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Millions of ostomy patients rely on outdated tools to adjust their wafers, which must fit around 

their stoma. The stoma can be described as a surgically created hole in a patient's abdomen, from 

which the patient’s intestinal or urinary tract will divert bodily waste. One of the purposes of 

ostomy wafers is to protect the surrounding skin from bodily waste, and incorrectly fitting the 

wafers can lead to many complications. For example, a tightly fitting wafer can cut into the 

nerveless intestine, leading to unnoticed excessive bleeding. Conversely, a loosely fitting wafer 

exposes skin to bodily waste, which can result in skin erosion and infection. Recognizing the need 

for better tools for ostomy patients, we are developing Osto-Mate, a system utilizing smartphones 

with depth-sensing capabilities, to provide ostomy patients with customized wafers. This thesis 

explores the characterization of the iPhone’s TrueDepth sensor to confirm its suitability as a 3D 

scanning device for the system and introduces a method for extracting stoma model contours from 

2.5D images. It further discusses the design and functionality of the application, illustrating its 



 

potential to improve the process of ostomy wafer fitting. Preliminary tests show promising results 

for enhancing the accuracy of wafer adjustment, paving the way for improved patient safety and 

convenience. 
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Chapter 1. INTRODUCTION  

This research was initiated by the perceived need to assist elderly ostomy patients facing 
potential difficulties with visual acuity and dexterity in adjusting their medical appliances. Our 
initial proposition was to develop a smartphone-based system aimed at helping these patients 
customize their wafers more easily. 

As development proceeded, we concurrently conducted interviews, revealing that the issue 
may not be as widespread as initially assumed. However, we still see value in exploring and 
developing this technology, as it can serve as a supplementary tool for those who might benefit 
from it and as a step forward in digital health solutions for ostomy care. 

This thesis delves into the development of the proposed application, with a strong focus on 
user-centric design and implementing the iPhone’s TrueDepth sensors for scanning purposes. It 
also delves into a rules-based algorithm for extracting contours from 2.5D images, offering a novel 
method to capture and represent the detailed structure of stomas. 

This research, encapsulated in the thesis, builds upon and expands the work previously 
published by the author in [1] and [2]. While it may serve a smaller audience than initially 
anticipated, it nonetheless establishes a foundation for future research and innovation in digital 
health solutions for ostomy care. 

1.1 INTRODUCTION TO OSTOMY WAFER FITTING 
Approximately 1 million individuals in the United States live with an ostomy [3, 4], with an 

additional 100,000 surgeries performed each year [3]. An ostomy is a surgically created opening 
in the intestinal or urinary tract to divert feces or urine from the body, typically necessitated by 
conditions such as injury or cancer [4, 5]. Given the necessity for fecal or urine expulsion through 
the ostomy, patients must regularly maintain their ostomy site, which can remain in place 
anywhere from a few months to permanently, depending on the nature of the underlying condition. 
Proper stoma care is crucial for an ostomate’s overall well-being and health-related quality of life 
(HRQoL) [6-9]. Consequences of suboptimal stoma management include skin irritation, leakage 
from the ostomy bag, restricted mobility, pain, and social difficulties [10-13]. The ostomy surgery 
process is illustrated in Figure 1.1. 
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Figure 1.1: Sequential illustration of colon cancer diagnosis, colostomy procedure, and 

colostomy bag placement [14]. 

The maintenance process involves crucial steps, generally agreed upon within the ostomate 
community:  

1) Assemble all necessary equipment: adhesive remover, ostomy wafer, ostomy pouch, 
ostomy belt, eakin seal, ostomy paste, face clothes, towels, and soap. 

2) Remove the pouching system using adhesive remove pads. Use a removal wipe to remove 
the excess paste or seal on the skin around the stoma. 

3) Wash the skin around the stoma using warm water and mild soap. Ensure all adhesive is 
washed off the skin. Rinse and dry skin well. 

4) Cut the wafer according to the shape of the stoma. The wafer should be cut large enough 
to ensure that the wafer edges do not touch the stoma. 

5) Apply a light dusting of ostomy powder to any reddened skin. Seal the powder with a 
barrier wipe. Allow the barrier wipe time to air dry (~ 2 seconds). 

6) Mold an eakin seal snugly around the stoma. 
7) Remove the plastic backing on the wafer. 
8) Remove the tape border edge on the wafer and apply it around the stoma, ensuring there 

are no wrinkles., 
9) Attach the pouch and make sure the pouch is securely fastened. 
10) Place your hand over the pouching system to help connect the paste, eakin seal, and 

pouching system securely on the skin for a couple of minutes. 
11) Attach the ostomy belt. 

These steps were obtained from an image posted within an online community of ostomates on 
Facebook. The post is no longer retrievable, but the steps are confirmed with interviews conducted 
with numerous ostomates and are corroborated by official sources such as [15]. 

An integral part of ostomy management is applying an ostomy wafer. This adhesive silicon 
“sheet” accommodates the stoma and protects the surrounding skin, also known as the peristomal 
skin, from feces or urine. The ostomy wafer also serves as a platform to attach the ostomy bag. 
The wafer, typically worn at all times, must be replaced every two to seven days. The preparation 
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and positioning of the wafer pose particular challenges during the first two months post-surgery. 
This period is marked by significant changes in the healing ostomy site and a steep learning curve 
for patients. Typically, patients are still determining the products and processes that best suit their 
needs during this time. 

Initially, our research was predicated on the hypothesis that the traditional method of 
customizing ostomy wafers, which involves using a paper template with circles of varying 
diameters (Figure 1.2), leads to significant difficulties for many patients. We posited that this 
method is time-consuming, and its potential inaccuracies could contribute to many 
stoma/peristomal complications that ostomates experience. Since stomas are rarely perfectly 
circular, inaccuracies in the wafer contour are likely. A large contour could expose peristomal skin 
to feces, leading to skin erosion, infections, or leakage. In contrast, wafers with a tightly fitting 
contour might inflect trauma and potentially cause bleeding and stoma suffocation. Consequently, 
we anticipated that a system facilitating precise wafer customization could significantly enhance 
ostomates’ HRQoL. The critical aspect of this system is the accurate extraction of the stoma’s 
contour. 

Given the progress in imaging technology, we believe innovative tools can be designed to 
support ostomates adjusting to their post-surgery life. However, imaging technologies have been 
mainly applied to wound diagnosis and assessment, often utilizing 2D imaging methods. This 
approach presents a challenge as stomas are inherently three-dimensional, making it difficult to 
capture information accurately. Furthermore, 2D imaging is prone to errors and distortions arising 
from factors such as lighting, capture angle, and body curvature [16, 17]. To accurately capture 
the stoma’s contour, images must be taken perpendicularly to the abdomen while mitigating factors 
affecting image quality, such as body creases or nearby hernias, common issues among ostomates 
[18]. 

The demands of 2D imaging pose significant challenges to potential users, raising concerns 
about its feasibility for individuals who need formal training. Therefore, there is a need for more 
reliable and user-friendly technology that allows for convenient at-home care without 
compromising on quality. Such a solution could have far-reaching impacts, extending to similar 
domains in healthcare and telehealth, like dermatology and burn management.  

In addition to aiding patients in wafer customization, our interviews with ostomates have 
identified a significant gap in education and communication between patients and healthcare 
providers. Mobile technology could assist with wafer customization and management, education, 
and mental health support.  
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Figure 1.2: Individual with an ostomy evaluating 
stoma diameter using a reference circle guide 

1.2 EXISTING OSTOMY WAFER FITTING PROCESS AND TOOLS 
Ostomy care has seen a range of stoma appliance products, each aimed at tackling specific 

issues patients face with their stoma management; however, they have yet to address the particular 
issue our research seeks to resolve effectively. Ostomy patients are tasked with customizing their 
ostomy wafers to accommodate their unique stoma shapes, which can vary greatly. The process 
typically involves determining the diameter of the stoma using a paper guide with circles of 
varying diameters and tracing this circle onto the ostomy wafer. However, this manual method can 
lead to the errors we discussed earlier. 

An alternative is moldable wafers, which have a moldable center that can be rolled back to fit 
against the stoma. Although moldable wafers eliminate the need for customization, they are more 
expensive, can have a shorter lifespan, and leave behind adhesive residue that can be difficult and 
time-consuming to remove [19, 20]. Given their higher price and varying lifespan, these wafers 
are often reserved as a backup option for emergencies or travel [20]. 

Several alternatives, such as waste diversion devices [21] or waste blockers [21, 22], have been 
proposed to give users more control. However, these are either still in trial stages or have yet to 
gain widespread acceptance. Colostomy patients have the option of irrigation, which allows 
control over waste release timing, eliminating the need for a bag [3]. However, this method is 
limited to colostomy patients, who only make up a percentage of all ostomy patients, and not all 
are comfortable with this practice.  

Through our interviews with over 150 patients and experts, we discovered that many who 
struggled with complications associated with ill-fitting wafers had devised a workaround. These 
patients cut the wafer larger than the stoma and use an eakin ring to fill the gap. This method 
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prevents the wafer from cutting into the intestine while safeguarding the skin from direct exposure 
to waste. Interestingly, many patients still encountered leakage regardless of how carefully they 
cut the wafer. Leakage occurs when waste enters the stoma-wafer gap and dissolves the wafer 
adhesive. However, using eakin rings resolved the issue. 

This revelation provided valuable insight that enriched our understanding of the practical 
solutions patients employ in their ostomy care routines. While our project focused on improving 
wafer customization, these findings underscore the importance of understanding real-world 
practices and concerns within the ostomy patient community. 

1.3 REVIEW OF 3D RECONSTRUCTION FOR OSTOMY 
Past research has delved into analyzing and measuring wounds using 2D imagery [23, 24] and 

3D models constructed via structured light [25], stereophotogrammetry [26-28], 3D laser scanners 
[29-32], and other imaging methodologies [33-35]. For stoma imaging, the accuracy requirements 
are high due to the necessity for optimal cutting distances of 3.175 mm to 6.35 mm, depending on 
the stoma type. Thus, an error tolerance of around 2 mm is an appropriate goal prior to any clinical 
trials. 

A 3D-based methodology is compelling because of its superior accuracy and robustness in 
representing objects with complex geometries. 2D imaging may not capture the stoma accurately 
as factors like lighting, angle of capture, and the stoma’s complexity could influence the contour 
extracted. 3D reconstruction circumvents these issues, allowing for capturing the stoma in 
comprehensive detail without depending on exact positioning, lighting conditions, or requiring 
extensive user training. 

However, scanning technology is typically costly, difficult to use, and generally lacks 
accessibility. Some modern smartphones have recently been developed with depth sensors, 
allowing for a comprehensive ostomy management system. 

