
  

Measuring Lymphedema Symptoms 
Continuing the Development of a Medical Device 

 

 

 
 
 
 

THOMAS SEDERHOLM 
 

 
 

  

Master of Science Thesis 
Stockholm, Sweden 2012 

 

 



 



 

 
 
 
 
 

Measuring Lymphedema Symptoms 

Continuing the Development of a Medical Device 

 
 

Thomas Sederholm 
 
 

 

Master of Science Thesis MMK 2012:16 MKN 428 

KTH  Industrial Engineering and Management 

Machine Design 

SE-100 44  STOCKHOLM 
 

  



  



 
 

 

 
 

 Examensarbete  MMK 2012:16 MKN 428 

 

Measuring Lymphedema Symptoms 

Continuing the Development of a Medical Device 

 

 Thomas Sederholm  

Godkänt 

2012-mån-dag 

Examinator 

Jan Wikander 

Handledare 

Mats Hanson 

 Uppdragsgivare 

Sister Kenny Research Center
Kontaktperson 

Lars Oddsson 

Sammanfattning 
Denna rapport beskriver utvecklandet av ett medicinsktekniskt prototypverktyg för mätning av 
omkrets- och hårdhets-förändringar i armar och ben, för diagnostisering av lymfödem. 
 
Lymfödem är en bieffekt vid cancerbehandling som blir vanligare i och med att 
cancerbehandling blir allt mer effektiv. Lymfödem visar sig vanligtvis som svullnad av armar 
eller ben som kan bli bestående om den inte behandlas. Genom att följa omkretsen i armar och 
ben hos patienter som har strålbehandlats eller opererats för cancer kan en terapeut upptäcka 
tendenser till svullnad tidigt för att inleda behandling i god tid. 
 
Detta projekt baseras på ett tidigare projekt där ett verktyg för omkretsmätning tagits fram. Det 
är ett handhållet verktyg som matar en ring av måttband in och ut och sparar dess mått digitalt. 
Verktyget är tänkt att ersätta den nuvarande, manuella mätmetoden där måtten skrivs ner för 
hand och senare matas in i en dator. Fördelen med verktyget är att det ger en snabbare och mer 
pålitligt mätning. Resultatet från den manuella metoden kan variera mellan terapeuter medan 
verktyget är konsekvent i sina mått. 
 
En annan viktig del av diagnosen är palpering/känsel efter stelhet i patientens hud. Denna rapport 
beskriver också utvecklandet av en metod för att kvantifiera hudhårdhet i mänsklig vävnad på ett 
objektivt sätt – något som idag inte existerar. Genom att integrera styvhetsmåttet i mätverktyget 
kan diagnosprocessen göras mer tillförlitlig och effektiv. 
 
För att vara säker på att inte smittor sprids mellan patienter måste verktyget ha en ren gränsyta 
emot patienterna. För att möta detta krav har en engångsdel utvecklas som innehåller alla delar 
som kommer i kontakt med patienten och kan kastas efter bruk. 
 
Resultatet av projektet är ett mätverktyg som kan mäta omkrets med ett konfidensintervall på ± 3 
mm. Samtidigt som omkretsmätningen utförs mäts också hudstyvheten genom att mäta hudens 
kompressabilitet. De viktiga egenskaper som uppnåtts hos styvhetsvärdet är förmågan att 
detektera skillnad i styvhet i olika material av samma omkrets samtidigt som värdet är oförändrat 
när samma material varierar i omkrets. 
 

Mätverktyget sparar minst 30 – 50 % av den tid som går åt till mätning. Verktyget minimerar 
också påverkan av den mänskliga faktorn under mätprocessen. 

 1 



 

 2 



 
 

 
 

 Master of Science Thesis MMK 2012:16 MKN 428

 

Measuring Lymphedema Symptoms 

Continuing the Development of a Medical Device 

 Thomas Sederholm  

Approved 

2012-month-day 

Examiner 

Jan Wikander 
Supervisor 

Mats Hanson 

 Commissioner 

Sister Kenny Reseach Center 
Contact person 

Lars Oddsson 

Abstract 
This report describes project of developing of a medical device prototype for measuring changes 
in circumference and hardness in limbs, for diagnosing patients for lymphedema. 
 
