
	

Improvement	and	development	of	SurgicAR:	

an	intraoperatory	Augmented	Reality	

application	for	Hospital	del	Mar	

	

Maria	Prieto	Gomà	

BA
CH

EL
O
R’
S	
TH

ES
IS
		/
		B
IO
M
ED

IC
AL
	E
N
G
IN
EE
RI
N
G	
20

20
	



 

Bachelor thesis on Biomedical Engineering 

Universitat Pompeu Fabra 

 

 

Improvement and development of 

SurgicAR: an intraoperatory Augmented 

Reality application for Hospital del Mar 

  

 

Maria Prieto Gomà 

Supervisor: Marcos Busto Barrera 

Tutor: Jordi García Ojalvo 

Radiology Department of Hospital del Mar 

 

 
 

 

July 2019 

 



 ii 

  



 iii 

Acknowledgments 
 

I would like to express my sincere gratitude, 

To my supervisor at the Hospital del Mar, Dr. Marcos Busto, for giving me the 

opportunity to be embedded in this project and for his advice and help in the making of 

this thesis.  

To my tutor at Universitat Pompeu Fabra, Prof. Jordi Ojalvo, for his support and advice.  

To Dr. Albert Francès, for allowing me to test the application during surgery and for his 

help in the making of this thesis.  

To Mrs. Núria Monill and the 3D laboratory of Hospital Taulí (Sabadell), for their help 

on finding the sterilization protocols for the tracker material and for printing the final 

object. 

To Mrs. Ana Maria Gaya, nurse of the sterilization department of Hospital del Mar, for 

the sterilization information and for her aid on finding the final tracker material. 

To my two reviewers, Prof. Rafael Manzanera and Mr. Òscar Pera, for agreeing to 

review this thesis and participate as board members in its presentation.  

To my family, partner and friends for their unconditional support during the 

development of this project.  

 

  



 iv 

 

  



 v 

Abstract 
In the last decades, the increasing development of novel computer-based technologies 

has led to the introduction of striking innovations in many fields of medicine. Yet, 

while imaging has radically evolved, how images are displayed is basically the same as it 

was in the 1950s. Visual data is shown on a 2D flat screen, therefore surgeons have to use 

skill to mentally reconstruct the images seen in monitors into the architecture of the 

patient. To facilitate anatomical understanding and to plan and optimize surgical 

procedures, 3D virtual reconstructions of the organs of interest can be created and 

displayed using immersive technology. The aim of this thesis is to improve and develop 

an existing preliminary version of an Augmented Reality application, called SurgicAR, 

based in the Radiology department of Hospital del Mar. This application is thought as a 

helping tool for the daily use in the operating rooms, allowing surgeons to visualize and 

interact with patient-specific 3D models and other data, as medical scans or animations 

(it enables their rotation, movement and zooming), before and during surgery. The 

improvements focused on the generated 3D model, the fiducial marker recognition, 

obtaining and sterilizing the target object and the digital assets shown in the application. 

SurgicAR is user-friendly, economic and intuitive; the user opens the application in his 

smartphone, the camera automatically turns on and he can see and control the digital 

asset shown on the screen, a 3D model, for example, by moving the physical or virtually 

displayed target.  

 

Keywords 
Keywords: Healthcare; Operating room; Surgical planning; Augmented Reality; 

Segmentation; Fiducial marker; 3D printing; Vuforia Augmented Reality Software 

Development Kit (SDK); Unity Software. 
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1. INTRODUCTION  

1.1.  Clinical background 

In the last decades, the increasing development of novel computer-based technologies 

has led to the introduction of striking innovations in many fields of medicine. Radiology 

has marked a significant step forward when provided with sophisticated tools for the 

acquisition and elaboration of medical images. Yet, while imaging has radically evolved, 

the way images are displayed is basically the same as it was in the 1950s [1]. Visual data is 

always shown on a Two-Dimensional (2D) flat screen, hence surgeons have to use skill 

and imagination to mentally reconstruct the images seen in monitors into the Three-

Dimensional (3D) architecture of the patient. Since the images represent the perspective 

of the machine, doctors have to exert effort to understand how they come through in the 

patient [2]. Moreover, the more the anatomy is irregular as result of inherent variations 

or disease-related distortions, such as tumors, the harder are its comprehension results. 

In addition, in surgery, a clear understanding of the target anatomy should be obtained 

in the preoperative setting with the aim of planning the operation accordingly [3].  

To facilitate anatomical understanding and to plan and optimize surgical approaches, 3D 

virtual reconstructions can be created. As to generate 3D patient-specific anatomical 

models, the process starts by acquiring a volumetric dataset of the patient by different 

imaging techniques, and moves through the generation of a virtual 3D model of the 

anatomy of interest. This process is called segmentation. The most common imaging 

modalities are radiography, computed tomography (CT), magnetic resonance imaging 

(MRI), positron resonance angiography (PET) and ultrasound. This data is saved as the 

international standard file format for medical imaging, called Digital Imaging and 

Communications in Medicine (DICOM). Since the human body is very complex and 

highly variable, isolating the desired anatomy could be challenging, so health care 

professionals will normally use one or more techniques to obtain the segmentation, 

based on the clinical question (the tissue or organ of interest) and on the availability of 

the imaging machines in the hospital [4]. The final model depends on the quality of the 

original DICOM data, so the best and fastest segmentations are obtained with high 

resolution datasets, both spatial and temporal [5]. In this way, close collaboration with 

the hospital’s imaging department is key, it is important to define appropriate protocols 

to avoid the need to re-scan a patient due to a previous poor medical imaging.  



 
 

2 

When this model is obtained, it can then be translated into a physical object by means of 

the most suitable 3D printing technology. 3D printing, also known as additive 

manufacturing, is an industrial technique that allows building three-dimensional objects 

from a computer-aided design model by adding material layer-by-layer. The theoretical 

concept of 3D printing was first laid out in 1974 by David E. H. Jones in the journal 

New Scientist, but it was not until this last decade that it became more popular, accurate 

and affordable. The use of 3D printing has gained considerable success in many medical 

fields in the latest years, owing to its highly accuracy and their resulting solid graspable 

objects that allow a free manipulation on part of the user. These objects aid the 

comprehension of anatomical details, especially the spatial relations between structures, 

leading to the concept “touch to understand”. There are a large variety of techniques and 

materials (from plastics to living cells), which can also have several properties 

(biocompatibility, flexibility, translucency, solubility, strength, stiffness, temperature 

and chemical resistance…); each technique and material possess strengths and 

weaknesses when it comes to medical models. To date, an increasing number of 

applications have been successfully tested in many surgical disciplines, extending the 

range of possible uses to pre-operative planning, counseling with patients, medical 

students and residents’ education, surgical training, intraoperative navigation, implants 

generation, surgical guides and others [3].  

 
Figure 1. Representation of a virtual segmented anatomical model (left) and the result of its printing with 
different materials and colors (right). Extracted from [6].  
 

Even though this field is constantly improving and offers great advantages, it faces 

several important limitations. Firstly, it requires high investment. Even if the printer, 

materials and software purchases can be relatively affordable (there is a huge offer with 

different prices and qualities, depending on the purposes you are buying them for), it is 

the maintenance of the 3D printing laboratory service in the hospital, with its associated 
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housing space, expert staff and multiple high-quality printers, materials and other 

equipment, that makes this option costly. Moreover, there are pieces that cannot be 

printed in the hospital’s facilities because of the time remaining before surgery, their 

size, complexity or material, and the printing has to be carried out by external 

enterprises; this also adds additional costs (the model can cost up to 500$ [7]). Another 

important drawback is the overall time to complete the printing process, which can 

range between about half a day to several weeks. On the first place, segmenting the 

medical image file is just the beginning. The most laborious part of the 3D modeling 

process is the further preparation of your segmented anatomy. This can include features 

such as augmentation, cleaning and smoothing to remove artifacts, adding connectors to 

hold anatomies in the proper position, adding thickness, cutting the model to achieve 

optimal visualization, as well as indicating color or multiple materials [5]. It is 

important to highlight that anything can be drawn in 3D, but not everything can be 

printed, as the model may require multiple modifications to be “printable”. In most 

cases, the printing process faces technical challenges due to the size of the organ or 

unfavorable anatomy or disease-related alterations. In addition, printed parts are rarely 

ready to use off the printer and require some post-processing, such as support removal, 

painting or surface smoothing. This leads to multiple failed attempts, implying 

significant time, cost and waist of material –which usually is non-recyclable–.  

So, what if instead of printing these 3D anatomical models we try to visualize them 

directly? Immersive Technology (IT) blurs the boundary between the physical and 

virtual worlds and enables the user to experience a sense of immersion [8]. This term 

includes Augmented Reality (AR) and Virtual Reality (VR), which are among the 

technological advancements that are changing healthcare today, constantly growing and 

evolving since the 2010s. Research in different fields, such as education, marketing, 

entertainment and healthcare has shown that the use of IT enhances learning experiences 

[9]. Multiple studies demonstrate that the visualization of 3D models increase 

anatomical understanding and surgeon’s confidence in the surgical plan, aid on planning 

the surgery and optimize the procedure, as compared to 2D visualization [6], [7], [10], 

[11]. These fields can offer the same benefits regarding model visualization in the 

surgical disciplines discussed above, but solving printing limitations. It is demonstrated 

that AR can compensate the loss of haptic feedback due to the use of laparoscopy 

technique by providing enhanced visual information [12]. 
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In short, Augmented Reality is a set of technologies that use computer technology to 

create and integrate digital information, such as computer-generated artificial objects, in 

a real environment while letting users still see the real world. It merges both the real 

world and the artificial one, by keeping the real world central and enhancing it with 

extra information. The smartphone game Pokémon Go is one of the most popular 

examples of AR. By contrast, Virtual Reality uses computer technology to create a 

completely simulated interactive environment with nothing left from the real world. 