Within ostomy care, several studies have explored using various 3D scanners to assist ostomy 
patients in differing manners. For example, [30] examines the usage of Intel RealSense D415 and 
D435 camera systems for imaging stomas. In this research, the authors scanned three objects 
similar to a stoma of differing diameters (3, 6, and 9 cm) using the RealSense systems and a Picza 
3D scanner. The Picza 3D scanner is used as a reference scanner because it has an accuracy of 0.1 
mm. The models were positioned on a platform and scanned from various angles. A reference 
object on the platform is used to merge the scans. The findings suggest that 80% of points on the 
reconstructed models are within 3 mm from the ground truth. However, the study acknowledges 
the impracticality of the setup, and the models must be generated with guidance. Moreover, the 
error margin is too large for our project and could lead to stoma damage. 

Research such as [36] characterizes eight scanning devices, including affordable options such 
as the Kinect V1 and V2 and the Structure Sensor. These three devices were among the most 
accessible of all the devices tested. The accuracy of the devices was assessed through the following 
five scanning tests: a flat surface, a platform with spheres of varying diameters, a mannequin hand, 
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a mannequin thigh, and a mannequin chest. The Structure Sensor emerged as the most appropriate 
low-cost device for orthopedic reconstruction, with an error of approximately 3 mm. 

The study conducted in [37] utilizes the Structure Sensor, the Go!scan 20, and a CT machine 
to image 19 stomas to develop customized wafers that account for body curvature around the 
ostomy site. The 3D models obtained are manually cropped to the area around the stoma, and the 
authors decide on the outline of the stoma. The finalized model is 3D printed for the patient to use 
as an ostomy wafer. The patients tested wafers developed from the different scanners, and the 
findings suggested there were no important differences in the quality of the wafers. 

Despite their utility, these external 3D scanners are typically costly and necessitate specialized 
training. Even the Structure Sensor—the most affordable and accurate option—remains out of 
reach for many patients due to its $700 price and the requirement of an iPad. However, the recent 
emergence of smartphones with built-in depth sensors has potential. 

Our research aims to address this gap by leveraging the capabilities of smartphone-based depth 
sensing for the specific use case of ostomy wafer customization. In ostomy care, an accurate, user-
friendly, and low-cost solution is particularly important due to the potential risks associated with 
improper wafer fitting. Our exploration of this application extends the potential of 3D imaging in 
a new direction, setting a foundation for future research in this area. 

1.4 SCIENTIFIC AND ENGINEERING CHALLENGES 
At the outset of this project, we hypothesized that many ostomy patients experience difficulty 

obtaining a properly fitting wafer, as they primarily rely on paper templates for measurement and 
bulky ostomy scissors for adjustment. This thesis introduces a smartphone-based system that 
leverages an iPhone to scan the stoma and generate its optimal contour.  

A notable challenge arose from the largely unexplored domain of the iPhone’s scanning 
functionality. Given the critical nature the application of our system, our research necessitates a 
thorough exploration of the specific constraints of this technology. We engage in an evaluative 
process of a scanning application, identifying potential issues in accuracy, usability, and other 
aspects that might limit the utility of the iPhone as our chosen scanning device. These limitations 
are documented and analyzed, providing valuable insights to inform the refining process of the 
application. 

An associated scientific challenge lay in determining the precise location of the stoma on the 
3D model and extracting a contour that could be expanded to form the optimal contour.  This task 
requires exceptional precision, as the permissible margin of error is 2 mm. Attaining this level of 
accuracy presented a challenge, given the existing limitations of the scanning technology and the 
complexities associated with establishing a 3D workflow. 

1.5 SCOPE OF THE THESIS 
The scope of this thesis primarily encompasses the Osto-Mate system, as illustrated in Figure 

1.3. This system integrates an iPhone application for scanning and uploading stoma scans, a 
database for data storage, a server that implements contour extraction algorithms, and a procedure 
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for translating the resultant contour into a customized patient wafer. In light of the novel use of the 
iPhone for scanning in this context, the thesis also investigates the device’s suitability for such 
tasks. 

Theoretical Design: The Osto-Mate system proposes a cost-effective and accessible solution 
by utilizing depth-sensing smartphones to capture detailed characteristics of stomas beyond what 
2D imaging can provide. The system’s design currently hinges on the concept of extracting 
contours using rules-based algorithms from 2.5D images, an approach we experiment with to 
minimize data needs and complexity as well as workflow requirements typically associated with 
3D processing and learning-based algorithms. 

Functional Design: The practical realization of the Osto-Mate system begins with developing 
a user-friendly scanning application tailored to suit the average stoma patient, who tends to be 
elderly. Given that the iPhone’s scanning capabilities are not well-studied, a considerable portion 
of this research is dedicated to examining the device’s constraints and the limitations of the adopted 
scanning application. Additionally, a proof-of-concept workflow is established. This explores a 
database service, how data is stored and accessed, server-side algorithm execution, the process of 
extrapolating a stoma’s contour to obtain the optimal one, and the various methods available for 
customizing a wafer using this contour. 

Future work and commercialization: As noted throughout the thesis, particularly in the 
discussion section, the possibility of commercializing the Osto-Mate system is considered. 
However, a comprehensive characterization of the iPhone’s scanning capabilities is required 
before venturing into applications where accuracy is important. The path toward 
commercialization will involve optimizing the scanning and data processing aspects, ensuring 
patient data security and privacy, and complying with healthcare regulations.  

 
Figure 1.3: The proposed architecture of the software-based ostomy management system, 
illustrating the flow of data from stoma scan and image acquisition to customized wafer-cutting 
methods. 
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1.6 CONTRIBUTIONS OF THE THESIS 
This thesis contributes to research in several significant ways. Firstly, it pioneers an effort to 

characterize the capabilities of the iPhone’s TrueDepth sensor, a technological resource that holds 
great potential for various systems beyond our current study. Secondly, we propose a novel 
methodology for manipulating 3D models to extract essential features, bypassing the need for a 
complex 3D workflow. 

The overarching contribution of this thesis lies in its advancement towards a system that 
leverages common smartphone technology accessible to many in the U.S. This work can serve as 
a valuable reference for developing similar systems in diverse fields. Most importantly, this system 
forms a fundamental stepping stone towards enhancing stoma care, paving the way for future 
research and improvements in this critical area of healthcare. 
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Chapter 2. METHODOLOGY 

The Osto-Mate system aims to streamline the customized ostomy appliance fitting process 
while making it accessible to ostomates through iPhone smartphones. The system utilizes the 
iPhone’s TrueDepth sensor to reconstruct 3D models of ostomy sites, aiming to ensure a high level 
of precision coupled with user-friendly operation. 

The proposed system architecture is illustrated in Figure 1.3. The system comprises four 
primary components: 3D scanning and reconstruction, frontend user interface, contour generation 
algorithm, and backend server and database.  

3D Scanning and reconstruction is the first part of the Osto-Mate platform and involves using 
the iPhone’s TrueDepth sensor to capture 3D data. This sensor must be characterized to determine 
its accuracy and limitations. Furthermore, this system must be developed to reconstruct accurate 
3D models from the captured data. 

The frontend user interface is the second area of this system. This is the only section the users 
will interact with, so it must be designed with a focus on user experience to be intuitive and user-
friendly. The interface, developed in Swift using Apple’s XCode, connects with the scanning 
application and contour generation algorithms and allows users to view reconstruction results.  

The backend server and database constitute the third area of this system. The backend of the 
system houses the data processing and storage components. The current prototype uses Firebase 
for its database and storage, with a local computer serving as the server. Future work aims to 
explore using Amazon Web Services (AWS) to enhance data privacy, security, regulatory 
compliance, and standardization. 

The image processing algorithms represent the fourth area of this system. These algorithms 
pull data from the backend for processing. OpenCV’s contour algorithms are currently employed 
for ostomy contour generation.  

This architecture combines robust technology with a user-friendly design aimed at optimizing 
ostomy appliance fitting. The following sections will detail the development and testing of each 
component. 

2.1 INTRODUCTION TO TECHNOLOGY DEVELOPED 
The Osto-Mate system is a novel technology that provides accurate, user-friendly, and cost-

effective 3D imaging technology for ostomy appliance fitting. Accessible via a smartphone 
application, this technology aims to enhance ostomy management by offering a high level of 
accuracy with ease of use through a readily available device and platform. 

Current methods of stoma management face several challenges. These include inaccuracies in 
traditional methods such as template measurement, the cost and complexity of existing 3D imaging 
systems, and the time-consuming nature of current methods. Osto-Mate addresses these challenges 
by delivering high accuracy, being easy to use and cost-effective, and with the potential for 
additional stoma management functionality. 
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The innovation of our technology lies in levering the iPhone’s TrueDepth sensor for 3D 
scanning, deploying sophisticated data processing algorithms, and creating a user-friendly 
interface designed with a strong focus on user experience. The research presented in this thesis is 
primarily dedicated to confirming the problem-solution fit, characterizing the TrueDepth sensor to 
ensure its suitability for medical applications, and establishing research in processing 3D data to 
extract relevant information. 

Beyond ostomy management, the potential applications of this technology span various 
sectors. Beyond healthcare, it could serve as a transformative platform for industries such as retail, 
e-commerce, prosthetics and orthopedics, education, entertainment, tooling, and forensics. 
Specifically, within the healthcare sector, the system paves the way for an engaging approach to 
ostomy care and education, addressing an area that has long required improvement. This method 
could not only bolster patient engagement but also enhance providers’ capability to monitor and 
follow up with their patients through telehealth. 

2.2 DEVICE AND SMARTPHONE SELECTION 

2.2.1 Selection Criteria Definition 

The following criteria are considered in the design and selection of a device whose end use is 
for patients to use at home and has the potential for telehealth or remote monitoring. These align 
with the criteria specified in [36], which are applied to scanning devices for orthopedic centers for 
orthoses and prostheses. 

• Affordability: The device should be affordable to accommodate its intended use by a 
patient from home. A reasonable cost would be similar to a typical smartphone, preferably 
below $1000.  

• Accuracy: Any device has two stages where error can be introduced: during scanning and 
the extraction of ostomy contours. The final error margin of the generated contour should 
be less than 2 mm, placing an upper bound of 2 mm on the scanning accuracy. 

• Efficiency and Ease of Use: The process of scanning and any required user annotation 
should not take more than 5 minutes to minimize users' physical and mental effort. 

• Scan Area: The device should be capable of scanning an area of at least 0.3 x 0.3 m2. This 
size is sufficient for capturing the full area of most ostomy sites (Table 3). 

• Mode of Operation: Given the device’s intended use for at-home self-scanning by patients 
or assisted scanning by caregivers, the device should be handheld. This mode ensures user 
convenience and adaptability to various ostomy locations and patient needs. 

• Compatibility and Data Security: The device should function as a standalone device to 
eliminate the need for additional hardware, simplifying the process for patients. 
Furthermore, the device must be developer-friendly so we can ensure it complies with data 
privacy and security laws, regulation, and standards. 
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2.2.2 Exploration of Various Devices 
To develop a comprehensive list of 3D scanning devices, we included all devices characterized 

in the literature [36, 38-41] as well as current devices on the market. We selected the latter based 
on their popularity and affordability, with a price point of less than $2,000 [42-44]. The devices 
are summarized in Table 1. 