Lymphedema is a side-effect of cancer treatment and it is becoming more common as cancer 
treatment is becoming more effective. Lymphedema presents itself as a swelling of the limbs, 
usually arms and legs, the swelling may become irreversible if left untreated. By tracking the 
circumference of the limbs of patients who have had cancer surgery or radiation treatment, 
therapists want to detect tendencies for swelling as soon as possible to be able to administer 
treatment as soon as possible. 
 
This project is based on a previous project; the development of a device for tracking the 
circumference of the limbs of patients. The device is a handheld tool which feeds a loop of tape 
measure in and out, storing its measurements digitally. It is intended to replace the current, 
manual measuring technique where measurements are written down by hand and later fed into a 
PC. The benefit of a device is that it is faster and more reliable. The manual measuring technique 
may differ from one therapist to the next, while the device is consistent in its measurements. 
 
Another important part of the diagnosis is palpating/feeling an approaching stiffening of the 
patient’s skin. This report also describes the development of a method for objectively 
quantifying the stiffness of human tissue – something that currently does not exist. By 
incorporating this into the device the process of diagnosing patients becomes more reliable. 
 
To make sure that contaminants are not transferred between patients the device needs to have a 
clean interface toward patients. To cater to this, a disposable part, containing all parts that come 
into contact with the patient, is developed too. 
 
The result is a device that can measure circumference with a confidence interval of ± 3 mm. As it 
measures the circumference it simultaneously assesses the stiffness of the skin by measuring its 
compressibility. The important properties achieved for the stiffness value are that the value will 
change for different materials of the same circumference while it remains the same for a specific 
material as it differs in circumference. 
 

The device will save at least 30 – 50 % of time spend measuring. It also reduces the influence of 
human error in the measuring process greatly. 
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List of Abbreviations and terms 
ADC Analog to Digital Conversion 
CAD Computer Aided Design 
CPU Central Processing Unit (Texas Instruments MSP430 model in these 

prototypes) 
DFX Design For X 
EMC ElectroMagnetic Compatability 
Essessor The prototype of the previous project 
GUI Graphical User Interface 
KTH Kungliga Tekniska Högskolan (Royal Institute of Technology) 
PCB Printed Circuit Board 
PWM Pulse Width Modulation 
SKRC  Sister Kenny Research Center 
SKRI Sister Kenny Rehabilitation Institute 
 
Stiffness/Hardness/Complaince/Compressibility 
The terms are used interchangably by therapists to refer to the property investigated 
using the current method of palpating/feeling for changes in patients skin. 
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1 Introduction 
This report describes the continued development of a medical device prototype for 
tracking lymphedema symptoms. The project is carried out at Sister Kenny Research 
Center (SKRC) in Minneapolis, Minnesota, USA by two students, as a master thesis 
project for The Royal Institute of Technology (KTH) in Stockholm; 
 

 Thomas Sederholm, specializing in mechatronical engineering (Author) 
 Staffan Månsson, specializing in integrated product development 

 
The project is commissioned and supervised by Lars Oddsson (SKRC) and is also under 
supervision by Mats Hanson (KTH). Because of the different specializations of the 
members, the project is described in two separate reports where this one focuses on the 
mechatronical aspect and methods for planning and executing a mechatronics project. 

1.1 Background 
Sister Kenny Research Center (SKRC) develops technology and new rehabilitation 
methods for a number of different conditions and disabilities, among which, one is 
lymphedema. Sister Kenny Research Center works alongside Sister Kenny 
Rehabilitation Institute (SKRI). This allows for close collaboration between researchers 
and therapists.  