Unlike traditional user interfaces, VR places the user inside an experience, which 

instead of viewing a screen in front of them, they are immersed and able to interact 

with the artificial world, thus implying a disconnection with the reality. This technology 

is increasingly popular, as computer graphics have progressed to a point where the 

images can be as good as the real world. Is it widely used to create enhanced computer 

games [13]; the typical picture we imagine when thinking about VR is someone in a 

headset and headphones moving to interact with a videogame’s virtual world [14]. 

Concepts such as headsets and VR glasses HTC Vive Pro Eye, Oculus Quest and Sony 

PlaStation VR are leading the way, but there are also players like Google, Apple, 

Samsung or Lenovo who may surprise the industry with new levels of immersion and 

usability.  

     

Figure 2. Representation of the user’s interaction with VR (left) and AR (right). Extracted from 
https://apkpure.com/es/ar-minecraft-skins-visualiser-in-augmented-reality/ddpgames.armcpeskins.com 
and https://robodk.com/blog/virtual-reality-offline-programming/. 
 

Since they are relatively new technologies and the terms are really wide, the concepts of 

AR and VR are often mixed up and their limits are not clear. Some experts state that VR 

is a subtype of AR, where the physical world is hidden and only digital data is shown 

[15], while other experts state the opposite [16]. Additionally, in the last years another 

https://apkpure.com/es/ar-minecraft-skins-visualiser-in-augmented-reality/ddpgames.armcpeskins.com
https://robodk.com/blog/virtual-reality-offline-programming/
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technology has appeared, called Mixed Reality (MR). This term is widely used 

interchangeably with AR, but its definition is not unanimous among experts. It is 

defined to occupy the space between AR and VR, being a blend of the physical and 

digital world. Many experts postulate that the main characteristic of MR is that digital 

information is represented by holograms (objects made of light and sound), which 

interact with real world surfaces though artificial intelligence. 

To try to clarify and define these blurry limits, the idea of reality-virtuality continuum 

has been attributed to Milgram and Kishino in 1994 [17]. They stated that there are a 

wide number of combinations of the real and virtual worlds, and MR encloses all of 

them. According to this perspective, Augmented Reality contains primarily real 

elements and, therefore, is closer to reality (the real world dominates the experience). 

The opposite concept, Augmented Virtuality, used interchangeably with VR, contains 

primarily virtual elements and is closer to the virtual world. As shown in Figure 3, AR 

and VR can be understood as areas of the continuum, creating certain degrees of MR. 

 

Figure 3. Reality-Virtuality continuum (Milgram & Kishino, 1994). Extracted from [15]. 

 

1.2.  Basis of Augmented Reality  

AR allows us to create direct and automatic links between the physical world and 

electronic information. It overlays computed-generated information on views of the real 

world, amplifying human perception and cognition in remarkable new ways [13]. The 

physical world is “augmented” by digital information superimposed on a view of the 

physical world itself. According to A. Craig [15], AR cannot be understood as a 

technology but as a medium, in which digital information is added to the physical world 

by means of numerous technologies; there are advantages and disadvantages depending 

on the final objectives. The most widely accepted definition of AR was proposed by 

Ronald T. Azuma in his 1997 paper A survey of Augmented Reality, where he 

determined that AR must have the following characteristics: “combine real and virtual, 

be interactive in real time and registered in 3D”. Registration is one of the most critical 
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and challenging aspects of AR, it refers on how accurately the virtual world aligns 

spatially with the real world in real-time. While using AR we want to place digital 

information in specific real world locations, if registration is not done properly, the 

results are misallocated or floating objects above or below they should be. Regarding 

the interaction and registration, two primary things need to happen for every time step 

of an AR system (there are more sub steps, but only two will be considered for the sake 

of simplicity). On the first place, the system needs to determine the current state of the 

physical world and the virtual world. On second place, the system needs to display the 

virtual world in registration with the real world in a manner that will cause the 

participants to sense virtual elements as part of the physical world in concrete locations. 

Once this is done, the application needs to return to step one for the next time step. 

Any AR system requires both software (tells the system what to do) and hardware 

(equipment that does the actions) components to implement a compelling experience 

based on the previous steps just listed. Regardless the hardware, it is the software that 

will make the hardware do what you want it to do, so it is an essential part of the design 

of the application. A complete AR system requires three components at least: the 

tracking component, the registration component and the visualization component. 

Concerning the hardware, there are three major devices and technologies that perform 

these actions: sensors, processors and displays, respectively. 

Sensors determine the state of the physical world in real-time, which is one of the main 

requisites of AR. They enable the system to gather environmental information (such as 

temperature, pH or lightning), gather user inputs (including keyboards, buttons or 

touchscreens) and finally, perform tracking. Tracking enables the application to 

determine the location and orientation of the participant and different objects in real-

time; it is responsible for the dynamic registration needed in AR. Registration depends 

on the accuracy of the tracking system; it will be as accurate as the system is able to 

determine the positions of the different aspects of the system at any moment in time. It 

is possible to track multiple signals: electromagnetic radiation, sound, time, distances 

and even angles, by using rigid physical linkages between the desired objects and the 

sensors. Sensors have a wide range, as they can cover distances from 1 m to a room, or 

even the earth with GPS technology. Optical tracking is the most used and consists on 

using a camera as a sensor. The camera gathers light through a lens and provides a 

signal that represents an image on what the camera “sees”. This image is then analyzed 
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to determine the desired information. The camera sees the real world and determines its 

position and how is located and oriented with respect to the scene by means of a 

software that analyses the images and calculates where the camera must be in order to 

see that view. Thus, there must be cues in the environment that the camera can use as 

landmarks to determine the desired locations and orientations with respect to them. Both 

the landmark and the camera can move respect one another. These landmarks can be 

existing physical objects in the environment, called natural features (such as pieces of 

furniture or the user’s face), or objects placed artificially into the scene, called fiducial 

markers or fiducial symbols. Using fiducial markers is the simplest way to perform 

tracking, is more robust than natural features and requires less image quality and 

computational resources.  

Markers are images that have unique asymmetrical known patterns that the computer 

vision software can easily recognize; these patterns have key points that allow their 

recognition. The characteristics of the pattern may vary depending on the software used 

for the recognition. Its asymmetry is essential for the software to determine the relative 

position with the camera, thus detecting its orientation and its movements and rotations. 

Fiducial markers are usually physical objects with the image printed on them, such as 

pieces of paper printed with ink, but they can also be images displayed electronically, 

such as on a laptop screen or a smartphone. In addition to providing information about 

the relative location of the camera with respect to the marker, a graphical object can be 

associated with the fiducial symbol. In this case, AR uses a feedback loop between the 

user and the computer system to virtually show the desired object; the user observes the 

display and controls the marker, which is tracked and registered, and finally the system 

merges both the real scene and the 3D object and presents the visualization of the virtual 

object in the desired location, based on the relative position of the camera to the marker.  

   

Figure 4. Typical fiducial symbols, from left to right: ARToolKIT (2) and QR. Extracted from [15]. 
 

Optical tracking does not require physical connections between these landmarks and the 

AR system, and allows numerous entities to be tracked down at the same time. But it 
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faces two main limitations, lightning and occlusion. A clear line of sight between the 

camera and the entities tracked is needed; occlusion takes place when one object is 

hidden by another one that is placed between the first and the camera. On the other 

hand, lightning is crucial, as the camera needs contrast to easily detect the scene and it 

is difficult to accomplish indoors. To fix this poor-contrast situation, illumination can be 

applied; it can be passive (light sources that are not integrated in the tracking system) or 

active (structured light projected as a known pattern into a scene). An optical tracking 

system can be implemented by placing cameras in the environment and having them 

“watch” the entities being tracked. Nowadays, there are many available cameras that 

can be used for optical tracking. It is a relatively inexpensive technology, as it is 

currently easy to find small, cheap and high quality cameras, moreover, many devices as 

tablets and smartphones already include them.  

Processors are another type of hardware essential for any AR application. They are the 

“brain” of the technological system, and are usually composed of microprocessors as 

the Central Processing Units (CPU) and Graphic Processing Units (GPU). Their 

principal roles are receiving signals from the sensors, coordinating and analysing 

sensors data, implementing the rules of the physical world by executing the instructions 

from the software and generating the signals required for the display. Processors can 

range in complexity from simple handheld displays, such as smartphones, to computers 

or powerful distributed systems. In all cases, the processor must have enough 

computational ability to perform the desired tasks in real time. The scene must be 

updated smoothly and at a rate that the participant perceives a constant stream of 

information, with no lags. Latency is the time between the movement of the marker and 

the observed motion in the display, it is always present in any system that does 

processing or communications, but should be minimal to obtain an optimal experience.  

Displays are the third essential hardware component of AR. A display is a device that 

provides signals that our senses can perceive. It is the responsible for creating the 

impression that the virtual and real worlds coexist. Remembering the definition of 

Ronald T. Azuma, AR does not require a specific output device and is not limited only 

to visual media, but also audio and other non-visual elements such as touch, smell or 

taste. The most popular ones are visual displays, which show images, but there are 

many types depending on where these images are displayed. The most popular platform 

for AR consists on displays that can be carried by the user, called hand-held displays 
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(HHD), as smartphones and tablets. Their portability and ease of use has made them the 

prime target for AR in the last years. Stationary displays, also known as “heads up” 

displays, are also widely used in our daily lives; they consist on screens that the user 

does not move during the AR experience, such as televisions or computer monitors. 

