed using the Formlabs SLA printer with Clear V4 Resin.  
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Figure 6.7. Four different combinations of retention methods. 1) Zygomatic wire and boulder, and circumferential wires 
around M1 and C; 2) zygomatic wire and boulder, and 3D printed retention clasps; 3) palatal screw, and 3D printed retention 
clasps; and 4) palatal screw. Note the extra holes for a string to be inserted through so a pulling force can be applied to the 

obturators. 

Tongue phantom 

To mimic deglutition, a silicone tongue is developed with three air-filled pockets (anterior, medial, posterior) that 
can be inflated separately. To create this tongue phantom, a mould is designed in Autodesk Meshmixer 
(RRID:SCR_015736, ©2020 Autodesk, Inc.), being a block with a cavity in the dimensions of a relaxed tongue that fits 
within the width of the skull phantom palate (see Figure 6.8). To ensure enough space for the fixation of tubes to 
the air pockets, the tongue phantom is longer than the palate.  

To get air-filled pockets inside this silicone tongue, a lid is designed that fits onto the mould. This lid has three 
stems with balls. When the mould is filled with silicone, these stems and balls will ensure a pocket inside the 
silicone. The stems create connecting tubes, enabling air to get to the pockets separately. Figure 6.9 shows the 
design of the mould and lid.  

 

Figure 6.8. The design of a mould for a silicone tongue. The measurements are that of a relaxed tongue that will fit into the 
palate of the skull phantom, with a somewhat extended length. 

 

Figure 6.9. The digital design of the mould and lid for a silicone tongue phantom with three air pockets. The lid is shown in 
pink, fitting onto the mould in one way. The lid has three balls with connecting tubes, creating air pockets into the silicone 

when the mould is filled. 
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The mould and lid are also 3D printed with the Formlabs SLA printer. A flexible silicone (EcoFlex 00-30, Smooth-
On, Inc. Macungie, Pennsylvania, U.S.A.) is mixed as intended and put in a vacuum chamber to release air bubbles 
inside the mixture. The mixture is poured into the mould and once again put into the vacuum chamber. The lid is 
placed onto the mould and all together it is set away to cure for at least 4 hours. After curing, tubes are inserted 
into the channels. These tubes are connected to a pneumatic valve, which allows air to flow with a certain pressure 
for a standardized time, expanding the air pockets alternately from anterior to posterior. The time and pressure 
are set so that on each location, a TPP pressure of 17 kPa is applied. This is tested with the Iowa Oral Performance 
Instrument (IOPI Medical LCC, Redmond, Washington). A schematic image of the final set-up of the tongue 
phantom is shown in Figure 6.10.  

 

Figure 6.10. Set-up to determine the displacement of an obturator relative to a skull phantom. A skull phantom is mounted 
into a frame with adapters, in which an obturator is placed. The silicone tongue phantom with three air-filled pockets is 

placed on the tongue plate under the skull. The tongue phantom is attached to a pneumatic valve, which allows air to flow to 
the air pockets alternately from anterior to posterior, creating a 17-kPa pressure between the tongue and the palate. Both the 

skull and the obturator have an EM sensor to determine the displacement.  

Contacting scar tissue 

To mimic the force of the contracting wound tissue and exudate pushing the bulb out, a pulling force is applied to 
the obturator. All obturators have two holes around the centre where a string can be put through (see Figure 6.7). 
A non-elastic, strong rope is used. The rope is pulled down through a hole in the tongue plate, and at the end 
hooked to a spring balance, on which the force in Newton can be seen during pulling. Figure 6.11 shows a schematic 
image of the set-up.  
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Figure 6.11. Set up for the pull test to determine the displacement of an obturator relative to a skull phantom. The skull 
phantom is mounted into a steady frame with adapters. A fitting obturator is placed into the skull phantom, with a string 

attached. This string is put through a hole straight down and attached to a spring balance, which is pulled with 20 N. Both the 
skull and the obturator have an EM sensor to determine the displacement.  

Measurement protocol 

The set-up is placed in the EM field of the NDI Aurora planar field generator. Two cable tools are used with both a 
6DOF sensor at the tip. For each skull phantom, the measurement protocol is as follows:  

1. Place obturator 1 as intended and add the string through both holes. Pull the string through the tongue 
plate.  

2. Place EM sensor SO on the bulb of the obturator. 
3. Place EM sensor SS on the skull, close to the field generator.  
4. Perform a baseline measurement of 6 seconds. 
5. Start a measurement of six seconds when no force is applied to the obturator, pull with 20 Newton and 

release the force before the measurement is over.  
6. Repeat step 5 nine times.  

When the pulling measurements are completed, the tongue phantom is placed on the tongue plate. The 
measurement protocol is as follows:  

1. Perform a baseline measurement for three seconds. 
2. Start a measurement of three seconds, while each air pocket is inflated from anterior to posterior once. 
3. Repeat step 2 nine times.  

Now all measurements for the first skull phantom and obturator 1 are performed. Repeat for all obturators. When 
all four obturators are measured, change the skull phantom and repeat.  

Evaluation 

The raw data from both EM sensors for all measurements are processed in MATLAB (The MathWorks, Inc., 
Natick, Mass). The Aurora has a 40 Hz measurement frequency. For each measurement sample, the distance 
between SS and SO is calculated by a double Pythagoras, after correcting the locations to the position of the sensors 
at the first sample. To be robust to possible outliers, the 95th percentile maximum displacement is taken for each 
measurement. This value is determined for all ten measurement rounds.  