Table 1 
Overview of 3D Scanning Devices Characterized in Literature and Current Market. 

Device Device Image* Technology Acquisiti
on Range 
(m) 

Accurac
y (mm) 

Connectivit
y, Scan 
Manner 

Cost 

Artec Leo 

 

White 
Structured 
Light [36] 

0.35 – 1.2 
[36] 

0.1 [36] Wireless, 
Handheld 

[44] 

$32,30
0 [44] 

Artec 
Spider 

 

Structured 
light / Speckle 

Pattern [39] 

0.17 – 
0.35 [39] 

~0.05 
[39] 

USB, 
Handheld 

[44] 

$23,80
0 [44] 

ASUS 
Xtion  

Infrared 
Pattern 

Triangulation 
[45, 46] 

0.8 – 3.5 
[46] 

N/A USB, 
Handheld 
& Table 

[46] 

$300 
[46] 

Creaform 
HandySCA
N 700 

 

Stereo 
photogrammet

ry [39] 

0.3 – 4 
[39] 

0.2 + 
0.06 per 
m [39] 

, Handheld 
& Table 

[39] 

$19,50
0 [47] 

Creality 
CR-Scan 
01  

Structured 
Light [44] 

0.3 – 0.5 
[48] 

0.5 [48] USB, 
Handheld 
& Table 

[48] 

$554 
[44] 

Creality 
CR-Scan 
Ferret 

 

N/A 0.15 – 0.7 
[49]  

0.1 [43, 
49] 

USB, 
Handheld 
& Table 

[49] 

$349 
[49]   
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FreeScan 
X7 

 

Stereo 
photogrammet

ry [39] 

0.10 - 8 
[39] 

0.02 + 
0.06 per 
m [39] 

USB, 
Handheld 

[50] 

N/A 

GOM 
ATOS II 
400  

Black and 
White Fringe 

Pattern 
Triangulation 

[36] 

N/A N/A Computer, 
Table [51] 

$19,25
0 [51] 

Intel 
RealSense 
D435  

Stereoscopic 
[52] 

0.3 – 3 
[52]  

<2% at 
2 m 
[52] 

USB, 
Handheld 
& Table 

$314 
[52] 

iPhone 

 

Infrared 
Pattern 

Triangulation 
[53] 

N/A N/A Wireless, 
Handheld 

$629 
(for 

iPhone 
12) 
[54] 

Kinect V1  

Infrared 
Pattern 

Triangulation 
[36] 

0.5 – 6 
[36] 

N/A USB w/ 
Adaptor, 
Handheld 
& Table 

$20 
(used) 

Kinect V2 
 

Infrared Time 
of Flight [36] 

0.4 – 5 
[36] 

N/A USB w/ 
Adaptor, 
Handheld 
& Table 

$20 
(used) 

Konica 
Minolta 
Vivid 9i 

 

Laser 
Triangulation 

[36] 

0.5 – 2.5 
[36] 

0.1 – 
0.2 [36] 

SCSI, 
Table [55] 

N/A 

Mantis 
PocketScan 
3D  

Structured 
light / Speckle 

Pattern [39] 

0.25 – 
1.00 [39] 

2 at 1m 
[39] 

N/A N/A 

Matter and 
Form 3D 
Scanner 
V2 

 

Laser 
Triangulation 

[44] 

N/A 0.1 [43] USB, Table  
[43] 

$749 
[44] 
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NextEngin
e Ultra HD 

 

Laser 
Triangulation 

[36] 

0.19 – 
0.71 [36] 

0.13 
[36] 

USB, Table N/A 

Phiz 3D 
Scanner 

 

Laser 
Triangulation 

[56] 

N/A 0.2 [56]  Wireless, 
Table [56] 

$379 
[56]  

Prime 
Sense  

Infrared 
Pattern 

Triangulation 
[45] 

0.35 – 3 
[45] 

1[45] USB, 
Handheld 
& Table 

[45] 

$295 
[45] 

Revopoint 
POP 2 

 

Structured 
Light [42] 

0.15 – 0.4 
[42] 

0.05 
[42] 

USB, 
Handheld 
& Table 

[42] 

$699 
[42] 

Rodin4D 
O&P Scan 

 

Laser 
Triangulation 

[36] 

0.05 – 0.3 
[36]  

0.5 [36] USB [57], 
Handheld 

[36] 

$10,00
0 [36] 

Scan 
Dimension 
Sol 

 

Laser 
Triangulation 

[44] 

N/A 0.1 [44] USB, Table 
[56] 

$799 
[44] 

Sense 3D 
Scanner 2nd 
Gen 

 

Stereoscopic 
[58] 

< ~1 1 [58] USB, 
Handheld 

$300 
[58] 

Shining 3D 
EinScan-
SP  

Structured 
Light [42] 

0.29 – 
0.48 [42] 

0.05 
[42] 

USB, Table 
[42] 

$2,100 
[42] 
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Shining 3D 
Einstar 

 

Structured 
Light [42] 

0.16 – 1.4 
[42] 

0.1 [59] USB, 
Handheld 

[42] 

$959 
[42] 

Structure 
Sensor Pro  

Infrared 
Pattern 

Triangulation 
[36] 

0.3 – 5 
[36, 60] 

~4 [36] Tablet, 
Handheld 

[60] 

$995 
[60] 

Note: *Device images are sourced from [36, 38, 39, 41-44, 54, 57, 58, 61]. 

2.2.3 Comparison and Decision Making 

To streamline the selection of devices from Table 1, we initiated a process of elimination based 
on the constraints specified in section 2.2.1. The devices were eliminated for the following reasons: 

• Discontinuation: FreeScan X7, Konica Minolta Vivid 9i, Mantis PocketScan 3D, 
NextEngine Ultra HD. 

• Cost considerations (beyond the affordability range): Artec Leo, Artec Spider, Creaform 
HandySCAN 700, GOM ATOS II 400, Rodin4D O&P Scan, Shining 3D EinScan-SP 

• Compatibility issues: ASUS Xtion, Creality CR-Scan 01, Creality CR-Scan Ferret, Intel 
RealSense D435, Kinect V1, Kinect V2, Matter and Form 3D Scanner V2, Prime Sense, 
Revopoint POP 2, Rodin4D O&P Scan, Shining 3D Einstar, Scan Dimension Sol, Sense 
3D Scanner 2nd Gen. 

• Mode of operation: Phiz 3D Scanner 
Following this process, the devices that met all the criteria were the Structure Sensor Pro and 

iPhones. The combability constraint removed many options, largely due to our strict requirement 
for devices to be standalone. Although there is a potential opportunity to use the sensors within 
some of the more affordable options, such as Intel RealSense D435, Kinect V1, Kinect V2, and 
Prime Sense, to create a standalone scanning device, we decided to focus our efforts on utilizing 
pre-existing, fully integrated devices. 

2.2.4 Justification for Selecting the iPhone 

The final contenders for our scanning device are the Structure Sensor Pro and iPhones. While 
the Structure Sensor Pro nears the end of the affordability range and might be affordable for 
certain caregiving agencies, it is impractical for a patient to purchase or rent a tablet along with 
the device and scan their own ostomy. This setup might be plausible for home health or nursing 
home scenarios, but it would likely be too costly for home health agencies to consider. 

The iPhone, on the other hand, presents a compelling alternative. Its widespread adoption, 
with 48.7% of smartphone users in the U.S. owning an iPhone [62], alongside its accessibility 
and convenience, makes it a fitting platform for the customization of ostomy appliances and 
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general ostomy management. However, its potential in this area is largely unproven and requires 
further research. 

Other smartphones with specialized scanning sensors are available on the market [63], but none 
demonstrate consistency across all their models as iPhones do. Research into 3D reconstruction 
via smartphones, aside from photogrammetry techniques, is largely unexplored. A search 
conducted on IEEE Xplore, using the keywords “iPhone” AND “scan,” as well as “true depth” in 
separate queries, yields a total of 14 publications. Notably, only two of these delve into the 
precision of iPhone scanning via applications in the app store, indicating a significant gap in the 
research landscape. Nevertheless, the consistency of iPhones, specifically the inclusion of the 
TrueDepth sensor across all recent models, makes it an ideal platform for our technology. It 
provides the potential to make our technology widely accessible using a device many people 
already own. 

2.2.5 Specifications of the Selected iPhone 

With our decision to use the iPhone as the platform for the Osto-Mate system, it’s crucial to 
understand the specifications and potential limitations of the device (Table 2). The specific model 
used in our research is the iPhone 12, which is capable of estimating over 30,000 depth points [64]. 
Within an optimal scanning range of 25 to 50 cm [65], the device is expected to sample 0.42 to 0.1 
points per mm2. It is essential for our research to verify whether this density is sufficient to create 
custom wafers within an acceptable margin of error consistently. 

Our tests, using the infinitam_ios application [66], demonstrate the iPhone’s capacity to sample 
depth at a frequency of 30 Hz. A high sampling rate is vital as it affects the granularity and 
precision of generated 3D models. High-frequency sampling enables the model to capture more 
detailed changes and potentially reduce the error introduced in registration from sudden 
movements. 

Moreover, the iPhone’s front-facing camera, possessing a 12-megapixel resolution and a 120-
degree field of view [54], will be used to incorporate color into the models. These camera 
specifications help to determine the quality and range of the color data that will be overlaid onto 
the 3D model. High resolution and a wide field of view can enhance the visual quality of the model, 
making the stoma easier to visualize and understand. 

Although we currently do not anticipate employing video recordings to develop the model, we 
have included the video recording specifications of the iPhone 12. The extensive video capabilities 
may present additional options for future development and enhancements of the Osto-Mate system. 

Table 2 
Key Specifications of the iPhone 12 

Specification Available on devices used 

Number of depth points sampled 30,000+ [64] 

Optimal scanning distance 25 cm to 50 cm from object [65] 
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Estimated depth points per mm2 in 
optimal scanning distance 

0.42 to 0.1 

Frequency of depth points sampled 30 Hz 

Camera  12-megapixel camera with an aperture of 
f/2.2 and a field of view of 120 degrees 

[54] 

Video recording The imaging system’s camera has the 
following recording specifications [54]: 

● HDR video recording with Dolby 
Vision up to 4K at 30 fps 

● 4K video recording at 24 fps, 25 
fps, 30 fps, or 60 fps 

● 1080p HD video recording at 25 
fps, 30 fps, or 60 fps 

2.3 CHARACTERIZING THE SMARTPHONE FOR 3D RECONSTRUCTION 

2.3.1 Preliminary 3D Scanning Experiments 

In the preliminary scanning phase of this research, we evaluated the potential of the iPhone 12 
as a scanning device for 3D ostomy reconstruction. The iPhone 12 is equipped with a TrueDepth 
camera system, which is particularly known for enabling Face-ID functionality. This system 
incorporates a near-infrared projector and collector, facilitating depth measurements similar to the 
operations of the Kinect V1 [67]. Our findings indicated that the iPhone’s depth imaging system 
has an accuracy of over 2 mm on average with smaller-sized objects. This level of accuracy is 
expected to be consistent across other iPhone models that are also equipped with the Face-ID 
capability.  

