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approach to enhance surgical team’s capabil-
ities in evaluating leg length discrepancy.. Im-
portant in achieving this goal it to make any 
given design solution effortless, reliable and 
undisruptive to various workflows

In order to do so, user research was performed 
by joining multiple surgical teams within the 
OR, thereby observing and evaluating their 
methods. One method in particular stood out, 
which is best described as the ‘loaded assess-
ment’. During this assessment the surgeon or 
circulating nurse will centre the patient’s feet, 
apply pressure to the heels and try to evaluate 
the discrepancy. Although this method being 
seemingly simple, its execution is difficult to 
perform by a single person and varying pres-
sure differences may confuse the assessment.
  
Following the initial research phase, co-creation 
sessions with technical experts were organised, 
after which various concepts were developed 
and tested on the basis of feasibility, desirabil-
ity and viability. Finally, a functional prototype 
based on the loaded assessment principle was 
developed and tested for its functionality and 
conceptual expectation.

The human body, although seemingly sym-
metrical, can in fact be highly asymmetrical. 
Our bodies are predetermined by our DNA 
and co-shaped by our environment. This leads 
to most of the world’s population having a dis-
crepancy in leg length either from birth or de-
veloped during their life time. It is completely 
natural and goes unnoticed, as changes are 
incremental and people get used to it. On the 
contrary, when undergoing total hip replace-
ment surgery and waking up with one leg 
longer than the other, the change is almost in-
stantaneous and immediately noticeable. Cur-
rent surgical solutions do not address this is-
sue in a practical manner within the operating 
theatre, leading to surgical teams developing 
their own methods and procedures to evalu-
ate the change in patient’s leg length.
	 	  
Introducing	new	workflows	to	medical	profes-
sionals often entails neglecting the protocols 
they spent years practicing. This thesis identi-
fied	this	bottleneck	and	instead	of	introducing	
new methods and procedures, it was decided 
to build on existing ones. This was done by ex-
ploring	common	surgical	workflows	in	respect	
to total hip replacement and determining an
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Chapter Highlights

A concise summary of each chapter’s key in-
sights or highlights is presented on the last 
page of each chapter.   These summaries can 
be found in a green rectangle (Fig. 1).
 
Throughout the text, primary insights are high-
lighted in the same shade of green, like such.
 
Relevant quotes from throughout the process 
can be recognised by this format.
 
Lastly, a list of abbreviations is provided on 
page 11. Not to worry, each term will be spelled 
out once when mentioned for the first time, so 
this is just for the case that one slips the mind.
 
The basics are covered, let’s get started!
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Reading Guide

Chapter 6 - Prototyping
This chapter uses the previous morphological 
chart as basis for testing proof-of-concepts 
(Pocs). These tech / non-tech PoCs allow to 
evaluate the feasibility of any given concept 
direction.

Chapter 7 - Final Concept
This chapter is the start of the Deliver Phase 
and introduces the final concept. First a gener-
al overview is provided by means of sketches 
and later more detail by means of renders and 
technical details.

Chapter 8 - Final Prototype
This chapter introduces the components, pro-
cesses and methods used for creation of the 
final prototype. Detail on technical challeng-
es and deviations from the final prototype are 
provided briefly.

Chapter 9 - Testing and Evaluation
This chapter is concerned with the testing and 
evaluation of the final prototype, by technical 
experts as well as medical experts in a non-clin-
ical setting.

Chapter 10 - General Discussion
The final chapter will present the final discus-
sion about this project and draw conclusions 
about the main research questions and their 
answers, future continuation and general lim-
itations.

Chapter Overview

Chapter 1 - General Introduction
This chapter provides a general overview of the 
topic’s most relevant aspects, such as problem 
statement, research questions, assignment ap-
proach and solution space.

Chapter 2 - Literature Review
This chapter starts the Discovery Phase and 
explores academic literature related to the 
topic and beyond. A summary of all topics rel-
evant for the scope of this thesis is provided.

Chapter 3 - User, Context & Market Analysis
This chapter explores first hand insights into 
orthopaedic clinics, by means of a survey and 
observations. The findings are translated into 
personas, a surgical timeline, market matrix 
mapping and more.

Chapter 4 - Problem Definition
This chapter starts and concludes the Define 
Phase by the means of presenting the most 
relevant key findings, opportunity areas (chap-
ters 2 & 3) and finalising them by means of a 
list of requirements.

Chapter 5 - Co-Creation Sessions
This chapter starts the Develop Phase and 
describes the setup and execution of the 
performed Co-creation sessions, as well as il-
lustrates the ideation process, morphological 
chart and ideation sketches.

Each chapter features the same structure, even if the naming of individual sections may vary:
 
 Background - a brief introduction to the background of the chapter
 Methods & Procedure - a description of research and design activities performed
 Findings - a presentation of the resulting insights
 Discussion -  a brief discussion on these findings

Key Insights

- Key insight #1

- Key insight #2

- Key insight #3

- Key insight #4

- Key insight #5

- ...
 

Fig. 1 - Example of the ‘Key Insights rectangle‘
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1.1 Background

Hip replacement surgery  is often named 
among the most successful surgical proce-
dures of the 20th century (Knight et al., 2011, p. 
16), due to its almost immediate pain relief and 
high success rate. Considering that the medi-
an age for hip replacement is 67 years (Amer-
ican Joint Replacement Registry & American 
Academy of Orthopaedic Surgeons, 2018), 
having the ability to maintain full control of 
your body and lifestyle becomes increasingly 
important in ageing societies, such as the ones 
found in Europe and North America (Cooper 
et al., 1992, p. 287). High quality implants have 
a life expectancy of 15 - 20 years (Zimmer Bi-
omet, 2020b), which if put into perspective, is 
time that a patient is freed of pain and walk-
ing aids, allowing them to lead a more active 
lifestyle. Some studies even suggest that there 
is a positive correlation between Total Hip Ar-
throplasty (Cnudde et al., 2018, p. 1172) and the 
patient’s life expectancy.

1.1.1 Total Hip Arthroplasty (THA)
With the first metallic hip replacement surgery 
performed 80 years ago(Manzi et al., 2016, p. 
57), modern medicine has come a long way in 
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exist. These differences, or discrepancies, have 
a multitude of causes, from being present at 
birth to being acquired over time as the re-
sult of trauma or abnormal biomechanics. In 
fact, one study suggests that up to 90% of 
the world’s population has some form of LLD 
or FOD (Khamis & Carmeli, 2017, p. 279). Many 
people may not even be aware of it or have 
complaints that are caused by these condi-
tions without being aware of the root cause. 
For example, LLD can cause pain or functional 
impairment in other parts of the body, such as 
the neck, back, hip or foot (Knutson, 2005, p. 
11). This can be compared to a biomechanical 
/ anatomical chain reaction, caused by gravity 
and static or dynamic loads. Needless to say, 
when an individual is aware of their LLD / FOD, 
they will notice it frequently while walking or 
simply standing (Austin et al., 2019, p. 185). Ar-
guably, the only moments when they will not 
notice it, is while lying down or differently for-
mulated, when no loads are applied to the sys-
tem.

1.1.3 LLD and FOD after Total Hip Arthroplasty
As explained, already previous to a THA, a pa-
tient can suffer from LLD or FOD as a result 
of their condition, also known as preoperative 
LLD or FOD. This can and should be mitigated 
during THA, even though not being the prima-
ry focus of the procedure. Not correcting

fractures (if necessary), remove any damaged 
cartilage within the Acetabulum (pelvic sock-
et) and place a cup inside of it. Afterwards, 
with the head of the Femur already removed, 
in its place a stem and head to complete the 
ball-socket joint are positioned.
 
Disregarding the effects of surgical interven-
tion, this means that the pain relief for patients 
suffering from OA is instant (Varacallo et al., 
2020, pp. 1–3). Depending on the surgical ap-
proach, patients may be released from the hos-
pital and back on their feet within a week. In 
particular, the Anterior approach allows for fast 
recovery, as it is the least invasive option caus-
ing the least amount of tissue damage (Mayr 
et al., 2009, p. 813). Regardless which approach 
is favoured by the surgeon, the core objectives 
of the THA remains the same, yet techniques 
vary with the implant systems used and there-
fore deserve a closer look (see Chapter 2). For 
this thesis, Zimmer Biomet’s cementless Ta-
perloc® Complete Hip Implant System is at the 
centre of attention (Zimmer Biomet, 2020c). 

1.1.2 Leg Length Discrepancy (LLD)
and Femoral Offset Discrepancy (FOD)
Every human body is unique in anatomy, bi-
omechanics and anomalies. This does not ex-
clude individual leg length or femoral offset 
and means that differences in dimensions can

improving the techniques and tools used in 
order to facilitate and improve the outcome 
of THAs in terms of longevity of the implants 
themselves, functional biomechanics and 
most importantly patient well-being and qual-
ity of life. 80 years of research and develop-
ment overcame a multitude of obstacles, how-
ever, some remained, such as (but not limited 
to): Irreversible tissue damage, implant disloca-
tion, Leg Length Discrepancy (LLD), Femoral 
Offset Discrepancy (FOD) and the associated 
effects on other parts of the body by any of 
these complications. Nonetheless, before div-
ing deeper into any unintended consequenc-
es and what causes the challenges associated 
with preventing them, it is important to first ex-
plain why and how THAs are carried out.
 
According to the Dutch Arthroplasty Register 
(LROI, 2019) the majority of THAs is performed 
in patients suffering from Osteoarthritis (OA), 
which causes tremendous chronic pain and 
inhibits the affected to lead an active lifestyle, 
with many patients requiring walking aids, 
such as canes, rollators or wheelchairs. During 
THA or Total Hip Replacement (THR) the de-
ceased ball and socket joint are removed from 
the patient’s pelvis and replaced with artificial 
components (Fig. 2). The surgeon will repair

General Introduction

Fig. 2 - Simple overview of THA process
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Artificial Component
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Fig. 3 - Patient being marked-up before THA
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conventional surgical workflows and thereby 
empowering surgeons and their teams. This is 
in contrast to current industry trends that aim 
for semi-automation of surgery. Nonetheless, it 
is not excluded that the solution may in the fu-
ture become a subsystem of robotic solutions, 
however this will not be the end-goal of this 
thesis. Whereas the primary use case of the 
product will be within an intraoperative con-
text, widening the application area to pre- and 
postoperative evaluations enables the tool to 
create a measurement standard. Through this, 
measurements become reliable and reproduc-
ible, therefore allowing for comparison of dif-
ferent evaluation results taken during different 
stages of the process (Fig. 6). These compa-
rable figures will then give data-driven insight 
into the success of THA in respect to LLD and 
FOD.

Arguably the biggest problem with many of 
these systems is that they have a very high fi-
nancial entry barrier for hospitals or private clin-
ics to overcome. Robotic or even purely digital 
(software) solutions will financially set back a 
hospital substantially and are in essence luxury 
products or services.

“Several methods described for the measure-
ment of LLD and several devices manufactured 
to overcome LLD are either too complicated or 
too expensive to be practical for routine use”
(Desai et al., 2013, p. 337)

1.2.2 Solution Space
The design solution, envisioned as a passive 
but modern tool for validation of LLD and po-
tentially FOD, will be focussing on enhancing

will develop and customise their own workflow, 
shaped by years of experience and influenced 
by hospital and health system regulations. 
More detail on different methods and proce-
dures will be provided in chapter 2 and 3.

1.2 Problem Statement

1.2.1 Scope
The Human Body is a complex arrangement 
of bony anatomy and soft tissues. Unlike solid 
objects, it is a complex biological system, there-
fore referencing and dimensioning it requires 
consideration of its complexity in anomalies. 
Considering those anomalies, the complex 
nature of this topic requires a narrow scope in 
order to make the project feasible within the 
given time constraint. Therefore, this thesis will 
be focussing on the most relevant context and 
definition of LLD, with the potential for broader 
applications outside of primary THA.

Currently, within the biomedical industry focus-
sing on orthopaedic surgery solutions does 
not offer tailored approaches for evaluation of 
LLD and FOD. Solutions that allow for evalua-
tion of LLD and / or FOD range from methods 
that surgeons developed themselves, over tra-
ditional mechanical devices, up until high-tech 
robotic systems (Loughenbury et al., 2018, p. 
107). Computer-assisted surgery (CAS) and 
Robotic assistive surgery (RAS) focus main-
ly on surgeon navigation, by tracking surgical 
instruments and the patient’s position during 
the procedure (Ogawa et al., 2014, p. 153). Such 
real-time analysis navigation and tracking sys-
tems merely offer LLD and FOD evaluation as 
a feature, rather than a focussed solution. In-
terestingly enough, many systems do not take 
symmetric referencing of the lower limbs as a 
starting point but instead only reference bony 
landmarks on the operative side of the patient, 
in an attempt to reproduce these dimensions 
after implant placement. Furthermore, many of 
these systems are accused of not fitting into 
conventional surgical workflows and require 
specialised training (Lin et al., 2011, p. 601). By 
replacing the surgeon’s traditional training ex-
perience, procedures tend to become less time 
and cost effective (Kong et al., 2020, p. 178).

preoperative LLD and FOD during surgery 
may lead to unintended problems postoper-
atively (Hozack & Parvizi, 2004, p. 1829). These 
problems not only concern pain or functional 
impairment as mentioned before, but also lead 
to rapid degeneration and dislocation of the 
implants. Such instances would then require 
the surgeon to perform a revision surgery, 
which everyone involved (patient, surgeon & 
hospital) would like to avoid.

Nonetheless, if a patient with or without pre-
operative LLD or FOD wakes up after a THA 
with a disproportionally large LLD or FOD, it 
is in many cases immediately noticeable for 
them (Fig. 4). Just like the pain relief, also the 
lengthening or shortening of dimensions is 
immediately noticeable. Understandably, the 
patient’s anatomy and biomechanics are not 
able to adjust within such a short timeframe, 
which in turn will have psychological impacts. It 
goes without saying that patients are quick to 
sue their hospital and surgeon for malpractice, 
making LLD one of the top causes for litigation 
(Upadhyay et al., 2007, p. 6).

In order to avoid this, surgeons will apply vari-
ous methods in order to reference, assess and 
reconstruct leg length and offset. These range 
from self-developed methods, to mechanical 
devices like callipers and digital software anal-
ysis, but ultimately a surgeon and their team
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1.3 Assignment & Approach

1.3.1 Assignment
Considering the limitations, requirements and 
opportunities of the scope, solution space 
and research questions, the following design 
assignment was created in order to prevent 
post-operative LLD and FOD.

“Develop a concept and functional prototype 
for evaluation of LLD and/or FOD, fitting most 
conventional surgical workflows for prima-
ry THA using the Anterior approach,  which 
empowers the user by providing data-based 
feedback in real-time.” 

1.3.2 Project Approach
The project approach will be carried out fol-
lowing the double diamond process (British 
Design Council, 2019), established in four phas-
es - Discover, Define, Develop and Deliver (Fig. 
7). The following paragraphs will outline each 
phase briefly, in terms of methodology and ex-
pected outcome.

Discover
During the Discover phase, the goal is to broad-
en the horizon and establish a comprehensive 
understanding of the topic. Research is primar-
ily focussed on how THAs are performed, what 
differences exist in execution, what methods

1.2.3 Research Questions
In order to generate a better understanding of 
the problems, three main research questions 
and two sub-questions are posed with the 
purpose of making the research process more 
specific.

 1. 

 
 a.

 b.

 2.

 3.

 
These questions cover a broad area of knowl-
edge spanning from established medical 
methods, technological trends up until user - 
product interactions.

 
How to more accurately reference, assess 
and dimension lower limbs while consider-
ing a patient’s individual anatomical differ-
ences?

 How can symmetry be evaluated
 and created in an asymmetric
 biomechanical system?

 What role does the patient’s
 position play during repeated
 LLD assessments?

How can post-operative LLD be prevent-
ed during THA, without disrupting conven-
tional surgical workflows?

How can high-tech solutions be empow-
ering to the user and provide a sense of 
control?

and tools are used most commonly and during 
which points during a patient’s journey does 
leg length or femoral offset and the evaluation 
of LLD or FOD play a role. This will help to un-
cover opportunity areas, based on key findings, 
which in turn will enable the formulation of 
concrete goals for any potential solution. The 
selection of methods deployed for the Discov-
er phase can be found in chapter 2 and 3.

Define
During the define phase, divergence of knowl-
edge is stopped and convergence is started. 
All gathered insights get formulated into defi-
nitions that allow for evidence-based develop-
ment of ideas. The primary goal for this phase 
is to define the relevant problems and the 
scope of this project. An important method 
that is deployed in this phase is the ‘List of Re-
quirements’, which will not only define the de-
sired functionality, benchmarks and features of 
the desired solution, but additionally acts as a 
final checklist when evaluating any given con-
cept at the end of the process. Further meth-
ods utilised during this phase can be found in 
chapter 4.

Develop
For this project, the develop phase is split into 
two sub-phases - Ideate and Conceptual-
ise. During both phases key insights and ide-
as will result from co-creation sessions, held 
with medical experts, designers and engineers. 
Co-Creation sessions generate a multitude 
of ideas and inputs, broadening the solution 
space and enabling classification of solution 
directions. Promising ideas are clustered and 
processed by evaluating desirability, feasibility 
and viability. Finally, proof of concepts are de-
vised, tested and evaluated and will form the 
basis of the final concept. For more details on 
which methods are used during the co-crea-
tion sessions, please consult chapter 5.

Deliver
During the deliver phase (convergence) 
everything comes together. The final proto-
type is assembled, tested and evaluated, all 
results and findings are documented, and the 
entire project converges towards one point. 
Last tweaks and adjustments will be made be-
fore all deliverables are submitted. More detail 
on this phase can be found in chapters 6-9.

Discover Define Develop Deliver
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Fig. 7 - Double Diamond process overview

Key Insights

- One study suggests that up to 90% of
   the world’s population has some form of
   LLD or FOD.

- Many surgical systems are accused
   of not fitting conventional surgical wor
   flows and require specialised training.

- By replacing the surgeon’s traditional
   training experience, procedures tend to
   become less time and cost effective.
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It is entirely possible for a patient’s preopera-
tive LLD to be the cause for their condition, for 
example Osteoarthritis (Murray & Azari, 2015, 
p. 231). Even a FOD may degrade the pelvic 
joint in various ways, by shifting the Centre of 
Rotation (CoR) of the patients femoral head 
away from the acetabular CoR. Intraoperative 
medial changes of FOD are a common reason 
for dislocation of the hip joint, caused by the 
lack of tension in surrounding muscles and 
ligaments (Forde et al., 2018, p. 131). This same 
concept applies to LLD, too much tension in 
the surrounding structures reduces mobility of 
the joint, whereas too little tension will lead to 
dislocation. In some cases, surgeons will slight-
ly exaggerate leg length and femoral offset in 
order to achieve the desired tension, which is 
determined by a technique called telescoping 
(Zahar et al., 2013, p. 351).
 

2.3.2 LLD and FOD Assessment
When evaluating a patient’s LLD, one needs to 
consider a variety of factors (Fig. 9).

Firstly, the context needs to be considered. A 
patient’s LLD and FOD can be evaluated dur-
ing three phases of their hospital journey: Pre-
operative, intraoperative and postoperative. 
Most surgeons will perform an LLD and FOD 
evaluation during each of these phases, but 
depending on how they have been trained 
and where they work, it will lead them to use 
different tools, methods and protocols to es-
tablish these evaluations. For example, an or-
thopaedic surgeon may use various forms of 
medical imaging techniques (weight-bearing 
radiograph, computed radiograph, scanogram, 
fluoroscopy, CT scan, MRI scan etc.)* to deter-
mine LLD and FOD during each of the three 
phases (Sabharwal & Kumar, 2008, p. 2920). 
Nonetheless, not all orthopaedic surgeons will 
use the same evaluation methods during each 
of these phases, establishing no baseline for 
interphase comparison. To complicate things 
even further, pre- and postoperative evalua-
tions may not even be performed by the or-
thopaedic surgeon, but by an orthopaedic 
practitioner, who may use entirely different

most relevant clusters of knowledge are pre-
sented and reviewed in the next section ‘2.3 
Findings’.