The first measurement is a baseline measurement, used to evaluate the error of the set-up. The 95th percentile 
displacement of the other nine measurements is taken together and shown in a boxplot with notches. With the use 
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of these boxplots and notches, the median of the 95th percentile maximal displacements can be compared between 
obturators per NKI class. The lower the maximal displacement, the stronger the retention method. When notches 
of two boxplots do not overlap, i.e. the blue or red shaded areas do not overlap, the median of the displacements 
of the respective obturators is different at a 5% significance level. 

One goal is to compare the 3D-printed retention clasps to the conventional circumferential wires. Therefore, 
obturator 1 and 2 are compared to each other. Obturators 3 and 4 are compared to each other, to evaluate the 
added value of the 3D-printed retention claps in combination with a palatum screw.  

Appendix C elaborates on the MATLAB script that is used for data processing and visualization.  
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Results 

Figure 6.12 shows the boxplots of the maximal displacement of each obturator during the deglutition test per skull 
phantom. Each boxplot exists of the maximal displacement of nine measurements performed per obturator. The 
line in the notches show the median of each set of these nine measurements. The x-axis shows numbers 1-4 
representing which retention method combination is tested (see Figure 6.7), and the skull phantom on which is 
tested (A1-Z3). The y-axis shows the displacement of the SO relative to the SS in millimetres.  

For skull phantom A1, obturator 1 and 2 do not have overlapping notches, and the displacement of obturator 2 is 
less than for obturator 1. Obturator 3 has more displacement than obturator 4 with no overlapping notches. For 
skull phantom A2, obturator 2 has less displacement than obturator 1, with no overlapping notches. Obturator 3 
has more displacement than obturator 4 without overlapping notches. For skull phantom A3, obturator 2 has less 
displacement than obturator 1. Obturator 3 has more displacement than obturator 4 with no overlapping notches. 
For skull phantom A4, obturator 2 has less displacement than obturator 1, with no overlapping notches. Obturators 
3 and 4 have overlapping notches.  

For skull phantom Z1, obturator 2 shows more displacement than obturator 1, with no overlapping notches. 
Obturators 3 and 4 have overlapping notches. For skull phantom Z2, obturator 1 and 2 have overlapping notches, 
and obturator 3 has less displacement than obturator 4 with no overlapping notches. For skull phantom Z3, 
obturators 2 and 3 failed, so no comparison is made.  

 Figure 6.12. Boxplots of the maximal displacement of each obturator during the deglutition test per skull phantom. Each 
boxplot exists of the maximal displacement of 9 measurements done per obturator. The notches show the median of each set 
of these nine measurements. The x-axis shows the retention method combination and skull phantom. The y-axis shows the 

displacement of the SO relative to the SS in millimetres.  

* No measurements are available because of clasp failure 
 

Figure 6.13 shows the boxplots of the maximal displacement of each obturator during the pull test per skull 
phantom. The axes are the same as for Figure 6.12, but note the bigger displacement on the y-axis (2 mm instead 
of 0.6 mm). Obturator 2 of skull phantom A4 failed, so are obturator 2 and 3 for skull phantom Z3. These are not 
taken into account.  

For skull phantom A1, obturators 1 and 2 have overlapping notches. Obturator 3 has a bigger displacement than 
obturator 4, with no overlapping notches. For skull phantom A2, obturator 2 has less displacement than obturator 
1, with no overlapping notches. Obturator 3 has more displacement than obturator 4 with no overlapping notches. 
For skull phantom A3, obturator 2 has less displacement than obturator 1, with no overlapping notches. Obturator 
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3 had less displacement than obturator 4 with no overlapping notches. For skull phantom A4, obturators 3 and 4 
have overlapping notches.  

For skull phantom Z1, obturator 2 shows less displacement than obturator 1 with no overlapping notches. Obturator 
3 shows more displacement than obturator 4 with no overlapping notches. For skull phantom Z2, obturator 2 has 
more displacement than obturator 1 with no overlapping notches. Obturators 3 and 4 have overlapping notches. 
No comparison is done for skull phantom Z3.  

Figure 6.13. Boxplots of the maximal displacement of each obturator during the pull test per skull phantom. Each boxplot 
exists of the maximal displacement of 9 measurements done per obturator. The notches show the median of each set of these 

nine measurements. The x-axis shows the retention method combination and skull phantom. The y-axis shows the 
displacement of the SO relative to the SS in millimetres.  

* No measurements are available because of clasp failure 
 

Table 6.1 shows if obturator 2 provides equal or better retention compared to obturator 1, for the deglutition and 
pull test. It also shows if obturator 2 has an equal or better retention when results from both tests are combined.  

Table 6.2 shows if obturator 3 has additional retentive value compared to obturator 4 for the deglutition and pull 
test, and for both tests combined. 
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Table 6.1. Does obturator 2 show less displacement than obturator 1, or do both obturators have overlapping boxplot notches?  

 Deglutition 
test 

Pull test Combined 

A1    
A2    
A3    
A4   

Z1 x  o 
Z2  x o 
Z3    

  

 

 
 

 

Table 6.2. Does obturator 3 show less displacement than obturator 4?   

 Deglutition 
test 

Pull test Combined 

A1 x x x 
A2 x x x 
A3 x  o 
A4 x x x 
Z1 x x x 
Z2  x o 
Z3    

 

  

Note  - legend 

 obturator 2 shows less displacement than obturator 1, or the notches overlap. 

x  obturator 2 shows more displacement than obturator 1.  

o  contradictory results

   failed test.  