This section details the preliminary process that was taken to determine the accuracy of the 
iPhone’s scanning system. Basic objects were scanned using the iPhone and the NextEngine 3D 
Scanner Ultra HD and compared to evaluate the iPhone’s accuracy.  

2.3.1.1 Reference 3D Scanner 

The NextEngine 3D Scanner was used as a reference due to its demonstrated sub-millimeter 
accuracy in [36]. The NextEngine 3D Scanner uses various lasers in conjunction with a single-axis 
turntable to capture an object’s varying surfaces through a series of scans. Following the initial 
scan, any missed angles or surfaces can be captured by manually adjusting the object’s position 
and conducting additional scans. These subsequent scan series are roughly aligned and then 
precisely merged by the ScanStudio software to develop the final 3D model. 
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2.3.1.2 Assessment of the iPhone’s TrueDepth Camera System 

The iPhone’s TrueDepth sensor, known for its role in Face-ID recognition, was evaluated 
through the publicly available Infinitam_ios application [66]. This application constructs 
monochrome STL models in real-time by combining the depth and image data from the TrueDepth 
and camera sensors. Efforts to utilize the iPhone’s LiDAR sensor were thwarted due to its sparse 
array, making it less suitable for detailed 3D reconstruction [67]. 

2.3.1.3 Comparative Model Evaluation 

The iPhone’s accuracy was evaluated by comparing its produced 3D models of geometrically 
simple objects and a stoma model (Table 3), mirroring the approaches taken by previous works 
[30, 36]. The comparison involved three methods: a visual analysis of the absolute distance errors 
in the iPhone-generated models via annotated heatmaps, generation of cumulative distribution 
graphs for distance errors, and computation of mesh-to-cloud mean distance error and standard 
deviation. All model comparisons were done using the CloudCompare software. 
 

Table 3 

Measurements and Geometries of Simple Objects 

Objects: Cube 1 Cube 2 Rectangle 1 Rectangle 2 

Measured 
Dimension
s: 

11.9 mm 
length, width, 
height 

16.1 mm 
length, width, 
height 

32.1 mm length, 
16.2 mm width, 
6.0 mm height 

48.0 mm length, 
16.3 mm width, 
9.1 mm height 

Object 
Image: 

    
 

Table 3 Continued 

Measurements and Geometries of Simple Objects 

Objects: Cylinder 1 Cylinder 2 Half-Sphere 1 Half-Sphere 2 Stoma model 

Measured 
Dimensions: 

5.1 mm 
height, 
13.7 mm 
diameter 

15.0 mm 
height, 
25.7 mm 
diameter 

17.3 mm 
height, 
36.1 mm 
diameter 

23.3 mm 
height, 
50.1 mm 
diameter 

75.9 mm skin 
diameter 
~ 30 mm red 
spout diameter 
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Object 
Image: 

     

2.3.1.4 Experimental Setup and Calibration 

The objects were fixed onto a marked cardboard surface and positioned on a single-axis 
turntable about 241mm from the NextEngine scanner. The models produced by the NextEngine 
scanner are scaled in CloudCompare using the marking to equate 1 unit distance with 1mm. 
For the iPhone scans, the objects were placed on a flat surface, and the iPhone was held 
approximately 220mm above the surface. The iPhone was manually maneuvered over the object 
to ensure comprehensive model reconstruction. A small half-sphere object of known diameter was 
used to determine the scale factor for the iPhone’s produced models. To compare the test and 
reference 3D models, the test model was scaled, manually aligned through rotation and translation, 
cropped to remove background, and finely aligned to the reference model CloudCompare’s 
iterative closest point algorithm. 

 
Figure 2.1: Depiction of the stoma model secured onto a cardboard surface, 
marked with 10 mm intervals between lines. 

2.4 DEVELOPMENT OF THE SYSTEM 

2.4.1 Frontend 

This section outlines the frontend user interface of our iOS application, designed specifically 
for ostomy patients to scan their stomas, extract outlines, and order customized wafers. We will 
note that the application displayed in this section is largely a mockup. 

Upon first interaction, the user is greeted by a clean interface imbued with baby blue, a color 
often associated with calmness and frequently used in logos of companies [68]. The application 
utilizes either Calibri or Arial fonts, known for their readability, with large font sizes for user 
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convenience. The layout follows a minimalist design, with each screen serving a single purpose, 
thereby simplifying navigation and minimizing potential confusion. For example, the main page 
merely lists the available options (Figure 2.2 (c)), unlike more complex applications that often 
feature numerous icons on the top and bottom bars. 

We have deliberately streamlined the process to minimize mental and physical effort. At its 
most efficient, ordering requires a mere nine clicks: five to extract the outline and specify the 
quantity and four more to place the order. Given saved data, the ordering process can take less than 
a few minutes, depending on the stoma’s complexity which affects the scanning duration. We 
estimate the typical stoma scan takes under 10 seconds, making the overall process swift and 
efficient. 

Upon launching the application, the user encounters the login in page, displayed in Figure 2.2 
(b), offering standard options to log in, create an account, or retrieve forgotten information. In the 
interest of simplifying usage for elderly patients, we are considering the implementation of Face 
ID to reduce the effort required to use our application. However, additional research is needed to 
determine patient data security laws around this. 

Once logged in, the user is directed to the main page featuring the application’s primary 
functions: “Scan and Order,” “Order History,” “Stoma History,” “Settings,” and “Help.” Each 
function is represented by a large, clearly labeled button. The primary function, “Scan and Order,” 
is strategically positioned at the top. 
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(a) 

 
(b) 

 
(c) 

Figure 2.2: Initial User Interface Screens of the Application. The images demonstrate the launch 
screen (a), login screen (b), and main screen (c). 

When the user selects “Scan and Order,” they are directed to the pre-scanning guidance page 
(Figure 2.3 (a)), adapted from the infinitam_ios application [66]. This screen provides a simple 
visual guide, indicating whether the phone is positioned correctly for scanning: green indicates 
optimal scanning distance, and orange-red means the phone should be brought closer to an object 
if that is the object of interest. After properly positioning the phone, the user initiates the scan by 
clicking the large “Scan” button (Figure 2.3 (b)), subsequently creating a 3D model of the stoma. 
The scan will display a gray model with gaps where the model is incomplete, which the user must 
attempt to fill by moving the phone around. Once the model appears complete, the user will press 
“Create Model” to bring up a finalized model with the extracted outline superimposed for 
confirmation. Future iterations may allow the user to fine-tune the outline, but caution must be 
taken to balance functionality and usability, as working in 3D with a touchscreen can become 
easily sophisticated. Another option under consideration is a “Flag Extracted Outline” feature, 
enabling a nurse to review and manually adjust the outline, subject to user confirmation. 
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(a) 

 
(b) 

 
(c) 

Figure 2.3: Overview of the User Interface Screens during the Scanning Process. The sequence 
begins with the pre-scanning guidance screen (a), transitioning to the active scanning screen (b), 
and concluding with the outline confirmation screen (c).  

Upon approving the outline, the user is led to the order page (Figure 2.4 (a)), where they can 
select their preferred wafer(s) and specify the quantity. Once the wafer type and quantity are 
determined, the user proceeds to the delivery page, where the pre-stored is used by default to 
minimize input requirements. At this stage, the users can choose between standard and expedited 
shipping options. The process concludes with the payment information page, where we hope to 
integrate existing reimbursement options from Medicare and private insurance. For those paying 
out of pocket, the user can add another payment option. Once all the details are confirmed, the user 
will end at a summary page that displays their order and the cost, and the user can submit the order. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2.4: Sequence of User Interface Screens for the 
Ordering Process. The images display the wafer selection 
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screen (a), followed by the delivery details screen (b), 
payment information screen (c), and culminating with the 
order summary and final purchase confirmation screen (d).  

From the main screen, users have access to view their “Order History.” This feature offers an 
organized look at the user’s previous orders, starting with the most recent at the top. Each order 
displays a comprehensive summary, including images of the ordered items, quantities, and current 
delivery status. Users can easily scroll through their order history for a quick review or more in-
depth information. For instance, as depicted in Figure 2.5 (a), selecting the order from August 1st 
brings up a detailed summary of that particular transaction (Figure 2.5 (b)). 
 

 
(a) 

 
(b) 

Figure 2.5: Review of User Interface Screens for Order History. 
The images present the main Order History screen (a) and the 
detailed summary view of a selected previous order (b). 

Another accessible feature from the main screen is the “Scan History.” This feature organizes 
and displays all past stoma scans from associated wafer orders in a scrollable list. Selecting any of 
these past scans leads the user to a screen presenting an image of the extracted stoma outline with 
a measurement of the longest length for reference. Furthermore, the application offers an 
interactive element to these images; a swipe to the left displays the contour overlayed on an image 
of the stoma captured during the scanning process. An additional left swipe provides an even more 
immersive experience, revealing a fully interactive 3D model of the stoma with the outline 
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superimposed. Navigational cues, represented by three circles beneath the images, indicate the 
total number of images and the user’s current position within this sequence.  
 

 
(a) 

 
(b) 
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(c) (d) 
Figure 2.6: User Interface Screens of Scan History. The sequence displays 
the primary Scan History screen (a), followed by a detailed view of a 
selected past scan showcasing the custom wafer outline (b). Further 
interaction reveals the overlay of the custom outline on an actual image of 
the user’s stoma (c) and the outline superimposed on an interactive 3D 
model of the stoma (d).  

The application’s two other functions include “Settings” and “Help.” The “Settings” options 
enable users to adjust account details and preferences. Account details include preferred payment 
methods, default delivery address, and other user information, while preferences in future 
iterations would allow the user to select from different aesthetic layouts, fonts, and font sizes. The 
“Help” page provides user guides, ostomy maintenance tips, FAQs, and a yet-to-be-determined 
technical support button. 

 
Figure 2.7: User Interface of the Settings screen. 
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Figure 2.8: User Interface of the Help screen. 

The application shown in the figures for this section is largely a mockup, but it will be 
developed using Swift, Objective-C, and XCode for iPhone users due to our system’s technological 
compatibility. The stoma scan is processed in Python once uploaded to our server and database, 
with a potential future transition to C/C++ for faster 3D model processing. 

While the initial application is primarily a tool for facilitating the scanning and ordering 
process, we envision future versions supporting community interaction among ostomy patients 
and enabling users to share scanning data with their providers. This initial version, however, is 
tailored to be as intuitive and simple as possible, potentially allowing users to complete the 
ordering process in under a minute.  

2.4.2 Scanning 

The scanning functionality of our application is adapted from [66], which integrates the 
Infinitam framework [69] with iPhones to reconstruct 3D objects. This application, freely available 
under the Oxford license for research purposes, serves as the foundation for our preliminary stage 
implementation. Our adapted scanning process is outlined in Figure 2.9. 