2.2.1 Keywords & Literature Map
For this literature review, a selection of key-
words has been made in order to filter relevant 
research out of a vast selection of academ-
ic papers. For explorative reasons, keywords 
beyond the scope of this project have been 
included in order to create a comprehensive 
understanding of the topic and potential rel-
evant secondary knowledge. Additionally, lit-
erature on potentially supportive technologies 
has been included, so that the solution space 
is further defined, alongside core knowledge 
acquisition. Keywords and phrases used for 
this literature review can be obtained from the 
literature Map (Fig. 8). This literature map also 
visualises the presumable scope and the liter-
ature review boundary.

2.3 Findings

2.3.1 Types of LLD and OD
As mentioned, LLD and FOD are commonly 
congential and are not necessarily noticeable 
to the patient (Khamis & Carmeli, 2017, p. 277). 
Human bodies, just like the ones of other living 
beings do not grow in a symmetrical fashion, 
rather they are predetermined by DNA and co-
shaped by their environment. These typically 
are small incremental changes over longer pe-
riods of time and therefore barely noticeable 
by the affected patients. This is in contrast to 
a sudden change in the body’s biomechanics, 
which is why a distinction is made between 
preoperative LLD or FOD and postoperative 
LLD or FOD.

2.1 Background

LLD and FOD are well documented topics in 
the scientific literature, from medical studies, 
over expert testimonies to patient reported 
outcomes (PROs). There is a magnitude of 
causes in particular for LLD, all of which will be 
explored in this chapter. Not only can LLD be 
a result of surgical intervention after fractures 
or degenerative joint conditions, such as Os-
teoarthritis (OA) of the hip or knee joints, but 
it can also be a result of anatomical anoma-
lies, such as acquired and abnormal gait pat-
terns caused by unusual flexion or abduction 
by surrounding muscles (Austin et al., 2019, 
p. 184). Moreover, LLD can also be congential, 
or in other words present from birth, meaning 
that many people’s anatomy simply adjusted 
during adolescent growth spurt, thereby be-
coming used to one leg being slightly longer 
than the other without ever being aware of 
the ‘condition’ (Khamis & Carmeli, 2017, p. 277). 
In fact, literature suggests that an estimated 
70 - 90% of the world’s population has some 
form of LLD (Khamis & Carmeli, 2017, p. 279). 
The following section will explore what makes 
a relevant LLD, in consideration of the scope 
of this research and how relevant cases can be 
tackled, in addition to why it is even necessary 
to do so, given that so many people live with 
LLD without being aware of it in the first place.

2.2 Methods & Procedure

During the process of finding relevant studies 
and papers, various combinations of keywords 
were entered into different search engines, 
such as the TU Delft online Library and Google 
Scholar. An inventory was created by clustering 
relevant topics and reading each paper care-
fully. Suitable information was highlighted and 
extracted into a separate document, creating a 
condensed collection of knowledge. The
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clinical method. These methods utilise wedge 
shaped shoe lifts, which are being placed under 
the patient’s heels (Sabharwal & Kumar, 2008, 
p. 2912). Then through radiographic imaging, a 
pelvic level (Fig. 11) or more commonly simple 
palpation, the squareness of the pelvis is eval-
uated. With both examples, the practitioner will 
pay attention to the Iliac Crest on both sides 
of the pelvis and evaluate whether they are 
horizontal to each other. If not, a different sized 
lift is chosen and the process repeated, until 
a satisfactory result is reached. The height of 
the final lift ultimately determines the final LLD. 
Indirect methods are prone to false positives 
caused by asymmetric loading or inconsist-
ent compensation as some studies suggest 
(Khamis & Carmeli, 2017, p. 277).

Thirdly the patient’s condition needs to be es-
tablished by thorough inspection of the pa-
tient’s anatomy. Not only may the orthopaedist 
find that through osteoarthritis, the patient’s 
operative leg has become shorter than before, 
the patient may have other anatomical condi-
tions that need to be considered. Such con-
ditions include anatomical bony asymmetries

 / anomalies / deformities on ASIS or Malleoli, 
excess soft tissue or biomechanical deviations, 
such as joint contractures, static structural 
malalignment or dynamic deviations (e.g. ab-
normal hip adduction or knee flection). Some 
of these conditions may result in false meas-
urements depending on what method is used 
and in which context the evaluation is taking 
place.

are talking about a direct clinical method 
(Khamis & Carmeli, 2017, p. 278). An example 
of this would be, measuring from the Anterior 
Superior Iliac Spine (ASIS) to the Medial Malle-
olus (outside ankle - see Fig. 12), of which the 
discrepancy between sides is considered True 
Leg Length Discrepancy (TLLD). Important 
aspects to consider during the use of direct 
clinical methods is the allocation of a land-
mark below soft tissues through palpation, the 
straightness of the measurement (e.g. deflect-
ed by soft tissue) and the squareness of the 
pelvis or Pelvic Tilt (PT). For example, a slight 
PT, in relation to the lower limbs, may extend 
one of the legs and therefore render the meas-
urement inaccurate. This is one of the main rea-
sons why once landmarks have been chosen, 
repeated measurements have to be taken and 
averaged. Studies have shown that physicians 
(Sabharwal & Kumar, 2008, p. 2912) fail to relia-
bly diagnose and determine LLD. Another im-
portant aspect to consider is the positioning 
of the patient before measurements. Multiple 
Studies have shown that slight changes in the 
patient’s position may vary measurements by 
multiple millimetres (Khamis & Carmeli, 2017, p. 
278).

Alternatively, an orthopaedic practitioner /
shoemaker would most likely use an indirect 

 tools or methods (Fig. 10). Regardless of who 
is performing the evaluation, depending on 
the phase and method, patients will find them-
selves in various positions for their assessment, 
which in turn influences the assessment result. 
During pre- and postoperative assessments, an 
orthostatic or supine positions may be more 
common, but ultimately depends on the me-
thodical preference of the orthopaedist. Dur-
ing intraoperative assessments, the position of 
the patient will be determined by the surgical 
approach. For posterior, direct lateral and ante-
rolateral approach, the patient is in lateral posi-
tion, whereas during the anterior approach, the 
patient is in supine position (see section ‘2.3.3 
Surgical Approaches’).

Secondly, a precise definition and method of 
leg length and its evaluation has to be cho-
sen. Determining landmarks on the patient’s 
anatomy will enable a more reproducible and 
consistent way of measuring. Throughout liter-
ature one can find a variety of landmarks and 
their relationships to each other (Desai et al., 
2013, p. 337), some deemed reliable like the re-
lationship between the Anterior Superior Iliac 
Spine (ASIS) and Medial Malleolus (MM), oth-
ers not, like the relation between ASIS and the 
Greater Trochanter (GT). If the measurement is 
taken between two anatomical points, then we 
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modular cups, single or dual mobility sockets, 
small or big heads, all metal or ceramic coat-
ed balls and many more (Zimmer Biomet, 
2020a). Although there may be a lot of detail 
variation in each implant system, typically the 
individual components are the same. The most 
basic system breakdown will consist of three 
functional components:

Acetabular Cup
The Acetabular cup is the component of each 
system, that will be placed into the hip socket, 
the acetabulum (Fig. 14). It usually consists of 
two parts, the metal cup itself, which anchors 
into the pelvic bone and a cup liner, made from 
a highly corrosion resistant polyethylene with 
a low friction coefficient (Ultra-high-molec-
ular-weight polyethylene - UHMWPE). Older 
systems come as monobloc (one-piece) shells 
with a machined articular surface and do not 
require a liner.

Anterior Approach
This approach is usually performed with the 
patient in supine position (Karadsheh, 2020a), 
or lying on their back (Fig. 13). This approach, 
when used with implant systems using small 
diameter heads, decreases dislocation rates in 
comparison to the posterior approach(Karad-
sheh, 2020b). With modern hip implant sys-
tems, dislocation rates between the anterior 
and the posterior approach are similar (Maratt 
et al., 2016, p. 128). One major advantage the 
anterior approach has to offer is that it is as-
sociated with early functional recovery, mak-
ing it popular with both surgeons and patients 
(Christensen & Jacobs, 2015, p. 96). Nonethe-
less, early revision is commonly seen due to 
the femoral component loosening (Meneghini 
et al., 2017, p. 100).

According to the Dutch Arthroplasty Register 
(LROI) Annual Report 2019 (see Appendix B), 
the majority of procedures performed in the 
Netherlands today use the Posterior approach. 
Yet a significant positive trend for the Anterior 
approach can be noticed since 2013. The An-
terior approach is by no means a new tech-
nique, but due to the recent developments in 
implant systems, minimal tissue damage and 
early functional recovery time, it is increasingly 
favoured by patients as well as surgeons. More 
interestingly though for this thesis, is that it al-
lows or rather requires for the patient to remain 
in supine position, which may offer opportuni-
ties that other approaches do not.

2.3.4 Implant Systems
When it comes to the design of implants, there 
is many variations or systems surgeons can 
choose from. There is a selection between ce-
mented and uncemented, one-piece or

is of the same nature, yet the way to the joint in 
question may differ, which is referred to as the 
surgical  approach. When talking about THAs 
there are four approaches that have predomi-
nately been practiced for the past decades:

Direct Lateral Approach
This approach, as the name suggests, takes a 
lateral approach towards the patient’s hip joint 
(Fig. 13). The patient may lie in lateral or supine 
position, depending on the surgeon’s pref-
erence. It came to popularity due to the low 
dislocation risk associated with this approach 
(Karadsheh, 2020b). It’s decrease in popularity 
can be attributed to higher risk of postopera-
tive abductor dysfunction, which is extremely 
difficult to treat (Petis et al., 2015, p. 138). Ad-
ditional structures at risk include the femoral 
nerve and the superior gluteal nerve, which 
can cause Trendelenburg gait pattern if dam-
aged (McKean et al., 2020).

Anterolateral Approach
This approach is usually performed with the 
patient in lateral position, or lying on their side 
(Fig. 13). Muscles and hip capsule are released 
from the greater trochanter and reattached 
with heavy suture after the joint replacement, 
making it one of the more invasive approaches 
(Patel, 2015). Structures at risk are the femo-
ral nerve, artery and vein. Unintended conse-
quences include postoperative abductor limb 
and even femoral shaft fractures (Karadsheh, 
2020b).

Posterior Approach
This approach requires for the patient to be 
in lateral position, or lying on their side, as the 
approach is posterior (Fig. 13). It provides ex-
cellent access to acetabulum and femur, while 
preserving the hip abductors, which in turn 
minimises the risk of abductor dysfunction 
(Karadsheh, 2020b). Some surgeons favour 
this approach, as it can be made more extensile 
if needed. Opponents of this approach cite a 
higher dislocation rate and risk for nerve dam-
age associated with this approach (Karadsheh, 
2017). Through adjusted techniques and larger 
implant heads of the ball and socket joint, the 
dislocation rate has been decreased in recent 
years (Maratt et al., 2016, p. 128).

Many orthopaedic surgeons reportedly avoid 
to rely on a single assessment method during 
intraoperative assessment. One study sug-
gests that a majority of practitioners uses at 
least two methods, thereby decreasing the risk 
of incorrect measurements and increasing re-
liability of the diagnosis (Loughenbury et al., 
2018, p. 104).

“The fact that more than one technique is used 
suggests that no one technique is completely 
accurate and that surgeons feel that employ-
ing a combination of techniques gives better 
results than just using one.” 
(Loughenbury et al., 2018, p. 104)

2.3.3 THA - Surgical Approaches
As briefly mentioned before, a surgeon will 
perform THA or THR  in case a patient is suffer-
ing from hip osteonecrosis (ON), a fracture or 
various forms of arthritis, most commonly OA 
(Dutch Arthroplasty Register (LROI), 2019). In 
either case the core of the surgical procedure

Direct Lateral Anterolateral Posterior Anterior

Acetabular
Component

Articular
Interface

Cup

Liner

Stem

Neck

Head
Femoral
Component

Pelvic
Tilt

A
S
I
S

-nterior
-uperior
-liac
-pline

Unequal
Loading

M
M

-edial
-alleolus

Fig. 12 - Overview of landmarks and contributing LLD factors

Fig. 13 - Overview of the most practiced surgical approaches

Fig. 14 - Components of an implant system



Literature Review  | 2928 |  Literature Review

2.3.5 Trial Implants
As laid out, implants and their components 
come in a range of different shapes and sizes, 
with a suitable configuration selected depend-
ing on needs of the patient and the availability 
in any given hospital or clinic. These configu-
rations can be determined preoperatively, but 
ultimately the final decision is made intraoper-
atively. In order to make that decision and pre-
pare the patients anatomy for receival of their 
implant, surgeons will use a set of trial implants.
 
Trial implants or more commonly referred to as 
broaches, are tools with a jagged or grater like 
surface, that act as reamers and are used for 
sizing templates (Fig. 15), enabling the surgeon 
to adjust leg length, offset and version in an 
iterative process during the procedure. These 
trial implants only concern the femoral compo-
nent and consists of 3 parts:

Trial Stem
The trial stem is a wedge or taper shaped part, 
that doubles as a broach for shaping the femur 
internally (Fig. 15 and 17). A typical Zimmer Bi-
omet trial implant system will have 14 trial stems 
(Zimmer Biomet, 2020d), each one incremen-
tally increasing in size. After initial preparation 
of the soft bone, an appropriate size is chosen 
and hammered into the femur, checked for fit, 

Femoral Component
The Femoral component, as the name sug-
gests, is the implant that is placed in the Fe-
mur or thigh bone (Fig. 14). It has a complex, 
tapered shape and is inserted into the bone, 
after osteotomy (bone preparation). Moreover, 
the femoral component can come as mono-
lithic or modular system, with the latter split-
ting up into a stem and a neck. The modular 
femoral component is not to be confused with 
the modular ‘trial implants’, used intraopera-
tively for trial fitting (Fig. 15). The last part of 
the femoral component is a size variable head, 
which is always modular and only placed, once 
all other components have been placed.

Articular Interface
The articular interface does not belong to ei-
ther of the components but is the literal area 
between the Acetabular cup and the Femoral 
component -   ball socket joint. The interface 
size (measured in diameter) can be configured 
to the patient’s needs and will determine fac-
tors such as stability, range of motion, friction 
(wear and tear), inertia and dislocation proba-
bility. A larger articular interface seems benefi-
cial when performing the posterior approach, 
whereas a smaller interface is preferred for the 
anterior approach, as mentioned in the previ-
ous section ‘2.3.3 THA Approaches’.
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Removal

Acetabular Cup
Placement
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Fig. 16 - Simple overview of the trial implant use and iteration process

Fig. 15 - Zimmer Biomet Taperloc trial implant set
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The end responsibility and liability about the 
outcome of the procedure lies with them. Or-
thopaedic surgeons are required to adjust their 
protocols, procedures and methods to the pol-
icies set by any given clinic. They actively par-
ticipate in shaping these policies by providing 
feedback to hospital management and stay-
ing informed through academia, in some cases 
even actively participating in conducting stud-
ies and publishing papers.

by publishing research findings frequently. 
In terms of manufacturing and maintenance 
(sterilisation and repair), Zimmer Biomet is 
required to operate within the context set by 
health authorities, but has the potential to in-
fluence the policies that shape it.

Orthopaedic Surgeon
Orthopaedic surgeons are the key players with 
the most interest and influence during a THA. 

Needless to say, trial implants are essential to a 
successful THA and provide the surgeon with 
an iterative workflow (Fig. 16), that allows for 
exploration and evaluation supported by their 
years of experience. 

2.3.6 Stakeholder Map
Based on the insights from the literature review, 
a stakeholder map (Fig. 18) has been created, 
in order to visualise how information flows be-
tween stakeholders and how stakeholders in-
fluence each other. The most relevant stake-
holders are placed along the map, which is 
divided along two scales: influence and inter-
est. These scales form four quadrants: Context 
Setters, Key Players, Concerned Citizens and 
Bystanders. The most relevant stakeholders to 
a THAs are placed within these quadrants and 
arrows between them symbolise connections 
as well as information flow directions.
 
Healthcare Authorities
These authorities set the regional boundary 
conditions within healthcare. They are in close 
contact with Hospitals and the private indus-
try, in this case Zimmer Biomet. Healthcare au-
thorities set the rules and regulation around 
practices and medical equipment by engaging 
in talks and reviewing research and new find-
ings from relevant advisors.
 
Hospital
Hospitals are the closest stakeholder that can 
be considered an authority, without being 
a government body. A hospital, in this case 
Reinier de Graaf Gasthuis (RDGG) and Reinier 
Haga Orthopaedic Centre (RHOC), will set the 
boundary conditions for their staff within their 
clinics. They do operate within the rules and 
regulations imposed on them but at the same 
time engage in talks over policy advise.

Zimmer Biomet
The private industry is a key player as well as a 
context setter in the way that they determine 
what they supply hospitals in terms of their 
services and product portfolio. In this case im-
plant systems and the required tools, knowl-
edge and training is provided by them. They 
will listen to feedback from surgeons as well as 
patients and actively participate in academia

removed and the next sequential size is ham-
mered in. This process continues until the ap-
propriate size is found, which will be slightly 
smaller than the final implant (Fig. 16). This so 
called ‘underreaming’ will ensure compression 
hoop stresses around the implant, also called a 
‘press-fit’ (Mirza et al., 2010, p. 171).

Trial Neck 
The trial neck is the part that goes in-between 
the stem and the head (Fig. 15 and 17). In Zim-
mer Biomet’s trial implant system it comes in 
3 variations (Zimmer Biomet, 2020d) of an-
gles and allows the surgeon to adjust femoral 
offset and leg length. These two values have 
an important impact on biomechanics, as the 
muscles and ligaments around the hip joint 
have developed with functional performance 
based on the original anatomy. Fine tuning 
these parameters will have an enormous effect 
on the patient’s well-being as well as the lon-
gevity of the implant itself.

Trial Head
The trial heads (Fig. 15 and 17), unlike the final 
head, are made from UHMWPE and come in 
seven different sizes, from 26 - 44 mm (Zim-
mer Biomet, 2020d). The diameters increase in 
3 mm incremental steps and can be placed on 
the neck interchangeably. The head is the last 
part of the implant placed inside the patient, 
therefore the trial head is the last part with 
which leg length and femoral offset can be ad-
justed (Fig. 16).
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creating symmetry in a loaded static condition 
or dynamic loaded condition is the goal. The 
latter, being more complex than the former, will 
be neglected for this work.

What role does the patient’s position play 
during repeated LLD assessments?
 
According to research, patient reposition in 
between assessments can greatly distort the 
result of each measurement. Thinking of the 
human body of a series of chained links with 
various degrees of freedom may illustrate the 
problem better. Simplifying the human lower 
body system (excluding the complexity of the 
foot) would make it consist of seven members 
(pelvis, upper legs, lower legs, feet) connect-
ed by four ball-socket joints (hips, ankles) and 
two hinges (knees). Imagining to move this 
system around and trying to reposition it into 
the exact same way repeatedly proves to be 
a challenge. Therefore the patient’s position 
plays an immense role during repeated LLD 
assessments, unless one knows the exact po-
sition and orientation of each link and member 
within the system.

How can post-operative LLD be prevented 
during THA, without disrupting conventional 
surgical workflows?
 