1.1.1 Lymphedema 
Lymphedema presents itself as a swelling of the limbs. The swelling is caused by 
lymphatic obstruction, a blockage of the lymph vessels. A damaged lymphatic system 
can not transport fluids properly. The retained fluid builds up, which makes the affected 
limbs swell and become stiff and fragile. Cancer treatment, both surgical and 
radiological, is the most common cause of lymphedema in western society [ALFP]. 
 
As cancer treatment becomes increasingly effective the number of cancer survivors 
grows. This means that a larger patient population is at risk of lymphedema and need 
diagnosing [Golshan & Smith, 2006]. To prevent the lymphedema from reaching more 
extreme stages of swelling (Illustration 1), massage therapy can be administered. The 
massage will help drain the fluid from affected limbs. To determine if a patient is in 
need of therapy it is interesting to track the circumference of limbs to see if there is a 
tendency toward swelling. It is also interesting to know how compliant (flexible) the 
skin is. Detecting changes early is vital for successful treatment ([Lawenda, Mondry 
and Johnstone, 2009]). 
 

 
 

Illustration 1. Legs of lymphedema patient. 
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The current routine, employed at the SKRI, involves measuring the circumference 
manually using a tape measure. The measurements are written down on a form and 
entered in to a database, using a PC, when the measuring session is done. To assess the 
compliance of the skin the therapist will palpate (feel) for signs of stiffness. 

1.1.2 Previous Project 
SKRC has, in a previous collaboration with students from KTH; Alexander Fagrell and 
Olle Karlsson, developed a prototype of a device for measuring the circumference of 
arms and legs of patients suffering from lymphedema. Current technology was found to 
be either too expensive of very rudimentary. The device eliminates the need to write 
down measurements. Instead, they are stored on the device and transferred directly to a 
PC when the session is complete. This will save time as well as reduce the risk of 
human error. 
 
The prototype that was developed was called Essessor (Electronical assessor) 
(Illustration 2). It features an electrically driven tape measure, housed in a cartridge. 
The cartridge is held by the device and was projected to be easy to replace and cheap to 
produce, making it disposable for sanitary reasons. 
 
 

 
 

Illustration 2. The Essessor prototype. 
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1.2 Problem Definition  
The current technique of manually measuring is time consuming and it is difficult to 
achieve inter-therapist consistency. This technique can be time consuming and 
unreliable ([Ward et al. 1992]). The device should provide a faster and more reliable 
method for gathering patient data and transferring it to the database. 
 
The current method of palpating for changes in compliance can not be tracked reliably 
from session to session. The device should provide a way to assess skin compliance 
objectively. 
 
Because it is important to have a disinfected measuring tape the current configuration of 
tape and container is not optimal. This project will aim to find a sanitary and 
economical way to change tape between patients. These wishes were originally outlined 
as requirements for the preceding project. However, many of the requirements on the 
tape container were not met and meeting those requirements would take a great deal of 
further development, according to [Fagrell & Karlsson (2011)]. 
 
Another aim of this project will be to review and possibly revise the semantics and the 
ergonomics of the prototype. 

1.3 Purpose and Boundaries 
This project will continue the development of Essessor. The main goals are to: 
 

 Improve reliability of the device 
 Make the cartridge replaceable 
 Develop a method for quantifying compliance 
 Improve the user interface 

 
When the measurements have been fed in to the database a formula will calculate the 
volume of the limb. There are alternative, and more accurate methods for recording the 
volume of a limb, such as measuring the displacement of water. However, the 
displacement method does not give any information about individual points of a limb. 
The previous project investigated different solutions for measuring the limb volume. 
The flexible, adjustable tape was deemed the best solution. This project will therefore 
not concentrate its efforts on finding new ways to measure the limbs but instead focus 
on improving the reliability of the current concept. This project concerns itself with 
providing circumferences (and compliance measures) and does not discuss the tracking 
of limb volume. 
 
The current prototype uses a rotary encoder to measure the amount of tape extruded. An 
alternative solution, using a linear encoder, was suggested but dismissed because it 
would be much more complicated to implement. This project will therefore continue 
using the proven rotary encoder drawing on the research and conclusions from the 
previous project. 
 