Note  - legend 

 obturator 3 shows less displacement than obturator 4. 

x   obturator 3 shows more displacement than obturator 4, or the notches overlap 

o  contradictory results

   failed test.  
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Discussion 

Interpretation of results 

This study aimed to assess the effectiveness of 3D-printed retention clasps in various combinations for different 
types of defects through a phantom study. This study involved a tongue phantom to simulate swallowing and a pull 
test to replicate the outward force caused by exudate and scar tissue contraction. The 3D-printed retention clasps 
were assessed in combination with a zygomatic wire and boulder. This combination showed comparable or 
superior retention when compared to circumferential wires around the teeth and a zygomatic wire for the alveolar 
classes of the NKI classification. For the zygomatic classes of the NKI classification, the clasps showed higher 
displacement during the tests or the clasps failed. In combination with a palatum screw, the 3D-printed clasps did 
not provide additional retentive value. The subsequent sections will provide further details on these comparisons.   

Retentive clasps in combination with a boulder and zygomatic wire (obturator 2 compared to obturator 1) 

Table 1 shows that obturator 2 has better overall performance than obturator 1 for all alveolar classes (A1-A4). 
However, for the zygomatic classes, the results of the deglutition test of skull phantom Z1 and the pull test of skull 
phantom Z2 show more displacement with the retention clasps.  

The 3D-printed retention clasps failed for skull phantom Z3, thus no comparison can be made. It is unclear whether 
the clasps would have failed during the deglutition test because they failed during the pull test that was performed 
first. The displacements for obturator 1 and 4 for skull phantom Z3 tend to be higher than for the rest of the skull 
phantoms. Therefore, it is not recommended to use the 3D-printed retention clasps for obturators in class Z3. 

For skull phantom Z1, the difference in the median of obturator 1 and 2 is 0.04 (0.11 mm for obturator 2, 0.07 mm 
for obturator 1) during the deglutition test. It is debatable if this difference in displacement is clinically relevant. 
The median displacement of 0.11 mm is considered low, which implies that the clasps provide sufficient retention. 
With the pull test, obturator 2 showed lower displacement than obturator 1. Based on these results, the 3D-printed 
retention clasps seem useable for hISOs of class Z1.  

For the pull test of skull phantom Z2, obturator 2 shows higher displacement than obturator 2. As the notches of 
obturator 1 and 2 overlap for the deglutition test, the medians are likely to be equal at a 5% significance level. 
However, it is challenging to draw conclusions based on these two contrasting results as no literature quantifies 
the extent of displacement and links it to prosthesis failure or dissatisfaction. 

Based on these results, the 3D-printed retention clasps can be used for alveolar classes A1-A4 and the zygomatic 
class Z1. For the obturator of class Z3, the 3D-printed retention clasps are not recommended for use. More research 
is needed to determine the clinical cut-off value for the displacement linked to prosthesis dissatisfaction for 
obturators of class Z2. These results are in line with the expectation that retention for bigger and heavier obturators 
is more challenging4–6,17,18.  

Retentive clasps in combination with a palatum screw (obturator 3 compared to obturator 4) 

This comparison aims to evaluate the additional value of 3D-printed retention clasps when used in combination 
with a palatal screw, by comparing the retention provided by a palatal screw alone versus a combination of the 
palatal screw and 3D-printed retention clasps. The results showed that for skull phantoms A1 and A2, the addition 
of 3D-printed retention clasps did not result in additional retention. However, for skull phantom A3, the deglutition 
test showed a higher median displacement for obturator 3 than for obturator 4, while the pull test resulted in a 
lower median displacement for obturator 3 than for obturator 4. These contradictory results suggest that the 
additive retentive value of the 3D-printed retention clasps cannot be proven.  

For skull phantom A4, obturators 3 and 4 have overlapping notches in both the deglutition and pull test, thus the 
addition of 3D-printed retention clasps did not provide additional retentive value. Similarly, for skull phantom Z1, 
overlapping notches are seen in the deglutition test. The pull test resulted in more displacement for obturator 3. 
Thus, the addition of 3D-printed retention clasps to hISOs of class Z1 did not provide additional retentive value in 
both tests.  

However, for skull phantom Z2, the deglutition test showed additional retentive value for the 3D-printed retention 
clasps, while the pull test resulted in overlapping notches. These results are contradictory and thus the additive 
retentive value of the 3D-printed retention clasps cannot be proven. As for skull phantom Z3, the retention clasps 
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failed for obturator 3, so no comparison is made. The results imply not using the 3D-printed retention clasps for 
obturators in class Z3.  

The results showing obturator 3 has more displacement than obturator 4 are unexpected since an extra retention 
method is added. For example, the pull test for A2 is a strange result, because the displacement is much more for 
obturator 3 than for obturator 4 (0.92 mm and 0.26 mm resp.). This difference suggests that the retention clasps 
might have affected the screw's performance or the obturator's fit. However, this is not noticed during 
measurements.  

Overall retention deglutition test 

Overall, the values seen as displacement during the deglutition test are small between 0.03 mm and 0.29 mm. 
Therefore, it seems that all retention methods could suffice for these forces during swallowing for maxillectomy 
patients with obturators of all seven NKI classes. The measurement of obturator 1 on skull phantom A3 shows a 
divergent result, with a median displacement of 0.42 mm.  

Overall retention pull test 

The displacement values resulting from the pull test are higher than those resulting from the deglutition test. This 
can be explained by the bigger force that is exerted on the hISOs. In addition, this force is one-directional, pulling 
the hISOs down. Overall, the hISO with a boulder and zygomatic wire and the 3D-printed retention clasps seem to 
provide the most retention. For skull phantom A4, the retention clasps failed, due to the bilateral position of the 
clasps as described in Chapter 4. Displacement of both the hISOs for skull phantom Z3 show higher displacement, 
and the retention clasps failed after the first pull. This is in line with larger and heavier bulbs being more 
challenging in terms of retention.17,18 This test shows that the retention for bigger obturators such as class Z3 is 
indeed challenging, even with the weight reduction of 36-39%10.  

