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Designing an accurate and low cost 4D foot scanner for podiatrists project title

Please state the title of your graduation project (above) and the start date and end date (below). Keep the title compact and simple.
Do not use abbreviations. The remainder of this document allows you to define and clarify your graduation project.

start date 22 - 02 - 2021 30 - 07 - 2021 end date

INTRODUCTION **
Please describe, the context of your project, and address the main stakeholders (interests) within this context in a concise yet

complete manner. Who are involved, what do they value and how do they currently operate within the given context? What are the
main opportunities and limitations you are currently aware of (cultural- and social norms, resources (time, money....), technology, ...).

space available for images / figures on next page

Modern footwear is designed for the general population. To accommodate for an improved fit, many people opt for
the use of additional foot orthoses. This is not only useful for increased comfort, but also to correct one’s gait and
posture. However, the current development of these orthotics present challenges, originating in the data acquisition
of the feet.

As presented by Barisch-Fritz et al. (2014), current methods for retrieving information about feet are based on markers,
goniometers, plantar pressure analysis or interpretation of imprints. These methods have a limited view on the foot
morphology and therefore limited applicability. Also, Telfer et al. (2012) shows that the intra- and intercaster reliability
of these methods fall below the reproducibility quality threshold for the medial arch height of the orthotics, and
volume matching is < 80% for all methods due to foot morphology.

A detailed understanding of foot morphology can enable the design of more comfortable and better fitting footwear
(Boppana & Anderson, 2020). This could also be applied in the development of foot orthoses.

The use of 3D scanners is already becoming a general used technology for podiatrists, where the pricing ranges
between €5.000 and €30.000 (Telfer & Woodburn, 2010), with varying performance in accuracy. The existing 4D
scanner by 3DMD is considered a research prototype, which is unsuitable for commercial use and is highly priced.
These factors prevent the adoption of general use 4D scanning by podiatrists.

However, the availability of a high quality, accurate and low cost 4D foot scanner would allow podiatrists to study the
foot morphology during the whole gait cycle; enabling them to take the morphology into account during
load-bearing and non-weight-bearing states (with varying dimensions of up to 8 mm) (Tsung et al,, 2003). Based on 4D
information of a foot, podiatrists should be able to develop improved custom foot orthoses that function and support
the patient correctly during their entire gait cycle.

A previous graduation project explored the possibility of developing an affordable 4D foot scanning device from
commodity hardware to receive more detailed insights into the morphology of the human foot. The proposed
modular 4D scanning prototype implemented multiple single board computers and four IntelSense D435i stereo
cameras, allowing data acquisition at 15 fps and 848 x 480 px resolution.

From this initial project, two opportunities are highlighted to further improve upon: 1) improve the dynamic and static
accuracy of the scanning results by focusing on the camera calibration and point cloud alignment. And 2) explore the
embodiment and modular design of the 4D foot scanner to increase the scanner’s capabilities. The current scanner is
equipped with four cameras, mounted to the bottom section of the scanner. The modular design of the scanner
allows it to capture the whole foot during a gait cycle. By increasing the amount of cameras, more aspects of the foot
could possibly be reconstructed with a higher accuracy. A modular approach to the embodiment of the scanner
would also allow customization for the podiatrists, scaling the scanner to the needs of the intended use.
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image / figure 1:  The embodiment of the modular 4D foot scanning prototype
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image / figure 2. __The static accuracy evaluation of a static 3D scan obtained with the developed prototype in mm.
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PROBLEM DEFINITION **

Limit and define the scope and solution space of your project to one that is manageable within one Master Graduation Project of 30
EC (= 20 full time weeks or 100 working days) and clearly indicate what issue(s) should be addressed in this project.

ASSIGNMENT **

State in 2 or 3 sentences what you are going to research, design, create and / or generate, that will solve (part of) the issue(s) pointed
out in “problem definition”. Then illustrate this assignment by indicating what kind of solution you expect and / or aim to deliver, for
instance: a product, a product-service combination, a strategy illustrated through product or product-service combination ideas, ... . In
case of a Specialisation and/or Annotation, make sure the assignment reflects this/these.