The software that clinicians are meant to use to transfer patient data and measurements 
to and from the device was developed using Visual Studio 2010. The current version of 
the PC software works well, it will however only run on a PC with Visual Studio 
installed. Some further development is needed to ensure that it runs on any PC. 
However, this project will not dedicate time to developing the PC software, electing to 
focus efforts exclusively on improving the software of the device. 
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The requirements for Essessor ([Fagrell & Karlsson]) will be be a baseline for 
developing new requirements for the project outlined in this report. Beside the 
requirements outlined by [Fagrell & Karlsson], clinicians have expressed the need for 
the device to be portable and easy to understand. Another primary user is the patient. 
 
The objective of this project is to evaluate the prototype and improve it in light of what 
the new project group identifies as the customer needs. 
 
This project, like Essessor, is primarily focused on measuring arms and legs because 
those measurements are most common. 

1.4 Thesis Structure 
Chapter 2 describes and motivates the methods used for managing the project, giving a 
theoretical background. 
Chapter 3 and onwards describes the phases of the project chronologically as the theory 
is put to practice. 
Chapter 5 – 9, the report is further divided into the five main modules of the project. 
Each chapter describes the development of the corresponding module: 
 

 Circumference measurement 
 Compliance measurement 
 The device and cartridge 
 Hardware development 
 Software development 

 
Chapter 10 presents the test performance of the final prototype. 
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2 Project Management Methodology 
There are many different methods for managing a project, this chapter will explain what 
methods were used in this project and why. 

2.1 V-Model 
Since the product is a measuring tool, testing has to be a substantial part of the project. 
The V-model was used to get a structured testing methodology. Test specifications for 
both the entire system as well as for the different concepts of the single use part were 
established. During production of sub-systems and integration tests were performed 
against these specifications. 

2.2 Innovation Handbook 
The project follows the model outlined in the Innovation Handbook used at SKRC 
(Illustration 3), as it is familiar to many of the clinicians who will be consulted during 
the project. The Innovation Handbook is written by [Katarina Lund (2009)] as a thesis 
work at KTH. This product development model is closely reminiscent to the V-model 
and [Karl T. Ulrich and Steven D. Eppingers] theories on product development, both 
familiar to the author of this report. The exception is that the project will be run as a few 
parallel sub-projects and a phase for integrating the sub-systems will be added. 
 
The sub-projects are: 

 The device 
o Programming 
o Architecture 
o Ergonomics 

 The cartridge 
 Circumference 
 Compliance 

 
The Innovation Handbook suggests that a few goals, called stage-gates, are set up 
through-out the project, where something tangible should be presented. For this project 
five stage-gates have been established, these are the items to be presented at each stage: 
 

1. Planning report 
2. Working prototype 
3. Concept decision 
4. Final prototype 
5. Report (after project closure in Illustration 3) 

 



 PROJECT 
INITIATION 

TEAM 
BUILDING 

PROBLEM & 
GOAL 

DEFINITION

RESEARCH 
PHASE STAGE

GATE 

 IDEA 
GENERATION 

CONCEPT 
GENERATION 

CONCEPT 
EVALUATION STAGE

GATE 

 SUB-LEVEL 
SYSTEM 
DESIGN

COMPLETE 
SYSTEM DESIGN

PROTOTYPE 
BUILDING 

TEST AND 
EVALUATION STAGE

GATE 

 EVALUATION DETAILED 
DESCRIPTION 

SMALL-SCALE 
IMPLEMEN-

TATION

PROJECT 
CLOSURE STAGE

GATE 

 
 

Illustration 3. The model from Innovation Handbook. 