As detailed in the previous section, the pre-scanning screen (Figure 2.9 (a)) offers guidance for 
users to determine the optimal scanning distance. Once the iPhone is appropriately positioned, the 
user initiates the scanning process. A grayscale 3D model begins to form on the screen, with the 
user aiming to fill as many of the gaps in the model as possible by maneuvering the iPhone. After 
achieving sufficient model coverage, the user selects “Create Model.” As currently implemented, 
the application then displays the extracted 3D model, which can be interacted with via zooming, 
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translating, and rotating. Upon approval of the model, the user selects “Upload Model” near the 
top of the screen (Figure 2.9 (c)). Once the model is uploaded, the users receive either an “Upload 
Successful” or “Upload Failed” message (Figure 2.9 (e)). 

We will delve into the challenges associated with this application, particularly regarding the 
scanning aspects, in the results section. Broadly, the scanning application struggles with accurately 
rendering tall or symmetrical objects. Furthermore, it does not do well in capturing finer details or 
smaller objects due to issues with tessellation and lack of color representation. Future improvement 
efforts should begin with a more detailed characterization of the TrueDepth sensor using raw 
scanning data, if possible, to understand the iPhone’s constraints better. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

 
(e) 

Figure 2.9: Current Scanning Process in the Osto-Mate Application. 
 

2.4.3 Backend 

Although processing an ostomy patient’s scan locally on the patient’s iPhone might seem 
feasible, factors like computational speed, data security, and potential future integration with 
healthcare institutions’ electronic medical records sway us towards a database and server 
configuration. For our initial system, we utilize Firebase’s Database and Storage, chosen primarily 
for their simplicity and multi-language support for setup and data manipulation. 

When a user opts to upload a scan, the model is uploaded to Firebase’s Storage using Swift 
code, which Firebase’s documentation details [70]. After the 3D model is uploaded, we obtain the 
URL where the scan is stored. This URL, alongside the scan’s name, is subsequently uploaded to 
Firebase’s Database. Notably, Firebase’s Database and Storage function independently—the 
database only accommodates text, while the storage is designed for images and other file types. 
When a scan is ready for processing, the “scan_start” variable is set to 1, enabling a server to 
identify all uploaded but unprocessed scans. 

In this prototype system, our server is a local computer set to check for unprocessed scans 
every second. Upload locating one, it downloads the 3D model, runs the contour generation 
algorithm, and uploads the contour’s point set as an image. While this serves as a placeholder 
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format at present, the final outline file format is pending finalization. After the file is uploaded to 
Storage, the URL is uploaded to the Database, and the “scan_done” variable is set to 1. 

Designed initially for use by a single testing device with non-patient data, this system is 
scalable, although it will require establishing user authentication and authorization, as well as 
adherence to regulatory laws. Utilizing a 2017 MacBook Air as the server, the current system can 
typically process a scan in less than five minutes. With a view to potentially processing thousands 
of scans, algorithm optimization for multi-threaded execution will be needed, especially when a 
server service is used. This initial configuration is solely for proof of concept and will not be used 
for handling actual patient data. Future versions will prioritize data privacy, security, and field-
specific standards, such as FHIR 7, as well as seamless integration with existing healthcare 
systems, aspects that require further research. 

 
Figure 2.10: Firebase Database Data Hierarchy. 

2.4.4 Contour Generation Algorithm 

Continuing our exploration of this technology’s potential, we conducted scans on fifteen 
different stoma models using the iPhone. For the contour extraction, we applied Suzuki’s rules-
based contour algorithm on 2.5D images [71], a widely recognized method in the OpenCV library 
used for image processing. The goal of this step was to assess if the topological characteristics of 
stomas could enable a simple and reliable extraction. This could help avoid the necessity for 
complex 3D object detection algorithms, which usually require large datasets and a sophisticated 
workflow. Preliminary observations suggest that rules-based algorithms might not provide 
robustness or stability for comprehensive stoma management due to the stoma’s intricate geometry 
and color variation. 

In the sections to follow, we will delve deeper into our stoma outline extraction methodology, 
explore the potential limitations of smartphone-based 3D scanning for stoma contouring, and 
analyze the errors associated with Suzuki’s contour [71].  
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2.4.4.1 Data Collection 

As an attempt to reflect the actual diversity encountered in clinical scenarios, we based our 
methodology on fifteen distinct stoma models (Table 4), obtained from [72]. These models 
represent only a fraction of possible variations in color, size, and environment surrounding stomas. 

In this effort, we focus on extracting the exact contour of the stoma to simplify the contour 
expansion process; typically, the stoma outline is expanded with a margin of one-fourth to one-
eight of an inch, but the process of expanding the extracted contour itself may lead to errors, so we 
will propose a preliminary option that will need to be explored as future work. The stoma contour 
is ideally extracted from an overhead view—a process that currently relies on trial and error and 
best judgment. For generating a reference contour in our study, we positioned the models on a flat 
cardboard surface marked with a checkered pattern. This facilitated image alignment and scaling. 
We used the iPhone 12’s back camera to photograph the stoma models. To mitigate perspective 
distortion, we secured the iPhone on a platform, ensuring it was parallel to the surface on which 
the stoma was placed (within 1 degree in the X and Y direction).  

Aligning with the system shown in Figure 1.3, first, the stomas were scanned using the iPhone 
12 with the scanning methodology described in Figure 2.9. To enable an accurate comparison 
between the extracted contour and the reference contour, we maintained the stoma’s orientation 
by scanning it after capturing the initial image. The process yielded monochrome 3D models, as 
demonstrated in Figures 2 (a) and (b). We processed the generated 3D models using 
CloudCompare to 1) scale the model such that a unit aligns with millimeters, 2) crop to only 
include the stoma and cardboard surface, 3) level so that the cardboard surface coincides with the 
X-Y plane, and 4) align the model to match the orientation of the cardboard in the reference 
images. 

Table 4 

Stoma Models Description and Images 

ID S1 S2 S3 S4 S5 
Description Stoma with a 

mucatenous 
separation 

Recessed 
stoma 

Flush stoma 
with nearby 

hernia 

Flush stoma Stoma 
located 

within a body 
crease 

Image 

     
Dimensions 
(Major Axis 

x Minor 
Axis x 

Height) 

29 mm x 27 
mm x 12 mm 

24 mm x 18 
mm x 2 mm 

25 mm x 20 
mm x 2 mm 

24 mm x 21 
mm x 1 mm 

21 mm x 17 
mm x 1 mm 
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Table 4 Continued 

 
Stoma Models Description and Images 

ID S6 S7 S8 S9 S10 
Description 3” diameter 

stoma 
Granuloma 

stoma 
Mushroom 

stoma 
Double barrel 

stoma 
Prolapsed 

stoma 
Image 

   
  

Dimensions 
(Major Axis 

x Minor 
Axis x 

Height) 

67 mm x 65 
mm x 38 mm 

27 mm x 24 
mm x 13 mm 

27 mm x 27 
mm x 21 mm 

64 mm x 33 
mm x 11 mm 

31 mm x 28 
mm x 51 mm 

 
Table 4 Continued 

 
Stoma Models Description and Images 

ID S11 S12 S13 S14 S15 
Description 2” diameter 

stoma 
7/8” diameter 

stoma 
Ischemic 

stoma 
Oval stoma Loop stoma 

Image 

    
 

Dimensions 
(Major Axis 

x Minor 
Axis x 

Height) 

49 mm x 47 
mm x 21 mm 

23 mm x 22 
mm x 13 mm 

49 mm x 47 
mm x 20 mm 

29 mm x 23 
mm x 10 mm 

47 mm x 28 
mm x 16 mm 

 

2.4.4.2 Ground Truth Contour Extraction 

Before we undertook any processing, we noted that minor shifts of the stoma and cardboard 
background from image to image and scan to scan could lead to alignment inaccuracies between 
the ground truth contours and the extracted contours. To minimize alignment discrepancies from 
the outset, we selected a representative pair (one ground truth image and one 2.5D image derived 
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from the 3D model). We based our selection on the clarity of the cardboard edges delineated in the 
3D model, which aided alignment. We visually aligned this pair using the overall shape of the 
cardboard surface. Despite the potential for slight error introduction through this method, we 
employed further alignment of the extracted contours to offset these errors, which we will elaborate 
on later. 

Once we had aligned the pair, we matched all other ground truth images to the selected ground 
truth images and aligned all 3D models to the chosen 3D model. This method was a necessity due 
to the challenges posed by tessellation and the absence of color in the 3D models, which hampered 
direct objective alignment between each pair of ground truth images and 3D models with 
registration algorithms like SIFT and TurboReg in Fiji. 

To align the ground truth images, we first cropped the images to the edges of the cardboard 
surface and then used the Scale-Invariant Feature Transform (SIFT) algorithm within Fiji for 
precision alignment. This algorithm selects key features within the images and calculates the 
optimal rotations and translations for alignment. These transformations maintain the final contour's 
integrity, as they avoid alternations such as scaling. Though this alignment is not directly 
observable, it was applied to the images shown in the ‘Ground Truth Contours’ column of Table 
II. We aligned the 3D models in a similar fashion, manually applying translation and rotation 
transformations.  

The ground truth contours extraction process from the images involved: 1) applying color 
thresholding to emphasize the shape of the stoma, 2) transforming the image to a binary mask, 3) 
removing any background objects, 3) filling in the holes present in the stoma’s mask, and 4) 
manual correcting any inconsistencies in the stoma’s mask by overlaying the mask onto the 
original stoma image. The mask’s outer set of pixels then yielded the ground truth contour. The 
error from manual correction did not exceed 0.15 mm from the optimal contour at any given point. 

2.4.4.3 Contour Extraction 

Our aim was to reduce the complexity involved in analyzing 3D models by concentrating on 
the stoma’s topography with 2.5D images, which can be examined with 2D imaging techniques. 
To produce these 2.5D images from the 3D models, first, a height gradient was applied, which 
maps the range of Z values (or height) in the model to a spectrum, thus demonstrating the 
topography of the 3D model. As stated earlier, we leveled the model so that the X-Y place 
corresponds to the surface on which the stoma is placed. As a result, any color variations on the 
model correspond to differences in height. 

In our procedure, we applied a grayscale gradient with a gray-white-gray spectrum, with the 
lowest points as gray, mid-range as white, and highest points as gray, using the Python library 
vtkplotlib (Figure 2.11). The 2.5D image was obtained by screenshotting this model from an 
overhead perspective. The 2.5D image’s scale was established by comparing the XY distance of 
two identifiable points on the 3D model to those on the 2.5D image. These 2.5D images were 
subsequently resized to match the scale of the ground truth images. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2.11: Illustration of the applied height gradient. Images (a) and (b) 
show the original stoma model viewed from overhead and side perspectives, 
respectively. As the stoma model is in STL format, it does not inherently 
display color. Therefore, the CloudCompare software applies a default color 
scheme of green and blue with shading to the model for visualization. 
Following the height gradient application, the altered stoma model is 
depicted from overhead in image (c) and from a side view in image (d). 