Although the displacement values are higher than for the deglutition test, all retention methods for the alveolar 
classes (except the failed obturator 2 for class A4) and all retention methods for zygomatic classes Z1 and Z2 show 
a displacement median smaller than 1 mm. It is important to determine which extent of displacement causes 
prosthesis problems for the patient. A test could be performed, in which air and fluid leakage as measurable results 
are linked to displacement of their obturator.   

Limitations 

Retentive clasps in combination with a boulder and zygomatic wire 

With this phantom study, the 3D-printed retention clasps are compared to the circumferential wires for the 
CAD/CAM hISO. For the implementation of the hISO with these retention clasps, a comparison with the 
conventional ISO is desirable. There is no quantitative data on the failure or the displacement of the conventional 
ISO. Therefore, it is a challenge to state that the 3D-printed hISO with 3D-printed retention clasps and a zygomatic 
wire provide better - or at least the same - retention as a conventional ISO of the same dimensions with Adams 
clasps and a zygomatic wire. For clinical testing and implementation, it is very important to prove that the 3D-
printed hISO and its clasps are comparable to the conventional ISO.  

Palatal screw 

In the clinical situation, the palatal screw is fixated into the remnant hard palatal shelf. The bone quality and 
quantity play important roles in the success of the palatal screws 19,20. The hard palate is often mentioned in 
literature as a place for orthodontic implants or mini-screws, due to the relatively thick bone height and good 
quality. Unfortunately, the literature also mentions a great individual variability between the anatomy of the hard 
palate, and thus the vertical bone height of the palate and the bone quality 21,22. There is a lack of literature about 
the use of palatal screws for obturators specifically, but the literature on mini-screws shows that the success of the 
palatal screw is very dependent on patient anatomy.  

With this phantom study, the skull phantoms are 3D-printed in Formlabs Tough 1500 Resin, and holes are 
predrilled into the skull phantom where the screws are fixated into. This is not directly comparable to the clinical 
situation, since the resin palate does not include layers representing cortical and trabecular bone and does not 
vary in bone quality and quantity. The vertical bone thickness is true to the anatomy since the skull phantom is 
directly based on a bone segmentation from a CT scan.  
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Overall measurement limitations 

During the measurements, the retention clasps failed for three obturators during the pull test. This was for class 
A3 and Z3, with both little dentition available for retention. The canine was not included in the retention, which 
resulted in a suboptimal retention configuration. The results are in line with the literature, stating that retention 
is more challenging for bigger and heavier obturators. Therefore, it was expected to see bigger displacements, but 
failure of the clasps was not expected.   

The comparison measure in this study is the median, which is determined by an in-built function of MATLAB 
boxchart. The median is robust for outliers. This measure is chosen because the test is prone to outliers, especially 
the pull test which is not standardized. In the clinical situation, the maximal displacement is important. When a 
patient swallows for instance 500 times a day, it is even discouraging if the obturator fails 1 of those times. Because 
the pull test is not standardized, the median is likely to be associated with the displacement caused by a 20 Newton 
pull. It could be beneficial to standardize the pull test, and also take into account the maximal value of the maximal 
displacement per test.  

It is also important to mention that the chosen 20 Newton for the pull test is not based on literature or calculations 
and is reasonably an overestimation. Therefore, the maximal displacements cannot be seen as an absolute 
displacement happening due to the wound tissue shrinkage and exudate. They have to be seen relative to each 
other. In addition, the rope is attached to the centre of the obturator. For a proper simulation of the pushing force, 
the rope should be attached to the centre of gravity of the bulb, or in its vertical line.  

The average tongue palate pressure derived from Chapter 5 is used for the deglutition test. It is debatable whether 
the maximal pressure should have been used to test the maximal displacement because the retention must resist 
that force. In addition, with the deglutition test a force against the palate with the tongue phantom is provided. This 
way, the measurements are not solely about retention. According to the definition of retention and support, this 
test is also looking at the support of the clasps. This is not evaluated specifically in the results. Our initial 
expectation was the clicking of the obturator due to the force change from anterior to posterior. This was not seen 
during the tests.  

The results of this study are based on the displacement measured with the EM trackers. 6DOF sensors were used, 
so rotations were also measured but not evaluated. This can be used to evaluate the additional value in the stability 
of the 3D-printed retention clasps. The use of EM trackers can also be debated. The two main navigation 
technologies are optical tracking and EM tracking. Optical tracking is very robust to environmental conditions, but 
the limitation is that a direct line-of-sight is needed between the optical markers and the camera  

-up.23 Within this research, the EM navigation set-up was easily accessible, but optical tracking could enable the 
phantom set-up to be made of metal and be more rigid.  

Overall, the skull phantoms have the true anatomy of a patient but are different from the clinical situation. The 
teeth are printed as smooth as possible, but true dental enamel together with saliva probably gives less resistance 
to retention clasps than plastic on plastic. Therefore, these results could overestimate the retention that is provided 
by the 3D-printed retention clasps. On the other hand, the comparison between the four different obturators is not 
affected because the set-up is the same.  

Future perspective 

The present study highlights the limitations of the 3D-printed hISO and retention clasps, which have not been 
compared to the conventional ISO. To ensure the clinical testing and implementation of the 3D-printed hISO and 
retention clasps, it is essential to establish that they are at least as retentive as the conventional ISO. Future studies 
should perform a comparison with conventional ISOs to gain quantitative insight into the retention methods for 
conventional ISOs, which is currently lacking.  