They can be moved to another location, but the user does not carry them with him while 

interacting with AR. In the past years, another display technology has emerged: near-

eye displays or head-mounted displays (HMD). They are worn like helmets and move 

with the user’s head, but they tend to become comfortable and ergonomic lightweight 

glasses. In any AR experience, is essential that the participant can see the real world, so 

they are usually translucid screens (see-through) where the desired images are projected 

on the lenses, but the user can still observe the real world through them. There are also 

HMD where the real world and the virtual object are projected on the lenses, which are 

not see-though, but they are mostly used for VR. In the last decade several headsets are 

becoming available, the biggest platforms used for AR are Microsoft HoloLens, Sony 

SmartGlasses and Google Glass. They are wireless and have integrated high resolution 

cameras, long-lasting batteries, Wi-Fi and Bluetooth connections and even internal 

memory [18]. Finally, the last option is to use projected displays, which project images 

into any flat surface. In this case, the system simply generates the digital information in 

the computer and projects the augmentations into the physical world. In this way, 

occlusion can occur if someone stands between the projector and the desired surface. 

This can be solved by combining multiple projectors, using different projecting 

techniques or by generating holograms.  

 
Figure 5. Difference between HMD see through display (left) and “head’s up” display (right). Extracted 
from [18].  
 

Regarding the software involved in creating and using an AR application, they can be 

divided into three categories. First, there are software involved directly in the AR 
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application, which perform the following functions: environmental acquisition by 

means of different sensors (it is essential that this step is perform quickly), sensor 

information processing and integration, recompilation of the sensor’s inputs, generation 

of the signals for the displays by means of the application engine and, finally, 

conversion of the latest information into signals to drive the AR displays, such as 

software graphics that generate images. Following, there are software used to create the 

main application and to create its content. Regarding the content generation, it has to be 

done separately from the main AR application; sound or 2D and 3D graphics have to be 

created and edited in order to use them during the experience. As AR applications are 

complicated and can be difficult to develop, other additional tools and software can be 

used. There are software libraries available that provide these functionalities without the 

developer needing to worry about all the details. 

 

1.3.  State of the art 

AR and VR are increasingly being investigated for their applications to medical 

specialties as well as in medical training and education. As they are relatively new 

technologies, most applications are still under development, in addition, most of the 

studies of the literature research are observational in nature and were conducted on 

small cohorts of participants. Applications and research can be divided into five main 

categories: educational and training, telemedicine, treatment performance, pre-operative 

and intra-operative use and others. 

Education and training. In 1997 Mentice Medical developed the MIST-VR software 

for endoscopic training using early VR [19]. This company continued to improve this 

device until obtaining different versions nowadays. In 1999 Burdea et al. created a 

rectal examination simulation kit by allowing tactile feedback using PHANToM haptic 

device, this allowed trainees to experiment and exercise with a large amount of prostate 

image datasets and various clinical situations [20]. In 2010 Thomas et al. used an AR 

model for developing 3D brains for anatomical studies, while also adding a tactile 

component for interactive learning [21]. In 2014 MOVEO Foundation started using the 

VR headset Oculus Rift to provide orthopaedic trainees with the virtual view of the 

operating surgeon, allowing a first-person view of the procedure being performed [18]. 

Since 2015 Case Western Reserve University and Cleveland Clinic use the AR headset 

Microsoft Hololens for teaching anatomy students [22]. In 2016 Ma et al. proposed 
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using Microsoft Kinect for teaching anatomy by overlaying medical images over 

student’s bodies to increase anatomy understanding, they created an AR interactive 

‘digital mirror’ of the leaner [23]. In 2017 Rochlen et al. evaluated the training of 

medical students using AR with Epson Moverio headset, which created an anatomical 

layout of an internal venous system over a manikin that allowed the training for central 

venous catheterization insertion [24]. At the beginning of 2020, Imperial College 

London’s radiology students started using Microsoft Hololens2 to practice simulated 

medical procedures, as image-guided needle biopsies [25]. In addition, there are some 

devices already being commercialized allowing student’s training, as OSSOVR, a VR 

surgical simulation platform that offers realistic hand-based interactions, allowing 

training lessons by practicing with virtual tools that surgeons use for orthopedic and 

spine surgeries [26]. In a similar way, FundamentalVR combines VR with tactile 

simulators letting surgeons study and practice surgeries using realistic vibration 

patterns; haptic feedback gives doctors the feeling of holding actual tools [27].  

Telemedicine. In 2010 VIPAR developed a support solution that allowed a remote 

surgeon to project their hands into the display of another surgeon wearing an AR 

headset [28]. In 2014 Davis et al. used an iPad AR-based tool to communicate from 

Alabama to Vietnam and provide both visual and verbal cues to assist with 

neurosurgical procedures [29]. Similarly, Ponce et al. used in 2016 the same tool to 

demonstrate effectiveness with orthopedic residents performing arthroscopic shoulder 

surgery in different cities [30]. In 2017 Wang et al. used the AR headset Microsoft 

Hololens to remotely train novices in procedures [31]. Currently, the company Proximie 

uses AR technology for performing remote surgical coaching by visualizing real-time or 

recorded operations performed by experts in other parts of the world [32]. 

Treatment performance. In 2006 AccuVein created a projector-like device that 

displays a map of the vasculature on the skin surface, which is useful to perform faster 

blood drawings, for example [33]. In 2007 NeuroVR open source platform was tested to 

create different environments, such as a living room, a supermarket, or a park, aiming at 

behavioural rehabilitation of patients suffering from various phobias such as fear of 

flying, agoraphobia, acrophobia, and eating disorders [34]. In 2014 Hoffman et al. 

tested the beneficial use of Oculus Rift VR headset as a distraction to reduce the level of 

pain experienced by a burns’ patient during occupational therapy [35].  
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Surgery. In 2009, Su et al. demonstrated the benefits of the use of intra-operative AR to 

guide robotic laparoscopic partial nephrectomies, by projecting 3D images onto the 

laparoscopic image to mark surgical incisions within the laparoscopic view [36]. In a 

similar way, in 2013 the Fraunhofer Research Institute (Germany) initiated the MEVIS 

project, which involved the use of an iPad-based AR application to support liver 

operations. It allowed pre-operative and intra-operative visualization of blood vessels 

overlaid into the patient’s organ [37]. In 2013 Cabrilo et al. used AR in neurosurgical 

procedures, by overlaying pre-operative images into the operator’s microscope to guide 

intra-operative dissections [38]. Since the approval in 2000 of the DaVinci robot 

(Intuitive Surgical Inc., Mountain View, USA) by the United States Food and Drug 

Administration (FDA), some experts such as Volonté et al. (2013) and Soler et al. 

(2014) developed AR applications superimposing the preoperative 3D patient modeling 

onto the real intraoperative view of the patient using the master control system screen of 

the robot [39], [40]. In 2016 Dickey et al. performed a pilot study using ARAS, a novel 

AR surgical training tool that used Google Glass to aid in urologic minimally invasive 

surgeries. The study consisted on projecting a video footage of the sequential steps of 

the procedure onto the live view of the patient in real time. At the same time, they 

streamed live OR footage to a remote attending physician which could then interact 

with the surgical trainee by moving a cursor highlighting areas of interest to explain 

details of the operation [41]. In 2017 Hospital Gregorio Marañón (Madrid) partnered 

with the medical company Exovite and started using the Microsoft HoloLens AR 

headset in orthopaedics and traumatology surgeries [42]. In 2018 St Mary’s Hospital 

and researchers at Imperial College London developed also an AR application 

combined with the Microsoft HoloLens headset that overlays images of CT scans onto 

the patient’s leg, enabling the surgeon to ‘see through’ the limb during surgery [43].  

In addition, there are some devices being commercialized based on holographic images. 

An example is EchoPixel, an AR device that generates holographic-like images that 

doctors can rotate, resize or dissect to perform surgical planning [44]. Mevidis is 

another surgical AR application approved by the FDA that uses Microsoft Hololens, 

allowing visualization and navigation during a surgical intervention using holograms. 

The same company has developed an application that uses holograms with educational 

purposes, called AnatomyX [45]. Proprio also generates holograms in the surgical field 

[46] and is used in hospitals like Seattle Children’s and University of Washington 
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Medicine (United States). SentiAR also generates real-time holographic images in the 

OR that the doctors can move with specific gestures [47]. TrueVision converts existing 

microscopes into digital surgery systems that can produce 3D images, this AR software 

has been used in ophthalmology, neurosurgery and microsurgeries. In addition, 

TrueVision partnered with the company Oculus and used the camera Pentacam-AXL to 

perform computer guidance in cataract and refractive eye procedures [48]. Finally, the 

company ImmersiveTouch creates VR solutions using the Oculus Rift headset for 

surgical planning, training and education [49]. This platform is currently used in Johns 

Hopkins, University of Chicago and University of Texas Hospitals. It is clear that 

holographic applications are becoming more popular in the surgical field, but in the last 

ten years, the generation of 3D printed models to aid in the preoperative planning and in 

intra-operative decisions making has grown in importance [37]. 

Others. In 2013 the application MedRef was developed, it enables hospital employees 

to retrieve medical records as blood results, medications or clinic notes, by patient facial 

recognition using AR Google Glasses [50]. In 2014 Crisalix developed a virtual 

aesthetics planning, based on demonstrate body changes in aesthetics such as breast 

enhancement [51]. In 2015 Carenzo et al. created an application that use the AR headset 

Google Glass in disaster triage using. They scanned geomarked quick-response codes 

(QR) to perform an electronic triaging of disaster patients [52]. In 2019 Follmann et al. 

compared traditional triaging during a simulated mass casualty event to the triage using 

HMD, they found that while traditional triaging was faster, triaging using interactive 

Smart Glasses was significantly more accurate [53].  