Before delving into the specific methodology for extracting the stoma’s contour, it is essential 
to provide some context on the general process of contour identification. Our approach uses 
OpenCV via Python for contour extraction from the images [73]. The initial step is to convert the 
image to grayscale (Figure 2.12 (a)), followed by thresholding. Here, we apply binary thresholding 
with the threshold value determined by Otsu’s method, an algorithm that seeks to select the 
threshold value that maximizes the difference between the averages (inter-class variance) of two 
classes – background and foreground pixels based on their intensity values – and minimizes the 
variance within each class (intra-class variance) [74]. All the pixels with values below this 
threshold are set to 0, while all pixels with values above it are set to 1. Given that the pixels of the 
stoma are darker than the pixels of the surrounding surface, which is similar to the background in 
intensity, we should expect the stoma to be easily distinguished with Otsu’s method. Consequently, 
we create a binary mark. From this mask, contours are identified using Suzuki’s border-following 
algorithm [71]. Although this algorithm is designed to not only detect all outlines present in an 
image but also to organize them into a hierarchy, illustrating their interrelationships or topological 
structure [71], we solely utilize its ability to detect all outlines. From all the contours extracted 
from the binary mask by Suzuki’s algorithm, we must determine which contour represents the 



 34 

stoma (Figure 2.12 (b)). To do this, we use the statistical characterization of the contours that 
typically represent the stoma, following a rules-based approach to keep dataset complexity at a 
minimum.  

For identifying the contour best representing the stoma, we use a scoring system defined by 
Equation (1). At an overview, the scoring identifies the biggest contour containing the 
homogeneously darkest set of pixels. The score is inversely related to the mean intensity of the 
pixels it includes, as a 2.5D image generally depicts the stoma as darker due to its relative height. 
The score is also directly proportional to the area or number of pixels in the contour for instances 
where a large contour encompasses a smaller contour that outlines a subset of the stoma. Lastly, 
the score increases for contours whose pixels have the smallest standard deviation. Offsets are also 
added to each term where a division by zero is possible. The terms are also further increased by 
setting large values for exponential variables a and b. From our experiments, we found a and b 
values of 80 and 3, respectively, worked well. 

Score = area ∙
1

(mean pixel intensity+ 0.1)! ∙
1

(std of pixel intensity+ 0.1)" 				
(1) 

To practically access the pixels within the contour, we obtain a bounding box of a contour. The 
set of pixels within these bounding boxes from the 2.5D images is used to score the contour. We 
chose to use the bounding box pixels instead of contour pixels to swiftly determine if a pixel is 
within the contour, given that many contours might be discovered. 

After identifying the highest-scoring contour, the image is cropped to concentrate on the 
contour with a slight margin on each side (Figure 2.12 (c)), followed by the application of blurring 
techniques to diminish the clear lines generated by tessellation, thereby encouraging smoother 
contour extraction. Although we employ Gaussian filtering in our process, we have not tested 
average filtering firsthand. However, our research suggests that both options seem promising for 
achieving our goal [75, 76]. It’s important to note that filters like median and bilateral, which do 
not blur lines as efficiently or preserve edges, may not be as effective. In the context of our 
reconstructed models exhibiting noticeable tessellation in the 2.5D images, we apply multiple 
blurring filters with small kernels (30x30 and 15x15) to smooth out these effects without causing 
significant color distortion, which is vital for accurate contour extraction. The identification and 
scoring process is repeated to ensure accuracy (Figure 2.12 (d)) and extract the final contour 
(Figure 2.12 (e)). 
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(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

Figure 2.12: Depicting the contour generation process. Initially, the 3D 
model is leveled, and a height gradient is applied, producing the overhead 
snapshot in (a). All potential contours are then identified using OpenCV’s 
algorithm, demonstrated in (b), and each contour is assessed based on 
Equation (1). The overhead image is subsequently cropped to center the 
highest-scoring contour, as shown in (c). Within this cropped image, 
OpenCV’s algorithm is used again to discern all contours, shown in (d). The 
contour scoring highest, which is the central contour around the stoma in (d), 
is selected. This chosen contour is then expanded by 3.175 mm, as depicted 
in (e). 

2.4.4.4 Error Evaluation 

The extracted contours were evaluated with an error-based evaluation: for each pixel in the 
extracted contour, the minimum Euclidean distance to a pixel on the ground truth contour is 
computed. To meet our objective, every point on the extracted contour must be less than 2 mm 
away from a point on the ground truth contour. 

2.4.4.5 Contour Expansion 

The main objective of this section was to accurately extract the stoma’s contour. However, to 
extend our investigation and demonstrate a proof-of-concept, we also explore contour expansion 
as the wafer is cut a bit larger than the stoma’s contour. According to Nurse Practitioner Quyen 
Stevenson, for budded stomas, the contour is typically cut 1/8” from the base. If the stoma is 
mushroom-shaped, the contour is determined from the stoma’s widest part. However, for flush or 
retracted stomas, the contour is cut 1/4" or 6.35 mm from the stoma. Therefore, a machine learning 
algorithm would ideally be utilized to first identify the stoma type and then apply the appropriate 
expansion.  
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For our proof-of-concept of how the stoma’s contour could be expanded, we began by 
calculating the stoma's centroid, which served as our origin. For each point in the contour, we 
calculated the slope from the centroid (origin) to the point. The goal is to select a point along the 
line that is the chosen distance away (e.g., 3.175 mm). We used a numerical method for this 
process. Starting from the centroid and extending past the point on the contour by a distance equal 
to the distance between the centroid and the point, we placed 100 points along this line. For each 
of these points, we computed the distance from the centroid. This distance needed to be equal to 
the original centroid-to-point distance plus 3.175 mm. We iterated through all points until we 
found one that met or exceeded this distance. 

While this method might not yield the exact answer and could potentially introduce some error, 
any such error should be minimal as the number of points on the line could be increased, resulting 
in sub-millimeter error. It is worth mentioning that this was merely a proof-of-concept and was 
not used for any applications beyond illustration, as expanding the contour can be a nuisance 
process. 
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Chapter 3. RESULTS 

3.1 PRELIMINARY SCANNING RESULTS 
This section will delve into the preliminary results derived from scanning a variety of nine objects 
featuring diverse geometries and textures. These objects were scanned with both a standard 
reference scanner (NextEngine) and an iPhone 12. Our primary goal was to quantify any potential 
errors present in the 3D models that the iPhone reconstructed. 

3.1.1 Heatmap Comparison Highlighting Error 

We used CloudCompare to generate annotated heat maps. These heatmaps visually present the 
distance errors between the models generated by the iPhone and the corresponding ground truth 
models. A color spectrum ranging from blue to red symbolizes the degree of error; perfect 
alignment or minimal error is represented by blue, while red is indicative of the relative maximum 
error. For example, Figure 3.1 serves as an example of the legends within Figure 3.2. Here, an 
error of 6.66e-4 mm corresponds to blue, while red corresponds to a more considerable error of 
3.71 mm. We calculated the absolute distance error for every model, as shown in Figure 3.2, to 
ensure that we capture the maximum possible error rather than an average, offering a more realistic 
view of the worst-case scenario. 
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Figure 3.1: The 
stoma model's 
heat map legend. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

 

(e) 

 

(f) 

 

(g) 

 

(h) 

 

(i) 

 

(j) 
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(k) 

 

(l) 

 

(m) 

 

(n) 

 

(o) 

 

(p) 



 42 

 

(q) 

 

(r) 

Figure 3.2: Comparative analysis of model geometry and distance error 
between iPhone-generated models and NextEngine reference models. The 
images on the left illustrate the iPhone-generated models (depicted as blue 
3D models) merged with the reference models (shown as the colored 3D 
model): (a) Rectangle 1, (c) Rectangle 2, (e) Half-Sphere 1, (g) Half-Sphere 
2, (i) Cube 1, (k) Cube 2, (m) Cylinder 1, (o) Cylinder 2, (q) Stoma model.  
Correspondingly, the images on the right present the reference model to the 
left and the iPhone-generated model on the right, which is color-coded 
according to the distance error from the set of images on the left: (b) 
Rectangle 1 – error range of 0.001 to 1.553 mm, (d) Rectangle 2 – error range 
of 0.005 to 2.468 mm, (f) Half-Sphere 1 – error range of 0.001 to 1.097 mm, 
(h) Half-Sphere 2 – error range of 0 to 1.682 mm, (j) Cube 1 – error range of 
0.01 to 4.444 mm, (l) Cube 2 – error range of 0.0056 to 3.176 mm, (n) 
Cylinder 1 – error range of 0.008 to 1.11 mm, (p) Cylinder 2 – error range of 
0.005 to 12.1 mm, (r) Stoma model – error range of 0.001 to 3.705 mm. 

 

3.1.2 Evaluating Cumulative Distribution of Distance Error 

Recognizing that the scanning process can occasionally yield subpar reconstructions if not 
carried out carefully, we took three scans for each object using the iPhone to ensure the robustness 
of our results. We then implemented the procedure to obtain the scalar field of distance error, often 
referred to as an annotated heatmap, for each model. Saving these models in the PLY-ASCII 
format allowed us to extract the associated distance error values. We used these values to create 
the cumulative distribution graphs depicted in Figure 3.3. These graphs effectively demonstrate 
the percentage of points on the models generated by the iPhone that are within a particular distance 
(expressed in millimeters) from the reference models generated by the NextEngine scanner. 
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(a)  

(b) 

 
(c) 

 
(d) 

 
(e)  

(f) 

 
(g) 

 
(h) 
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(i) 

Figure 3.3: Cumulative distribution plots illustrating the percentage of points on iPhone-
generated models that fall within a specified millimeter range from their corresponding reference 
models. Plots of (a) Rectangle 1, (b) Rectangle 2, (c) Half-Sphere 1, (d) Half-Sphere 2, (e) Cube 
1, (f) Cube 2, (g) Cylinder 1, (h) Cylinder 2, (i) Stoma model. 

3.1.3 Assessing Mean Error Distance and Standard Deviation 

Further, we attempted to gauge the accuracy by evaluating the average mean distance error and 
the standard deviation of three models from the previous section created for each object relative to 
the ground truth models (Table 5). As mentioned previously, we opted for three models to account 
for possible variations in the scanning process. It is worth noting that while previous research 
generally employed a single model or did not specify the number of models used to derive their 
results [30, 36], they usually obtained various frames or snapshots of an object to compile the 
frames into a single model comprising as many data points as necessary. Similarly, when using 
the iPhone application, scanning continues until all the voids are adequately filled; in this process, 
the software is designed to perform multiple scans and merge them. Nevertheless, various scans 
should be used to quantify the precision of the results. 
 