The previously designed 4D foot scanner (Vidmar, 2020) already allows a 4D reconstruction of a foot in motion.
However, the accuracy of these results do not yet meet the performance of the existing 4D foot scanner and widely
used 3D scanners. As pointed out by Vidmar, weaknesses in the methods of camera calibration and point cloud
alignment should be addressed to improve this, since this distorts the scanning result.

Improving upon the accuracy of the existing 4D foot scanner is an interdisciplinary problem that can be tackled on
several aspects. Firstly, the implementation of fine-grained registration algorithms, such as an ICP algorithm, is
expected to improve scanning results. Secondly, the embodiment of the scanner can highly influence the scanning
results by optimizing the scanning conditions. Figure 1 shows the bare bones structure of the scanner which does not
provide optimal scanning conditions.

Also, the existing 4D research scanner prohibits the wide adoption of this new scanning method since it is not suitable
for commercial use due to the operability (usability) of the scanner and pricing. Taking this into account with regards
to the context, the embodiment design of the scanner could help reduce the adoption threshold of 4D scanning in
medical applications. Considering stakeholders that are involved in the adoption of 4D foot scanning is essential here,
such as podiatrists and partners in industry that are challenging technological development in this field (Bata
Industrials). They can elaborate on the desired accuracy and view on how a 4D foot scanner can be embedded into
their current workflow.

Vidmar, J. (2020). 4D foot scanner prototype development. [Master thesis, Technical University of Delft]. TU Delft
Repository.

improved accuracy, which is suitable in the commercial workflow of podiatrists.

Achieving this goal takes the following aspects of the scanner into account: material selection, mechanical design,
ergonomics, data processing, and human and computer interaction design.

The expected outcome of the project is a physical working prototype of the 4D foot scanner, consisting of a walkway,
optimized optics, (aesthetic) embodiment of the scanner, scanning modules, image processing software and a GUI
(Graphical User Interface). The physical prototype should showcase the optimized embodiment design of the modular
scanner, as well as increased performance, compared to the original 4D foot scanner prototype. It is desirable to
achieve a consistent sub-millimeter accuracy for both static and dynamic scenarios since this is sufficient for the
purpose of footwear design (Kimura, Mochimaru & Kanade, 2008). The GUI will be visualised using wireframes, where
the preferences of the target group regarding presented data are taken into consideration.

To fit the Medisign specialisation, the 4D foot scanner will be designed to make it commercially available and desirable
in the context of podiatrists. Analysis of the optimized scanner in terms of performance, pricing and use should
support this fit. Compliance with medical device standards is desired, with the particular focus on ISO 20685-1:2018,
since this ISO standard is focused in particular on extracting body dimensions from 3D body scans.
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PLANNING AND APPROACH **
Include a Gantt Chart (replace the example below - more examples can be found in Manual 2) that shows the different phases of your
project, deliverables you have in mind, meetings, and how you plan to spend your time. Please note that all activities should fit within

the given net time of 30 EC = 20 full time weeks or 100 working days, and your planning should include a kick-off meeting, mid-term
meeting, green light meeting and graduation ceremony. lllustrate your Gantt Chart by, for instance, explaining your approach, and
please indicate periods of part-time activities and/or periods of not spending time on your graduation project, if any, for instance
because of holidays or parallel activities.

startdate 22 -2 - 2021 30- 7 - 2021 end date

Calendar week 8 9 10 n 2 3 1% 15 13 7 18 19 20 2 22 23 24 25 26 27 28 29 30 31 32 3 34
Project week 1 2 3 4 5 6 7 8 9 10 i 2 13 “ 15 16 17 18 19 20 21 220 | 23
Date (Mon - Fri) 22Feb  1Mar  8Mar 15Mar 22Mar 29Mar  SApr 12Apr  19Apr 26 Apr 10May 17May 24May 31May  7Jun  14Jun  2iJun  28Jun  5Jul  12Jul 190ul  26Jul 16 Aug