 

1.4.  Objectives 

The aim of this thesis is two-fold: (1) to evaluate the literature and understand the 

principles of Augmented Reality technology and how to implement it and (2) to 

improve and develop an existing preliminary version of an AR application, which I 

called SurgicAR, based in the Radiology department of Hospital del Mar. This 

application is thought as a helping tool for the daily use in the operating rooms (OR) of 

this hospital, so its workload, infrastructures, needs and limitations have to be taken into 

account in order to assure the best design and adaptability.  
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The goal of SurgicAR is allowing surgeons to visualize patient-specific 3D models and 

other data before and during surgery. By using AR technology, the user can access the 

latest and most relevant patient information and easily interact with a previously 

generated anatomical model (the application enables its rotation, movement and 

zooming). These models allow the reproduction of organs, bones, vessels, tumors or 

deformities, which can be essential to access during surgery. Before starting this thesis, 

this application has been used during some urology surgeries, such as kidney tumors 

removals through laparoscopic technique, where allowed the surgeon to better 

distinguish the tumor edges and locate the venous system by using these 3D images as 

guides to identify the patient’s structures.  

Due to the actual situation regarding the affectation of COVID-19 in our healthcare 

system, the application’s improvements focused on the segmentation, the fiducial 

markers and the data shown in the application’s interface, and only some proposals 

could be tested. 
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2. METHODS 

2.1.  SurgicAR preliminary version 

Prior to the design of the new application and testing possible improvements, it was 

necessary to understand the existing version and spot its weak points. To properly 

design a functional application, the finality, the users and the environment should be 

taken into account. One should question itself: which is the goal of the application? 

Who will use it? How many people must interact with it? What sensor stimuli will be 

presented? Is there Internet availability? Are there environmental constraints? 

For this purpose, a pipeline of the 6 basic SurgicAR components was established, 

including software and hardware. As explained in the previous section, three major 

components were required; optical tracking was performed by using a camera as a 

sensor, registration was performed by a processor and a visual display was used for the 

visualization of the models. The initial idea was using a smartphone to run the 

application, so the camera, processor and display were the ones integrated in the device. 

New smartphones have high quality cameras and hardware with enough quality to 

perform tracking and registration. Regarding the software, it could be divided it into the 

one involved directly in the AR function, the one involved in creating the main 

application and those involved in creating content. Nowadays there are three major AR 

platforms, ARKit (exclusive for Apple), ARCore (exclusive for Android and the latest 

Apple models) and Vuforia. Vuforia (PTC Inc., Boston, USA) was chosen because is 

one of the AR oldest software development kits (SDK) on the market, is the most 

widely used and is specialized on using fiducial markers. There are several software that 

allow creating applications, but Vuforia only support Unity, Android Studio, Xcode, and 

Visual Studio. Among these, Unity (Unity Technologies, Missouri, USA) was chosen as 

is the most widely used AR platform, offers great compatibility, is open-source and 

allows the creation of applications for multiple platforms, such as computers (Linux, 

Windows and iOs), smartphones, tablets and HMD.  

As shown in Figure 6, the pipeline consisted on firstly obtaining the desired 3D 

anatomical model by means of the desired segmentation technique. This model was 

associated with a generated fiducial marker by using the Vuforia Engine, and it was 

converted to a physical object (also called “target”) that the surgeon could move to 
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control the model movement in the display. Finally, SurgicAR controlled the tracking of 

the marker’s movement by the camera, the registration by the processor and showed the 

desired model in the smartphone display.  

 

Figure 6. Pipeline of the SurgicAR application. Designed with Photoshop. 

 

The problematic points of the preliminary version of the application were identified by 

testing it in a real surgery in early March 2020, using the existing protocols. Imaging 

data from a male patient diagnosed with a renal tumor in the Hospital del Mar, 

Barcelona, was used. Data from conventional imaging (MRI and CT) was derived from 

this patient; MRI was used for the diagnosis and the tumor assessment, while CT was 

used to clarify vascular anatomy. Images of the patient were acquired according to the 

clinical protocols of the department. Those images were segmented using 3D Slicer 

(Kitware Inc., NY, USA) and a vascular model including the tumor was obtained and 

saved in STereoLithograpy (STL) format. Unity does not support this format, so the 

model was converted into COLLADA (DAE) format. A fiducial marker, consisting on a 

CT image filled with white spots, was designed by the department and was printed in 

foam board. The application was developed using Vuforia and Unity software, and the 

generated segmentation was uploaded. The surgery consisted on a partial nephrectomy 

to remove the tumor by means of laparoscopy technique, and the application was used 

before and during surgery. The visualization of the model allowed the surgeon to have a 
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map of the tumor in the renal cortex and above all, a vascular map, not only venous but 

also arterial. During this type of surgery it is key for the surgeons to know the position 

of the renal artery and the location of its bifurcation, as during the tumor resection some 

arteries have to be clamped to avoid the blood flow to enter the tumor or the kidney, so 

the excision could be done without major bleeding. It is also essential to know the 

arterial relationship with the tumor and the location of eventual accessory renal arteries.  

During surgery, several limitations were spotted; first, the application only ran in 

Android devices and many of the surgical team had Apple smartphones. Second, the 

visualized model had only one color and some segments were difficult to distinguish, 

and 2D images and videos could not be uploaded. Third, the foam board was not sterile, 

so it had to be introduced in a sterile plastic bag in order for the surgeon to touch it, in 

addition the light caused reflections on the plastic surface and sometimes the 

recognition did not work properly. Fourth, the smartphone was not sterile either and the 

surgeon could not touch it, so a nurse had to hold the phone between the surgeon and 

the target without touching any surface. Fifth, laparoscopic surgeries take place in a 

poor lightening environment but the camera needs contrast to detect the target, so the 

light had to be turned on every time the doctor needed to visualize the model. Finally, 

phone screens are relatively small and did not allow a multi-user interaction, as only the 

surgeon could properly see the model, excluding the rest of the team.  

The proposed improvements are explained in the following sections, and focus on the 

generated 3D model and the fiducial marker. 

 

2.2.  Patient specific 3D model  

Content is defined as all elements of the virtual world that belong to the AR experience, 

and its display is the main objective of the application. SurgicAR’s content was the 3D 

patient-specific anatomical model (or models) that the surgeon desired to visualize in 

the OR, so its quality and reliability were of crucial importance. 

Once the doctors decided which imaging modality they need for the diagnostic and 

treatment planning, the scan of the patient was performed and the radiologists obtained 

the data in DICOM format. Following, the segmentation could be achieved with 

different software. First, the desired anatomy needed to be extrapolated from the rest by 
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labeling each target structure in every single slice, by means of automatic or semi-

automatic algorithms evolving within each slice and through the slices until the 

structure of interest was completely identified. This could be done by the natural 

contrast of different tissue densities and by morphological parameters. Then, the 

generated labels were interpolated and a 3D rendering of the surface of the target 

anatomy was obtained. Finally, the model could be exported using different formats, 

which describe the spatial geometry of the object through a series of oriented triangular 

facets. Many software are available in the market that perform these steps, such as 

InVersalitus, OsiriX Lite, Vitrea, Mimics, etc. Once the segmentation was completed, 

some models required minimal prost-processing, as smoothing of the surface to correct 

irregularities, but generally after the segmentation they are ready to use. It is key to test 

the accuracy of the final file by verifying it against the original DICOM to assure that 

key features from the model were not missing or that it was not over-smoothed.  

For this project, the 3D Slicer open-source software was chosen, to minimize the costs 

but also achieve good quality results. 3D Slicer was used to segment the desired 

anatomical structures separately (kidney parenchyma, tumor, renal arteries, renal veins 

or kidney urinary collecting structures, for example), they were given different colors 

and were exported together in two different model formats, STL and Wavefront (OBJ). 

Their results were compared. In case the models needed post-processing, the open-

source Meshmixer (Autodesk Inc., San Rafael, USA) was used. 

 

2.3.  Fiducial marker 

Regarding the physical target, it could be divided it into two main categories, the object 

per se and the printed image, which is the fiducial marker that will be detected by the 

camera and allow the 3D model movement in the display. Both concepts are strictly 

connected and one determines the characteristics of the other. The fiducial marker had 

to be printed into a material that needs to be sterilized in order to enter the sterile area of 

the OR without compromising the safety of the surgery. The aim of this object was to be 

sterilized multiple times (a use-and-throw object was not desired), but also had to 

maintain the printed image intact so it could be properly recognized. Since many 

materials have limitations when it comes to finding printing or engraving techniques, 
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there are certain images that cannot be printed, thus limiting the list of materials. 

Finding a sterilization-resistant printing method for the fiducial symbol created by the 

radiology department (CT scan with white dots) was not easy as the image had many 

gray shades, lots of detail and round elements. It could be easy to find a sterilizable 

material, but finding a way to print the target image on it, and that this printing lasts 

over time, is not trivial. In this way, the objective was finding a fiducial marker that was 

simple enough to be printed but also complex enough to be properly recognized. This 

was one of the main focuses of the thesis. 