Table 5 

Average Mean Error and Average Standard Deviation of Scanned Objects 

Objects: Cube 1 Cube 2 Rectangle 1 Rectangle 2 

Average Mean 
Error Distance 
(mm) 

1.1581 
 

0.8034 
 

0.3220 
 

0.5324 
 

Average 
Standard 
Deviation 

1.0115 
 

0.9298 
 

0.2906 
 

0.4682 
 

 

Table 5 Continued 
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Average Mean Error and Average Standard Deviation of Scanned Objects 
Objects: Cylinder 1 Cylinder 2 Half-Sphere 1 Half-Sphere 2 Stoma model 

Average 
Mean Error 
Distance 
(mm) 

0.2481 
 

1.7728 
 

0.2339 
 

0.2640 
 

0.5135 
 

Average 
Standard 
Deviation 

0.2498 
 

2.2169 
 

0.2221 
 

0.2788 0.5216 

 

3.2 CONTOUR EXTRACTION RESULTS 
We assess the accuracy of our contour extraction algorithm on a sample of fifteen unique 

stoma models. This analysis yielded diverse results with varying accuracy. 

3.2.1 Contour Overlap 

Table 6 visually compares the ground truth contours and the extracted contours for each stoma 
model. The first column of Table 6 shows the stoma model images with a green line delineating 
the ground truth contour, and the second column displays the 2.5D images with the extracted 
contour also delineated by a green line. The fourth column overlays these contours onto each other; 
the blue mask corresponds to the ground truth contour, the red mask to the extracted contour, and 
the purple area highlights the overlap. Note that the X and Y axes represent the distances in 
millimeters.  

Notably, for stoma model S5, the contour extraction algorithm mistakenly selected a section 
of the 3D model that did not contain the stoma. We also excluded stoma model S10 due to its 
protruding nature, which impeded us from obtaining the contour at the base of the stoma. 
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Table 6 

Visual Comparison of Ground Truth and Extracted Contours with Overlap 

ID Ground Truth 
Contour Extracted Contour 

Overlap of Ground 
Truth and Extracted 

Contour 

S1 

   

S2 

   

S3 

 
 

 

S4 
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S5 

 

 

 

S6 

   

S7 

   

S8 
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S9 

   
S10 N/A N/A N/A 

S11 

   

S12 

   

S13 

   



 49 

3.2.2 Error Distribution 

Histograms detailing the distributions of absolute error for each stoma model are shown in 
Figure 3.4. These histograms show the shortest Euclidean distance to the ground truth contour for 
every point on the extracted contour. The X-axis illustrates the error distance in millimeters, 
whereas the Y-axis signifies the frequency of each error magnitude. The error distributions reveal 
notable differences among the extracted, although most errors are within 6 mm error. Interestingly, 
the largest errors were found in stomas S2 through S5, a point we will explore in depth in the 
discussion section. 
 

 
(a) 

 
(b) 

S14 

   

S15 
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(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 
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(i) 

 
(j) 

 
(k) 

 
(l) 

 
(m) 

 
(n) 

Figure 3.4: Histograms depicting the error distances between ground truth and extracted stoma 
contours. Each histogram represents the frequency (y-axis) of error distances (x-axis) of each 
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stoma model: S1 (a), S2 (b), S3 (c), S4 (d), S5 (e), S6 (f), S7 (g), S8 (h), S9 (i), S11 (j), S12 (k), 
S13 (l), S14 (m), S15 (n). 

3.2.3 Statistical Analysis of Error 

Table 7 provides further statistical insights into the discrepancies between the extracted and 
the ground truth contours. It includes each stoma model's minimum, maximum, average error, and 
standard deviation. These details provide a more granular understanding of the range and 
distribution of the errors.  

Table 7 

Detailed Statistical Analysis of Distance Errors for Each Stoma Model 
Stoma 
Model 

Minimum 
Error (mm) 

Maximum 
Error (mm) 

Average 
Error (mm) 

Standard 
Deviation (mm) 

S1 0.0 3.36 1.16 0.95 
S2 24.61 29.56 27.26 1.35 
S3 0.0 47.17 28.12 15.46 
S4 21.53 29.94 25.94 1.93 
S5 79.68 87.88 83.69 2.43 
S6 0.0 8.87 5.03 2.29 
S7 0.0 2.39 0.87 0.62 
S8 0.0 4.71 2.52 1.28 
S9 0.0 5.65 2.3 1.5 
S11 0.0 5.07 2.76 1.4 
S12 0.0 6.04 2.98 1.58 
S13 0.0 2.7 0.67 0.55 
S14 0.1 3.62 1.92 1.06 
S15 0.0 4.92 2.54 1.54 
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Chapter 4. DISCUSSION 

The primary objective of this research was to create the system depicted in Figure 1.3 to aid 
ostomy patients in procuring custom-fit ostomy wafers. As outlined in the methodology section, 
two research-intensive aspects of this system required development. The first entails the validation 
of the iPhone, which we deemed the most suitable scanning device, to reconstruct objects 
accurately. Our preliminary scanning experiments confirmed this, where six out of nine objects 
demonstrated nearly 100% of points on the reconstructed models falling within 2 mm of the 
reference models. The process, however, unveiled that scanning objects requiring circular, side-
angle movements led to more distorted models. 

The second developmental component involved developing algorithms that generate the 
optimal stoma contour given a 3D model of the stoma. We used fifteen stoma models to test the 
algorithm, which incorporates Suzuki’s contouring algorithm. This experiment revealed that nine 
of the fifteen extracted contours had a maximum error of 6 mm. Although errors did occur in the 
scanning and contour generation process, these inaccuracies do not negate the iPhone’s potential 
for application in this context, as there are clear areas for improvement. We will delve deeper into 
the results in the following sections. 

4.1 DISCUSSION ON PRELIMINARY SCANNING RESULTS 
The objects scanned—rectangle 1, rectangle 2, cylinder 1, half-sphere 1, half-sphere 2, and the 

stoma model—exhibited the highest accuracy, with 75% of points (third quartile) falling 
approximately 1 mm from the reference models, as demonstrated by the annotated heatmaps. 
Nevertheless, tessellation became apparent where the objects met the background surface or in 
objects with abrupt edges like rectangle 1, rectangle 2, and cylinder 1, leading to distorted models. 
This distortion became even more pronounced with cube 1, cube 2, and cylinder 2, suggesting that 
objects with surfaces containing gradients much less than 90 degrees are best represented. 

Moreover, the images do not reflect the difficulty in capturing certain objects, such as rectangle 
2 and cylinder 2. Multiple scanning attempts were required for these objects because they 
necessitated side perspective scans, during which the application may create distorted models. The 
infinitam_ios application occasionally lost track during this process and had to be restarted. 
Moreover, improper scanning of the object’s sides resulted in incomplete scans, as shown in Figure 
4.1, where the upper half of the cylinder is visibly cut off from the background surface. 
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Figure 4.1: A comparison of the side-perspective view of the reference 
model (left) and the iPhone-reconstructed model (right) for Cylinder 2. 
The image highlights the distortion in the iPhone-reconstructed model, 
with the upper half appearing to be cut off from the background surface, 
demonstrating one of the challenges encountered in the 3D scanning 
process. 
 

In the case of the stoma model, the primary source of error appears to stem from potential 
misalignment with the reference model. Due to tessellation, the mucocutaneous separation, 
depicted as a dip to the right of the red stoma spout, might be aligned above the stoma in the 
iPhone-reconstructed model. 

These results indicate that objects entirely capturable from an overhead perspective are 
captured with an accuracy exceeding 2 mm, surpassing the results in [30] and marginally bettering 
the results for the Structure Sensor in [36]. However, improvements to the scanning application 
are necessary to enhance accuracy and facilitate the scanning of tall and protruding stoma spouts, 
especially those obstructing peristomal skin from an overhead perspective. 

4.2 DISCUSSION ON CONTOUR GENERATION RESULTS 
Our experiment used fifteen stomas, with one (S10) being excluded due to the stoma’s 

protruding nature obscuring the base, preventing us from extracting both the ground truth and test 
contour. Five stoma models had stomas surrounded by skin, each presenting unique surface 
geometries. For instance, S1 represented a typical stoma spout with a slight separation from the 
surrounding skin. S2 was a recessed stoma, such that the surrounding skin was taller; S3 was nearly 
leveled with the skin and was placed by a hernia; S4 was a flush stoma, so the tip of the stoma was 
leveled with surrounding skin, and S5 was situated within a body crease. The diverse peristomal 
and stoma geometries in S2 through S5 made it difficult for the algorithm to identify the stomas 
using their topology, thus resulting in average errors exceeding 25 mm for these models.  

The remaining stomas, although identified correctly, demonstrated varying degrees of 
accuracy. However, all maintained an average error of less than 3 mm, with the maximum error of 
8.87 mm observed in S6. Some errors can be attributed to misalignment between the ground truth 
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and extracted contours, as shown in S6, S8, S9, S11, S12, and S15, and minor inaccuracies might 
be due to tessellation introduced by the infinitam_ios application, as shown in S1. 

As an initial approach, we developed a rules-based contour algorithm using 2.5D images to 
minimize the complexity of establishing a 3D workflow. This was feasible as the stoma’s optimal 
contour can be extracted from an overhead perspective. While the achieved accuracy did not meet 
our target, the maximum 8 mm error for nine of the fifteen models suggests greater potential in 
integrating 3D components into the process. This strategy bypasses common errors associated with 
2D imaging, such as illuminance and capture angle variations, while being relatively simple. 
Scanning the models was similar to recording a video, making this system practical for ostomy 
patients to use from home. 

However, our findings underscore the necessity of a 3D workflow to handle the complexities 
of stomas effectively; further explanation will be provided in the limitations section. We suggest 
adopting a learning-based approach for robust-stable results. Additionally, improving the 3D 
scanning and reconstruction processes to reduce tessellation and incorporate color into the final 
model could contribute to more accurate outcomes. These enhancements would facilitate 
alignment between the model and the ground truth image, promoting accuracy.  

4.3 REAL-WORLD IMPLEMENTATION CONSIDERATIONS 
Considering that the average ostomy patient is around 70 years old [77], it is reasonable to 

question whether these individuals would be comfortable using or even have access to a 
smartphone to utilize this system. The study conducted in [55] provides encouraging evidence, 
demonstrating that elderly patients (mean age: 70 years, range: 41 to 87 years) were willing and 
able to use a smartphone for wound care surveys. This finding holds relevance to our system, 
suggesting potential usability among the elderly demographic. Further supporting this, our 
application boasts large, easily navigable buttons and an intuitive user interface. The scanning 
process resembles video recording, a task many smartphone users are familiar with. To ensure 
maximum usability, we would also develop tutorial videos to assist patients who may struggle 
initially.  

An area that warrants further exploration is the impact of patient positioning during the 
scanning process. The generated contour could differ depending on whether the patient is standing 
or lying down. Additional studies are required to establish the optimal positioning that results in 
an extracted contour that most closely resembles the contour a nurse would use in ostomy patient 
care. 