2.2.1 Innovation Team 
SKRC works with innovation teams. For this project the main contributors are student 
engineers Staffan Månsson and Thomas Sederholm. The project is supervised at SKRC 
by Lars Oddsson and at KTH by Mats Hanson. Also contributing to the innovation team 
was Daniel Nilsson at SKRC and therapists and patients from SKRI who were consulted 
during the course of the project. The purpose of the innovation team is to mix people 
with different areas of expertise and allow them to cross-pollinate ideas, [Ulrich and 
Eppinger (2008)]. The innovation team may come to expand to involve experts in other 
disciplines such as marketing. 
 
The innovation team will help get valuable input from future users, and involve the 
customer early the process. The innovation team will be able to gather around some of 
the key decisions defined in the Stage-Gates mentioned above, as well as have 
workshops on tasks such as generation of new ideas, concept evaluation, customer 
needs etc. The idea is to have such meetings on a weekly basis. 
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2.3 Design for X 
In addition to considering end-use and understanding customer requirements, designing 
single-use medical devices is a matter of balancing materials, cost, reliability and 
manufacturing process ([Bartholomew, J. (2008)]). When selecting materials, factors 
such as stress, pressure, temperature and how long the material must last, have to be 
considered. 
 
Design for X-guidelines (DFX) are a collection of guidelines where X is a specific 
topic. According to [Ulrich and Eppinger], DFX guidelines are useful early in the 
design process the link to customer needs becomes less obvious later in the project. 
 
Because this project concerns itself with the design of a disposable cartridge there are 
some DFX areas that have been particularly important. This project has focused on 
Design for: 
 

 Cost 
 Manufacturing 
 Assembly 
 Single-use 

 
Specific guidelines used are described in more detail as they are used. 

2.4 Project Phases 
The project is divided into six phases, inspired by the model of Ulrich and Eppinger. 
 

 Planning Phase 
 Pre-Project & Study Phase 
 Concept Phase 
 Sub-System Development Phase 
 System Integration Phase 
 Testing & Refinement Phase 

 
The following sections describe the purpose of each phase. 

2.4.1 Phase 1: Planning Phase 
During the planning phase a planning report is written that outlines the aim of the 
project. The planning phase runs in parallel with the beginning of the study phase as it is 
necessary to understand the subject before making a final decision on what will be the 
goal of the project. 

2.4.2 Phase 2: Pre-Project & Study Phase 
During the pre-project phase, one of the first steps is to update the device with a simple, 
reliable software that lets users control the extrusion/retraction of tape freely, as well as 
read the measurement. The aim is to get a working first prototype in the hands of 
clinicians for testing and evaluation early in the project. This feedback will then be used 
while generating new ideas and identifying customer needs. 
 
The pre-project was executed during the first eight weeks of the project. According to 
[Wenell (2001)], a pre-project allows the project members to start working on time 
consuming activities early in the process. Time critical activities can be identified in the 
planning phase that was included in the pre-project. Another benefit of combining 
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theoretical studies and updating the prototype in a pre-project is that it allows the 
project team to focus studies on areas in close relation to the device and the 
programming environment. 
 
Studies during the pre-project phase led to a document of product requirements. 

2.4.3 Phase 3: Concept Phase 
To generate the concepts much inspiration has been taken from other products with 
similar functions, such as tape measures and cassette players. Ideas have been generated 
by brainstorming based on the product requirements. The ideas have been run by the 
Innovation Team to find new opportunities and unexplored ideas. A selection of 
concepts were then built and tested against the product requirements 
 
To select a concept to move forward with, the test results were used in a weighted 
concept selection matrix. 

2.4.4 Phase 4: Sub-System Development Phase 
When a concept was selected, prototype development started. DFX-guidelines, such as 
design for manufacture and design for assembly were used in addition to working with 
the product requirements. 
Software for the device is developed in [Texas Instruments: Code Composer Studio]. 
The PCB was designed in [EAGLE Layout Editor]. 
The cartridge and chassis for the device were designed using [Solid Edge ST3] and 
printed on a Dimension uPrint 3D-printer for assembly. 

2.4.5 Phase 5: System Integration Phase 
During the system integration phase the interface between components was finalized. 
By keeping the interface between systems in mind from the beginning, integrating each 
module to work together was a smooth process. This is where the project starts moving 
up again in the V-model perspective. 