To define “sufficient retention”, there is a need for a clinical cut-off value for the displacement of an obturator. 
There is little to no information about obturator satisfaction linked to displacement of the obturator. Some studies 
examined the quality of life (QOL) of patients wearing an obturator after maxillectomy, but none linked the QOL to 
retention, stability and support in a quantitative way.24–27 Therefore, future studies should perform clinical 
measurements to quantify the retention, stability and support and link it to patients’ prosthesis satisfaction. This 
could be quantified by measuring the water and air leakage for certain displacements.  

Another important factor is the retention of heavy and big bulbs. This study substantiates that retention is 
challenging for big and heavy bulbs. Therefore, for obturators of class A3, Z2 and Z3 it would be beneficial to look 
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into different retention methods. A successful retention option mentioned in literature is zygoma implants (ZI), 
placed into the reminiscing zygoma bone.28–30 ZI improve the masticatory performance of patients directly after 
maxillectomy.31 Mousa et al.18  wrote a review about finite element studies for biomechanical stress in obturators. 
They compare ZI with dental implants (DI), often used for definitive obturators. DI have to consolidate into the 
residual alveolar or maxillary bone, which takes up to 6 weeks. Therefore, DI are not useful for the retention of 
surgical obturators. For ZI, surgical planning is mandatory because little anatomical landmarks are present, and 
it is important not to intrude the orbital floor with the risk of ocular perforation.32 Also, the extent of residual bone 
is dependent on the maxillectomy planning. ZI are also useful for the retention of obturators for edentulous 
maxillectomy patients. Future studies should evaluate if ZI are a valid retention method for the CAD/CAM hISO.  

The use of 3D-printed clasps in the hISO possibly allows it to serve as an interim obturator, meeting the 
requirement of easy removal. This is especially advantageous compared to fixation with wires. However, retention 
clasps are not indicated for use with palatal screws according to this study. Future research should aim at evaluating 
the retention of clasps without additional retention methods. 

Conclusion 

In conclusion, this study assessed the retentive value of 3D-printed retention clasps in each class of the NKI 
classification, in combination with zygomatic wires and palatal screws in a phantom study. The study simulated 
deglutition, as well as the outward force of contracting scar tissue and post-op wound exudate. The 3D-printed 
retention clasps showed positive retentive value when used with zygomatic wires. However, the clasps were not 
recommended for use in combination with palatal screws. The study also revealed more displacement of the 
obturators in the zygomatic classes. Therefore, future research should look into alternative retention methods such 
as zygoma implants. 
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Chapter 7.   
General Discussion 
 

Overall discussion 

This research aimed to provide the 3D-printed hollow immediate surgical obturator (hISO) with retention. The 
Chapters of this research all contributed towards an evaluated design of 3D-printable retention for the hISO. The 
results of the phantom study demonstrate that it is best to use the 3D-printed clasps in combination with a 3D-
printed boulder and zygomatic wires. This research provides a workflow for the design of these retention clasps, 
based on the intraoral scan (IOS) of a patient. It also provides insight into the retention methods and their 
sufficiency for each class in the proposed NKI classification. With the addition of retention, the 3D-printed hISO is 
one step further towards clinical testing and implementation within the NKI-AvL.   

Retention for obturators is complex because it is dependent on many patient-specific and therapy-dependent 
factors. To create retention methods for the 3D-printed hISO, we mimicked the methods that are used for the 
conventional ISO. Specifically for an ISO, the obturator must stay in place to reduce the flow of exudates post-
operative, to maintain a clean wound and to hold the skin graft in place when this is needed, and to keep the lip 
and cheek in position to compensate for scar tissue shrinkage.1 

To mimic the retention methods of the conventional ISO to the hISO, a 3D-model of a bolder is developed, which 
can be scaled and added to the digitally designed baseplate on the same location as on the conventional ISO (first 
molar). A zygomatic wire can be attached to this bolder. For the palatum screws, holes are added to the design. This 
could also be done after printing, as is done with the conventional ISO. Holes for circumferential wires are also 
included in the hISO design. To mimic the retention clasps of the conventional ISO, Chapter 4 proposes a CAD/CAM 
workflow that is developed together with the expertise of a dental technician and a maxillofacial prosthodontist. 
This resulted in an addition to the existing CAD/CAM workflow for the fabrication of the one-piece hISO including 
retention clasps.  

To evaluate these retention clasps, a phantom study was set up. The retentive value of the 3D-printed retention 
clasps is evaluated, by determining the displacement of obturators with different combinations of retention 
methods, for two clinically relevant forces: the force of the wound exudate pushing the bulb outwards, and the force 
of the tongue during deglutition. To determine the latter, a tongue-palate-pressure (TPP) test is performed on three 
healthy female subjects. Three locations of the tongue are evaluated: anterior, medial and posterior on the hard 
palate. The test showed an average pressure of 17 kPa, with no significant difference between the three locations. 
This is not in line with the results from Yano et al.2 and Miller et al.3, who found significant differences in TPP. An 
explanation could be the size of the balloon of the IOPI, causing the locations to overlap. Another explanation could 
be the bolus size and viscosity, which both influence the TPP.3–5 These results are measured for healthy young 
female subjects. Age can affect tongue pressure, but the literature is inconclusive as to whether gender affects 
tongue pressure. Ogino et al.6 performed a retrospective analysis of tongue function and swallowing in 
maxillectomy patients, and found impaired EAT-10 scores. They also mentioned the importance of obturator 
retention, because bad retention can lead to impaired tongue functions that can cause dysphagia. 