Similarly, the contour generation process requires further refinement. While our research was 
able to extract somewhat precise contours of the stoma and demonstrated a potential method for 
expanding this contour, our approach may not always be the most suitable. For instance, if jagged 
edges are produced during exact contour extraction, and these are expanded, a nurse may prefer a 
smooth, rounded contour for the patient’s comfort and safety. Furthermore, considering the 
possible implications of an incorrectly customized wafer, we must establish robust procedures to 
handle errors or inaccuracies. This could involve a nurse reviewing and verifying each extracted 
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contour or enabling patients to confirm and make adjustments to the algorithmically extracted 
contour. 

Lastly, the process of customizing the wafers demands consideration. Given the unknown and 
potentially hazardous materials in each wafer, laser cutting may not be safe. Alternative methods, 
such as CNC milling or physical etching, should be investigated for wafer customization. As 
demonstrated in Figure 4.2 and Figure 4.3, an ostomy wafer can be taped to a milling bed, with 
the resulting customized wafer fitting comfortably onto the stoma. An important feature of the 
wafers produced by this process is their smooth edges. Nurse Practitioner Quyen highlighted a 
significant benefit of this system—its capability to produce wafers with smooth edges, thus 
preventing unnecessary trauma and damage to the stoma, which might overwise occur when 
patients adjust their wafers. As the wafer is worn all day, continual friction against the nerveless 
intestinal spout can pose a risk. Therefore, a smooth edge wafer can help prevent unnecessary harm 
to the intestine. 

 
Figure 4.2: An ostomy wafer taped to a CNC milling bed. 

 
Figure 4.3: A ostomy wafer customized with a CNC mill 

placed onto an ostomy model. 
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4.4 OTHER IMPLEMENTATION CONSIDERATIONS 
Several other considerations must be taken into account for implementing this system, ranging 

from legal aspects to business feasibility.  
Firstly, a question often asked is whether the customization process needs to sterilize the 

ostomy wafer. Sterilization is unnecessary since the wafer will not be applied to a sterile 
environment. Nurse Practitioner Quyen substantiated this insight, noting that patients frequently 
cut their ostomy wafers up to several weeks ahead of time once the ostomy site stabilizes, leaving 
the wafers exposed. 

Secondly, from a technical standpoint, our research indicates that only iPhones equipped with 
the TrueDepth system are compatible with our proposed solution due to the system’s capacity to 
capture accurate depth measurements. Other phones may have depth-sensing capabilities, but these 
capabilities are limited to one or two phones in each brand, making the effort value tradeoff 
questionable. 

From a business perspective, the system’s viability remains questionable. Through over 150 
interviews with ostomy patients, WOC nurses, surgeons, and professionals in ostomy care, we 
have found that only a minor proportion of patients struggle with wafer customization. Several 
WOC nurses indicated that out of the hundreds, if not thousands, of ostomy patients they have 
assisted, fewer than ten patients each required customized wafers. Furthermore, patients we 
interviewed perceived wafer customization as a tolerable inconvenience rather than a severe 
problem, rendering our service more of a luxury than a necessity. The prevalent solution to avoid 
the wafer inflicting harm on the intestinal spout is to cut the wafer larger than the spout and use 
eakin rings, which mold to the stoma shape and protect the skin from bodily waste. Industry 
insiders also note that ostomy supply distributors are unlikely to invest in additional technology 
due to the narrow profit margins in ostomy care. Currently, within the industry, Byram Healthcare 
offers a rough customization program, as shown in Figure 4.4, and brief interviews with managers 
at Byram suggest this program is sufficient as-is. However, the capacity to scan objects and extract 
their state information could offer benefits beyond wafer customization, potentially facilitating 
ostomy site monitoring in a telehealth or home health setting.  

We would likely need FDA approval to use this system for ostomy wafer customization or 
monitoring. We could initiate the FDA regulatory process with a pre-submission meeting to 
confirm if the 510k premarket notification process suits our medical device/software. 

Moreover, if we were to provide ostomy measurements to healthcare providers, the system 
would need to integrate with existing healthcare electronic medical records. This would necessitate 
careful consideration of the system’s compatibility with existing healthcare processes and systems, 
particularly concerning data exchange and privacy.  
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Figure 4.4: Byram Healthcare's customization program roughly customizes ostomy 
wafers with major and minor axis measurements of the ostomy [78]. 
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Chapter 5. LIMITATIONS AND FUTURE WORK 

Although the results of our research into the development of the system depicted in Figure 1.3 
did not entirely meet our initial objectives due to inaccuracies in the scanning process and 
complexities surrounding accurate stoma contour, this work has undeniably taken a critical stride 
towards supporting ostomy patients in their stoma management endeavors. This chapter aims to 
delve into the limitations we encountered during our research, the implications these shortcomings 
had on our findings, and the necessary strides that future work should take to overcome these 
challenges and maximize the potential of our proposed system.   

5.1 LIMITATIONS OF PRELIMINARY SCANNING EXPERIMENTS 
As discussed in the previous chapter, one significant technical challenge encountered was 

scanning objects with a height exceeding 15 mm, requiring the capture of side surfaces. Quick or 
sudden movements often resulted in the scanning application losing track of the object, 
necessitating a restart of the application. We believe this is due to the application’s real-time 
snapshot stitching approach, which attempts to merge current depth samples with the ongoing 3D 
model generation. Objects such as half-spheres needed to be scanned swiftly due to their 
symmetrical nature, which made it easy for the application to lose track during the merging 
process. We envision that utilizing other iPhone sensors could potentially aid the reconstruction 
process, thereby improving the accuracy of frame merging. 

As for the final 3D scans, they provided a reasonable starting point, but future improvements 
should focus on enhancing accuracy and incorporating color. The cause of tessellation will need 
further investigation to determine whether it signifies a limitation of the TrueDepth sensor’s 
resolution or an issue stemming from the registration/reconstruction process that can be addressed. 
During our experiments, we attempted to use a tile of known dimensions to scale the iPhone 
models in CloudCompare appropriately. Unfortunately, the tile’s edges lacked clear definition, 
providing no definitive reference points (Figure 5.1). Utilizing the outer blue polyline as a 
reference resulted in under-scaled models while referencing the inner pink polyline led to a minor 
over-scaling.  
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(a) 

 

(b) 

Figure 5.1: Reference tile with polyline tracing indicating 
possible marks to use. (a) Overhead scan. (b) Underside scan. 

In our work, we evaluated the capability of the iPhone 12’s TrueDepth system to replicate eight 
objects of similar size to a stoma, as well as a stoma model itself. When comparing the iPhone-
generated models with those produced by the NextEngine scanner, we found that the iPhone 12 
could accurately replicate objects that were captured mainly from an overhead perspective. 
Nonetheless, the accuracy leaves room for improvement, and the application must be enhanced to 
facilitate scanning objects that require more varied moments. The difficulties with scanning were 
particularly evident with Cylinder 2, for which we could not obtain scans that adequately captured 
the sides, resulting in the largest error among all models. It is conceivable that taller objects would 
present even greater challenges for accurate capture. 

Moving forward, our work will aim to improve model accuracy by refining the scanning 
application. However, before we proceed, we acknowledge the necessity of characterizing the 
TrueDepth sensor with a similar methodology as undertaken in [36, 38, 39] to explore other 3D 
sensors. This will allow us to understand the sensor’s inherent limitations better and determine 
whether enhancements to the registration algorithm would be sufficient to make the application 
suitable for use in this context. As part of this process, we will need to ascertain where 
improvements to the scanning protocol can be achieved using the existing Infinitam framework 
[69] or whether we should develop our algorithm. Ideally, the revised process should utilize 
additional phone sensor information to overcome issues with tall and symmetrical objects and 
generate colored 3D models with minimal tessellation. 

 

5.2 LIMITATIONS OF CONTOUR GENERATION 
This study explores using the iPhone 12 to reconstruct stoma models, from which we generated 

2.5D images to explore a methodology for precise stoma contour extraction. Out of the fifteen 
stoma models utilized, one had to be excluded due to the inability to extract the contour. Of the 
remaining fourteen, nine demonstrated a maximum error of 6 mm, one exhibited a maximum error 
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near 9 mm, while the rest incorrectly identified the stoma, leading to substantial errors. Apart from 
the misidentification of stomas, the primary sources of error were linked to proper alignment and 
tessellation in the 3D models.  

A fundamental limitation of our study was that stomas were placed on a flat surface. However, 
as observed with stoma models S2 through S5, this method fails to accurately account for the 
complex topographical conditions of actual stomas. Furthermore, real-life stomas, which could be 
in more intricate situations like a prolapsed stoma (S10), cannot be accurately scanned with the 
current application, as we observed in the previous section.  

Additionally, the scanning application’s inaccuracies and lack of color representation hindered 
our ability to identify clear reference points for aligning the ground truth and 2.5D images. The 
manual alignment necessary due to this may have further contributed to the misalignment error.  

Looking forward, future studies should consider including stomas situated on mannequins to 
expand the scope of research. Further improvements should focus on enhancing the 3D scanning 
process, incorporating color into the 3D models, and employing learning-based algorithms for 
processing 3D models. Such advancements will provide a more detailed and accurate 
representation of stomas, subsequently improving the precision of contouring. Our study lays the 
groundwork for further explorations in this field, and these advancements can help to enhance 
stoma care and management. 
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Chapter 6. CONCLUSION 

Presently, millions of ostomy patients rely on dated equipment for adjusting their ostomy 
wafers, an essential component for safeguarding the surrounding skin from bodily waste exuding 
from their surgically creating stoma. Ill-fitting wafers can potentially lead to severe complications, 
ranging from unnoticed bleeding caused by tightly fitting wafers to skin erosion and infection due 
to loosely fitting wafers. To mitigate these problems, we initiated the development of the Osto-
Mate system. This low-cost, user-friendly solution leverages the depth-sending capabilities of 
smartphones to capture a detailed, three-dimensional profile of the stoma and generate an optimal 
contour for customizing wafers.  

The Osto-Mate system, primarily designed with elderly ostomy patients in mind, offers an 
intuitive application that allows easy stoma scanning. The scan data is then transferred to a 
database and processed on a server using a contour extraction algorithm. The generated contour is 
expanded and re-uploaded. Given the potential self-adjustment errors patients can introduce, we 
explore commercializing the system to deliver customized wafers; however, such a system brings 
up some challenges. 

By probing into the possibilities and constraints of readily available devices, we have pioneered 
a method to extend advanced services to patients with limited options, promoting better healthcare 
equity. For future endeavors, it would be valuable to consider research on stomas placed on 
mannequins to broaden the scope. Enhancements to the current system entail refining the 3D 
scanning process, integrating color in the 3D models, and applying learning-based algorithms to 
process these models. This would offer a more precise and detailed representation of stomas, 
improving contouring accuracy. 

Despite our discovery that the problem we initially set out to solve may not be as widespread 
as we initially thought, our work still paves the way for novel explorations in stoma care. We 
remain optimistic that such advancements can significantly improve stoma management. 
Therefore, our work is a stepping stone for future research aiming to enhance the lives of ostomy 
patients in a similar manner. 
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