2.4.6 Phase 6: Testing & Refinement Phase 
This phase reserves time to make minor adjustments to issues that can only be detected 
once the prototype is completely assembled. 
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3 Planning 
This chapter begins describing the execution of the project, beginning with the planning 
that led to establishing a schedule for the project. 

3.1 Hazard Analysis 
Finding and making a prioritization of risks in the planning phase helps to minimize the 
number of surprises in a project according to [Ulrich and Eppinger]. In the planning 
phase for this project, a hazard analysis was made. Each hazard identified by the project 
team was given a rating 1-5 on probability – P, as well as severity – S. These ratings 
were then multiplied, producing the risk factor – R, giving an overview of how to 
prioritize. An action plan was then suggested for each risk. 
 
Identifying what might go wrong, both in the project and with the product, determines 
what areas may need to be allocated extra time during planning. The hazard analysis for 
the project (Table 1) shows this very well: The main hazard during the project is lack of 
time, the suggested action being careful planning. 
 
The hazard analysis of the product (Table 2) led to minor additions, such as a mooring 
for a wrist strap, which might not have been obvious without making the analysis. 

3.1.1 Project analysis 

Hazard  Impact P S R Action Plan 

Lack of time Quality problems 3 3 9 Careful planning 

Change in customer needs. Delays 3 3 9 Involve customer regularly 

Quality problems Delays/Back trace 2 4 8
Use known suppliers, use known 
technology 

Not completing Pre-Project on time Concept generation delay 2 4 8
Start concept generation process 
as scheduled 

Lack of knowledge Quality problems 2 3 6

Careful concept 
selection/scheduled time for 
studies/consult supervisors 

Data loss Delays 1 5 5 Use backup system 

Long lead times Delays/Back trace 2 2 4 Careful planning 

Equipment disappears Delays/Back trace 2 2 4
Concentrate/Organize equipment 
and resources 

Communication problems Delays/Quality problems 2 2 4
Formalize important decitions 
(document in Dropbox) 

Lack of funds Quality problems 1 3 3
Clearly communicate product 
requirements with management 

 
Table 1. Hazard analysis for the project. 
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3.1.2 Product analysis 

Hazard  Impact P S R Action Plan 
Battery charge drop during 
measurement Measurement error 4 3 12 

Ensure that the battery is fully 
charged when starting a test. 

Skin gets pinched where tape is 
retracted into the cartridge Discomfort 3 4 12 Re-design 
The tape goes into the cartridge 
when the device is pressed 
against the skin The tape tangles 4 3 12 Re-design 

Measurement is sensitive to 
pressure from the handle Measurement error 3 4 12 

Add a marker on the cassette 
that shows how it should be 
held against the skin 

The tape stretches while 
measuring compliance Measurement error 2 4 8 

Use thicker tape, use more pins 
on tractor wheel. 

The battery hatch disappears 
during usage Maintenance needed 4 2 8 Re-design battery hatch 
The device is dropped on the 
floor while measuring Maintenance needed 4 2 8 Use a strap 
Tape pushes support wheel out 
of place while pulling hard The tape tangles 2 3 6 Re-design support wheel 

 
Table 2. Hazard Analysis for the product. 

3.2 Project Schedule 
To make sure a project runs smoothly it is necessary to establish a plan that clearly 
outlines the tasks that are to be carried out, so that project members can streamline their 
efforts on the right task at the right time. The main workflow of the project is shown in 
Illustration 4. 
 
The planning phase ultimately resulted in a Gantt chart, project schedule (Appendix 1). 
The Gantt chart shows the stage-gates, described in chapter 2.2 Innovation Handbook, 
as milestones and how tasks relieve each other. 
 