Vuforia Engine was the chosen platform for the SurgicAR development, and has a 

special tool that enables the user to create and manage fiducial markers databases (in Vuforia 

are called “Image Targets”), called Vuforia Target Manager. A “Device database” was chosen 

among the different databases options (Device, Cloud and VuMark), as it allowed the fastest 

recognition and the tracking of multiple targets simultaneously. When adding a new target, 

“Single Image” was chosen among the different input options (Single Image, Cuboid, 

Cylinder, and 3D Object), this tool generated a flat fiducial symbol. Creating targets 

consisted of two steps. The first step was to design the image and ensure it upholded 

Vuforia’s directions: it only supported JPG or PNG images in RGB or grayscale, with a 

file size of 2 MB or less and have a minimum width of 320 pixels [54]. The second step 

was to upload the actual target in the database, by providing its name, its dimensions in 

meters, and the image source one wished to create a target from (see SI-1 Figure 10). The 

defined target size (in meters) should represent the actual aspect ratio of your image 

[55]; in our case a 10-centimeter wide printed target was used, so a width of 0.10 was 

selected. Following, the Vuforia Target Manager evaluated and processed the grayscale 

version the images based on their natural features, defined as sharp, spiked, chiseled 

details in the image used for recognition and tracking, and assigned a star rating 

(between 0 and 5 stars) depending on the quality of the target. This rating provides 

information about the robustness of the target with respect to detection and tracking, the 

higher the rating of an image target, the stronger the detection and tracking ability it 

contained. Additionally, the image analyzer generated both data and visual 

representations of the extracted features, represented as small yellow crosses [56], [57]. 

The supported image files in Vuforia (JPG, PNG) are raster images, also called bitmap 

images, which utilize rows and columns of pixels made of different colors to render the 
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image. They are resolution-dependent, this means that when they are resized its quality 

will decrease; when the image converted to a smaller size, the number of pixels 

decrease and the image gets blurry, and if the size is increased again, the lines and 

curves become jagged and do not return to the initial quality. Vector images (PDF, SVG 

file formats) solve the problematic of resizing these images, as they are considered 

resolution independent. They are completely computer-generated, composed of 

mathematical equations instead of solid pixels, allowing them to be easily scalable. The 

lines, curves and points remain smooth and jagged lines or blurriness will never appear 

in this type of images, no matter how much they are enlarged [58], [59]. In addition, 

most of the industrial printing techniques used in the world of graphic design support 

only these “vectorized images”, so this format was needed for the target engraving. 

To find the optimal fiducial marker, different images were chosen, saved in JPG format, 

uploaded and tested in the Vuforia Target Manager and their star ratings were obtained. To 

know which images to test, we asked ourselves the following questions. 

i. How does Vuforia evaluate the images and how the features are obtained and 

placed? 10 images were tested to understand it, and the focus was on round 

shapes, patterns, symmetric, poor-contrast and non-evenly distributed images. 

ii. Which was the initial fiducial symbol prototype’s rating? The image created by 

the radiology department (CT scan with white dots) was tested.  

iii. Would typical fiducial markers provide a good rating in Vuforia? 15 high-

quality recognition fiducial markers used for different typical software were 

tested. The images were extracted from [60]–[62]. 

iv. Would numbers provide a good rating? Numbers were tested in 10 different 

typographies (number 3 was chosen as a random sample), as these simple 

symbols might contain enough feature information, while being user-friendly 

and easy to print. The typographies were chosen by selecting the ones with sharp 

edges and square-like shapes, seeking for a better feature distribution, and were 

extracted from Google Fonts (https://fonts.google.com).  

v. Would more than one digit images have a higher rating? Different digit amounts 

were tested (1, 2 and 10 digits were chosen), to see how many digits were 

needed to obtain the maximum rating. 

https://fonts.google.com/
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vi. Would certain digit combinations have better ratings? Different two-digit 

combinations were tested (12, 13, 23, 32, 33 and 34 were randomly chosen). 

vii. Would the “vectorization” of the images improve its rating? The image quality 

of the chosen typography was improved by manually converting each number to 

a vector image by means of Adobe Illustrator (Adobe Inc., San José, USA); the 

files were saved in SVG format. Consecutively, the numbers were rescaled to a 

height of approximately 7 cm and Adobe Photoshop (Adobe Inc., San José, 

USA) was used to transform these images again to PNG raster images, in order 

for them to be supported by Vuforia. The digits 0 to 9 were tested. Their rating 

was compared with the one of the images before the vectorization process.  

viii. Which number combinations have higher ratings? 30 combinations of vectorized 

two-digit numbers (from 00 to 29) were generated in Photoshop and were tested. 

 

Additionally, a “Multiple target” was added in Vuforia’s database. This type of targets are 

created using multiple image targets, combined and arranged into defined regular 

geometric shapes (e.g. cubes) or in any arbitrary arrangement of planar surfaces. As 

“Single Image” targets, “Multi-Targets” were created in two steps: each of the images 

were first selected, and then they were uploaded in the Vuforia Target Manager [63], 

[64]. The “Cuboid” option was selected, and the dimensions of the cube were 

established, as the “Single Image” targets, a height, width, and length of 0.10 m were 

chosen. Following, six two-digit numbers vectorized PNG images previously tested (00, 

01, 02, 03, 04 and 05 were chosen) were uploaded (see SI-1 Figure 18 and Figure 19). 

 

2.4.  Target object 

Once the fiducial marker was chosen, we focused on finding a material to print it on and 

a proper printing technique that lasted overtime. Targets should be rigid, non-flexible, 

matte, opaque, provide good color contrast, do not shine [65] and, in order to be 

sterilized, have temperature and chemical resistances and do not have any rough edges 

or pores, as the reliability of the sterilization depends on contact of the sterilizing agent 

with all the object surfaces. The sterilization methods used nowadays can be divided in 

physical (application of dry heat, steaming under pressure or ionizing radiation) and 
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chemical methods (ethylene oxide, formaldehyde, hydrogen peroxide, ozone gas and 

other chemical solutions) [66], [67]. As the target had to be sterilized in the Hospital del 

Mar sterilization department, only the three available sterilization methods were taken 

into account. Steaming under pressure, also known as autoclaving, is performed 

multiple times every day in the department. It consists on the application of heat 

(between 120 and 134 ºC) and moisture under pressure. Sterilization by using hydrogen 

peroxide gas plasma (HPGP) is performed one time every day in the department. The 

compound is heated at 55 ºC. Ethylene oxide (EO) is performed once a week, and it is 

used to sterilize heat or moisture sensitive items, as this technique only heats until 55 

ºC. EO gas generates toxic emissions and the sterilized items need 16-18 hours of 

ventilation to eliminate its residues. In addition, it has to be used in a controlled 

environment, as it is highly flammable and explosive [66]. 

A list of possible target materials was written, including the printing techniques each 

material allows. Due to the Covid-19 situation, the materials could not be tested as 

students couldn’t access the installations, and the hospital’s priorities were focused on 

the pandemic. Instead, a research of sterilization-resistant materials was performed. In 

addition, as 3D printing of thermoplastics was found to be one of the best solutions, two 

identic square pieces of Acrylonitrile Butadiene Styrene (ABS) plastic were sterilized in 

Hospital del Mar department using both autoclaving and HPGP. Finally, three target-3D 

models were designed using SketchUp (Trimble Inc., Sunnyvale, USA) and saved in 

STL format, which is the file format supported by the 3D printing software (see SI-1 

Figure 20). The two “Single Image” targets were designed as squares (10 × 10 × 0.5 cm) 

that contained the numbers 09 and 11. The “Multiple Image” target was designed as a 

cuboid (10 × 10 × 10 cm).  

To test the application, the three targets (both the single images 09 and 11 and the 

cuboid) were printed on paper with black ink. The cuboid target was designed with 

Photoshop (see SI-1 Figure 21), printed and folded to obtain a 3D cube, but due to the 

printer size limitation (we could only print an A4 format document), the cube was 

designed in a smaller size (6 × 6 × 6 cm). Finally, the target containing the 09 image 

was 3D printed in Hospital Taulí (Sabadell) with the Ultimaker 5S printer, in black and 

white Polylactic Acid (PLA), see SI-1 Figure 22. 
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2.5.  SurgicAR software 

SurgicAR application was designed with the help of Dr. Busto, using the Unity software 

and the Vuforia SDK, which uses computer vision technology to recognize and track 

planar images and 3D objects in real time. The application development was performed 

in two steps. First, the Vuforia device database was created in the Target Manager 

section (see SI-3 Figure 23), and was associated with a license key. This license was 

generated for free, but only allowed up to a 1000 scans, once this limit is overdone, 

another license key has to be created allowing the scan of 1000 targets more. 

Afterwards, the device database was downloaded as a .unitypackage file [55]. It is 

possible to modify the targets uploaded in this database, but after each change it has to 

be downloaded and re-imported. Secondly, the main application was created. To do so, 

Unity Hub (version 2.3.2), Android Studio (version 4.0 for Windows) and Vuforia SDK 

(version 9.0) were downloaded, and two Unity versions were tested, 2018.4.23 and 

2019.3.15. Following, a 3D project was created, the Vuforia Engine tool was activated 

in the “Payer Settings” section and the database, license key and content (segmented 3D 

models in OBJ format, 2D images and videos) were imported. Next, the target images 

were added to the scene and the digital assets (3D models, 2D images and videos) were 

associated to them and re-scaled to the desired visualization size (see SI-3 Figure 24 - 

Figure 26). It is essential to maintain the correct scale of Vuforia targets, as if their size is 

modified from the real-life tracked object it might impact the quality.  