The force of the shrinking scar tissue and the wound exudate is mimicked with a pull test: a non-elastic, strong 
rope is attached to the obturators, through a hole directly under the obturator. At the end of this rope, a spring 
balance is attached. This spring balance pulls with a force of 20 Newton on the obturator, mimicking the outward 
push. There is no literature about this outward pushing force. To extensively test the retention, 20 Newton is chosen 
as a pulling force. This could well be an overestimation.  

The phantom study compared different combinations of retention. Results showed that the 3D-printed retention 
clasps had better retention than the circumferential wires around the teeth when both in combination with the 
zygomatic wire for the alveolar classes (A1-A4) and class Z1. For class Z2, greater displacements were seen, and for 
class Z3 the retention failed. This is in line with the expectation that retention for heavier obturators is more 
challenging7–11.  

The phantom study showed that the retention clasps did not add retentive value in combination with the palatum 
screw. The displacement was often higher for the combination of the palatum screw and the retention clasps than 
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for the obturator with only the palatum screw. This is not expected, because with both obturators, the screw is 
fixated the same way into the skull phantom. An explanation could be that the retention clasps altered the fit of the 
baseplate in such a way that the screw is not as tightly screwed. This is not noticed during the tests. Another 
explanation could be the fact that the palatum screws are normally screwed into the bone. With this phantom study, 
the screw is placed onto hard resin (Tough 1500, Formlabs). It could cause the screw to be less (or more) fixated, 
but this does not explain the difference between the displacement with and without retention clasps.  

Overall, with this research, a CAD/CAM workflow is created for retention clasps, that are proven 3D-printable 
together with the hISO. The phantom study substantiates the use of 3D-printed retention clasps and zygomatic 
wires for the 3D-printed hISO for most of the NKI-obturator classes, but for the big obturators of class Z2 and Z3, 
retention remains a challenge, even in the phantom study. The addition of retention is a big step towards the 
implementation of this 3D-printed hollow ISO.  

The literature describes the use of CAD/CAM and 3D-printing for the fabrication of hollow obturators. Nyiresy et 
al.12 wrote a review about the role of CAD/CAM and 3D-printing in head and neck oncologic surgery. The conclusion 
states that CAD/CAM and 3D-printing are consistently shown to decrease intraoperative time. In addition, the high 
costs and delayed manufacturing can be mitigated when in-house workflows are developed. This substantiates the 
goal of this research line to create the workflow for the fabrication of the hISO in-house. A barrier to this goal is 
the MDR law, which makes it more difficult to get workflows approved.  

Bartellas et al.13 looked into the creation of a low-cost 3D-printed obturator for rural areas. Meshmixer is free 
software, and with the use of 3D-scanning with a phone, the patient-specific CT scan may become redundant. Their 
conclusion is positive towards the applicability of the CAM/CAM and 3D-printing workflow for rural areas.  

Tousopoulos et al.14 describe a method where the 3-month postoperative CT scan is 3D-printed and used as a cast 
for the design of an interim obturator. Koyoma et al.15 describe a workflow for the design of a hollow definitive 
obturator, using a 3D-scan of the definitive cast and hemi-maxillectomy area. The bulb is digitally designed and 
3D-printed, and attached to a conventionally fabricated baseplate. They state that materials with adequate 
mechanical strength, wear resistance, and aesthetics for denture components (teeth and gingiva) are unavailable. 
Alfaraj et al. describe the same method of 3D-scanning the definitive cast, but they create a 3D-printed one-piece 
hollow obturator. Jamayet et al.16 successfully used a merge of an intraoral scan and a 3D-scan of the definitive 
cast to create a hollow one-piece hollow definitive obturator.  

Soltanzadeh et al.17 also describe the workflow for a 3D-printed definitive obturator, using CAD. This case study 
also uses the 3D-scan of the definitive cast for the baseplate design. A cobalt-chromium alloy is 3D-printed, and a 
bulb is conventionally added to this framework, resulting in a solid bulb. These studies all use impressions, unlike 
our workflow. Callahan et al.18 describe a case study about a CAD/CAM workflow for an immediate surgical 
obturator, using the preoperative CT scan of the patient for surgery planning and obturator design. The 3D-printed 
obturator was successfully situated for 3 weeks until the conventionally fabricated obturator was placed. The report 
did not design a hollow bulb.  

Despite the mentioned reports on the use of CAD/CAM and 3D-printing for definitive and interim obturators, no 
workflow has yet been described that combines 3D-scanning, virtual planning and 3D-printing to create a hollow 
immediate surgical obturator. To the best of our knowledge, we are the first to combine all methods to develop an 
in-house workflow for the hISO.  

Future perspectives 

Ultimately, we want to develop an in-house workflow for 3D-printed hollow ISO, which can be clinically used for 
maxillectomy patients who have surgery in the NKI-AvL. The addition of retention methods is a big step towards 
this implementation, but to get the CAD/CAM workflow clinically implemented, future steps need to be taken.  