26Feb  5Mar  12Mar 19Mar 26Mar  2Apr  OApr 16Apr 23Apr 30 Apr 14May 21May 28May  4Jun  fiJun  18Jun  25Jun  2Jul  9Jul 16Jul  23Jul  30Jul 20 Aug

actviTy

Kick-off meeting [

Ngs | Mickem meeting | ]
Green light meeting —
Graduation ceremony

Research current 4D foot scanner

development

Research current 3D/4D scanning

methods

DISCOVER | Explore existing 3D/4D body scanning
products

Explore scanning optimization
opportunities
User research with target group.

T I

Define development opportunities for the
4D foot scanner

Wiite up List of Requirements
DEFINE | Define the problem defintion
Road map towards project goal
Design considerations

Design iterations (aesthetic and system) ]

(e 30 Y01 1RUN |udY JO LIOE) HVINE XITM L

Optimize and implement scanning system
and process

Embodiment design of the 4D foot
scanner (CAD modelling and detailling)

Building foot scanner I | ]
Testing and optimizing | I [

DEVELOPMENT

Product evaluation [ |
Conclusions and recommendations |

Finalize report and prepare presentation |
T ;i 7 T

Goede Viijdag, Tweede Paasdag,
;'A‘v"s":; Koningsdag, Bevrijdingsdag,
Hemelvaarisdag, Tweede Pinksterdag

The presented planning consists of a total of 23 weeks, including six national holidays (indicated at the bottom). | split
up the work intensity of my graduation into two, since I still have to complete a 3 ECTS elective in Q3. I plan to spend 4
days a week on my graduation up until the midterm. From the midterm onwards, | will work full time (40 hours a week)
on my graduation.

wea) Aosinadns JO UOREdRA JAWWINS JO 95NEIaq LoReNpeIb 21049q pauueid NYINE XIIM €

EVALUATION &
DELIVERY

=

| planned the national holidays, since these fall around my midterm. Additionally, | planned a break of one week after
the midterm, which includes one national holiday. These days off will be a good time for me to reflect on my personal
process and the development project and to get a small break from the project. At the end of the project, | planned
three weeks off before my graduation. This was done in consultation with my supervisory team, since week 23 would
be in their summer vacation period.

For the planning of this project, | use two methods: 1) a double diamond method considering the whole project, and
2) the lean startup method for an iterative approach within separate stages of the double diamond model. | chose this
approach since the Discover, Define and Development stages within the overall planning involve iterating on previous
results.

The first five to seven weeks of the project are dedicated to the Discover and Define phase; getting acquainted with
(current) solutions and technologies, and acquiring fundamental knowledge is essential for the development phase.
Since the focus of the project is to build a physical working prototype, a considerable amount of time is scheduled for
optimizing the current scanning system, designing the physical aspect of the scanner and building and testing it.
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MOTIVATION AND PERSONAL AMBITIONS
Explain why you set up this project, what competences you want to prove and learn. For example: acquired competences from your
MSc programme, the elective semester, extra-curricular activities (etc.) and point out the competences you have yet developed.

Optionally, describe which personal learning ambitions you explicitly want to address in this project, on top of the learning objectives
of the Graduation Project, such as: in depth knowledge a on specific subject, broadening your competences or experimenting with a
specific tool and/or methodology, ... . Stick to no more than five ambitions.

| always had an interest in designing and developing (smart) products with advanced technologies. Because of this
intrinsic ambition, | have tried to extend my Industrial Engineering skills by acquiring additional skills in computer
science and programming. During my first year of IPD, | focused primarily on the technical aspect of product
development and how (new) technologies from computer science research can be adopted into product design. This
resulted in the concept design of human pose estimation to achieve a new product interaction between users and
product, but also acquiring additional skills in designing hardware and software. | would like to continue applying this
into not only my graduation project, but also in my professional career.