The only logical intermediate answer to this 
question is to use conventional surgical work-
flows as the basis for developing an LLD as-
sessment method. Therefore it becomes im-
portant in the following phases of this project 
to pay close attention to these workflows and 
uncover which steps and protocols through-
out the process can be improved. It will be un-
likely to introduce an improvement to a cur-
rently used method, especially across multiple 
workflows, without changing the execution of 
a particular action. Nonetheless, this approach 
will ensure minimal disturbance of the daily 
routine of surgical teams. 

2.4 Discussion

2.4.1 General
In this chapter a dense amount of information 
has been collected in order to gain an ade-
quate understanding of the context required 
to operate in. Not all information will ultimate-
ly be relevant to the scope of the project, yet 
having a comprehensive understanding be-
yond it seldom does harm. In order to focus 
the knowledge on what is relevant, current in-
sights will be applied to the research questions 
in the following section.

2.4.2 Research Questions

How to more accurately reference, assess 
and dimension lower limbs while consider-
ing a patient’s individual anatomical differ-
ences?

It is standard practice to evaluate LLD via pal-
pation of anatomical bony landmarks, in par-
ticular when it comes to interphase evaluation. 
Referencing the same landmarks across mul-
tiple phases will highlight anatomical differ-
ences and uncover anomalies as well as con-
text specific dimensional changes. It can be 
argued that various imaging techniques may 
be more accurate for the referencing of these 
landmarks. In particular weight-bearing x-rays 
or CT scans offer insights on how the patients 
anatomy and biomechanics behave in a use 
case scenario.

How can symmetry be evaluated and creat-
ed in an asymmetric biomechanical system?
 
As mentioned, bodies of living beings have a 
certain degree of asymmetry built in by nature 
and rather one needs to consider what func-
tions are required to be symmetrical. For exam-
ple, biomechanically it does not make sense to 
make the femur on each side of a patient the 
exact same length, if that means that the over-
all length of the legs will be different. Thereby, 
focussing on the functional requirements, such 
as leg length during standing and walking are 
of primary importance. Otherwise formulated, 

Patient
The patient is the main beneficiary and sub-
ject of this ecosystem. They do not only gain 
from years of medical collaboration across 
many fields, but in turn every other stakehold-
er gains from them. Patients will actively par-
ticipate in research studies and stay in close 
touch with their surgeons to provide feedback 
and insights. That is when things go the way 
they should. If that is not the case patients are 
quick to get in touch with a lawyer in order to 
raise red flags.

Lawyers
Concerned citizens such as lawyers will de-
fend the patient’s rights to adequate care and 
lawful practices. They too have an influence 
on the shaping of rules and regulations, even 
if this may be more of a side effect. Their pri-
mary concern is to make sure that their clients 
are compensated accordingly if rules and reg-
ulations are skirted to the disadvantage of the 
patient.
 
Manufacturing
Manufacturing  facilities underly the same 
rules and regulations set by health authori-
ties and are ultimately part and controlled by 
the private industry. Their influence is on the 
quality of the finished product and therefore 
the long-term performance and outcome of a 
THA partially depends on them. By informing 
what levels of manufacturing are achievable, 
they too can influence policies through indus-
try partners. Within the medical industry these 
so-called manufacturing standards are more 
often than not the state of the art.
 
Maintenance
Maintenance providers, as far as it is not the 
manufacturer themselves, not only repair and 
replace equipment and components but are 
also responsible for sterilisation services. In 
the context of THA, this means that all reusa-
ble instruments from during the procedure get 
shipped to them, where they will be cleaned 
and sterilised before being thoroughly inspect-
ed and sent to Zimmer Biomet and ultimately 
back to the hospital.

Surgical Team
Surgical teams are under direct command of 
the operating orthopaedic surgeon during a 
procedure. While performing their roles and 
functions within the OR they assist the surgeon 
as well as the hospital by making sure that all 
protocols within the OR are executed correctly. 
Just like in team sports, a surgical team within 
the OR is only as good as its weakest player, 
therefore interest in keeping procedures run 
smoothly is very high. Surgical teams too will 
stay up to date with academia and constant-
ly exchange methods to improve each other’s 
work (Fig. 19).

Academia
Medical research is constantly evolving and 
new insight are created on a frequent ba-
sis. Many parties participate in this creation 
of knowledge: universities, hospitals, compa-
nies as well as individual surgeons and their 
peers will team up to discover new methods 
and techniques or weigh various hypothesis 
against each other.
 

Fig. 19 - Circulating Nurse explaining how to reposition patient’s legs
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How can high-tech solutions be empowering 
to the user and provide a sense of control?

The intermediate answer to this question is 
similar to the previous one: by building upon 
the actions and routines of users and provid-
ing quantified feedback. To explain in more de-
tail, when it comes to LLD or FOD assessment 
many techniques and methods are skill based. 
The result of one’s palpation assessment is 
only as good as their palpation skills and even 
when using an x-ray to assess two situations, 
the resulting analysis is dependent on estima-
tion and interpretation of distances, positions 
and orientations of landmarks. Therefore, to 
properly empower the user through technol-
ogy while at the same time retain their sense 
of control over the action, is to digitalise these 
actions and provide haptic, auditory or visual 
feedback on what they are doing.

2.4.3 Limitations
The obvious limitation of this literature review 
stems from the vast amount of literature avail-
able as well as the time constraint of this pro-
ject. For good reason, studies and research 
into medical issues generally take their time. 
This has to do with the inherent complexity of 
these issues as well as stringent rules and reg-
ulations required to adhere to while research-
ing.

Key Insights

- A patient’s LLD and FOD can be evaluated 
during three phases of their hospital journey: 
Preoperative, intraoperative and postopera-
tive.

- According to research, patient reposition in 
between assessments can greatly distort the 
result of each measurement. 

- Not all orthopaedic surgeons will use the 
same evaluation methods during each of 
these phases, establishing no baseline for in-
terphase comparison.
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 members of the surgical teams, who evaluat-
ed LLD intraoperatively were asked to fill out 
the survey in between surgeries, others did so 
in their off time. Depending on their function 
within the OR and their level of OR experience, 
participants are presented with varying ques-
tions. The resulting paths were visualised and 
can be found in closer detail in Appendix C. An 
overview of all questions (neglecting paths) 
can be found on the next page.

Questions

 1. 

 2.

 3.

 4.

 5.

 6.

 7.

 8.

 9.

 10.

 11.

 12.

 13.

 14.

 15.

 16.

 17.

 18.

 19.

 20.

 21.

 22.

 23.

 24.

 25.

 26.

27.

 28.

 29.

 30.

 31.

 32.

3.2.3 Technology and Market Analysis
During this analysis, an inventory of current 
market solutions that allow for evaluation of 
leg length or femoral offset has been creat-
ed. Afterwards, three matrixes were made us-
ing relevant descriptions on each scale. These 
matrixes are similar to two analytical methods 
from the Delft Design Guide - the Perceptual 
Map and the Ansoff Growth Matrix (Delft Uni-
versity of Technology, Faculty of Industrial De-
sign Engineering, 2014). The matrixes present-
ed can be considered a remix or combination 
of these methods, but vary in their execution. 
Instead of mapping brand perceptions onto 
the scales of the matrix, features and function-
alities are mapped. This allows for mapping of 
current solutions into the various quadrants. In 
that way, potential opportunity areas and mar-
ket gaps can be identified, similar to results of 
an Ansoff Growth Matrix. The different scale at-
tributes chosen and their definitions are listed 
in Fig.21.

Particular attention has been given to the 
technologies featured in these solutions, which 
are represented by indoor positioning, spatial 
referencing and tracking systems. These sys-
tems were evaluated on the basis of desirabili-
ty, feasibility and viability, in order to determine 
whether they are suitable for the desired solu-
tion space.

3.1 Background

Based on the previously described literature 
review (Chapter 2) a more detailed under-
standing of user, context, market and available 
technologies has to be gained. For this phase 
a selection of design research methods has 
been made, which are described in the fol-
lowing paragraphs. The previously introduced 
research questions (Chapter 1) are leading in 
this exploration and need to be kept in mind 
during the process. 

3.2 Method & Procedure

3.2.1 Observations
For first-hand insights into the surgical proce-
dures and environment of a Total Hip Arthro-
plasty, multiple Operating Room (OR) visits 
have been planned. These visits took place at 
the Reinier de Graaf Gasthuis (RDGG) in Delft 
and the Reinier Haga Orthopaedic Centre 
(RHOC) in Zoetermeer. Eight days were spent 
in the OR, observing and following around four 
surgeons and their teams. During these sev-
en days a total of 21 primary THAs have been 
observed, together with one hip revision in or-
der to evaluate whether the latter may be of 
interest to the scope of this project. During the 
observed surgeries, various steps and proce-
dures have been documented by pictures, vid-
eos and notes, all of which have been used for 
defining and visualising primary insights and 
secondary information. 

3.2.2 Expert Survey
An online survey was created in collaboration 
with the supervisory team and surgeons at 
RDGG and RHOC. This survey combines qual-
itative with quantitative questions and was 
distributed with the surgical teams performing 
THAs at RDGG and RHOC. In most cases,
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Would you like to participate in this study?

How many years of OR experience do you 
have?

What is your function in the OR?

What surgical approach do you perform?

Have you ever used radiographic fluoros-
copy as assessment / navigation method?

How comfortable do you feel using radio-
graphic fluoroscopy as assessment / navi-
gation method?

Have you ever used computer-assist-
ed (imageless) assessment / navigation 
methods?

How comfortable do you feel using com-
puter-assisted assessment / navigation 
methods?

How comfortable do you feel using com-
puter-assisted assessment / navigation 
methods?

How comfortable do you feel using image-
less computer-assisted assessment / navi-
gation methods?

Do you assess Leg Length Discrepancy 
(LLD) and Offset Discrepancy (OD) preop-
eratively?

Through which tool or method?

Do you compensate for preoperative LLD 
and OD during surgery?

Through which method?

Do you assess LLD and OD intraoperative-
ly yourself?

Do you assess Leg Length Discrepancy 
(LLD) and Offset Discrepancy (OD) preop-
eratively?

Through which tool or method?

How do you assess Leg Length Discrepan-
cy (LLD) intraoperatively?

How do you assess Offset Discrepancy 
(OD) intraoperatively?

What factors may confuse your assess-
ment of LLD or OD?

How often do you feel unsure about the 
assessment?

Are there specific situations in which you 
feel unsure?

Can you give examples?

How could more certainty be provided?

Despite your confidence, how could even 
more certainty be provided?

Do you assess Leg Length Discrepancy 
(LLD) and Offset Discrepancy (OD) post-
operatively?

Through which tool or method?

What is acceptable LLD to you?

What is acceptable OD to you?
 
Would you like to participate in an online 
Brainstorm / Co-creation Session or fol-
low-up survey?

Please provide your phone number or 
email address.

Is there any final comment you would like 
to make?



Analog

Digital

Validation (passive)

Navigation (active)

Imageless

Image based

Invasive

Non-invasive

Symmetric referencing

Asymmetric referencing
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solutions without electronics

solutions containing electronics

solutions that do not navigate the surgeon

solutions that navigate the surgeon

solutions that do not utilise any medical
imaging technology

solutions that utilise medical imaging
technology

solutions that require component
positioning within the patient’s body

solutions that do not require component
positioning within the patient’s body

both leg lengths are considered during
the assessment

only the operative leg length is
considered during the assessment

Fig. 22 - Fluoroscopy OR setup with x-ray

Fig. 23 - Surgeon comparing pre- & intraoperative x-ray

Fig. 24 - Templating OR setup

Fig. 25 - Templating: pre- & postoperative x-ray

performed fluoroscopy style surgery and two 
performed templating style surgery. All sur-
geons observed confirmed that their OR setup 
and therefore surgery style was primarily influ-
enced by their mentor who trained them. This 
is one of the many cultural aspects that need 
to be considered when wanting to design for 
surgeons. 

The final methods pillar is primarily formed by 
years of experience and practice. Every sur-
geon will develop small methods or tricks for 
different stages of a THA, which they were in-
formed by through peers or academia. Eventu-
ally every surgeon will hand down these meth-
ods to their trainees, who in turn may adapt 
these methods or alter them slightly to their 
liking. 

3.3 Findings

3.3.1 Surgical Workflow Customisation
Every surgeon customises their workflow to 
a certain degree, which is why it is important 
to point out how each surgeon chooses their 
workflow. To a certain extent these workflows 
will be created by circumstances, which can be 
best described as the three pillars of surgical 
workflow customisation: Approach, OR Setup 
and Methods (Fig. 26).
 
The approach describes the surgical approach 
a surgeon chooses to perform, which is in-
formed by years of education and practice. A 
professor at medical school may put forth a 
paper or hold a lecture about any given surgi-
cal approach, that eventually will make an im-
pact on the next generation of surgeons and 
inform their decision to practice a particular or 
even multiple approaches given the circum-
stances. In a similar situation, hospital manage-
ment, informed by their staff or academia, may 
dictate which approaches are to be performed 
in any given hospital or clinic.

The OR setup on the other hand is determined 
by the surgeons training. Two surgery styles 
were observed during the research phase:  
Fluoroscopy, which utilises a X-ray in order to 
verify fit, position and orientation of implants; 
and Templating, which estimates implant sizes 
preoperatively but ultimately relies on visible 
landmark orientation, once inside the patient. 
Two of the surgeons during the observations 

Approach

How to get
to the Joint?

Education

OR Setup

What style
of surgery?

Training

Methods

Personal tricks
and methods?

Experience

Fig. 26 - Three pillars of surgical workflow customisation

Fig. 21 - Scale attributes for Market Matrix Mapping



3.3.2 Personas
To visualise the different workflows within a 
THA better, two personas have been created. 
These personas are based on observations 
carried out at both hospitals, where in total 
four surgeons were followed and studied. The 
previously mentioned three pillars form the 
basis of understanding for the two personas: 
Fluoroscopy Flyn and Templating Ted (Fig. 27).

Flyn prefers the anterior approach and was 
trained to perform Fluoroscopy. This means 
that Flyn utilises an X-ray during the surgery to 
periodically check the patient’s internal anato-
my and compares the x-rays taken to the pre-
operative one in real time. Flyn will divide his 
OR into sterile and non-sterile zones along the 
length of the OR table. This means that the sur-
gical site will be separated from the rest of the 
patient’s body by a transparent vertical drape. 
This allows for the x-ray to be in the non-sterile 
zone and allows for secondary surgical team 
members to assess the patient’s LLD, as the 
patient’s feet are in the non-sterile zone too. 
For more detail on the OR Layout see the next 
section and Fig. 28. During a LLD assessment, 
the circulating nurse will bring together the pa-
tient’s feet along their bodies centreline, move 
them in various directions to straighten out 
the pelvis and then press their thumbs into 
the patient’s heels in order to evaluate whether 
they can feel a difference. This is what is called 
a loaded-assessment and is meant to give a 
better impression of how the lower body sys-
tem performs during a ‘standing’ simulation. 
Sometimes Flyn will try to help the circulating 
nurse by pressing the patient’s feet into a plan-
tigrade position (90 degree angle), in order to 
simulate more realistic conditions. When the 
circulating nurse is unsure, Flyn will try to feel 
the difference through the transparent vertical 
drape, which can be challenging.
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Ted sometimes performs the Posterior ap-
proach, yet prefers the Anterior approach due 
to patient recovery time and recent publica-
tions. Ted has been trained to perform THA 
by utilising templating and orienting via visi-
ble landmarks within the patient, therefore he 
does not use a transparent vertical screen, but 
instead places the patient’s entire lower body 
into the sterile zone. Days before the surgery, 
Ted will utilise a templating software (see sec-
tion ‘3.3.6 Market Matrix Mapping’), in order to 
determine the right component sizes based on 
a 2D x-ray image. Ted will pick out anatomical 
landmarks on the x-ray and place the implants 
in relation to these points. This means that Ted 
does not use an x-ray during his procedures 
and relies solely on his identification of land-
marks and preoperative templating. His tem-
plate is visible on a screen during the proce-
dure, so that he can verify the implant position. 
This way of performing the surgery has the 
disadvantage that only after taking a postop-
erative x-ray Ted will be able to see how well he 
placed the implants in comparison to his tem-
plate. Ted too will periodically check for LLD, 
but unlike in Flyn’s case, he primarily performs 
these assessments himself. He will collect and 
align the patient’s feet along their centreline, 
with the feet in pronation at a 30-degree angle, 
which allows him to observe the patient’s heels. 
In case a surgical drape is blocking his view he 
will rotate the feet to normal (straight not supi-
nation), potentially force them into plantigrade 
position and try to feel the difference by pal-
pating the patient’s heels. Ted will not exert any 
force or simulate any load conditions.

Fig. 27 - Personas: Fluoroscopy Flyn (left) and Templating Ted (right)
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From here they will enter the prep-room, where 
they will be dressed in sterile personal protec-
tive equipment (PPE). From the prep-room, 
where also all instruments and equipment get 
prepared, they will enter the operating theatre 
and walk straight into the sterile zone, without 
touching anything on their way to avoid con-
taminations. As soon as they are within the 
sterile zone, they will be dressed in a second 
layer of PPE, to raise the safety level.

On the fluoroscopy schematic can be seen 
that the vertical drape is hung between the 
patient and the sterile zone, allowing for the

setups is the x-ray machine, or rather the lack 
thereof. For orthopaedic surgeries, the x-ray 
will have a C shaped arm that is retractable 
(Fig. 22), the x-ray detector hovering above the 
OR table and the x-ray generator beneath. Af-
ter being referenced with the patient and OR 
table, its position in the room is locked and the 
arm is retracted away from the surgical site. 
When OD assessment is required during the 
surgery, the radiological assistant will extend 
the arm, take an x-ray and retract the arm again.

3.3.3 OR Layout
In order to get a better understanding of the 
spatial context of an OR and the roles of each 
actor withing it, a top-view schematic has 
been created for the Fluoroscopy style setup, 
as well as the templating style setup (Fig. 28). 
As can be seen from this schematic, each OR 
has two adjacent rooms next to it: the wash-up 
and the prep-room. These two rooms are only 
entered by the Surgeon, Resident Surgeon, 
Scrub Nurse and preparation personnel. After 
a few procedural preparations, the Surgeon, 
Resident Surgeon and Scrub Nurse, will leave 
the operating theatre through the patient en-
trance and start cleaning in the wash-up room.

patient’s feet to be in the non-sterile zone 
(also see Fig. 29). This allows for the Circulating 
Nurse to perform LLD checks during the pro-
cedure, without requiring any PPE other than 
a surgical mask and gloves. At this point it is 
important to mention that this set-up is not 
standard procedure even when performing 
fluoroscopy, but illustrates well that there really 
are immense variations in workflows between 
surgeons. As mentioned previously, every sur-
geon and their surgical team develop their 
own methods and procedures, therefore cus-
tomising their unique workflow and OR setup. 
The most striking difference between the two
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The majority of surgeons will have their pa-
tient’s feet within the sterile zone, so that they 
can evaluate LLD with a minimal amount of 
surgical drapes in the way, as is the case in the 
templating setup. On the templating schemat-
ic can be seen that the general room setup is 
comparable to the previous setup, but varies 
around the OR table. The first difference is that

3.3.4 Surgical Timeline
For creation of the surgical timeline, resulting 
insights and information from observations 
was condensed into a timeline (Fig. 33). This 
timeline visualises the different steps taken 
during a THA, including detailed descriptions, 
the stakeholders involved in each step, the 
time taken for each step (averaged over mul-
tiple procedures) and iterative processes with 
the corresponding time required for each iter-
ation (to be multiplied by the amount of itera-
tions). The two previously observed workflows 
and their overlaps have been visualised on the 
timeline, blue being fluoroscopy and green be-
ing templating. Additionally, relevant but diffi-
cult to verbally describe steps were visualised 
in pictures. Furthermore, colour coding has 
been applied to steps which are of high impor-
tance to the scope of this project. There have 
been three high importance moments identi-
fied: LLD assessment, OD assessment and Pa-
tient repositioning.
 

the sterile zone encompasses the lower part of 
the OR table and therefore places the patient’s 
feet within it too. Additionally, the instrument 
tables are differently distributed, as well as the 
surgical team. In particular the position of the 
scrub nurse on the other side of the OR table 
is noticeable. This is made possible due to the 
lack of an x-ray machine.