One of the biggest limitations of the current workflow is that it is only applicable to dentate patients. The 
registration of the intraoral scan (IOS) to the CT scan is done by handpicked fiducials on the teeth. For edentulous 
patients, this is not possible. During this year, another researcher studied the use of markers to (semi)automate 
the registration of the IOS to the CT scan, and to include edentulous patients in the workflow. First, Mulder19 
evaluated the usability of DentalMark (DentalMark 1.0mm Visionline ball, The Suremark Company) markers, by 
placing six markers in two volunteers. An IOS is made for both volunteers, directly after the placement of the 
markers and after 30 minutes. The markers are visible on all IOSs. The results showed submillimeter displacement 
of all markers, with low inter-observer variability (0.00-0.10 mm). Therefore, the markers are found to be usable, 
because they are visible on the IOS and have low displacement over time. Mulder also compared the registration 
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from IOS to CT scan with the markers to the same registration without markers, based on the TRE and FRE. A skull 
phantom similar to the ones in Chapter 6 is used (see Figure 5.1). A CT scan and IOS are made of this phantom 
with eight markers placed on the locations shown in Figure 5.1.  

As the conventional test, five fiducial points on the IOS and CT scan are hand-picked and the IOS is registered to 
the CT with a linear rigid transformation, as stated in the current workflow. For the tested new method, the markers 
are used as guidance for the placement of the same hand-picked fiducials and registered with the same method. 
Different combinations of markers are used to evaluate the optimal marker placement. The marker on location 7 
(see Figure 5.1) is used as a target in both tests. The current workflow resulted in an FRE of 1.012 mm and a TRE of 
0.95 mm. The workflow including the markers configuration of location 1, 3, 5 and 8 showed the lowest FRE and 
TRE, which is 0.2583 mm and 0.0789 mm respectively. These results show that the use of markers results in a lower 
registration error. The use of markers also results in a quick and easy workflow, that is less dependent on the 
operator skill and patient anatomy.  

The markers can also be used for edentulous patients with dentures. The workflow for edentulous patients will 
include two CT scans – one CT scan of the patient's head with dentures in place, and one CT scan of the dentures 
itself. This protocol is already in use for CT-based implant planning. Mulder started with the automation of the 
registration of the two CT scans, but further research is needed to finish this objective. To ensure useful data for 
this research and for the automation of the registration of IOS to CT for (partially) dentate patients, an IRB is 
approved to include 25 patients in the next 4 years. These patients are coming for a CT scan of their head. When 
included in the study, a dentate patient will get the markers on their gingiva and palate (locations 1,3,5 and 8) and 
get their CT scan as standard care. Also, an IOS will be made with the markers in place. When patients are 
edentulous and have a denture or obturator, markers will be placed and two CT scans will be made as stated at the 
beginning of this section.  

 

Figure 5.1. A 3D-printed skull phantom with CT markers is shown on the left. The illustration on the right shows the eight 
locations of the CT markers on the skull phantom. 

Before clinical implementation, an approved material and workflow are necessary. Therefore, when the workflow 
is comprehensive and includes edentulous patients, tests should be performed with biocompatible material. For 
the Formlabs 3D-printers, the Dental LT Clear Resin can bear more load (449 J/m vs 25 J/m for the now-used Clear 
V4 Resin, measured with the Notched Izod test). The Dental LT Clear Resin is a Class IIa resin and is certified 
biocompatible by ISO 10993-1:2018 and ISO 7405:2018.20 In-house tests should be performed to evaluate this resin 
for the retention clasps. Next to the use of biocompatible material, the workflow and design must be approved 
according to the infection prevention within the NKI-AVL. In addition, the workflow and design should be evaluated 
according to the General Safety and Performance Requirements (GSPR) to comply with the MDR.  

According to the research and the phantom study of Chapter 6, the 3D-printed retention clasp is indicated for use 
together with the zygoma wire for classes A1, A2, A4, and Z1. For the heavier and bigger classes (A3, Z2 and Z3), the 
3D-printed retention clasps were not sufficient. Circumferential wires around the teeth are a retention option, but 
stability and support are not provided with this method. Future research should look into different retention 
options. One viable option is to use zygoma implants (ZI), placed in the reminiscing zygoma bone. This method is 
already described in the literature, with positive outcomes and the additional improvement of masticatory 
performance directly after surgery.10,21–24  Surgical planning is very important for the placement of ZI because no 
anatomical landmarks exist, and it is important to prevent orbital floor intrusion and ocular perforation.25 
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Therefore, further studies should be performed to develop an in-house workflow for the planning and placement 
of ZI, and how to connect the 3D-printed hISO to the implant. In addition, the additional value of ZI and specific 
indications should be examined.  

When these steps are taken, all patients are included in the workflow and the hISO can be used for clinical tests. 
These tests should focus on the patient satisfaction with the hISO. Also, the advantages of this in-house 3D-printed 
workflow must be examined, compared to the conventional method. It is important to test the retention methods 
in a clinical setting because all forces that play a role are complex and could differ for each patient. In addition, 
the use of the hISO as an interim obturator should be evaluated: is this easy to do and what alterations are needed? 
The main question should be answered: Does this 3D-printed hollow lightweight obturator result in better treatment 
and patient satisfaction?  

Next to these appointed future studies, some future studies can be performed to improve the current hISO design. 
The current design does not include dentition. Dentition is not necessary for the hISO to fulfil its primary goals, 
but especially when anterior teeth are included in the resection, social impact can be huge when no teeth are 
included in the design. In the NKI-AvL, a study has been performed aimed at extending the current CAD/CAM 
workflow with prosthetic teeth to improve the aesthetics of the 3D-printed surgical obturator prosthesis.26 
Unfortunately, this research resulted in poor outcomes in terms of poor clinical scores from the prosthodontist, 
and due to high Hausdorff Distances (HD) between the IOS and the 3D-scan of the final obturator with dentition in 
place. Follow-up studies should focus on different methods to include dentition, for example by adding pockets 
into the design, to place conventionally made teeth separately.  