The next step was performing a simulation in the “Game view” scene using the laptop 

camera and a printed target; this feature was used to evaluate the target recognition and 

rapidly prototype the designed scene without having to export it to a device. Finally, the 

name of the application was defined, a logotype was designed and uploaded, the 

Android application was build (available for all operative systems) and was finally 

tested in three different smartphones (see SI-3 Figure 27). The printed targets were used 

(including the cubic target and the 3D printed), and were also displayed electronically 

on a smartphone. Once SurgicAR was created and all the image targets were imported in 

Unity, we could build different applications by changing the digital assets associated 

with each target and changing the version name. In this way, we could build a specific 

application for every surgery, containing the patient desired models, medical images 

and/or videos. 
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3. RESULTS AND DISCUSSION 

3.1.  Patient specific 3D model 

Initially, the 3D models obtained by the patient’s scans segmentations were saved using 

STL file extension and then converted into DAE format using Meshmixer. STL files do 

not include information about the color, texture or other physical properties of the mesh, 

resulting in one-color models. As an alternative, the segmentations were exported in 

OBJ format, which as we can see in Figure 7, preserves the colors, textures and opacities 

of the meshes and, in addition, is a supported input file in the Unity software. STL files 

could also be converted into OBJ format to allow its upload in Unity, but their color 

characteristics were not maintained. In conclusion, OBJ format resulted the preferred 

file exporting extension in 3D Slicer, as the color characteristics defined in this program 

were maintained and no file conversion was needed.  

  

Figure 7. Visualization of different kidney structures segmentation, saved in OBJ and STL formats. On 
the left we can see the segmentation colored and saved in OBJ format, seen from 3D Slicer’s Preview 
Scene interface. On the right we can see the segmentation saved in STL format, seen from Meshmixer’s 
Preview interface. 

 

Regarding the use of 3D Slicer, the segmentations should always be saved in a single 

file instead of separately to facilitate their upload in Unity, if not, their spatial 

relationship is not maintained, complicating their positioning for the 3D visualization.  

In addition, 3D Slicer offers some tools to perform some post-processing of the 

segmented structures, avoiding the use of Meshmixer. It is best to use a single software 

solution that addresses each step of the workflow, saves time and reduces the possible 

errors that can arise when linking steps between software programs licensed by different 

vendors.  
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3.2.  Fiducial marker 

After studying the characteristics of 10 different images (see SI-1 Figure 11) and their 

rating, a list of the Vuforia fiducial marker requisites was written. In order to obtain the 

maximum rating, the target image should avoid repetitive patterns, blurry aspects and 

symmetry, have high contrast (images with bright and dark regions work better), 

contain elements with sharp edges and clearly defined shapes (features are located in 

high-pronounced curvatures, so they are placed in object corners and in small circles 

with big curvatures, but not in round objects), have enough feature quantity (requires 

high visual detail), and a uniform distribution of these features across the image, 

avoiding feature-less areas. In addition, not all the image is recognized by Vuforia, there 

is a feature’s exclusion zone that surrounds the uploaded image, creating a free-feature 

border, even if features do exist within that zone, which may affect the final rating. 

The initial target of the application, designed by the radiology department, had a five-

star rating (see SI-1 Figure 12), meaning that it had a high tracking ability, but it was a 

very difficult image to print and so simpler images were evaluated to substitute it.  

First, the fiducial symbols of typical used marker recognition systems were thought to 

have high ratings in Vuforia system, as they were designed for this purpose, and most of 

them could be easily printed. Out of the 15 tested markers (see SI-1 Figure 13), only 5 

had a five-star rating: ReacTIVision black and white versions, CALTag, Intersense and 

QR codes. Out of these 5, only the Intersense and QR codes were easy to print in the 

proposed materials, but were not user-friendly and so the research continued. 

Second, numbers were thought to provide high ratings, as they fulfill the previously 

mentioned criteria: they are simple non-repetitive and asymmetric structures, provide 

good contrast (being printed in black on a white background, for example) and have 

good feature distribution (can be resized to occupy all the image but a 0.5 cm border to 

avoid the feature’s exclusion zone). Out of the 10 tested typographies, only the Sport 

Shaded JNL font obtained a four-star rating (the rest obtained between 0 and 3 stars, see 

SI-1 Figure 14), considered as “good-quality tracking” by Vuforia. Then, all the numbers 

(between 0 - 9) were tested separately using this font, but only the 3 and 8 obtained a 

four-star rating; the rest obtained between 0 and 3 stars. With this testing, we confirmed 
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that Vuforia does not recognize the numbers per se, but their feature distribution, so the 

important concept is the shape of the number, not the number itself.  

Third, to increase the star rating, numbers with multiple digits were tested and the 

combination of two numbers (number 33) obtained five stars (see SI-1 Figure 15), while 

still being a simple and easy printable target. Moreover, we thought that it would be 

important to have a stock of targets in the hospital, as multiple operations could be 

performed at the same day or at the same moment, and the sterilization department may 

need a day to sterilize the targets. Different number combinations were tested, and they 

obtained a rating of 4 or 5 stars (see SI-1 Figure 16). We realized that the number’s 

resolution as re-scaled raster images was low, as when the numbers were zoomed, they 

presented some blur (see SI-1 Figure 17) and none sharp edges. This caused that Vuforia 

did not recognize some of their edges, and the number of features was reduced. To solve 

this problem, the numbers were vectorized and their color was changed to black to 

increase the contrast. The rating of the numbers 0, 1, 4, 6 and 7 improved by one or two 

stars, and the rest remained the same (see SI-1 Table 1). As seen in Figure 8, after the 

vectorization the feature number was reduced, but their distribution was more uniform, 

new features appeared in sharp edges and the contrast was increased. 

    

Figure 8. Comparison of the feature distribution in Vuforia between raster and vector images. From left 
to right: raster image, feature distribution of the raster image (represented as yellow crosses), vector 
image and feature distribution of the vector image. 

 

Finally, all the tested two-digit vectorized combinations between 00 and 29 obtained a 

rating of 4 or 5 stars (see SI-1 Table 2). In this way, the images that had a five-star rating 

(02, 03, 04, 05, 06, 08, 09, 13, 16, 18, 19 22, 23, 24, 25, 26, 27, 28, 29) could be printed 

for obtaining a complete stock for the hospital. In addition, the numbers that had a four-

star rating could be also used, as they provide also high-quality tracking.  



 
 

27 

3.3.  Target object 

Once the final SurgicAR fiducial markers were chosen (vector images containing two-

digit numbers), we searched for an optimal material to print them on. As a reminder, it 

must be rigid, non-flexible, opaque, matte, do not shine, provide good color contrast and 

resist the sterilization by either one of the following methods: autoclaving, HPGP and/or 

EO. The materials that could be sterilized by another method were discarded, as we 

wanted the whole process to take place in the hospital.  

As we can see in SI-2 Table 3, multiple materials that supported the image printing were 

proposed, but most of them were rejected because of their inability to be sterilized (as 

paper or cardboards), to be sterilized multiple times without presenting surface damages 

(as metallic and ceramic pieces, which printings cracked or lost their colors, 

respectively), because the engraving methods did not provide enough contrast quality 

(metallic materials) or because it was impossible to do their follow-up (as fabric 

textiles, which are sterilized by an external enterprise and it is impossible to follow 

where they end up). Plastic polymers were the preferred solution, as they could be either 

3D printed with two different colors or bought as a plastic sheet and engraved in a 

different color. ABS, PLA and Polyamide are among the filaments used in 3D printing, 

more concretely, in the fused deposition modeling technique (FDM), which consists on 

heating these thermoplastics and extruding them in precise locations, where they cold 

and solidify. All three materials can be sterilized with EO, in addition, in Hospital Taulí 

(Sabadell) they routinely sterilize ABS with HPGP and Polyamides with the autoclaving 

machine, respectively, to use the printed pieces as bone guides during orthopedic 

surgery. Methacrylate (PMMA) was the proposed material in case the 3D printing 

resulting targets did not had enough quality for the tracking. PMMA can be bought as a 

black or white matte solid sheet and engraved, and can be sterilized with HPGP and EO 

[68]. The printed target using PLA had an excellent quality, was perfectly recognized by 

the application, was light-weight, easy to hold, had low production costs (around 5€) 

and was printed in approximately 4 hours; in this way, it the preferred target material. 

Finally, the user should be comfortable when using the target, so we must study the 

design of the final object so that it is ergonomic and easy to use. After trying the Cuboid 

recognition with the hand-crafted model and the PLA target, we saw that they were 
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robust and easy to move by the user. In addition, the cuboid target allowed for a 

complete 360º visualization of the model, whilst the single image only allowed the 

moving and visualization from one plane, they could be used depending on the finality. 

 

3.4. SurgicAR Software  

The main application was designed by following the steps mentioned in section 2.5. 

First, this application was developed in an iOS laptop (version macOS Sierra 10.12.6), 

but due to compatibility problems the application could not be built. In order to solve it, 

we tried following the same steps in a Windows laptop (version 10 Home), and both the 

simulation (using the laptop camera) and the Android application building were 

performed satisfactorily. In addition, two Unity versions were tested, 2018.4.23 and 

2019.3.15; the final application was developed with the 2018 version, as Unity versions 

before 2019.2 allow to automatically add the Vuforia SDK to the Unity project, without 

the need of manually downloading and importing these files (importing and activating 

the Vuforia SDK in the Unity 2019 version generated compatibility problems).  

SurgicAR was tested at home, both with the Unity “Game view” simulator and with the 

Android application. All the targets explained in the previous sections (paper printed 

targets, PLA target and virtually displayed targets), were recognized perfectly by the 

three smartphones, and we could not observe any recognition difference between the 

fiducial markers with 4 and 5 star ratings, the 11 and 09 and 18 images, respectively. 