As can be seen from the timeline, the average 
THA will take 80 minutes on average, including 
OR preparation and clean up. Once the  final 
acetabular component is placed inside the pa-
tient, the ‘Iterative Space’ starts (step 21). This 
space describes the timeframe during which 
the surgeon and his team try to find the ap-
propriate femoral component configuration for 
the patient, which may take multiple iterations. 
If all steps succeed on first try, the steps in 
this space will be concluded within 11 minutes 
(on average). On the contrary, if the surgeon 
needs to make multiple iterations, these steps 
will take up to 26 minutes, which is an increase 
by 19% over the entire timeline. It is noticeable, 
that with every iterative cluster for fluoroscopy 
all three high importance moments take place 
in this order: Patient Leg Repositioning, OD As-
sessment and LLD assessment. In case of tem-
plating, the OD assessment can be neglected 
due to the described lack of an x-ray.
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Fig. 29 - Patient outside terile zone separated by transparent surgical drape (fluoroscopy)

Fig. 30 - Patient inside sterile zone covered in surgical drapes Fig. 31 - Circulating nurses repositioning patient’s legs Fig. 32 - Circulating nurses performing LLD check



Each of these consecutive moments builds on 
top of the previous one and therefore needs 
to be carried out correctly. For example: if the 
patient’s legs are not positioned in exactly the 
same way before every assessment, the re-
sult of different evaluations may differ. If the 
OD assessment indicates incorrect position-
ing, the result from the LLD assessment may 
be non-admissible. Likewise, if during the ‘First 
Complete Trial’ (step 24 - 25) the LLD assess-
ment is unsatisfactory, then the configuration 
may be incorrect and leading to unsatisfactory 
results during the ‘Second Trial’ (step 29 - 30) 
and the ‘Final LLD Check’ (step 33). Lastly, if 
during the ‘Final LLD Check’ the result is unsat-
isfactory, the surgeon will have to remove the 
entire femoral component and start again from 
the beginning of the iterative space (step 21). 
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urements may even result in less iterations over-
all and reduced risk for incorrect placement of 
the femoral component. Considering that each 
evaluation moment takes up around one min-
ute during the procedure and with respect to 
the findings of the literature review (chapter 2), 
it is of importance not to add any time or effort 
to the assessment. This solution criteria counts 
for the evaluation moments themselves, but 
also for the OR preparation time (see step 1). 

 

This will not only increase the length of the 
procedure but will also render the used fem-
oral component unusable, which therefore will 
be discarded.

This shows that more accurate and reliable 
evaluations of OD and LLD will result in faster 
assessment and iterations. More reliable meas-
urements may even result in less iterations over-
all and reduced risk for incorrect placement of 
the femoral component. Considering that each 
evaluation moment takes up around one min-
ute during the procedure and with respect to 
the findings of the literature review (chapter 2), 
it is of importance not to add any time or effort 
to the assessment. This solution criteria counts 
for the evaluation moments themselves, but 
also for the OR preparation time (see step 1). 
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Fig. 36.1 - Close-up of surgical timeline (part 1)
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Fig. 36.2 - Close-up of surgical timeline (part 2)
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3.3.5 Survey Results
The survey distributed among staff of RDGG 
and RHOC offered some conclusive insights 
into the cognitive thought processes of surgi-
cal team members. Six surgeons, three resident 
surgeons and two circulating / scrub nurs-
es participated and offered many insights of 
which the most relevant are mentioned below. 
For more detailed insight on survey results see 
Appendix C.
 
The anterior approach is to be the most fre-
quently performed approach, followed by the 
direct lateral and posterior approach, making 
the focus of this work suitable. Five out of nine  
surgeons have used fluoroscopy as assess-
ment / navigation method to perform any of 
these approaches and a Net Promoter Score 
(NPS) of 20 seems to indicate that they feel 
comfortable doing so. When being asked 
whether the participating surgeons have ever 
performed surgery using computer-assisted 
(imageless) assessment / navigation methods, 
seven replied that they have not, whereas two 
have used image-based computer-assisted 
methods. The surgeons that have used such 
methods provide a NPS of -50 when asked 
how comfortable they felt using these meth-
ods. These insights indicate that advanced 
solutions like image-based assessment / nav-
igation methods are not commonly seen and 
do not provide the desired ease of use expect-
ed of such a system in the given context.
 
When being asked about LLD and FOD as-
sessment, all participants report performing an 
assessment preoperatively. The methods men-
tioned by surgeons range from physical exami-
nation of landmarks such as heels, knees, ankles 
and iliac crest height (when standing) to X-Ray 
images (lesser trochanter, acetabular teardrop 
and other landmarks). Circulating nurses also 
rely on palpation of heels, medial malleoli and 
analysis of x-rays. When asked whether sur-
geons compensate for preoperative LLD intra-
operatively, seven replied that they do, where-
as two do not. When asked about the method 
of compensation used the answers range from 
fluoroscopy, preoperative templating and siz-
ing the prosthetic components (anatomical 
landmark orientation) - head size (offset head) 
and neck angle. When surgeons were asked

whether they assess LLD and FOD intraop-
eratively themselves, six said that they do so, 
whereas two said no and one surgeon saying 
that circulating nurses performs these checks 
in his OR.
 
Regarding intraoperative assessment of LLD, 
eight out of ten participants say that they 
perform their assessment by examining the 
patient’s heels, two also use the knees, two 
the ankles. Additionally, two also mention tel-
escoping (testing tissue and ligament laxity) 
and one takes the tip of the trochanter and 
centre of rotation (CoR) of the ball and socket 
joint as their evaluation reference. Interesting-
ly, four participants choose to deploy multiple 
methods to make their assessment, validating 
findings from chapter 2. For intraoperative as-
sessment of FOD, seven out of ten participants 
reference orientation via landmarks made vis-
ible through fluoroscopy, whereas the remain-
ing three rely on templating and non-radio-
graphical identification of visible landmarks 
within the patient.
 
When asked about which factors may confuse 
their assessment of LLD and FOD intraopera-
tively, seven out of ten mention the position of 
the patient (that may change throughout the 
procedure), of which four specifically reference 
pelvic tilt (PT). Additional factors include the 
x-ray settings, dysplasia of the non-operative 
hip, instability of the hip and cup position.
 
When asked about performance of postop-
erative assessment of LLD and FOD, nine out 
of eleven participants answered this ques-
tion positively, whereas two say that they do 
not perform any assessment postoperatively. 
When asked once again what methods are 
used for the assessment, five out of nine men-
tion physical examination and seven mention 
(weight bearing) x-rays. Interestingly, in total 
five participant mention multiple assessment 
methods. When asked what acceptable LLD is 
in their opinion, eight out of ten answered 10 
mm or less, of which four believe 5mm or less 
is acceptable. When asked the same question 
about FOD, seven replied with 5mm or less.

Overall, the above mentioned insights are sat-
isfactory to the expected outcome and inform 
the desirable direction of this project suffi-
ciently.

Fig. 36.3 - Close-up of surgical timeline (part 3)
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analogue / validation (passive) quadrant of the 
matrix, whereas more modern and high-tech 
solutions find themselves in the digital / nav-
igation (active) quadrant. This visualises  that 
both the analogue / navigation (active) and 
the digital / validation (passive) quadrants are 
entirely empty. In the case of the first, it should 
come as no surprise, as analogue / navigation 
(active) solutions would be rather cumber-
some, potentially expensive and time consum-
ing to operate. On the other hand, digital / vali-
dation (passive) solutions that do not attempt 
to navigate the surgeon but intend to enhance 
the surgeons conventional workflow may be 
of interest. Due to their passive nature, solu-
tions within this space would require a minimal 
learning curve, while maximising the potential 
to fit various surgical workflows.

3.3.6 Market Matrix Mapping
Current solutions within the field of Orthopae-
dic surgery range on a wide spectrum. From 
manual or analogue measuring tools up until 
robotic arm navigation systems. All solutions 
have their own unique application field and 
value proposition, usually rooted in their tech-
nological makeup. Yet all of them require dif-
ferent procedural steps or assist the surgeon 
during different parts of the surgery.
 
In order to get a sense of the market saturation 
and visualise primary market gaps, the first ma-
trix was chosen to be general, with one scale 
trading off between analogue / digital solu-
tions and the other scale trading off navigation 
(active) / validation (passive) solutions (Fig. 
37). Unsurprisingly, it was found that all manual 
instruments collect themselves in the

Fig. 37 - Market matrix showing opportunity for passive, digital solutions

Given that only templating solutions are found 
in this space, it can be argued that there may 
be room for solutions that do or do not rely on 
2D templating but fall into the same quadrant 
(e.g. 3D templating as opposed to 2D templat-
ing). The primary opportunity area of this ma-
trix however are imageless / non-invasive solu-
tions, due to their passive potential (aligned 
with the first matrix), lower cost and simply 
lack of invasiveness to the patient. It should be 
stated that non-invasive solutions are the fu-
ture aspiration of medical assessment technol-
ogy, yet are also harder to realise. Nonetheless, 
reduced production costs, lower regulation re-
quirements and faster patient recovery are all 
benefits that make this direction worth explor-
ing.

Diving more into detail and creating poten-
tial to utilise medical imaging techniques, the 
scales of the second matrix display invasive 
/ non-invasive on one scale and imageless / 
image-based on the other scale (Fig. 38). All 
modern solutions will use some form of med-
ical imaging technology as a primary input 
for analysis of the patient’s anatomy. Naviga-
tion solutions will typically use CT scans and 
Pre- and intraoperative templating software 
solutions will use x-ray images. As can be seen 
after plotting the solutions, not much changes 
in terms of distribution of the solutions. All an-
alogue tools are still separated from the digital 
solutions. The only outliers are software based 
templating solutions, which fall into the im-
age-based / non-invasive quadrant. 

Fig. 38 - Market matrix showing opportunity for imageless, non-invasive solutions
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Nonetheless, all of the solutions utilising CT 
scans still rely on invasive components in order 
to track the position of instruments and pa-
tient. This makes it the main argument against 
that direction, as unnecessary damage to the 
patient would like to be avoided making the 
invasive / symmetric-referencing quadrant un-
desirable. On the other spectrum however, cre-
ating a non-invasive / symmetric referencing 
solutions makes a lot of sense. Not only would 
it be less invasive to the patient, but it would 
allow for assessment of the entire lower body 
system, potentially creating the most desirable 
result. Another advantage, under the aspect 
of the anterior approach, a solution within this 
category would allow for simulations of loads 
on both of the patient’s lower limbs, allowing 
for observations of how different load cases 
affect the patient’s LLD and FOD.

The final matrix retains the invasive / non-in-
vasive scale and combines it with symmetric 
referencing at one end and asymmetric refer-
encing on the other end of the second scale 
(Fig. 39). Now the image shifts drastically, dig-
ital and analogue solutions start to mix and 
distribute themselves along the invasive / 
non-invasive scale, while mostly staying with-
in the asymmetric referencing space. The only 
solutions that manage to break through to the 
symmetric referencing quadrant are the ones 
that make use of CT scans as primary analysis 
input. As previously mentioned, CT scans can 
provide information about both legs and are 
cheaper to carry out than their more sophis-
ticated and comprehensive counterpart, MRIs. 
Be that as it may, there is a financial entry bar-
rier and most hospitals will rely on simple 2D 
x-ray imagery to establish preoperative plans.

Fig. 39 - Market matrix showing opportunity for symmetric referencing, non-invasive solutions

3.4 Discussion

3.4.1 General
In this chapter, the final chapter of the Dis-
cover Phase, first hand insights into the daily 
workings of surgical teams and their cogni-
tive processes was gained and summarised. It 
becomes important to cross reference these 
insights against the research questions and 
evaluate which parts are relevant for the con-
tinuation of this work.

3.4.2 Research Questions

How to more accurately reference, assess 
and dimension lower limbs while consider-
ing a patient’s individual anatomical differ-
ences?
 
After analysing various workflows, OR lay-
outs and observation insights, it seems that 
the most promising direction forward is the 
adoption of a protocol that ensures accurate 
patient repositioning and evaluation of lower 
limb functionality. Technologically, various ap-
proaches are possible, yet few are sensible. 
Many non-invasive high-tech solutions are 
still in their exploration and research phases, 
from an OR point of view. For example, using 
Augmented Reality (AR) glasses in combina-
tion with machine vision in order to reference, 
assess and dimension a patient’s lower limbs 
(with input from MRI or CT scans) is by today’s 
standards not accurate enough for surgical 
application. Although likely feasible in the fu-
ture, today’s implementation of such technolo-
gies would require the use of physical trackers, 
which when attached to the patient’s skin are 
prone to great error margins. It is to be consid-
ered whether a digital but low-tech approach 
may be more desirable to achieve a functional 
assessment of the lower body system.
 
 
How can symmetry be evaluated and creat-
ed in an asymmetric biomechanical system?
 
Considering current technologies, it is feasible 
to analyse the patient’s lower body anatomy 
via MRI or CT scans, assign functional priority in 
respect to symmetry and simulate it in 

different use conditions in order to evaluate 
what results formulate positively in respect to 
various implant configurations. Software solu-
tions are extremely suitable and capable of 
producing virtual simulations with reasonable 
accuracy today. Yet one challenge still remains 
in translating these virtual ambitions into prac-
tice. Currently, the private sector is heavily in-
vesting in robotic technologies to bridge that 
gap, which is a costly and research intensive 
undergoing. This high financial entry barrier is 
likely to hinder these technologies from wide 
spread adaptation, making it accessible to only 
selected hospitals and surgical teams. Revert-
ing to the earlier mentioned digital and low-
tech approach, this entry barrier is diminished. 
Instead of deploying advanced machinery into 
increasingly complex ORs, one ought to con-
sider what is possible with less or already ex-
isting resources.
 
 
What role does the patient’s position play 
during repeated LLD assessments?
 
The answer to this question has not changed 
much since the last chapter and was partially 
answered with the first research question. The 
survey in particular validates that patient repo-
sitioning in between assessment can great-
ly confuse the assessment of LLD and FOD. 
Observations in the OR showed that users will 
try to mitigate the risk of a tilted pelvic (for ex-
ample) by lifting the patient’s feet up high or 
moving them from side to side. This observa-
tion brings about the question whether such a 
‘limb movement protocol’ would be advisable 
to implement into any potential solution. With 
the importance of the patient’s position during 
repeated assessments established, this aspect 
will remain under close consideration.

How can post-operative LLD be prevented 
during THA, without disrupting conventional 
surgical workflows?
 
As addressed at the end of chapter 2, enhanc-
ing current protocols and methods seems to 
be the least disruptive approach. In particular 
the surgical timeline offers great insight into 
overlapping areas between workflows and
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 therefore moments of opportunity. It is notice-
able that FOD assessments do not take place 
with templating style surgery, meaning that it 
may be difficult to include it into the solution 
scope. Instead the focus will primarily lie on 
LLD assessments and how they are performed 
by the different surgical teams. Any device de-
veloped needs to accommodate the evalua-
tion methods described for each persona.

 
How can high-tech solutions be empowering 
to the user and provide a sense of control?
 
The only way for high-tech solutions to be em-
powering to the user is to include them in the 
process. During the development of techno-
logical solutions, it is necessary to build the hu-
man aspect into a system, if one wishes its us-
ers retain a sense of control. In particular within 
an OR the human aspect is extremely impor-
tant. An arguably small amount of people like 
the idea of being operated on by an complete-
ly autonomous robot, neither the patient nor 
the surgical team. Healthcare has always been 
and hopefully will always be based on the eval-
uating party to have an understanding of what 
it is like to be human, therefore it is advisable 
to allow the user to become part of the solu-
tion. The human, does not fall short of skills and 
abilities and if these skills and abilities were to 
be enhanced in an intuitive and user friendly 
manner that is quantifiable and therefore re-
peatable, we would not need to take the hu-
man aspect out of any OR solution.

3.4.3 Limitations
Overall the outcomes of this phase are satis-
factory, considering the contextual require-
ments in 2020. It would have been beneficial 
to carry out more observations and in-depth 
interviews with experts, yet unfortunately mo-
ments of direct contact were scarce and it is 
an understatement to claim surgical teams are 
busy, even in normal working conditions. More-
over, the survey participation turned out to be 
rather low, as it was primarily focussed on the 
two hospitals (RDGG & RHOC). An attempt 
was made to distribute the survey among the 
Dutch Hip Association to increase participa-
tion numbers, without success.

Key Insights

- Surgical workflows are created by circum-
stances, which can be best described as the 
three pillars of surgical workflow customisa-
tion: Approach, OR Setup and Methods.

- Every surgeon will develop small methods 
or tricks for different stages of a THA, which 
they were informed by through peers or ac-
ademia

- A loaded-assessment and is meant to give a 
better impression of how the lower body sys-
tem performs during a ‘standing’ simulation.
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invasive markers placed on bony landmarks 
and / or tracking of surgical instruments. Al-
though these systems are becoming more 
common, they are not going to be available 
in every clinic due to the required investment 
in specialised equipment and the training of 
elaborative workflows that comes with it.

6. No interphase method or tool for LLD as-
sessment

Currently there is no device that lets you com-
pare pre-, intra- and postoperative measure-
ments. All measurements utilise different tools 
and methods during different stages, making 
independent measuring results incomparable 
across different phases of the patient journey.
 

4.3.2 Opportunity Areas
The three most desirable opportunity areas 
have been created from the insights of previ-
ous chapters and were afterwards formulated 
in an opportunity statement that was com-
bined with the initial design assignment - the 
design vision.
 
 
1. Low-tech and non-invasive solution ap-
proach

Nowadays, it is difficult to argue against dig-
ital solutions, nonetheless ORs are extremely 
crowded and notoriously busy with state-of-
the-art technologies. It is tempting to look to-
wards technologically advanced solutions like 
AR, machine vision or robotics and add it to 
the abundance of technologies already avail-
able in the OR. Yet contrary to current trends, 
a more low-tech approach may be favourable 
at times. Not only would a low-tech approach 
flatten the learning curve and increase adap-
tation potential, but such an approach would 
also most likely require a non-invasive ap-
proach. Ultimately non-invasive solutions are 
more favourable to surgeons and patients, due 
to decreased infection risk and faster recovery 
time.

abduction, adduction, eversion, inversion, dor-
siflexion and plantarflexion. When the user 
wants to assess the length of the leg by press-
ing against the heels of the patient, both feet 
acts like levers, making it impossible to be put 
into a 90 degree position without an extra 
hand. That in combination of trying to apply 
equal pressure on both heels makes it difficult 
to hold them in a symmetric position. Overall, 
it takes skill to carry out this assessment by a 
single person which hinders a qualitative as-
sessment.

3. Limited support of conventional work-
flows in surgical navigation solutions

Current industry trends are pointing unani-
mously towards Robotics Assisted Surgery 
(RAS) and navigation of the surgeon. This de-
velopment aims to semi-automate certain as-
pects of a THA and ultimately support the sur-
geon. Unfortunately, the implementation looks 
different, as little consideration is given for var-
ying conventional workflows. Rather the focus 
lies on creating entirely new workflows, reduc-
ing the adaptability of any given technology.
 