The alignment of the project with the Medisign Specialisation is a perfect opportunity to showcase my interest in the
development of medical devices and how product design can improve (and evolve) current stagnant medical
processes. With this project, it will be possible to develop a scanning approach that can be adopted in more medical
applications and devices other than the foot scanners, for example hand scanners and full body acquisition scanners.
Also, this could be the stepping stone towards a new approach of scalable medical device development that is
available for a larger range of users.

One of my personal ambitions is to acquire more experience in writing (scalable) software which will run in real time
during the use of products. The aspect of optimizing and implementing the scanning system gives me the
opportunity to do so. Secondly, my personal pitfall is having a tendency of being a perfectionist, which results in
additional (mental) stress and even causes delay in my planning. During this project, | will try to focus on improving
upon this; the 80/20 rule (Pareto-principle) could assist me in this. Lastly, during my graduation | would like to explore
the research aspect of product design, with a possibility of doing a PhD. Something interesting to consider is to
publish a paper about the outcomes of this project.

Regarding project ambitions, the aspect of designing a roadmap/product for potential open-source development and
production is something that | find interesting to explore, taking inspiration from Josef Prusa.

FINAL COMMENTS
ject brief needs final comments, please add any information you think is relevant.

In case your pro
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The use of 3D scanners is already becoming a general used technology for podiatrists, where the pricing ranges between €5.000 and €30.000 (Telfer & Woodburn, 2010), with varying performance in accuracy. The existing 4D scanner by 3DMD is considered a research prototype, which is unsuitable for commercial use and is highly priced. These factors prevent the adoption of general use 4D scanning by podiatrists.

However, the availability of a high quality, accurate and low cost 4D foot scanner would allow podiatrists to study the foot morphology during the whole gait cycle; enabling them to take the morphology into account during load-bearing and non-weight-bearing states (with varying dimensions of up to 8 mm) (Tsung et al., 2003). Based on 4D information of a foot, podiatrists should be able to develop improved custom foot orthoses that function and support the patient correctly during their entire gait cycle.
 
A previous graduation project explored the possibility of developing an affordable 4D foot scanning device from commodity hardware to receive more detailed insights into the morphology of the human foot. The proposed modular 4D scanning prototype implemented multiple single board computers and four IntelSense D435i stereo cameras, allowing data acquisition at 15 fps and 848 x 480 px resolution.

From this initial project, two opportunities are highlighted to further improve upon: 1) improve the dynamic and static accuracy of the scanning results by focusing on the camera calibration and point cloud alignment. And 2) explore the embodiment and modular design of the 4D foot scanner to increase the scanner’s capabilities. The current scanner is equipped with four cameras, mounted to the bottom section of the scanner. The modular design of the scanner allows it to capture the whole foot during a gait cycle. By increasing the amount of cameras, more aspects of the foot could possibly be reconstructed with a higher accuracy. A modular approach to the embodiment of the scanner would also allow customization for the podiatrists, scaling the scanner to the needs of the intended use.
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The expected outcome of the project is a physical working prototype of the 4D foot scanner, consisting of a walkway, optimized optics, (aesthetic) embodiment of the scanner, scanning modules, image processing software and a GUI (Graphical User Interface). The physical prototype should showcase the optimized embodiment design of the modular scanner, as well as increased performance, compared to the original 4D foot scanner prototype. It is desirable to achieve a consistent sub-millimeter accuracy for both static and dynamic scenarios since this is sufficient for the purpose of footwear design (Kimura, Mochimaru & Kanade, 2008). The GUI will be visualised using wireframes, where the preferences of the target group regarding presented data are taken into consideration.

To fit the Medisign specialisation, the 4D foot scanner will be designed to make it commercially available and desirable in the context of podiatrists. Analysis of the optimized scanner in terms of performance, pricing and use should support this fit. Compliance with medical device standards is desired, with the particular focus on ISO 20685-1:2018, since this ISO standard is focused in particular on extracting body dimensions from 3D body scans.
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