We also achieved to visualize 2D medical images and videos, which may increase the 

surgeons’ confidence and anatomical understanding. Finally, we observed that the 

smartphones had enough processor power to run the application without any latency, 

and the camera and the screen had enough quality to properly recognize the target and 

show the segmentation with good details.   
 

Figure 9. Visualization of SurgicAR basic digital assets visualization. The video 
showing SurgicAR functioning is accessible by using the QR code or the following 
URL: https://vimeo.com/432633646. As we can see, the user holds the target 
object with one hand, and holds the smartphone with the other. In the screen, the 
application replaces the target into the desired asset, in this case, a 3D skull, a 
3Dkidney, a CT scan and a kidney animation. 

https://vimeo.com/432633646
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4. CONCLUSIONS 

SurgicAR can be used before and during surgery to provide relevant patient information 

to the doctor, as 3D segmentations, 2D patient scans and videos, all in the same 

application by using different target objects. The designed fiducial markers are simple 

and easy to print, and provide excellent tracking quality; in this thesis we proved that 

complex images do not always provide higher ratings. The application runs on any 

Android smartphone and provides high-image quality. It is very user-friendly, economic 

and intuitive, as the user just has to open the application in its own device and the 

camera automatically opens. Following, he just has to move the printed or virtually 

displayed target object and the desired digital asset appears and moves on the screen. 

The increasing number of possible applications of SurgicAR before and during surgery 

makes its present and future role in the clinical practice beyond doubt. SurgicAR is only 

being used by the urology department of Hospital del Mar, but it could be used in any 

medical and surgical specialty that needs to access patient information as medical 

images, 3D segmentations or animations during surgery, such as oncological, cardiac 

and traumatological surgeries. Additionally, doctors could use this application in the 

future for trainee education and for preoperative counseling with patients and families, 

facilitating physicians in explaining the issues related either to the disease or the 

surgery, discussed on their own 3D model. 

 

4.1.  Limitations and further work 

The aims of this thesis were reducing the limitations of SurgicAR and solve the 

principal problems regarding the segmentation visualization and the target sterilization. 

Nevertheless, it has some remaining limitations. As explained in the Methods section, 

the application only run in Android devices, limiting the platform availability. Though 

the project development, we realized that building the application in other platforms 

was not the best solution; iOS mobile applications are build with XCode software, 

which is only available for Apple laptops, and as the radiology department does not 

have Apple computers, these applications could not be obtained. Moreover, there is no 

Wi-Fi access in the OR zone, so an application that runs on this connection could not be 
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used. We thought that the best solution to avoid needing the staff to use their devices 

could be buying an Android smartphone for the department and use it exclusively for 

this purpose. Another option would be use an Android tablet, which would partially 

allow a multi-user interaction, giving that with a bigger screen more users could see the 

generated 3D models and data.  

On the other hand, smartphones and tablets cannot be sterilized (unless they are placed 

inside a sterile plastic bag, but this would affect the target recognition by the camera), 

so a support could be used in order to place them in a zone that does not disturb the 

surgeon, this would avoid the need of a nurse to hold the device. Besides, there are 

many small, portable, high-quality and cheap projector devices in the market that could 

be connected to the mobile phone to project the desired segmentation in a flat surface 

near the surgeon; this projectors could even project the target image. This option would 

be non expensive and would allow for a wide multi-user interaction. Another option 

could be using a computer to run the application, and connect a screen monitor and a 

wireless camera, placed near the surgeon to allow the target recognition.  

Another limitations are occlusion and lighting. In order to avoid occlusion, multiple 

cameras could be used at the same time, but this is computationally costly and difficult 

to program, the easier solution is that the user has to be careful on not occluding the 

target. Lightning was also an issue for the application, as laparoscopic surgeries take 

place with poor lightening. An artificial light could be installed near the camera so it 

always has good lighting properties, to avoid opening and closing the OR’s lights. 

Finally, the scanning, segmenting and building the application processes are time-

consuming, meaning that this application could not be used in emergency situations. 

This application has been created thanks to the technological advancement in medical 

imaging, segmentation software, cameras, processors, displays and AR developer kits; 

but all these fields will continue to evolve towards more available, accessible and 

affordable hardware and software. In addition, IT technologies are not yet fully 

developed so probably in the future they will be capable of providing solutions that the 

current technology cannot support. With these advancements, SurgicAR could evolve 

towards a holographic approach, or even use Smart Glasses to visualize the desired data. 
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8. ALPHABETICAL INDEX 

2D - Two-Dimensional 

3D - Three-Dimensional 

ABS - Acrylonitrile Butadiene Styrene 

AR - Augmented Reality 

CPU - Central Processing Unit 

CT - Computed Tomography  

DAE - Digital Asset Exchange (COLLAborative Design Activity model file format) 

DICOM - Digital Imaging and Communications in Medicine format 

EO - Ethylene Oxide gas 

FDA - United States Food and Drug Administration 

FDM - Fused Deposition Modeling technique  

GPU - Graphic Processing Unit 

HHD - Hand Held Displays  

HMD - Head Mounted Displays 

HPGP - Hydrogen Peroxide Gas Plasma  

IT - Immersive Technology 

JPG - Joint Photographic Experts Group (raster image file format) 

MR - Mixed Reality 

MRI - Magnetic Resonance Imaging 

OBJ - Object (Wavefront file format) 

OR - Operating Room 

PDF - Portable Document Format (document and vector image file format) 

PE - Polyethylene  

PET - Positron Resonance Angiography 

PLA - Polylactic Acid  

PMMA - Poly(methyl methacrylate) 

PNG - Portable Network Graphics (raster image file format) 

PP - Polypropylene 

PS - Polystyrene 

PTFE - Polytetrafluoroethylene, also known as “Teflon”  
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QR - Quick-Response code 

RGB - Red Green Blue color representation 

SDK - Software Development Kit 

STL - STereoLithograpy (model file format) 

SVG - Scalar Vectorial Graphic (vector image file format) 

VR - Virtual Reality 
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9. APPENDICES   

9.1.  Fiducial marker testing 

In this section the fiducial marker testing in the Vuforia Target Manager tool is 

extended. Following, all the uploaded fiducial markers are added, in addition to the 

feature distribution obtained in Vuforia and their rating. The images are separated in the 

different testing “groups” defined by the questions written in the section 2.3. 

 

Figure 10. Uploading of a new target in the Vuforia Target Manager section. The user can choose 
between the target type (Single Image, Cuboid, Cylinder, 3D Object) and has to provide its name, its 
dimensions in meters (0.10 m was chosen), and the image source one wishes to create the target from. 
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i. How did Vuforia evaluate the images and how the features were obtained and 

placed?  

    
0★ 3★ 2★ 5★ 

Not enough features (0 
features were detected). 
  

 

Unbalanced feature 
distribution, not enough 

features and poor 
contrast. 

 

Good feature 
distribution and 

contrast, but repetitive 
pattern. 

 

Good feature 
distribution and 

contrast. 
 

   
1★ (image A) 5★ 5★ 

Poor contrast, leading to not 
enough features.  

 
 

Image A without background, 
implying an enhanced contrast, 
increases the features detection. 

 

Image A with local contrast 
enhancement, increases the 

features detection. 
 

   
4★ 0★ 3★ 

Good feature distribution and 
contrast. 

 

Organic Shapes, blurry edges 
and soft and round details. 

 

Unbalanced feature distribution, 
not enough contrast. 

 
Figure 11. Initial images uploaded into the Vuforia Target Manager to understand where their features 
were placed and which characteristics allowed obtaining higher ratings. The rating and the explanation 
of each image characteristics are added.  
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ii. Which was the initial fiducial symbol prototype’s rating?  

  

Figure 12. The initial proposed fiducial marker (left) and its Vuforia feature distribution (right). The 
rating was 5★. We can see that it has poor contrast in certain areas and a non-uniform feature 
distribution. 

 

iii. Would typical fiducial markers provide a good rating in Vuforia?  

     
reacTIVision 

5★ 
 

reacTIVision 
5★ 

ARToolKitPlus 
 3★  

ARToolKit 
4★ 

ARToolKit 
0★ 

     
CALTag 

5★ 
 

DataMatrix 
4★ 

VisualCode 
4★ 

QR 
5★ 

SCR 
4★ 

     
Intersense 

5★ 
 

Cantag 
3★ 

FourierTag 
0★ 

RuneTag 
2★ 

MaxiCode 
2★ 

Figure 13. Typical fiducial markers tested in Vuforia, with their respective marker recognition system 
name and their rating.  
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iv. Would numbers provide a good rating?  

     
Sport Shaded JNL 

4★ 
 

Fira Sans 
3★ 

PT Sans 
0★ 

Oxanium 
1★ 

PT Sherif 
0★ 

     
Press Start 2P 

3★ 
Playfair Display 

0★ 
Lexend tera 

0★ 
Fjalla One 

1★ 
Dosis 

1★ 
 

Figure 14. Designed fiducial markers, containing a number 3 in 10 different typographies, with their 
respective font names and their rating. All the numbers look different, but Vuforia only recognize their 
features, so they all have similar ratings.  

 

 

v. Would more than one digit images have a higher rating? 

   
One digit (5★)  Two digits (5★) Ten digits (5★) 

 

Figure 15. Visualization of the features found in three designed fiducial markers, containing one-digit, 
two-digits and ten-digits number 3 in Sport Shaded JNL font, with their respective ratings. In the ten-digit 
image, we can see the effect of the feature’s exclusion buffer that surrounds the uploaded image, creating 
a free-feature border, even if features do exist within that zone. 
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vi. Would certain digit combinations have better ratings?  