4. High entry barrier (cost + training) for 
high-tech digital solutions

State-of-the-art technologies, such as RAS 
systems, cannot be afforded by every hospital 
or orthopaedic clinic. Even if so, THAs are pro-
longed by the extra steps required to operate 
the system and therefore increase the infection 
risk for the patient. Most importantly, however, 
is the fact that surgeons need to be trained 
in order to be navigated by the system. This 
requires a significant investment by the clinic.

5. Symmetric intraoperative leg referencing 
available only in advanced solutions.

If a surgeon wants to quantify their LLD as-
sessment intraoperatively, in respect to the 
non-operative leg, they need to use advanced 
systems. These systems will analyse CT or MRI 
scans and track the patient’s position through-
out the surgery. This may happen by means of

formulated from the primary problem owner’s 
perspective. In this case, our problem owners 
are surgeons, as they carry the end responsi-
bility and ultimate liability for the outcome of 
every surgery. Secondary problem owners in-
clude circulating nurses, as a surgeon some-
times relies on their LLD assessment in a fluor-
oscopy style surgery setting. Leaning on the 
research from Chapter 3, the following sections 
will illustrate the key findings and opportunity 
areas before defining the problem focus and 
deriving solution requirements.

4.3 Findings

4.3.1 Key Findings
The most relevant insight uncovered during 
the Discover phase, have been formulated into 
six findings, that will be leading during the De-
velop Phase. 

1. No standard intraoperative method or tool 
for LLD / OD assessment due to varying 
workflows

Surgeons customise their workflows, which 
are a result of their education, training and ex-
perience level. Every surgeon will modify their 
workflow from time to time, based on new in-
sights from academia or peers. This leads to 
the variety in methods that surgeons deploy in 
order to assess LLD. 

2. Complex Biomechanics of the foot

Regardless of how a LLD assessment on the 
heels of the patient is carried out during a THA, 
there always seems to be the problem of the 
inherent complexity of the foot and its biome-
chanics. The foot has varying degrees of free-
dom along three axes, allowing it to go into

4.1 Background

In the first three chapters (Discover phase) a 
vast amount of insights has been gathered. 
Some of which link directly to the scope, while 
others fall outside of it. Chapter 1 gave a holis-
tic overview of the topic, recent and past de-
velopments and hinted at underlying issues 
with the main objective. Chapter 2 provided a 
comprehensive overview of the academic lit-
erature, associated with the topic’s identified 
key focus areas. In Chapter 3, detailed insights 
into the OR and biomedical industry were 
gained from first hand reports, observations 
and through analytical methods. In this chap-
ter, which marks the start of the Define Phase, 
all of these insights are translated and defined 
into concrete problems. These problems and 
other results obtained during the Define phase, 
form the basis for ideation, particularly playing 
a significant role during co-creation sessions 
(chapter 5). 

4.2 Method & Procedure

The method ‘Problem Definition’ from the Delft 
Design Guide was leading in finding appropri-
ate means to formulate the problems associat-
ed to the topic and scope. 
 
“A problem always has to do with the dissat-
isfaction about a certain situation. Because 
satisfaction is a relative concept, problems are 
also of relative nature. They are defined from 
the perspective of a problem owner.”
(Delft University of Technology, Faculty of In-
dustrial Design Engineering, 2014)
 
Considering the complex nature of this topic, it 
must be realised that in a clinical context there 
is a multitude of problem owners to a single 
problem. Nonetheless, in a bid to simplify our 
focus the problems in this section are 

Problem Definition
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2. Non obstrusive solution approach 

An operating room is sometimes referred to as 
an operating theatre, due to the routine and 
practice required to perform within it. Even the 
slightest changes in protocols and procedures 
can disrupt routines and workflows ultimately 
leading to irritations and potential errors. In or-
der to support and enhance existing surgical 
workflows it is important to formulate a solu-
tion that is purely validatory in nature. It is not 
only desirable but crucial not to disrupt the 
surgical team’s workflow and let them validate 
the effect of their work (in relation to LLD) pe-
riodically when required. This allows for adap-
tation of the solution by multiple teams with 
differing workflows, as in any workflow it can 
be used as a validation tool.

3. Symmetric Simulations of loads

Although it seems counter intuitive to simu-
late an orthostatic (standing) position on a pa-
tient in supine position, it makes perfect sense 
when taking functional requirements into ac-
count. As argued before, a patient is unlikely 
to pick up on LLD while lying down and would 
rather experience discomfort while stand-
ing or walking. Taking this into consideration, 
it seems an interesting approach to simulate 
loads onto the lower body system of the pa-
tient, to see what effect these loads have on 
their leg length. It only seems suitable to pro-
vide quantified feedback on whether these 
loads are being applied equally and therefore 
improve the quality of the assessment. One 
does need to consider that not every surgical 
team will perform these loaded assessments, 
nonetheless the symmetrical aspect of this ap-
proach stays equally important. Ultimately, the 
exact length of each limb is irrelevant, rather 
the focus should lie on the relative leg length 
in relation to the other leg.

 
Considering the described key findings and 
opportunity areas, a newly informed design vi-
sion was formulated.

 
“Develop a concept that allows for imageless, 
non-invasive and symmetric evaluation and 
validation of LLD, which provides digital, da-
ta-based feedback in real-time, while comple-
menting conventional surgical workflows for 
primary THA.”

4.3.3 List of Requirements
In order to summarise the most important 
solution requirements gathered during the 
Discover Phase, a list of technical requirements 
was formulated. These requirements form the 
basis for the start of the Develop Phase and 
ultimately serves as a validation tool for the 
Deliver Phase.

Main Requirements

 -

 -

 -

 -

 -

 -

 - 

Context Requirements - Surgical & Patient

 -

 -

 - 

 - 

 - 

 - 

 -

 -

Context Requirements - Usage & Interaction

 -

 -

 -

 -

 -

 -

 -

Embodiment Requirements - Component

 -

 -

 -

 -

Embodiment Requirements - Architecture

 -

 -

 -

 -

4.4 Discussion

4.4.1 General
Considering the complexity of the topic, the 
problem definition was never going to be an 
easy task. A lot of issues have to be taken into 
account in order to have a basis from which to 
start developing suitable ideas. The key find-
ings as well as the opportunity areas have been 
chosen based on research but also reflect the 
directions that are most desirable, feasible and 
viable for this particular work.

4.4.2 Limitations
It could be argued that the key findings as well 
as the opportunity areas have a lack of limi-
tation. The List of requirements on the other 
hand limits itself in the sense that it is meant 
for primary prototype development. In normal 
conditions, this list would be much more ex-
tensive, including comprehensive manufactur-
ing, maintenance and potentially sustainability 
requirement. As these aspects fall outside of 
the scope for this thesis, they are not included.

The patient is lying in supine position;

The patient’s pelvis is perpendicular to the 
lower limbs;

The patient’s medial malleoli are centrally 
aligned with the sagittal plane;

The patient’s feet sustain a 90-degree an-
gle during assessment (plantigrade);

The patient’s feet may get loaded with a 
simulating force / load case.

The product should depict intuitive use 
cues;

The user should be able to operate the 
product after 1 training session;

Preoperative set-up should take less than 1 
minute;

The product must not interfere with intraop-
erative repositioning of patient’s legs;

Intraoperative assessment must take less 
than 1 minute;

The communication of an assessment 
should be clear and leave no room for in-
terpretation;

All other communications should be clear 
and leave no room for interpretation (e.g. 
pressure difference).

The product should have millimetric accu-
racy;

The product should have its own power 
supply or battery;

All components should be replaceable. 

The weight and shape of the product should 
allow for portability within the hospital by 
one person.

The product architecture should diminish 
the stresses on secondary internal compo-
nents during assessment;

The product architecture should allow for 
maintenance or repair of internal compo-
nents;

The housing should allow for external clean-
ing with chemical agents;

The housing should protect internal com-
ponents from dust and liquids.

The product should be specifically designed 
for use by surgeons or circulating nurses;

The product should improve the current 
quality of assessment;

The product should provide quantified as-
sessment of LLD;

The product should provide real-time feed-
back to the user (visual and haptic);

The usability of the product should empow-
er the surgical team and support their work-
flow;

The look and feel of the product should im-
prove confidence in the performed assess-
ment;

The product is to be used non-invasively.
 

The product is to be used during primary 
THA;

The product is to be used inside and out-
side of the sterile field;
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Problem statements were formulated in How 
To’s and participants were asked to generate 
ideas to any given problem statement within 
a time limit (2-3 minutes). The How To‘s were 
formulated as follows:

 1.

 2.

 3.

 4.

 5.

 6.

 7.

Previous to the actual rounds, participants re-
ceived an introduction to the topic and prob-
lem statements with varying amounts of con-
textual information. After each session, the 
process was slightly adjusted in order to im-
prove the quality of results for the consecutive 
session. All session slides and the equivalent 
ideas can be found in Appendix D for closer 
inspection and analysis.

5.1 Background

This chapter marks the start of the Develop-
ment Phase, which is based on the two pre-
vious phases: Discover and Define. In order to 
dive more into detail on potential solutions for 
technical sub-problems, a series of Co-creation 
sessions was organised including industry pro-
fessionals as well as informal validatory talks 
and sessions with medical experts.  The goal 
of these sessions was not only to creatively 
diverge (second half of the double diamond 
process) and generate quantities of ideas, but 
also to validate thought processes and trends. 
The co-creation sessions, given the circum-
stances in the year 2020, were held online.

5.2 Method & Procedure

5.2.1 Technical Expert Sessions
Six co-creation sessions were organised with 
a total of 26 participants ranging from recent 
graduates of medical and engineering relat-
ed fields to industry professionals in medical 
as well as general product development. The 
methodology used during the sessions was a 
cross-method approach from the delft design 
guide, namely Brain writing / drawing and How 
To’s (Delft University of Technology, Faculty of 
Industrial Design Engineering, 2014).

Co-Creation Session
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How to measure Leg Length Discrepan-
cy? (non-invasively)

How to simulate loads on the patient’s 
legs? (during a measurement)

How to measure pelvic tilt?
(non-invasively)

How to make a non-obtrusive device? 
(only present when needed / never in 
the way)

How to measure leg offset discrepancy? 
(non-invasively)

How to give the user a sense of empow-
erment and control? (during a measure-
ment)

How to straighten the pelvis?
(before a measurement)

Fig. 40 - Delft Design Guide methods fusion

5.2.2 Riddle
In order to abstract the problem statements 
addressed during the session, a riddle was cre-
ated and sent to every participant a few days 
prior to the session. The riddle summarises the 
various micro-level problems a potential solu-
tion might face (identified during the Discover 
phase) and incentivises the participant to think 
creatively. This abstraction includes principles 
of tracking and validating patient position and 
orientation by creating an analogy to geomet-
ric principles in form of a fishing boat and net 
(Fig. 41). The aim was to mentally prepare par-
ticipants for the complexity of the topic and 
playfully get them into the specific problem 
solving mindset.

5.2.3 Medical Expert Sessions
After the technical expert sessions, all resulting 
ideas were analysed and sorted into clusters. 
Each cluster represents either a function or a 
category for any given solution. This overview 
formed the basis for primary concept sketches, 
which in turn were used during two informal 
validation sessions with the medical expert of 
the supervisory team. The expert was present-
ed the process of how and why these ideas 
were formed, before presenting the sketches 
and giving a brief but detailed explanation 
about each of them. This opened up a dialogue 
and allowed for the collection of critical feed-
back, wishes and considerations. The sketches 
can be found in section ‘5.3.2 Concept Sketch-
es’ and the equivalent slides (used throughout 
the medical expert sessions) can be found in 
Appendix E.

rigid

remote
controlled

buoy
flexible

buoy

Set-up

Example Shapes

Optimal Process

Warm-up Riddle

You are on a fishing boat and about to test your 
new net. The net is suspended by 4 buoys and 
you can control the position of two buoys 
remotely. The only way you know the position of 
the buoys is to visually see them.

The buoys are connected by two rigid and two 
flexible links. This allows the net to move 
dynamically and morph into different shapes. 
The optimal shape for the net to be retrieved 
from the sea is an equilateral triangle, with one 
of the rigid links being on the far end.

Due to bad weather conditions, poor visibility 
will inhibit you from seeing the 2 furthest buoys, 
once you release the net into the sea. How do 
you achieve the required shape for retrieval of 
the net?

You can modify the buoys before releasing the 
net or deploy any type of utility... even use your 
or another boat ... Nothing is off limits!

What would you do?

Retreival Scenario

fog

Fig. 41 - Co-creation session warm-up riddle
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Fig. 42 - Co-creation session sketches



The collection in Fig. 43 represents the 90 most 
original and promising ideas that were select-
ed for the next stages of the project. These 90 
ideas were broken off into different clusters 
which represent the primary function / direc-
tion of those ideas.

In Fig. 43 the clusters are visible and it is no-
ticeable that although many ideas were gener-
ated throughout the process, only a hand full 
of semi-valuable ideas for non-invasive OD as-
sessment were generated. This development 
led to the discontinuance of this direction with 
the primary focus being LLD assessment from 
this point forth. 

6.

7.

8.

9.

10.

5.3 Findings

5.3.1 Ideation
During ideation, a Post-it chart  was created. 
This Post-it chart is a precursor to the mor-
phological chart in the sense that it is still more 
abstract than concrete. The Post-it chart start-
ed out as a simple collection of ideas, some 
gathered throughout the research process 
and some resulting from the co-creation ses-
sions. As a result of the sessions, more than 
200 ideas were gathered, however it is impor-
tant to note that some of the ideas fell outside 
the scope of this research and were therefore 
not included.  Furthermore, doubled ideas or 
ideas similar in nature were discarded and only 
the ones with the highest quality and value, in 
respect to scope and research goals, were se-
lected for continuance.

1.

2.

3.

4.

5.

6.2.1 Morphological Chart
A morphological chart was created in order to 
facilitate concept creation. The functions of the 
chart are based on the problem statements 
from the co-creation sessions and list potential 
solutions to each sub-problem, which were col-
lected during ideation. This allows for a visual 
overview of all potential function combinations 
or configurations, which in turn enables visual 
concept creation. Here the ultimate goal,

enhancing conventional surgical workflows, 
was the basis for choosing the most desira-
ble and feasible configurations from the mor-
phological chart. The configurations chosen 
for exploration and further development are 
highlighted in Fig. 44. Close attention should 
be paid to the colour coding that will be used 
in the following sections.
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LLD assessment solutions

FOD assessment solutions

PT assessment solutions

Pelvis straightening solutions

Pelvis fixation solutions

Mechatronic solutions (LLD / FOD / PT)

Triangulation solutions (LLD / FOD / PT)

Alignment markers / backdrop solutions

Advanced tech solutions

Small independent ideas
 

Fig. 43 - Post-it chart clusters (unfiltered)

LLD
Detection

Position 
Potentiometer

Distance Laser
(VCSEL)

Thermal Camera
Tracker

IR Camera
Tracker

Encoded
Robotic Arm

Scale with
Analog Ruler

Pressure
Sensitive Mat

PT
Detection

Digital Pelvic
Protractor

On-Patient 
Projection

On-Patient 
Projection

On-Patient 
Projection

On-Patient 
Projection

Flex Sensor
(on patient)

Thermal Camera
Tracker

IR Camera
Tracker

Encoded
Robotic Arm

9DoF Inertial
Measuring Unit

Pressure
Sensitive Mat

Load
Simulation

Gravity
(table tilt)

Pulley Cable 
System

Mechanical Linear 
Actuator

Hydrolic
Actuator

Human
Powered

Pneumatic
Actuator

PT
Straightening

Pulley HarnessRotation TablePatient
Mobility Protocol

Arched
Backstop Pillow

Soft Robotic
Inflatable Pillow

Pelvic
Fixation

3 Point
Pin Fixation

Pelvic Strap
Harness

Patient
Seat Mold

FOD
Detection

Mechanical
Measuring Vice

Encoded
Robotic Arm

Digital
Flexible Ruler

Soft Robotics
+ Photo Detector

User
Feedback

HapticLCD / OLED DisplayLED Matrix Sound

Device
Location

PeripheralFixed
to Patient

Hand Held

Fig. 44 - Morphological Chart



5.3.2 Ideation & Concept Sketches
In this section various sketches of cluster com-
binations, as well as singular clusters can be 
seen, explored and studied. The aim was to 
visualise the most promising ideas from each 
cluster and in some cases combine them with 
complementary ideas from other clusters. The 
colour coding from the morphological chart 
corresponds with the coding of the sketches. 
These sketches were used as visual aids during 
the medical expert sessions in order to discuss 
desirability, feasibility and viability.
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Fig. 45 - Ideation & concept sketches (part 1)
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Fig. 46 - Ideation & concept sketches (part 2)
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Fig. 47 - Ideation & concept sketches (part 3)



5.4 Discussion

5.4.1 General
Judging by the quantity of resulting ideas, 
one can conclude that the co-creations were 
a success, despite being held online. Updating 
the procedure and slides after each session 
also immensely increased the quality of ide-
as with each new session. The sessions were 
each 1,5 hours long, which was a limiting time-
frame, however as these sessions were held 
in the evenings after people’s workday, it was 
the maximum time that seemed reasonable to 
request. Surprisingly the online aspect of the 
co-creations made it easier to facilitate the ses-
sions than expected. As an example, after the 
first ideation round, all participants were asked 
to click a picture of their sketches and send 
them in a dedicated WhatsApp group, so that 
while the second round started it was possi-
ble to place the sketches on the correspond-
ing slides. This keeps the facilitator of the ses-
sions busy instead of awkwardly looking over 
participants shoulders, as would be the case 
when all physically in the same room. In fact, 
it seemed like participants were more relaxed 
to sketch freely, especially the ones that are 
not used to sketching frequently. Some partic-
ipants even mentioned that these sessions felt 
more comfortable in their home without any 
external pressure other than the time limit.

5.4.2 Limitations
As expected, having held the co-creation ses-
sions online put certain limitations on their 
execution as well. The ability to give more in 
depth explanations by the means of models or 
props was not possible. Additionally, it proved 
difficult to have the same creative exchange 
as one would in a physical setting, due to the 
nature of human interaction. It was noticed 
that from time to time miscommunications 
occurred that were solely caused by digital 
interaction as opposed to physically showing 
biomechanical principles on a participant or 
sketching out explanations on a whiteboard 
(for example). Nonetheless, this approach was 
required and executed to a satisfactory level 
and resulted in qualitative input from the ses-
sions.

 

Later in the process, potential concept direc-
tions were discussed during informal sessions 
with the four orthopaedic surgeons (RDGG 
and RHOC) and the supervisory team sepa-
rately due to availability. The experts as well as 
the supervisory team agreed with the chosen 
direction, although more diverse input could 
have been generated by having a formal col-
laborative session. An open exchange between 
medical experts may have led to more critical 
exchanges and in-depth insights. Also involv-
ing more experts from other hospitals could 
have contributed positively to this exchange. 
The reasons for not being able to engage 
more experts in these sessions was primarily 
due to the social restrictions imposed in the 
year 2020 but was also due to time constraints 
and the nature of the research partnership of 
the project.
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Key Insights

- The functions of the morphological chart 
are based on the problem statements from 
the co-creation sessions and list potential 
solutions to each sub-problem, which were 
collected during ideation.

- Only a hand full of semi-valuable ideas for 
non-invasive OD assessment were generated. 
This development led to the discontinuance 
of this direction with the primary focus being 
LLD assessment from this point forth. 
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printed parts) and as many off-the-shelf parts 
were utilised in order to keep cost low and it-
erability high.