Next to design additions and alterations, the surgery navigation method can also be evaluated. In the current 
workflow, EM navigation is used. The planned bone resection is turned black in the preoperative CT scan, which 
gives guidance during the surgery. With this approach, the cutting edges are not completely straightforward. 
Therefore, future studies could look into the use of saw and drill guides. Within the NKI-AvL, a lot of research is 
done for saw and drill guides for the mandibula (commando resection). Because the maxillectomy includes bone 
and has a unique and complex structure the use of saw and drill guides would be a good fit for maxillectomies.  
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APPENDIX A. 
Proposed method for a Digital Surveyor 
 

As described in chapter 4, a first set-up of a digital surveyor is proposed. A digital surveyor should identify the 
undercuts in a digital dental cast model.  

The digital cast models used during this research build from a triangular polygon mesh, which in turn exists of 
faces and vertices (see Figure A.1). Each vertex has a normal, which is described with its direction in the x- y and 
z-axis.  

 

Figure A.1. Example of a triangular polygon mesh, existing of faces (the grey surface indicated with a letter) and vertices (the 
blue dots, having an x- y- and z- axis location).1   

In this approach, the undercuts are identified by evaluating the z-direction of the normals of each vertex. First, a 
3D model of the intraoral scan is plotted for visibility. The function pcread is used to create a point cloud ptCloud. 
The normals of each point can be found in ptCloud.Normal. The point is plotted as red when the z-direction of the 
normal is upwards (z>0). Otherwise, the point is plotted as white. This is done in MATLAB (The MathWorks, Inc., 
Natick, Mass) with the following code:  

ptCloud = pcread('IntraOralScan.ply');  
c1 = [255 0 0]; 
c2 = [255 255 255]; 
for i=1:ptCloud.Count 
    if ptCloud.Normal(i,3)>= 0 
     ptCloud.Color(i,:) = c1;  
    else  
     ptCloud.Color(i,:) = c2; 
    end 
end 
pcshow(ptCloud) 
 
 
 
 
 
 
 
 
 
 

1. What is a Mesh? | The Grasshopper Primer (EN). Accessed October 30, 2023. 
http://grasshopperprimer.com/en/1-foundations/1-6/1_What%20is%20a%20Mesh.html 
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The points are plotted over the mesh of the intraoral scan for visibility. Figure A.2 shows the result of a digital 
surveyed intraoral scan. The red shows the undercuts of the teeth. At first impression, this method seems to work 
as a digital surveyor.  
 

 
 

Figure A.2. Results from the digital surveyor in MATLAB. In red, the undercuts are shown. 
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APPENDIX B. 
Tongue-Palate Pressure test: raw data 
 

In chapter 5, tongue-palate pressure (TPP) tests are performed on three female, healthy subjects. The raw data of 
these tests is shown in table B.1. Three subjects each performed three rounds of measurements. One round of 
measurements exist of three sips of water for each measurement location. The TPP is measured anterior (TPPa) on 
the tongue, and medial (TPPm) and posterior (TPPp).  

Unit: 
kPa 

Subject 1   2   3   

 
Round 

swallow→ 
location↓ 

1 2 3 1 2 3 1 2 3 

1 TPPa 21 24 12 10 14 18 12 11 11 
 TPPm 20 13 17 13 32 14 15 23 16 
 TPPp 16 16 16 17 20 13 24 18 18 
2 TPPa 19 26 19 23 16 15 13 16 17 
 TPPm 14 15 15 23 21 21 15 13 19 
 TPPp 16 18 20 15 27 19 21 14 15 
3 TPPa 34 16 22 9 19 12 16 12 15 
 TPPm 22 16 17 18 14 9 21 20 18 
 TPPp 13 16 17 12 18 17 17 17 21 

 

  

Table B.1. Tongue-Palate pressure measured on three locations for three subjects when swallowing sips of water. 
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APPENDIX C. 
Data processing and visualization of the 
phantom study for evaluation of 3D-
printed retention clasps for surgical 
obturators.  
 

In Chapter 6, a phantom study is performed. Measurements include two EM sensor locations during 
different tests. The maximal distance between those sensors at some point in time, is the result of one 
measurement. For every test, ten measurements are performed. The sensors are located on the obturator 
and the skull phantom. The distance is calculated with Pythagoras. A cut-off value is set to be robust for 
outliers. 

co_value = 0.99  # or 0.95 for the pull test 

 

# Create a new figure 

# Set the figure position and size 

hold on 

 

for i = 1 to 10      # Because there are 10 measurements 

    xo = x location of EM sensor on the obturator 

    xo = xo - xo(1)  # Normalize to the initial position 

    yo = y location of EM sensor on the obturator  

    yo = yo - yo(1)  # Normalize to the initial position 

    zo = z location of EM sensor on the obturator  

    zo = zo - zo(1)  # Normalize to the initial position 

    xs = x location of EM sensor on the skull phantom 

    xs = xs - xs(1)  # Normalize to the initial position 

    ys = y location of EM sensor on the skull phantom 

    ys = ys - ys(1)  # Normalize to the initial position 

    zs = z location of EM sensor on the skull phantom 

    zs = zs - zs(1)  # Normalize to the initial position 

 

 

    for k = 1 to number of measurement samples 

        distances(k) = sqrt((xo(k) - xs(k))^2 + (yo(k) - ys(k))^2 + (zo(k) - zs(k))^2)  

# Normalize for the movement of the EM sensor on the skull, double 

pythagoras 

    end 

 

    plot(distances) 

    A = sort(distances) 

    max = A[round(co_value * length(A))] 

    maxDisplacement(i) = max 

end 

 
hold off 
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