   
12 (4★) 13 (4★) 23 (4★) 

   
32 (4★) 33 (5★) 34 (5★) 

 

Figure 16. Visualization of the features found in six designed fiducial markers containing different two-
digit combinations, with their respective rating. We can see that the combination does affect the final 
rating, but the rating is high in all the markers.  

  

vii. Would the “vectorization” of the images improve its rating?  

 

Figure 17. Comparison of the quality of a designed fiducial marker’s augmented section before (left) and 
after the vectorization process (right). We can see that after the process, the image presents less blur and 
the contour of the number is more “clean” and has sharpener edges.  

 

Number 
 

Rating before vectorization Rating after vectorization 

1 0 ★ 1 ★ 

2 3 ★ 3 ★ 

3 4 ★ 4 ★ 

4 2 ★ 3 ★ 

5 3 ★ 3 ★ 

6 3 ★ 4 ★ 

7 1 ★ 2 ★ 
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8 4 ★ 4 ★ 

9 3 ★ 3 ★ 

0 0 ★ 2 ★ 
 

Table 1. Comparison of the Vuforia rating of each number (between 0 and 9) in the Sport Shaded JNL 
font, before and after their vectorization. The numbers that increased their rating with this process are 
highlighted in grey.  

 

viii. Which combinations have higher ratings? 30 combinations of “vectorized” two-

digit numbers (from 00 to 29) were generated in Photoshop and were tested. 

Number Rating    Number Rating    Number Rating  
00 4 ★   10 4 ★   20 4 ★ 

01 4 ★   11 4 ★   21 4 ★ 

02 5 ★   12 4 ★   22 5 ★ 

03 5 ★   13 5 ★   23 5 ★ 

04 5 ★   14 4 ★   24 5 ★ 

05 5 ★   15 4 ★   25 5 ★ 

06 5 ★   16 5 ★   26 5 ★ 

07 4 ★   17 4 ★   27 5 ★ 

08 5 ★   18 5 ★   28 5 ★ 

09 5 ★   19 5 ★   29 5 ★ 
 

Table 2. Rating of each number (between 00 and 29) in the Sport Shaded JNL font after their 
vectorization. We can see that all the numbers have high ratings, of 4 or 5 stars. The numbers that 
obtained a five star rating are highlighted in grey, as they are considered “excellent target images” by 
the Vuforia Engine.  

 

ix. Creation of the “Multiple-target Cuboid”. 

Six two-digit numbers vectorized PNG images previously tested (00, 01, 02, 03, 04 and 

05) were uploaded. Cuboid targets do not have a rating as a wholesome, but each side 

has its own rating instead, which corresponds to the rating obtained by testing the 

“Single Image” target with the same image. Consecutive numbers were chosen to be 

user-friendlier, even if some of them only had a four star rating. Overall, the recognition 

was performed perfectly, as four-star images provide good tracking quality. 
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Figure 18. Cuboid target generation (seen from Vuforia’s Target Manager section interface). First, an 
empty cube was generated (left) with the desired size (10 × 10 × 10 cm). Afterwards, the six images (00, 
01, 02, 03, 04, 05) containing the fiducial symbols were uploaded (right). The user can move the cube to 
observe all the faces. In the right zone of the image we can see the all the cube fiducial symbols.  

 

 

Figure 19. Single Image visualization in the cuboid target (seen from Vuforia’s Target Manager section 
interface). One face of the cuboid was selected (concretely the right-face containing the 04 image). The 
target inspector lets the user see the feature distribution of each image target and also its rating, which in 
this case had five stars. 

  

Figure 20. Representation of the target-3D models designed with SketchUp. From left to right: “Single 
Image” target containing the number 11 (10 × 10 × 0.5 cm), “Single Image” target containing the 
number 09 (10 × 10 × 0.5 cm) and “Multiple Image” cuboid target (10 × 10 × 10 cm). All the models 
were saved in STL format.  
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Figure 21. Cuboid target (6×6×6 cm) printing file, designed with Photoshop and saved in PDF format. 
This file was printed with a regular printer, cut and folded to obtain the final cuboid object. 

 

 

      

Figure 22. Visualization of the physical targets. On the left: “Single Image” target containing the 
number 09 (10 × 10 × 0.5 cm), 3D-printed using PLA. On the right: “Multiple Image” cuboid target (6 × 
6 × 6 cm) printed with paper and black ink and folded into the cubic shape.  
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9.2.  Target object materials  
 

MATERIAL PRINTING 
METHOD PROPERTIES STERILIZATION 

METHOD 
PROPOSED 
CANDIDATE 

Paper / 
Cardboard 

Ink  
Light-weight, rigid, matte, 
good contrast, allows the 
printing of complex images. 

No, but they can be 
introduced inside a 
sterile bag. 

No 

Fabric textiles 
Resistant 
ink  

Heat resistant, matte, good 
contrast, light-weight, 
adaptable, non rigid. 

Ethylene oxide and 
autoclaving (color 
loss after time) 
[69]. 

No 

Metals 
Engraved or 
adhesive 
sticker 

Heat-resistance, chemical 
resistant, strong, rigid, 
opaque, usually “shiny”, the 
engravings do not offer 
enough contrast. 

Usually resistant to 
all methods [69], 
but the sticker does 
not resist many 
sterilizations. 

No 

Ceramics 
Resistant 
ink 

Mechanical strength, rigid, 
opaque, matte, good 
contrast, porous. 

Autoclaving  [69], 
but there is color 
loss after time. 

No 

Glass  

Engraved, 
resistant ink 
or pad 
printing 
(similar to 
an adhesive 
sticker) 

Mechanical strength, rigid, 
opaque, can be matte, high 
variety of colors, heavy, 
fragile. 

Autoclaving, dry 
heat, hydrogen 
peroxide and 
ethylene oxide 
[70]. 

No 

Polylactic Acid 
(PLA) 

3D printing 
(in two 
colors) 

Rigid, opaque, matte, light-
weight, good contrast (high 
variety of colors), easy to 
print, cheap, available in 
most 3D printing 
laboratories, biodegradable. 

Ethylene oxide 
[71]. Yes 

Acrylonitrile 
Butadiene 
Styrene (ABS) 

3D printing 
(in two 
colors) 

 

Temperature resistant, rigid, 
matte, light-weight, good 
contrast (high variety of 
colors), biocompatibility 
certificate, available in most 
3D printing laboratories, 
difficult to print (prone to 
deformities). 
 

Hydrogen peroxide 
and ethylene oxide 
[72]. 

Yes 
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Polyamide 
3D printing 
(in two 
colors) 

Heat and chemical resistant, 
strong, light-weight, good 
contrast (high variety of 
colors), rigid, opaque, 
matte, many different types. 

Ethylene oxide and 
autoclaving. Yes 

Polyethylene 
(PE) and 
Polystyrene 
(PS) 

3D printing 
(in two 
colors) 

Rigid, strong, opaque, 
matte, good contrast (high 
variety of colors), light-
weight. 

Ethylene oxide 
[69]. 

No  

Polytetrafluoro
ethylene 
(PTFE), also 
called “Teflon”, 
Polycarbonate 
and 
Polypropylene 
(PP) 

3D printing 
(in two 
colors) or 
engraved 

Heat and chemical resistant, 
light-weight, rigid, opaque, 
matte, good contrast (high 
variety of colors), cheap.  

Ethylene oxide and 
autoclaving [69]. 

No  

Poly(methyl 
methacrylate) 
(PMMA) 
 

Engraved 
with a 
different 
color or 
adhesive 
sticker 
(serigraphy) 

High temperature resistant, 
usually transparent but it is 
possible to find it opaque 
and matte, light-weight, 
rigid. 

Hydrogen peroxide 
and ethylene oxide 
[68]. 

Yes 

 

Table 3. List of proposed target materials, with their printing methods, properties and approved 
sterilization methods. It is also defined if the material belongs to the final candidates or not.  
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9.3.  SurgicAR software  

In this section the design of the SurgicAR application using Vuforia and Unity is 

extended. Following, some interface screen-shots are added to increase the application 

development understanding, which basic steps are briefly explained in the section 2.5. 

 

 

Figure 23. Visualization of the generated SurgicAR database interface (device type). It contains all the 
uploaded targets, with their respective image, name, target type, rating and last date modification. It has 
different options, as adding a new target, visualizing each target individually with its own characteristics 
and downloading the database.  

 

 

 

Figure 24. Visualization of the Unity interface, where the cubic target was uploaded into the SurgicAR 
scene. On the left, the scene section shows all the objects that contains, including the AR camera, the 
targets and their corresponding digital assets. In this image we can see that only the multi-target cuboid 
was uploaded (and their faces can be selected individually). 
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Figure 25. Visualization of the Unity interface, where both the cubic target and the 3D segmentation, in 
this case a skull, were uploaded into the SurgicAR scene. The 3D model can be resized and the user can 
move it until it is placed completely covering the cuboid target (trying to hide the target inside the model), 
allowing a 360º visualization.  

 

 

 
Figure 26. Visualization of the Unity interface, where four targets (three single image and one cuboid 
target) and their associated digital assets were uploaded into the SurgicAR scene. On the scene section 
we can see which target is associated with each asset, which can be re-named to be more user-friendly. 
On the lower part of the image, we can see all the imported assets (3D models, images, videos and target 
databases). From left to right: the “Single Image” target containing the number 18 was associated with a 
patient CT scan; the “Single Image” target containing the number 11 was associated with a kidney 
animation; the “Single Image” target containing the number 09 was associated with a kidney model and 
the “Multiple Image” cuboid target was associated with a skull model.  
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Figure 27. Visualization of the application downloaded in a Samsung smartphone with an Android 
operative system (left) and the designed logotype with Photoshop (right).  
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