6.2 Method & Procedure

6.2.1 Arduino
Arduino is a user-friendly electronics proto-
typing platform that is utilised during the PoC 
phase, which will also serve as the final proto-
typing platform. All codes used for the PoC ex-
periments are modified versions of the Arduino 
library codes, which can be found in Appendix 
F. It was decided to use the Arduino Nano 33 
BLE (Bluetooth Low Energy) Series, due to 
their low power consumption and small form 
factor. This will allow for compact and wireless 
characteristics required for most of the poten-
tial concepts. An Arduino Nano 33 BLE Sense, 
which has a superior chip for faster data pro-
cessing was selected to act as the central pro-
cessing device.

6.2.2 OpenMV
OpenMV is a user-friendly machine vision de-
velopment platform and similar to Arduino in 
its ease of use. This platform was used in order 
to explore the potential, the limitations and the 
opportunities of the machine vision concept. 
The OpenMV Cam H7 was equipped with an 
infrared (IR) lens and a polarising filter, antici-
pating the bright lighting conditions of an OR.

6.2.3 FDM 3D printing
Fused deposition modelling (FDM) is one of 
the many 3D printing technologies particular-
ly suitable for rapid prototyping. This method 
was chosen for functional shape exploration of

 enclosures and housing of various concepts, 
due to its reasonably fast printing time and 
minimal post-processing effort. This allows for 
custom form factors, embedded shape intel-
ligence and a faster iteration speed. Primarily 
the machine used for 3D printing was a Cre-
ality CR20 Pro in combination with Colorfabb 
PETG and TPU filaments.

6.2.4 Dined 3D Anthropometry
Dinded on an online anthroprometric data-
base hosted and developed at TU Delft. The 
datasets are based on manual measurements 
as well as 3D scanning data. In order to ensure 
ergonomic fit of any given concept, 3D An-
thropometry input on various foot sizes and 
shapes was retrieved from Dined (TU Delft, 
2020). As starting point the CEASAR (NL) 
population dataset has been chosen. 

Within this population male and females of the 
age group 51 - 66 years was selected, as this is 
the oldest segment available and the closest 
range in relation to the age of the target de-
mographic. Due to limited information on feet 
within this dataset rather general demographic 
factors have been chosen: Stature and Body-
mass (Fig. 48). For Stature, the measures of 
1540 - 1860 mm (P5 - P95) and for Bodymass 
56 - 109 kg (P5 - P95) have been chosen. The 
resulting mannequin was downloaded and 
post-processed in Rhinoceros, MeshLab and 
Solidworks in order to extract the relevant sur-
face information of the right foot.

6.1 Background

For validation of potential concept directions, 
a series of Proof-of-Concepts (PoCs) has been 
created. These PoCs have been chosen based 
on the morphological chart from Chapter 5, 
which maps technical solutions to the various 
sub-problems. Each PoC features a core tech-
nology or working principle thereof in order to 
simulate a given technical function and evalu-
ate its performance. These chosen PoCs focus 
on:
 

 1.

 2.

 3.

 4.

 5.

Additionally two non-technology based PoCs 
were performed in order to explore product-us-
er interactions and ergonomics of cable-brace 
systems and hand-held devices. 
 
In order to physically test and evaluate the en-
tire system later in the process, the selected 
PoCs form the basis for prototyping a com-
plete and functional system. To also make 
the final prototype as aesthetically pleasing a 
possible, a balance between prototyping form 
and function is desired but cannot always be 
achieved. Therefore, priority lies on fulfilling the 
spatial anticipations of the final concept dur-
ing this process. Furthermore, no custom com-
ponents are used in this phase (except for 3d
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Prototyping

Near-infrared gesture tracking of the us-
er’s hands

Vertical cavity surface emitting Laser 
(VCSEL) measurement of LLD

Magnetic potentiometer (MagnetoPot) 
for heel relative position sensing

Flex sensors for pelvic tilt (PT) detection

Machine vision tracking of patient’s low-
er limbs

Fig. 48 - DINED population sample
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6.3 Findings

6.3.1 PoC #1 - Dual IR Camera Gesture Tracking

Setup
The first PoC is based on a dual infrared cam-
era set-up in combination with infrared emit-
ting diodes, as can be found in a Leap Motion 
Controller (Fig. 50). In this experiment the goal 
is to only facilitate the user’s hands as input 
for landmark referencing. This would allow for 
a near unobtrusive experience where only the 
camera / LED assembly would need to be po-
sitioned during set-up and feedback given on 
a screen during each assessment. 
 
A test has been devised based on a gesture 
observed during the research phase. This 
gesture simulates the hand positions during 
a loaded LLD assessment, the thumbs press 
against the heels while the index fingers rest 
on the lateral malleoli. By launching the Leap 
Motion Diagnostic screen, toggling to top view 
and enabling tracking information of limb co-
ordinates, it is possible to check the accuracy 
of each finger’s virtual position in relation to its 
physical position (Fig. 50). 

Considering the physical location of each 
thumb to be at x/y = 0 would mean that the 
position of the left and right index would be at 
x = -5, y = 15 and x = 5, y = 15 respectively. As the 
executed gesture is symmetrical, it is expected 
for the virtual position to reflect this symmetry 
in equivalent magnitude to its coordinates.

Result
As can be seen in Fig. 49, the highlighted co-
ordinates represent the determined virtual 
positions of each thumb and index. The indi-
vidual error tolerance was significant, ranging 
from 0,329 - 7,679 mm. The average error mar-
gin was calculated by determining the position 
discrepancy between left and right finger po-
sitions for all three coordinates across all three 
tests. Across three tests, including intermedi-
ate sensor calibration, the average error mar-
gin was 3,098mm. Considering the millimetric 
accuracy desired and required for the solution 
makes these findings unsatisfactory. More pic-
tures of the test results can be found in Ap-
pendix G).

Fig. 51 - LeapMotion Diagnostic window (middle), Hand gesture on cutting mat (right)

Fig. 50 - Finger position tracking with highlighted coordinates

Fig. 49 - Test setup: LeapMotion pointing at cutting mat
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Result
With this set-up, it was decided to first take 
a straight measurement from a distance of 
150mm. Afterwards the sensor is rotated 10 
degrees to the left and 10 degrees to the right, 
for which a distance of 152 mm is expected. 
For each rotation the distance discrepancy of 
the last 15 readings have been averaged (fig. 
52). For the straight measurement individual 
error margins ranged from 0 - 4 mm, with the 
average calculated to be 1,687 mm. For the 10 
degrees right measurement,  individual error 
margins ranged from 0 - 7 mm, with the aver-
age calculated to be 1,533 mm. For the 10 de-
grees left measurement,  individual error mar-
gins ranged from 0 - 4 mm, with the average 
calculated to be 1,467 mm. The results show 
that it is possible to get reliable measurement 
readings with a VCSEL sensor, that are close to 
millimetric accuracy, making these test results 
satisfactory.

6.3.2 PoC #2 - VCSEL LLD Measuring

Setup
The second PoC is based on a Vertical Cavi-
ty Surface Emitting Laser (VCSEL) in order to 
determine its potential to detect LLD with rea-
sonable error tolerance. For this an experiment 
was devised where the VCSEL sensor was at-
tached vertically to the centre of rotation of a 
protractor. The protractor’s degrees of angle 
can be set in 5-degree increments and point-
ed onto a target surface. This target surface is 
simulating the patient’s heels that may also be 
measured through an augmented surface (fig. 
53). The idea being that the VCSEL sensor is 
attached to the OR table in a perpendicular 
manner, determining the distance discrepancy 
between each target surface. Alternatively, this 
concept could be mirrored with one VCSEL 
sensor placed on each heel, measuring the dis-
tance to a vertical surface, perpendicular to the 
length of the OR table.

Fig. 56 - Test setup: VCSEL sensor attached to protractorFig. 52 - Measurements and Arduino code

Fig. 53 - Test setup: Target surface with 5 degree left orientation Fig. 55 - Test setup: 5 degree left orientation

Fig. 54 - Straight orientation



and the friction required to overcome by the 
internal magnet. This effect caused an average 
error margin of 0,5mm, which on the upside 
was extremely consistent. Nevertheless, these 
results are extremely encouraging and prove 
that this concept direction has potential for an 
accurate and stable position readout.
 
Finally, the configuration of the setup was 
changed. A second MagnetoPot was intro-
duced and mounted facing the opposite way 
of the first Sensor. This was done in order to 
evaluate whether it is feasible to have two sen-
sors within a central device and only a mag-
net placed on each heel. Additionally, a 1 mm 
steel plate was placed between the sensors in 
order to increase the magnetic forces acting 
on them. This would have the added benefit 
of locking the patient’s heels together allowing 
for more liberated manipulation of the patient’s 
feet. Although feasible in theory, due to the 
opposing polarity of the internal magnets, the 
concern here was that the opposing magnet-
ic fields may disturb the sensors performance. 
The conclusion was that there was no interfer-
ence between the sensors and no interference 
caused by the opposing magnet. In fact, due 
to the steel plate, the bond between magnets 
and the ‘sensor unit’ was increased significant-
ly. Unfortunately, no force gage was present to 
quantify the results, nonetheless this direction 
seems promising to go forward with.

6.3.3 PoC #3 - Magnetic Potentiometer LLD 
Measuring

Setup
The third PoC is based on a magnetic poten-
tiometer which acts as a position sensor for 
relative position sensing. The assembly of the 
MagnetoPot houses a small disc magnet that 
pushes against a linear force sensitive resis-
tor, when activated by an external magnet. In 
theory this allows accurate and stable sensor 
readings, while enabling a completely enclosed 
design. The aim is to determine whether the 
sensor can provide repeatable and accurate 
sensor reading down to the millimetre. The po-
tentiometer is mounted in a transparent casing 
which in turn is setup in a fixed position (fig. 
57). From the other side of the casing a cubic 
magnet is attached to which the end of a met-
ric calliper is attached. The calliper is elevated 
and moved in parallel to the MagnetoPot in 1 
mm increments back and forth. 

Result
The sensor reading is extremely stable due to 
the characteristics of magnets and quite ac-
curate as well. However, it was noticeable that 
whenever a direction change occurred it would 
take approximately 0,5mm of calliper move-
ment until the MagnetoPot’s internal magnet 
would start moving. This of course has to do 
with the characteristics of the magnetic field
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Fig. 57 - Test setup: MagnetoPot with cubic magnet Fig. 60 - Measurements and Arduino code

Fig. 58 - Test setup: Calliper Fig. 59 - Test setup: Calliper attached to cubic magnet and MagnetoPot



participant’s perspective), which makes the 
greater trochanter on the right side protrude.

After applying the sensor to the participant, 
one benchmark measurement was taken (an-
alogue value between 0 - 1023 and averaged 
over 10 readings). When the participant was ly-
ing still without any PT induced the read-out 
value was at 853 (benchmark value). When 
being asked to shift their pelvis clockwise, the 
sensor value read 847 and when asked to shift 
anti-clockwise the value read 860. It is notice-
able that a greater state change was detected 
when the greater trochanter was brought into 
a protruding position than when brought into 
a recessing position. Nonetheless, these state 
changes are rather minimal, yet can be ampli-
fied by fine tuning of the electronic circuit with 
different resistor values. Altogether, this con-
cept direction seems promising but will require 
much more extensive research and experimen-
tation in order to make feasible. If looked into, it 
is advisable to explore how the physical defor-
mation of the flex sensor can be intensified, for 
example by suspending it between two ECG 
electrodes while placing one on a ‘stable’ skin 
area and the second one on top of the greater 
trochanter.

6.3.4 PoC #4 - Flex Sensor PT detection

Setup
The fourth PoC is based on a flex sensor for 
detection of pelvic tilt. The theory being that if 
you rotate the pelvis in the perpendicular axis 
to the coronal plane, the greater trochanter on 
either given side is going to protrude or recess. 
This state change in theory is detectable by 
a flex sensor. In a use case scenario, the user 
locates the greater trochanter on the non-op-
erative side, applies the flex sensor to the pa-
tient’s skin and calibrates it. Once the surface 
of the skin changes into a more convex or con-
cave shape a state change is detected by the 
sensor and communicated to the user. 
 
For this test setup, a flex sensor was applied 
with double-sided tape to the right side of a 
test subject’s pelvis. The sensor was calibrated 
and wired in such a way that an LED would 
trigger if a state change was detected. As no 
literature or resource could be found as to how 
much PT is induced during a THA, a test in 
order to establish a benchmark was devised. 
The participant’s heels were aligned and then 
pressed against with varying pressures, in or-
der to artificially induce pelvic tilt. Through this 
it was determined  how much the pelvis could 
be shift by applying varying pressures on each 
heel and the participant was asked to remem-
ber each position. It is to be mentioned that 
these tests were carried out on a laminated 
floor which has a low friction coefficient com-
pared to the cushioning of an OR table. This 
naturally induces a  greater PT than would re-
sult during the surgery, which for preliminary 
testing is acceptable. 

Result
Afterwards, the actual test was performed un-
der the same conditions, only this time the 
participant was asked to shift their pelvis into 
the previously induced positions. First the par-
ticipant was asked to shift the left side of their 
pelvis towards their torso (clockwise rotation 
- participant’s perspective), which makes the 
greater trochanter on the right side of their 
body recess. Then they were asked to shift 
their right side in the same manner but in the 
opposite direction (anti-clockwise - 
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Fig. 62 - Test setup: Flex sensor attached to participant and test circuit

Fig. 61 - Test results and Arduino code



6.3.5 PoC #5 - Machine Vision Lower-Limb 
Tracking

Setup
The fifth PoC utilises machine vision, techno-
logically similar to PoC #1 but different in its ex-
ecution. Here a OpenMV Cam H7 Pro with an 
IR lens and polarising filter is combined with 
tree IR emitting trackers. This time instead of 
illuminating the scene with IR diodes, the aim 
is to track the individual IR emitters. The reason 
for not choosing retroreflective trackers (that 
simply reflect IR light), is the goal to track the 
markers from behind surgical drapes, for which 
a high light density is required. This was done 
in order to simulate a situation where the visual 
line-of-sight to one of the markers is compro-
mised, due to placement of surgical drapes on 
a landmark, ultimately obscuring it. 
 
To evaluate whether the OpenMV Cam H7 Pro 
is able to track the position of IR trackers ac-
curately without the interference of surgical 
drapes, a simple test setup has been created 
(fig. 65). The camera was suspended, facing 
downwards and pointing towards a ca. 1000 
x 750 mm surface. Translating the resolution of 
the camera (2592x1944 px), to this flat surface 
means that each pixel represents a square of 
ca. 0,385 x 0,385 mm (neglecting lens distor-
tion). The IR emitting trackers are positioned 
on randomly chosen coordinates in order to 
form a triangle. The code used for this PoC is 
an altered version of the OpenMV ‘IR Beacon 
Grayscale Tracking’ library code, which can be 
found in Appendix F). The code would draw 
rectangles around each IR source and deter-
mine each centre point before providing the 
coordinates via the Serial Terminal (fig. 63).  In 
three tests, each tracker was displaced in 1 mm 
increments, by bending the diode (along y-ax-
is). In order to observe whether the machine 
vision program would accurately track its po-
sition, screenshots were taken and coordinate 
positions compared.

Result
The results of this PoC were rather encour-
aging, with the program being able to pick 
up minimal displacement of the diodes. The 
diodes were placed in such a way that when 
bent, they would displace in the y-coordinate.
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Fig. 63 - Benchmark coordinates with OpenMV and Arduino code + three displacement results

Fig. 66 - View from under the drape Fig. 67 - Test setup: Camera vertically suspended

Before starting the experiment, one benchmark 
screenshot was taken, which placed the first 
diode (D1) at x: 1347, y: 878; the second diode 
(D2) at x: 748, y: 1177 and the third diode (D3) at 
x: 1202, y: 1333. After referencing their position, 
each diode was bent 1mm to the left, resulting 
in D1 (x: 748, y: 1183), D2 (x: 1202, y: 1336), D3 
(x: 1347, y: 879). This process was repeated two 
more times, with similar results. Displacement 
discrepancies ranged from 0 - 6 pixel points, 
which translates into ca. 0 - 2,4mm. On aver-
age, when displaced by one millimetre, pixel 
coordinates changed by 2,1 pixel points, which 
is the equivalent of ca. 0,8mm. Given that the 
accuracy of the displacement was performed 
by hand, there is expected to be an error mar-
gin. Nonetheless, the OpenMV camera proved 
to be able to register minimal displacement 
with surprising accuracy, making this direction 
interesting for future exploration.

Considering the results from the first test, the 
surgical drape test was attempted. In order to 
evaluate whether trackers obscured by surgi-
cal drapes, are accurately trackable, the same 
test setup was facilitated and two types of 
surgical drapes were used. Firstly a drape that 
consists of a single fabric. The second one a 
bi-material drape, which consists out of fabric 
reinforced by a solid thermoplastic layer. Both 
drapes were loosely placed on top of the track-
ers (Fig. 67). The results were rather discourag-
ing as the surgical drapes acted as diffusers 
for the emitter. It resulted in a homogeneous 
IR light source when trackers were placed too 
close to each other or too far from the drape, 
ultimately combining their centre points. In Fig. 
65 is visible how the light from one IR emitter 
was accurately registered, which can be attrib-
uted to the minimal distance between IR diode 
and drape (Fig. 68). It could be argued that 
decreasing the light intensity could counteract 
the diffusion and have a similar effect, in which 
case the coordinate of each diode could be 
accurately registered through surgical drapes.

Although being an extremely interesting di-
rection, this concept would require extensive 
research and experimentation and will not be 
explored any further.

Fig. 64 - Succsessful surgical drape test Fig. 65 - Failed surgical drape test
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Considering these preliminary findings the cup 
design was altered slightly. Areas on the un-
derside of the foot that were deemed unrelia-
ble were excluded, which decreased print time. 
The rope guides were increased in size to alter 
the direction of the pulling forces and final-
ly the inside cushioning was printed in shore 
A95 TPU with foaming capabilities (Colorfabb, 
2019). This improved the fit and grip of the 
brace significantly, in particular the TPU was 
not too elastic to distort the fit accuracy and 
not too firm avoiding discomfort. Altogether, 
this direction seemed promising, yet after pre-
senting it to experts and the supervisory team 
(see Appendix H), concerns about the practi-
cality of this direction arose. In particular, not 
allowing for fixation of ankle rotations lead to 
concerns that although technically feasible, 
this direction would be undesirable within the 
OR. In light of the expert feedback and the 
struggles with the DINED model, it was decid-
ed to abandon this direction.

6.3.6 Non-tech PoC #1 - Cable fixation

Setup
This non-tech PoC was created in order to 
determine whether the fixation of a heel cup 
would allow for repeatable and reliable LLD 
assessment. As covered during the Discover 
Phase, the patient’s position during an LLD as-
sessment needs to be kept consistent across 
multiple evaluations in order to make the re-
sults comparable. Making the measuring de-
vice wearable naturally mitigates that risk, on 
top of being unobtrusive to workflow, OR setup 
and allowing for repositioning of the patient’s 
feet during the procedure. On the other hand, 
the importance of correct initial placement is 
increased alongside other challenges such as 
potential slippage of the device during patient 
repositioning.

Result
A series of heel cups with cable systems has 
been prototyped. Heel cups were printed in 
PETG and cushioned with PE foam in order 
to ensure an appropriate fit and grip. The cup 
embraces the Calcaneus (heel bone) as the 
intended point of reference. Initial prototypes 
(Fig. 68) did not meet the desired position sta-
bility required for this concept. The heel cup,  
although being tightened firmly, was prone to 
slippage when collisions occurred, due to the 
pull directions of the rope as well as the foam 
used inside the cup. It was also found that 
the extending element of the cup, which was 
meant to act as a lever for easier foot manoeu-
vrability was almost completely unusable. This 
was in part due to faulty surface information 
from the DINED model, which misrepresents 
the underside of the foot. This incorrect sur-
face information may be the result from 3D 
scanning participants in a standing position, 
which does not allow for collection of accurate 
data points from the underside of the foot.

Fig. 70 - 3D printed heel cup and cable system iterations

Fig. 68 - First iteration (3D printed) Fig. 69 - Third iteration (3D printed)



6.3.7 Non-tech PoC #2 - Ergonomics Mock-ups

Setup
This non-tech PoC was created in order to de-
termine whether a hand held device should 
consist out of a unibody or two split-bodies, as 
sketched out during the ideation phase. Ad-
ditionally, it was to be determined which sur-
faces would be required in order to orientate 
and retain the patient’s feet within the device, 
which was tested on a participant. Lastly, it was 
of interest to investigate how either device 
would be handled by the user in terms of ergo-
nomic grip. In order to explore these aspects 
and interactions, a series of ‘quick and dirty’ 
mock-ups have been created from cardboard 
and thermoplastic containers. This technique 
is also sometimes referred to as ‘makeshift or 
frankenstein prototyping’.

Result
The first result were two unibody mock-ups, one 
top-loaded, meaning that it would be placed 
over the patient’s feet and one bottom-load-
ed, meaning that the patient’s feet are lifted 
into the device. Although the interaction of the 
top-loaded mock-up was much more desira-
ble in terms of handling while interacting with 
the participant’s feet, the device did not sit 
securely enough. With the bottom-loaded de-
vice on the other hand, it was noticeable that 
the weight of the patient’s feet would allow 
for the device to self-orientate (due to the flat 
bottom surface) and secure the device, even 
though being tested on a cushioned couch. 
One aspect that both unibody mock-ups had 
in common was that it proved difficult to get 
the participant’s feet into them. One would first 
need to lift one leg before twisting the device 
and trying to slide the equivalent side under-
neath the participant’s foot. Once the first foot 
was in, the second one proved much easier to 
position. Nonetheless, there is an awkward in-
teraction moment that should be considered 
and possibly avoided.

Moving on to the split body mock-ups, three 
variants were created for testing. The first was 
bottom-loaded with a large flat surface on the 
underside, the second was a bottom-loaded 
one with a round(-ish) bottom surface and the 
third one was a side loaded one with a cavity

to lock the heel into. The first version worked 
most intuitively, due to the split-body design 
it was easy to lift each foot into their half and 
then guide them together. The flat underside 
and inner surface made it extremely easy to 
align the two halves and slide them parallel to 
each other. The second version behaved the 
exact same way as the first one, except for the 
alignment and orientation of both halves. The 
rounded underside would make it difficult to 
handle the feet and slide them in parallel. How-
ever one needs to consider that no magnets 
pull the halved together in this mock-up, there-
by this still remains an option. The third version 
had the same problem and the side-loading 
aspect of it made getting the feet into position 
difficult. On the upside, having the heel lock 
into position was a feature that gave great con-
trol over the orientation of the foot and should 
be considered in terms of form factor.

When applying pressure on either version, it 
seemed most ergonomic to grab each body 
from the outside, embracing it in a natural grip 
position (Fig. 71). In an attempt to introduce 
some variety, two modified luggage scales 
were used as grips, while also measuring the 
pressure applied to each foot.
In this particular instance, having a protruding 
grip proved to decrease the control over each 
half, yet on the plus-side it did verify that one 
tends to apply differing pressures to each foot. 
Over five tests the average difference in force 
was 3N (or 0,3 kg).
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Fig. 71 - Unibody mock-up pressed against feet

Fig. 72 - Unibody and split-body cardbord / plastic mock-ups

Fig. 73 - Modified luggage scale Fig. 74 - 3D printed mechanism modification



OR set-up, it also allows for maximum human 
error during usage, therefore not enhancing or 
improving current methods.

Non-tech PoC#2 showed that a split body ap-
proach would provide better user-product-pa-
tient interaction, which was contrary to the in-
itial assumption. Additionally, it was assumed 
that having a protruding handle would improve 
ergonomics, which it does not. In conclusion, 
the final concept should be based on a split 
body approach and facilitate shape integrated 
ergonomics, that allow the user maximum con-
trol over the device.

6.4.2 Limitations
The primary limitation to the PoC phase was 
that it was carried out at home and not in a 
laboratory. Certainly, test results could have 
been improved by using more precise set-ups, 
machinery and evaluation methods that are 
only available in laboratory conditions. Addi-
tionally, many more concepts could have been 
tested and the ones that were chosen could 
have been tested more in depth and involving 
more participants in order to increase the qual-
ity of results. Unfortunately the time frame of 
the project and social distancing measures did 
not allow for it. Particularly the machine vision 
concept is an interesting direction to explore 
in more depth, considering current industry 
trends. Moreover, there were other directions 
identified during ideation that were not tested 
due to lack of time, such as the metallic print 
reference grid (Chapter 5) for fluoroscopy. 
Overall, the results are informative but can only 
be treated as preliminary results from a profes-
sional research and development perspective.

the device is perpendicular to that line.

as this can be very context specific. No doubt, 
with a more finely calibrated system and more 
precise sensors, high levels of accuracy on pel-
vic shift state change can be provided and in 
particular the embodiment and placement of 
the sensor should be investigated further. As 
pelvic tilt frequently being mentioned as a 
factor for LLD assessment confusion, it would 
have been chosen for continuation in a less 
time constraint setting. Unfortunately, since this 
is not the case with this project, it was decid-
ed to leave this development open for future 
explorations. Instead it was decided to make 
use of an already proven alternative, which is a 
movement protocol in order to straighten the 
patient’s pelvis (Chapter 3).
 
PoC #5 has been proven to be surprisingly ac-
curate and should be considered for applica-
tion towards future robotic systems. The main 
drawback of this concept is that line-of-sight 
towards the trackers can be interrupted, which 
in a present scenario may very well be anything 
from gauzes, instruments or drapes. Addition-
ally, it should be considered that these markers 
are being attached to the patient’s skin which, 
as soft tissue, has the potential to shift through-
out the surgery. Therefore, for implementation 
of this concept, two main boundary conditions 
have to be fulfilled: 1. Procedures have to be 
as minimally invasive as possible to minimise 
skin shifts. 2. A tidy environment is required, 
minimising the risk of an obstacle interrupting 
the line-of-sight between markers and camera. 
Additionally, one is to consider whether in a ro-
botics context multiple cameras may be used 
in order to increase the field of view and the 
angles of view, which would ensure the visibili-
ty of all landmarks (e.g. heels) and mitigate the 
risk of visual line of sight corruption. 

Non-tech PoC#1 was considered a promising 
direction at first, yet after listening to expert 
feedback it was decided that too many chal-
lenges and risks remained with this direction. 
Although this concept allows for maximum 
flexibility in terms of workflow adaptation and

6.4 Discussion

6.4.1 General
It is safe to conclude that some of the PoCs 
can be categorised as insightful but not fea-
sible and can therefore be excluded for final 
concept selection.
 
PoC #1 had the worst performance results, with 
inaccurate measurements and an overall unre-
liable interaction factor. This approach fails to 
provide precise enough feedback on the us-
er’s hands and therefore landmarks on the pa-
tient’s body, which leads to its exclusion from 
further development.
 
PoC #2 certainly had promising results in terms 
of accuracy, but would require a more complex 
set-up in order to implement. The necessity of 
a target surface to compare the measurement 
against (in either direction), requires a precise 
setup of a reference structure, potentially at-
tached to the OR table itself. This increases the 
risk for human error during set-up of the target 
surface. Additionally, it is counterproductive 
to add installations into already crowded OR 
rooms. As a more flexible solution is desired 
that has the potential to work in multiple OR 
setups, leads to the exclusion of this concept 
direction too. 
 
PoC#3 has been proven to be quite reliable 
as a relative positioning method. This concept 
direction allows for the flexible approach de-
scribed earlier, as either part of this sensor can 
be easily embedded and enclosed in any type 
of system. This would allow for devices that are 
entirely sealed and can be exposed to chemi-
cal cleaning agents, which would fulfil the ster-
ilisation requirements mentioned in Chapter 
4. This concept direction, in combination with 
pressure sensors would allow for evaluation of 
how much force is applied to either foot, en-
suring that equal pressure is applied to the 
patient’s lower body system during a loaded 
assessment.  Having precise feedback on the 
relative position of the heels to each other at 
any given force input is valuable insight. How-
ever, this interaction is optional as the magnet-
ic potentiometer also provides feedback for an 
unloaded assessment, as long as the feet are 
aligned along the centre line of the patient and
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Key Insights

- PoC#3 featuring the Magnetopot position 
sensing performed reliably and has been 
chosen for continuance.

- PoC#4 featuring the flex sensor proved to 
be an interesting direction but fell outside the 
scope of the project due to time limitations.

- PoC#5 featuring machine vision also 
proved to be an interesting direction, 
in particular for more futuristic and ad-
vanced scenarios. Potentially a great sup-
plement for RAS.
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Final Concept

7.1 Background

After having performed the tech and non-tech 
PoCs (Chapter 6), all gathered insights were 
translated into digital concept sketches (Fig. 
75) in order to communicate the envisioned 
development direction. These sketches, along-
side the findings were presented to the main 
expert and the rest of the supervisory team in 
order to open a discussion on features, details, 
expectations and execution of the final con-
cept. Following these discussions, the conclu-
sions were translated into a 3D CAD model, for 
which Solidworks 2019 was used, 

before presenting intermediate results to the 
supervisory team for further feedback. Final-
ly after having gathered all final remarks and 
discussion points, the final model, which also 
forms the basis for the final prototype (Chap-
ter 8), was created and rendered in Keyshot 
9. These renders are presented in the follow-
ing sections in order to explain the concept 
in more detail. For more information on which 
components were used for the final prototype, 
see Chapter 8, Section 8.2.

Fig. 75 - Concept Sketches



Final Concept  | 109108 |  Final Concept

7.2 Concept Overview

7.2.1 PlusMinus
PlusMinus is a hand held device, similar in 
topology to a defibrillator. The device consist-
ing of two units and a charging station. The two 
units are magnetically connected when in use, 
clicking together while conveniently switching 
the device on. The same magnetic features are 
used for suspending the unit onto the charg-
ing station, aligning the wireless charging coils 
precisely. The meaning of the name PlusMinus 
is manyfold. Primarily originating from the role 
that magnets play in this concept, creating a 
playful analogy to the attraction of opposite 
polarity. Nonetheless, the meaning extends 
further to the primary function of the device, 
constantly evaluating relative position of the 
units to one another. 

Fig. 76 - Concept Renders
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Magnetopot
- for relative position sensing

Wheatstone bridge
- for reaction force sensing

would be the Wii Balance board, which is a 
gaming / fitness console controller that meas-
ures the users weight distribution across the 
device. For this concept the same principle of 
a Wii balance board is used in order to evalu-
ate whether the user of the device is apply-
ing equal forces to the feet of the patient. To 
get an extremely precise and reliable meas-
urement, each contact surface is equipped 
with four load sensors, forming a Wheatstone 
bridge configuration. In order to overcome the 
discrepancy in length between both legs, the 
body is split into two halves and a movable, 
magnetic link is introduced. Therefore, by plac-
ing a Magnetopot in one unit of this split body 
design, the relative position of both units to 
each other can be determined (Fig. 78).

7.2.2 Working Principle
 
Core Technologies
Breaking down the concept, it is based on two 
core technologies:

 1.

 2.

The Magnetopot being discussed and re-
viewed in Chapter 6, now closer attention is 
paid to the Wheatstone bridge. The techno-
logical principle of the latter is what enables 
precise weight, mass or force sensing and is 
found in many household items, such as kitch-
ens or body-weight scales. A more descriptive 
analogy and example product for this instance 

Load Cell Load Sensor MagnetoPot

Fig. 77 - Pressure unit (load cell) composed of four load sensors Fig. 78 - MagnetoPot inside of sliding element
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Fig. 79 - Inner workings: component view
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Alphanumeric
Display

LED
Button

Haptic
Motor

Haptic
Driver

User Communication
In order to communicate position and reaction 
forces to the user effectively, two principles 
have been chosen:

 1.

 2.

Alphanumeric displays are found in many 
household appliances, such as alarm clocks, 
microwaves or ovens. They are affordable and 
versatile, as they are able to display numbers 
as well as letters and consume little electric-
ity. One display is used to communicate the 
negative discrepancy of the shorter leg in milli-
metres, whereas the longer leg stays at ‘+0.00’, 
leading to an alternation effect, depending on 
which leg is longer. For the second principle, 
providing reaction force feedback, one haptic 
motor per unit is used. These motors will pro-
vide haptic feedback in case of unequal force 
application and vibrate the unit that has too 
much pressure applied to it. This way two sepa-
rate communication channels for position and 
force sensing are created, reducing the risk of 
misinterpretation of any device feedback.

Alphanumeric display
- for position communication

Haptic motor
- for excess force communication

Fig. 80 - User communication components
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Fig. 81 - Component frame close-up 
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Power Supply, Charging & Storage
Each device’s power button is located on the 
slider inside the protruding magnet housing, 
and features a blue LED. This means that the 
device switches on by itself, as soon as the two 
units connect. This effect is amplified by the 
blue LED illuminating the sliders and the al-
phanumeric displays switching on. This means 
that if the device does not switch on when 
connected, either the alignment is incorrect or 
the batteries are low. In order to prevent the 
latter scenario an 1200mAh battery is featured 
within the device, which given the low power 
consumption of all components will allow for 
all-day usage (based on a 10 hour work day 
+ buffer). Nonetheless, this battery can be 
charged wirelessly on the accompanied charg-
ing stand. Here too the magnets and shape of 
the stand allow for perfect alignment of both 
the receiver and transmitter coils. This charging 
stand also doubles as a storage device in be-
tween LLD assessment moments or between 
surgeries.

Alignment
Magnets

Power / Reset
Button

Alignment
Magnet

Fig. 82 - Power and Storage 
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Wireless
Charging Coil

Stand
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Embodiment Features
The first noticeable embodiment feature is the 
colour and texture differentiation of the han-
dle portion compared to the rest of the device. 
The differentiation in look and feel create a use 
cue for intuitive user-product interaction. The 
next noticeable feature is the semi-soft insert, 
which restrains the patient’s foot while provid-
ing stability and comfort. The insert is modular 
and comes in three different sizes (S, M and L) 
and can therefore be customised to each pa-
tient’s foot size.  The next feature, an alignment 
magnet placed on the top of either unit, pro-
vides additional stability during small discrep-
ancy assessments. Furthermore, with these 
magnets the position calibration of the device 
can be checked, as when engaged neutrally 
the unit would display +00.0.

In case the entire system malfunctions due to 
component failure or low batteries, additional 
features have been incorporated in the em-
bodiment of the device, that allow for ‘offline’ 
LLD assessments. For visual as well as hap-
tic assessment, an embossed line has been 
placed on either side of the device. These em-
bossed lines allow for relatively precise evalu-
ation of leg length equality by eye, as well as 
touch. The placement of these alignment lines, 
next to the alphanumeric display (facing the 
primary user) and on the blue alignment mag-
net housing (facing the secondary user) also 
allows for two people to evaluate the device’s 
position from opposing sides (e.g. surgeon and 
circulating nurse). 

Alignment
Magnet

Position
Magnet

Embossed
Line #1

Embossed
Line #2

Fig. 83 - Embodiment features
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Lastly, frequent rotation within the OR may not 
allow for traditional sterilisation methods be-
tween THAs. Although the product is entirely 
sealed and therefore able to undergo sterilisa-
tion by various cleaning agents, a custom ster-
ile plastic cover has been created, which can 
be discarded after each surgery. This not be-
ing the sustainable design choice, it should be 
considered that in a non-surgical setting (pre- 
or postoperative) the device can be sterilised 
quickly between patients.

For rough offline evaluation of larger discrep-
ancies the earlier mentioned alignment mag-
nets can be facilitated. The diameter of 15mm 
means that as soon as these magnets start to 
engage noticeably, the discrepancy is with-
in 10mm. Otherwise, if the magnets are out of 
each other’s range, it indicates a discrepancy 
of at least 10mm.  Although an ‘offline’ assess-
ment falls short in applying equal pressure to 
the patient’s feet, it still improves the current 
way of assessing a patient’s LLD by putting 
the patient’s feet into plantigrade position as 
well as requiring only one person to perform 
the assessment.

Insert
Size M

Changeable

Fig. 84 - Modular Inserts (size M)



Final Concept  | 127126 |  Final Concept

Data Logging
As the device uses Bluetooth to communi-
cate, all data can be directly logged into the 
electronic patient’s file. This would allow for  
pre-, intra-, and post-operative assessments 
to become more easily comparable, therefore 
creating a measurement standard. Ultimately 
in a patient journey this would mean that the 
patient is assessed preoperatively, and any 
preoperative LLD is registered. Intraoperative-
ly, surgeons can make informed decisions on 
whether they want to replicate that discrepan-
cy or align legs equally, based on each patient’s 
history, context and condition. Postoperatively 
additional assessments will reveal long-term 
effects of THA on postoperative LLD. This may 
allow for algorithmic pattern recognition ulti-
mately creating data-driven insights into the 
relation between pre-operative LLD, postoper-
ative LLD and surgical workflows.

7.3 Discussion

7.3.1 General
This concept, being the first of its kind, will most 
likely turn out to be flawed in many ways that 
are unidentified at this point. In a product de-
velopment context, many more proof of con-
cepts and experiments would be performed at 
this point. Due to the time frame of this project, 
these steps are skipped and an attempt at a 
complete and integrated functional prototype 
of this version is created.

7.3.2 Limitations
The primary limitation of this concept is prob-
ably ergonomics. For example, very little time 
was spent on investigating what the most er-
gonomic grip for this device would be, or even if 
the proposed product-user interaction makes 
sense from a cognitive ergonomics standpoint. 
Especially in regard of the latter, many assump-
tions made may turn out to be biased. These 
types of insights can only be gained through 
user testing, which context and time wise did 
not fit into the development scope.

Key Insights

- The concept,  is based on two technologies:

1.   Magnetopot - for relative position sensing
2. Wheatstone bridge - for reaction force 
sensing

- Two communication principles were chosen:

1.  Alphanumeric display - for position com-
munication
2.  Haptic motor - for excess force communi-
cation
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8.2 Component Overview

Nano 33 BLE
The Nano 33 BLE is the latest small factor mi-
crocontroller from Arduino (Arduino, 2019), re-
leased in 2019. This board runs off 3,3 Volt log-
ic and is able to communicate wirelessly over 
Bluetooth Low Energy to a host of peripheral 
devices. One Nano 33 BLE board per unit is 
used, one acting as the central device and the 
other as the peripheral device.

Magnetopot (50mm)
The Magnetopot by Spectrasymbol (Spectra 
Symbol, 2019) is similar to their linear poten-
tiometer technology (see Appendix J). The 
Magnetopot houses an internal magnet, which 
pushes against a force sensitive resistor, when 
activated by an external magnet. This allows 
for precise and stable position sensing. One 
Magnetopot with a linear sensing distance of 
50mm is housed in the left unit (from the pri-
mary user’s view), next to the right heel and 
patients right medial malleolus. This allows for 
relative position sensing of 25mm in either di-
rection, which was deemed sufficient based on 
the survey results in Chapter 3.

Load Sensor (50kg)
Four load sensors (or strain gauges) by Spark-
Fun (SparkFun Electronics, 2019) are used per 
unit. Usually load sensors of this type are found 
in body-weight scales and are not to be con-
fused with load cells (see next paragraph). This 
particular strain gauge can measure forces up 
to 500N and can be amplified for better data 
resolution.

Load Sensor Combinator 
The load sensor combinator by Sparkfun 
(SparkFun Electronics, 2017) does exactly what 
is says: it combines load sensors and config-
ures them into a wheatstone bridge, thereby 
forming a load cell. This allows for much more 
accurate measurements of force or pressure. 
One combinator is placed in either unit and  
has the four load sensors connected to it.

8.1 Background

After having constructed the entire concept in 
CAD software (Chapter 7), it was time to start 
fabricating it. Keeping the prototyping meth-
ods in mind, the individual parts of the con-
cept were modelled accordingly. This means 
fit tolerances and wall thicknesses appropriate 
for FMD 3D printing using PETG and TPU fila-
ment. In order to ensure the fit of all electronic 
components listed in the next section, a series 
of test prints were performed in order to dial 
in tolerances to ‘press fit’ levels (Fig. 85) and 
minimal dead space. As slicing software, Sim-
plify3D (Version 4.1.2) was used with custom 
designed print profiles (see Appendix I) and 
the machine used remained the Creality CR20 
Pro.
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Final Prototype

Fig. 85 - Component fit test prints
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Vibrating Mini Motor Disc
The vibrating mini motor disc by Adafruit 
(Adafruit Industries, 2020e) is a haptic motor 
with a small footprint of 2.7 x 10mm (diameter) 
running on 2-5 volts. One motor per unit will 
provide the user with haptic feedback on ex-
cessive applied force on either patient’s foot.

Haptic Motor Controller (DRV2605L)
The haptic motor controller by Adafruit (Ada-
fruit Industries, 2020a) allows for simple pro-
gramming of vibration patterns, is placed in 
either unit for individual motor control and sits 
between the motor and the Nano 33 BLE.

Quad Alphanumeric Display
The quad alphanumeric display by Adafruit 
(Adafruit Industries, 2020d) is a 60 segment 
LED matrix (14 segments per character excl. 
dots), that allows for displaying letters as well 
as numbers. Each display, placed in either unit, 
can visualise up to four characters, therefore 
allowing for numeric feedback on position dis-
crepancy or error messages. 

Grove LED Button (blue)
The blue Grove LED button by Seeed Studio 
(Seeed Studio, 2020), combines a button and 
LED in one unit and places it on top of a com-
pact breakout board, with quick connect cable 
adaptors. This LED button also uses 3.3V log-
ic and can therefore easily be combined with 
the Nano 33 BLE. One LED button is placed in 
either unit, right next to the primary magnets, 
acting as the power button of the system and 
communicating power status via the LED to 
the user. 

Lithium Ion Polymer Battery (3,7V 1200mAh)
The LiPo battery by Adafruit (Adafruit Indus-
tries, 2020c) is intended to last for a whole 
working day. One battery per unit will allow for 
continuous LLD evaluations, even without in-
termediary charges.

LiPo Battery Backpack
The LiPo battery backpack by Adafruit (Ada-
fruit Industries, 2020b) allows for 500mA 
charging cycles and ensures quick recharging 
of both units. The LiPo battery backpack is 
connected to the battery, Nano 33BLE and the 
LED button.

Qi Receiver Coil
The Qi Wireless receiver by a no-name brand 
is placed right underneath the patient contact 
surface or the pressure plate. This receiver coil 
allows for the device to be recharged when 
placed onto the charging station.

8.3 Results

8.3.1 System Overview
A circuit diagram was created in order to make 
a visual overview that will be used as template 
for soldering and coding logic. On the left hand 
side, there are the four load sensors, followed 
by the combinator and the Qwicc Scale (here 
represented by an older model). The colour 
coding for these components is unique to load 
sensors, with white being plus (+), black being 
minus (-) and red being the constant (C). From 
there the load sensors are being combined 
into a load cell with red being Excitation+ (E+ 
or VCC), black being Excitation- (E- or GND), 
white being the Amplifier- (A-) and green be-
ing Amplifier+ (A+). Exiting the Qwiic scale are 
four wires, red for 3,3V, black for ground, blue 
for Serial Data (SDA) and yellow for Serial 
Clock (SCL). These colour codes are the same 
for the alphanumeric display and the haptic 
driver, which features an additional interrupt 
(INT) pin. On the other side of the haptic driver 
board sits the haptic motor which has a posi-
tive and negative lead.

Towards the top of the schematic, above the 
Arduino there is the LED button (visualised by 
a simplified button), which features red and 
black leads for 3,3V and GND respectively, yel-
low for the LED signal (SIG1) and white for the 
button status (SIG2). The Magnetopot on the 
right hand side has a green line for analog data 
and otherwise the usual red and black line for 
3,3V and GND. With the battery backpack, 
which the battery is connected to, the colour 
coding changes a little. The black line is still 
GND, the green line is the 3.3V output to the 
Arduino, whereas the red line is the 5V input 
for the battery charging circuit on the board, 
which is only activated when the Arduino’s mi-
cro USB is given power (not visualised: Qi re-
ceiver coil). The Arduino, although running on 
3,3V logic, can pass through 5V if a jumper on

the backside of the board is connected, which 
has been done. Additionally the 3,3V trace on 
the back of the board can be cut in order to 
reduce power consumption, by bypassing the 
onboard converter and supplying pre-regulat-
ed power from the battery backpack. This has 
not been done, as it would require resoldering 
the trace every time a new code needs to be 
uploaded.
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Fig. 86 - Wiring Schematic
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8.3.2 Assembly

Electronics
After all components and their wiring sche-
matics were tested separately with compo-
nent library examples, they were soldered and 
fitted into the respective pressure unit frames. 
All connections on the Arduino side received a 
female pin connector, whereas all components 
received male pin connectors. The cables were 
colour coded according to the schematic in 
section ‘8.2.1 System Overview’. Only in a few 
cases the colour code was altered due to the 
lack of available cable colours.

After having soldered all connectors, the li-
brary examples were uploaded again in order 
to check the solder connections of each com-
ponent individually. Having tested all compo-
nents, it was time to integrate the code one 
component at a time. Firstly, the data reading 
of the Magnetopot were calibrated and the 
conversion to the alphanumeric display was 
coded and tested. Afterwards the LED and 
button states were integrated and the code

was tested again. Next, the loadcell readings 
were calibrated and linked with the haptic 
driver, which was programmed with a simple 
vibrating pattern. This code section was then 
integrated into the first section and success-
fully tested. Finally, the BLE connection was 
programmed and tested, which caused some 
intermediate errors and lead to the connection 
loosing at times. Overall, the code was relative-
ly stable at that point, so it was decided to se-
cure all cables within the unit and continue the 
assembly.

Housing
Assembly of the housing was relatively straight 
forward, as all parts had been 3D printed pre-
viously. Firstly, the pressure plate had to be as-
sembled, which included inserting the wireless 
charging coil and placing small 20 mm square 
steel raisers (1 mm thickness), that would be 
the contact point for the load sensors (Fig. 90).

Fig. 87 - Arduino Soldering

Fig. 88 - Beginning of electronics assembly

Fig. 89 - Arduino Coding
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Fig. 90 - Load sensors and steel raisers (background)

Fig. 91 - Integrated electronics assembly Fig. 92 - Fully assembled prototype (back view)
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Fig. 93 - Switched on Prototype displaying 0mm discrepancy (front view)

Fig. 94 - Display close-up Fig. 95 - Bottom view of inserts and LED shine



Final Prototype  | 143142 |  Final Prototype

After that had been done, the coil was con-
nected to the Arduino and the pressure unit 
was placed upside down onto the pressure 
plate. All cable connections were checked to 
be flush, before placing the front cover over 
the assembly, with the cables to the Magne-
topot and the LED button routed through a 
channel to the outside. Next, the slider element 
was assembled, the Magnetopot secured with 
double sided tape, the magnet placed and se-
cured by the LED button. The slider assembly 
was then connected and placed into the front 
cover after which the preassembled back cov-
er (foot restraint + insert) was positioned. The 
entire assembly is being held in place by four 
screws, one below the insert securing back 
cover and slider, two under the handle cover 
securing back and front cover and the last one 
under the top alignment slider, also securing 
back and front cover. Another set of magnets 
was placed into the top alignment slider, be-
fore it and the handle cover were snap-fitted 
onto the housing, covering the screws. Last but 
not least, a black tint film was applied to a clear 
piece of acrylic and fitted into the display por-
tion of the housing.

8.4 Discussion

8.4.1 General
Overall, the prototype in its physical form was 
satisfactory. The print quality on some cosmet-
ic parts were not the greatest, but this was also 
not the main goal. Considering component fit, 
all tolerances were extremely tight, to the point 
that during assembly close attention had to 
be paid to clinched cables. The construction of 
such tight spaces was deliberate, so that the 
overall volume of the prototype would be a 
closer representation of a final product. Overall, 
the prototype can be streamlined significant-
ly, as the wall thicknesses were exaggerated 
for structural stability. In fact, the volume and 
weight of the device could be decreased sig-
nificantly if electronics are optimised into a sin-
gle printed circuit board (PCB) and product 
architecture is optimised. Making use of more 
industrial manufacturing methods (e.g. injec-
tion moulding) and stiffer and lighter materials 
would improve structural stability even further, 
as would be required from such a device.

8.4.2 Limitations
The primary limitation of this prototype is the 
fact that it is based of prototyping electronics 
and prototyping production methods. A more 
stable code could have been developed in or-
der to enhance the BLE functionality and ca-
pabilities of the prototype. Nonetheless, time 
constraints did not allow for that.

Fig. 96 - Bottom view of inserts

Key Insights

- Assembly was straight foreward

- BLE connection was not stable

- Overall, the prototype can be stream-
lined significantly, as the wall thicknesses 
were exaggerated for structural stability.
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 Additionally, the haptic force feedback was 
reversed to shut of vibrations once a pressure 
limit has been reached, so to say encouraging 
the user to push. Once set-up, the testing re-
sumed with the 5mm displacement test, which 
were showing stable readings, yet some code 
errors remained (e.g. display flikkering). Over-
all reading values had error tolerances of 0.5 
- 0.9mm, which was deemed acceptable. Un-
fortunate however was the CAD dimensioning 
error, that limited the travel in one direction to 
13mm instead of 25 mm resulting in a discrep-
ancy measurement range of 38 mm instead of 
50 mm. Another logic mistake from the code 
resulted in the display showing a ‘+’ instead 
of a minus, causing slight confusion when the 
measurement was taken at first.

The magnetic connection between the units 
was surprisingly stable, but one may consider 
experimenting more with the magnet position 
and configuration for a more advanced setup. 
Certainly tolerances of the sliding components 
can be improved, as the units had a little too 
much play between them, yet not too much to 
render the measurements inaccurate. It could 
be argued that tighter tolerances would de-
crease the error margin of measurements.

During the participant test, the haptic feedback 
performed as coded, but at times it was difficult 
to distinguish which side was still vibrating. This 
may have been due to the positioning of the 
motors and arguably the position could be ad-
justed to produce more touch-local vibrations 
(e.g. underneath the handle). Other than the 
coding errors and the vibration confusion, the 
participant tests were rather successful provid-
ing confidence that further developments into 
this direction would create a user-friendly and 
reliable product interaction.

9.1 Background

In order to test the functional performance of 
the prototype and validate its conceptual ex-
pectation, this chapter will be dealing with a 
brief investigation of both, before concluding 
with limitations and improvements for future 
iterations.

9.2 Test Setups

Functional Performance
A simple test setup has been created in order 
to validate the accuracy of the prototype in 
terms of measuring relative position discrep-
ancy. The units were placed onto a reference 
grid and displaced in cycles of 5mm incre-
ments and measured against their actual po-
sition on the grid. All functional expectations 
were evaluated during this test.

Conceptual expectation
In this test a participant was asked to lay on 
the floor with the referencing grid placed un-
derneath their feet (fig. 99).  Then the partici-
pant was asked to introduce artificial pelvic tilt 
which was first measured without applying any 
pressure and checked against the reference 
grid (+ calliper). Afterwards pressure on the 
feet was applied until the vibration stopped. 
Also here, every time the device indicated 
movement of 5 mm, the position of the device 
will be checked against the reference grid. 

9.3 Findings

Overall, the prototype performed poorly at 
first. The BLE connection did not perform as 
expected, therefore it was excluded from the 
code and a hardware change to 25mm Mag-
netopots in either unit was made to display 
the discrepancy locally (see Appendix K).
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Fig. 98 - Accurate measurement (supposed to say -10.0 istead of +10.0)

Fig. 97 - Left display error
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9.4 Discussion

9.4.1 General
These tests and evaluations are extremely ba-
sic, just so that the general working principle 
of the prototype can be evaluated. It is to be 
said that even though more extensive testing 
would be required, this simple setup provided 
enough insights for further iterations. Firstly, the 
position of the magnet in relation to the slider 
needs to be changed so that equal distances 
in both directions can be measured. Secondly, 
a more reliable and robust code needs to be 
scripted that provides stable BLE connections 
and communication. Also, the calibration of all 
sensors can be scripted better than in this pro-
totype where the same basic averaging logic 
has been applied as for the PoCs (Chapter 6). 
Furthermore user-product interactions can be 
explored more in terms of (cognitive) ergo-
nomics (e.g. handle / haptic feedback).

9.4.2 Limitations
As with all experiments performed throughout 
this project, also these tests were performed 
in a home office context. Therefore, no labo-
ratory conditions were given and no labora-
tory equipment was used. Certainly, the qual-
ity of assessment could have been improved 
with more sophisticated methods. One test 
that could have benefited from such methods 
could have been a way to validate the forces 
applied to each unit. The test setup does not 
validate accurate force measurements, which 
may be unequal due to slight differences in 
print settings on both units. Unfortunately, 
the device also couldn’t be tested by medi-
cal professionals before handing in this thesis, 
as a meeting was organised for after the final 
paper deadline. Insights and feedback from 
medical professionals would have provided 
a more well-rounded impression of the result 
and would have rendered the evaluation less 
singular.

Fig. 99 - Prototype testing on participant

Key Insights

- Overall performance as expected

- Robustness of code needs improving

- Magnet configuration can be otimised

- Tolerances can be optimised
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creation participants not being tied to location. 
Ultimately, this thesis was primarily limited by 
time as the complexity of the topic would eas-
ily allow for PhD work. Therefore, it is advised 
to view this thesis as an initial starting point 
which could be further developed with more 

thorough research opportunities.

10.4 Reflection

To enhance conventional surgical workflows 
was the goal of this thesis, which resulted in 
the proposed design solution. Although the fi-
nal prototype can merely be seen as a proof 
of concept, it and the entire process leading 
up to it, should be used as the basis for further 
developments into that direction. Much of the 
theoretical framework that was developed dur-
ing this thesis may also apply to other work-
flows within the healthcare sector and should 
be considered when designing new solutions 
within it. Considering the value proposition of 
the design solution in relation to the most rele-
vant stakeholders of this project, one can con-
sider this project a success. Most criteria on the 
‘List of Requirements’ (Chapter 4) have been 
met, thereby allowing for its expansion and in-
vestigation into future iterations, if desired. In 
particular user-testing would provide many 
more valuable insights into potential develop-
ment directions.

Taking into consideration the circumstances 
under which this project was conducted, the 
complexity of the topic and the fact that it was 
carried out in an academic graduation context 
(meaning by a single person instead of a team 
of product developers), it can be said that the 
process as well as the final results are satisfac-
tory. There always remains room for improve-
ments, even in a professional setting, therefore 
finding points of improvement in this project 
will not be difficult. Afterall, perfection just like 
symmetry within the human body, is an unat-
tainable standard. In fact, in many cases minor 
flaws make a process, object or human that 
much more likeable.

How can post-operative LLD be prevented 
during THA, without disrupting conventional 
surgical workflows?

As the design solution proposes, the most 
sensible way of answering this question is to 
improve what is already being done and en-
hance the medical professional’s skills, by 
quantifying their actions and translating them 
into data. This way one enhances human ca-
pabilities instead of replacing them by other 
processes. Additionally, this approach offers 
the advantage of a minimal learning-curve, im-
proving the adaptability of technologies that 
take such approaches.

How can high-tech solutions be empowering 
to the user and provide a sense of control?

High-tech solutions for the OR must always 
have the user at the centre of product-us-
er interactions. In an OR the surgeon remains 
end-responsible and therefore no misinterpre-
tation or confusion caused by high-tech solu-
tions may occur. In order to mitigate such risks, 
communication channels must be separated 
and safety mechanism need to be integrated 
in order to make the usability of the device ‘po-
ka-yoke’ (Japanese term for ‘mistake-proofing). 
Some of these approaches were integrated in 
the design solution and provide an implemen-
tation example.

10.3 Limitations

This thesis encountered many limitations, the 
first of which being the Covid-19 crisis. Initially, 
this project was supposed to start much earli-
er, but was ultimately delayed by three months. 
Once it actually started, all necessary changes 
that forced a different style of working had to 
be incorporated into the project and all safety 
precautions had to be met. This included get-
ting approval from the collaborating hospitals, 
as well as access to required university facili-
ties. After everything was set, home office re-
mained the norm which limited some aspects 
of the development process, but also offered 
positive opportunities such as meeting availa-
bility with the supervisory team and co-

How can symmetry be evaluated and creat-
ed in an asymmetric biomechanical system?

Symmetry in a biological system is a relative 
concept and the focus should rather lie on 
creating relative symmetry, considering patient 
anomalies and focussing mainly on functional 
requirements. These functional requirements 
include standing and walking, as well as func-
tional joint performance. In the future, such 
analyses could be performed in simulation 
software and based off CT and MRI scans. Until 
then, the proposed design solution would ena-
ble to evaluate a patient’s functional symmetry 
pre-, intra- and postoperatively and provide a 
basis for informed decision making.

What role does the patient’s position play 
during repeated LLD assessments?
  
The patient’s position is crucial when assessing 
LLD and can lead to false positives. In particular 
the patient’s pelvic orientation or pelvic tilt in-
fluence an assessment and are one of the lead-
ing sources of false positives. Thereby, knowing 
the patient’s pelvic orientation proves valuable. 
For using the proposed design solution it is ad-
vised to lift the patient’s legs to the point that 
the pelvis is slightly suspended. When lower-
ing the legs in a symmetrical fashion, the pel-
vis self-orientates and an assessment can be 
performed. These type of movement protocols 
are already used by some medical profession-
als, but should really become part of standard 
procedure. In context of the developed device, 
a training session to be familiarised with the 
device is advised and should include this step 
before every assessment. Nonetheless, future 
solutions should integrate a feature to evalu-
ate pelvic tilt non-invasively in order reduce 
the risk for false positives.

10.1 Background

After having gone through the entire process, 
this chapter is dedicated to evaluating the 
overall process and results, answering the re-
search questions and offering a reflection on 
the project.

10.2 Research Asnwers

How to more accurately reference, assess 
and dimension lower limbs while consider-
ing a patient’s individual anatomical differ-
ences?

Although there is a lack of clinical studies and 
long-term insights to provide an adequate an-
swer to this question, this research offers an 
investigative direction. When accurately refer-
encing and assessing lower limbs one should 
focus mainly on the functional requirement, 
which in this case is standing and walking. 
Therefore, it is advised to simulate these con-
ditions, whereas the later may prove to be diffi-
cult to implement. However, the former can be 
simulated partially, by performing a dynamic or 
loaded assessment, meaning to apply pressure 
to the patient’s feet, as proposed in the design 
solution. This does not simulate the patient’s 
entire weight and a deliberate choice against 
a device that could do so was made in order 
to enhance the medical staff’s skills, keep the 
human aspect (as opposed to being actuator 
powered) and retain human / hands-on con-
trol over the assessment.One could develop a 
device though that would allow to simulate an 
orthostatic position on the patient while in su-
pine position. Such a device would likely need 
to be integrated into the OR table in order to 
fulfil the desired functionality. Regardless of 
the embodiment, the most important aspect 
is that a measurement standard is created that 
makes interphase results comparable.
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