 
 
 

First 
Prototype 

Pre-Project  & 
Study Phase 

Survey Video 
recording 

Litterature 
studies 

Product 
requirements 

Test 
specifications 

Concept Phase 

Sub-system 
development 

System 
Integration 

Refinements 

 
 

Illustration 4. Project plan showing the different phases of the project. 
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4 Studies & Pre-Project 
Because the project continued a previous project it was essential to study the previous 
project. The current, manual measuring routine was also studied and videotaped. It was 
also desirable to get feedback from clinicians early, so a pre-project was launched to get 
a working device available for testing as soon as possible. A survey was also distributed 
among therapists as another channel to get input for developing an understanding of the 
project and a baseline for drawing up the product requirements. 

4.1 Current Measuring Routine 
The current routine for measuring arms and legs has been studied and videotaped 
(Illustration 5). According to [Ulrich and Eppinger (2008)], viewings of video 
recordings of the customer using the product is useful for the understanding of the user 
environment. For example some problems with the product are easy to observe but hard 
for the test person to describe in words. 
 

1. The therapist begins with marking out the positions at which the measurements 
are taken. For an arm, starting at the wrist and marking measuring points at 5 cm 
increments up the arm. 

2. The therapist will now measure the circumference at the marked point using a 
tape measure that is pulled gently, making sure not to displace the skin. 

3. The measurement is written down on a form. 
4. Steps 2 & 3 are repeated until all positions are measured. 
5. The measurements are fed in to the database. 

 
The entire measuring procedure takes an experienced therapist about 5 –6 minutes for 
both arms. Approximatly 10 minutes go in to transcribing the data in to the database. 
The therapist will then proceed to palpate for signs of approaching stiffness that might 
indicate lymphedema. Therapists estimate that an entire session takes approximately 40 
minutes.  
 
The most obvious time-saver of a device over the manual procedure is the elimination 
of writing down each measurement – going back and forth between measuring and 
writing. Eliminating this step not only saves time but, more importantly, it removes the 
risk of human error of writing down the wrong value or writing sloppily so that values 
are misread when transcribed to a computer. 
 



 
 

Illustration 5. Frame from a filmed measuring session of an arm, using a regular tape 
measure and writing values manually. 

4.1.1 Survey 
A survey was engineered for collecting data about when and how often in the measuring 
process different functions would be used, what kind of information the clinicians are 
interested in getting from the device, and why they would use the device. In this way 
the usability of the product could be assessed. When designing the questions [Ullman 
D.G.(2003)] suggests the follwing guidelines: 
 

 Avoid assuming that the customer has more than common knowledge 
 Avoid the use of jargon (complicated terminology) 
 Avoid leading the customer to a suitable answer 
 Avoid tangling questions together 

 
An online service, [SurveyMonkey.com], which contains a database of survey question 
formulations, was used as well. 
 
The survey was distributed among the therapists working with lymphedema at Abbot 
Northwestern Hospital. 
 
The whole survey is available in reference Appendix 2. 
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4.1.2 Survey Results 
The survey was ansederd by 18 clinicians. They estimated that each measurement 
session took 40 min in average. The survey showed that a clinician performs 4 to 5 
measurement sessions in a typical week was. Some clinicians said that they would 
probably measure more if a device could save them time. A wish to save time to be able 
to focus on patient care was expressed. 
 
When the clinicians were asked to choose between what they would like to read from 
the display of the device their answer were: 
 
16 of 18: The circumference 
16 of 18: Current measuring position as a measurement "position 5 cm, 10 cm, 15 cm 

...” 
14 of 18: The body part that you have chosen to measure as: "left arm", "right arm", 

etc. 
12 of 18: The patient's name 
4 of 18: Current measuring position as a number "position 1,2,3 ...” 

 
These answers were used when designing the GUI for the device. 
 
When asked why a device that measured hardness would help them, eight of eighteen 
thought that it would help them quantify the results and that the assessment would be 
more objective. One of the therapists thought that the palpation method used today 
would still be the best while some clinicians commented that they would still use 
palpation in addition to the device. 
 
Another important piece of information obtained from the survey was that the hardness 
will sometimes change while the circumference stays unchanged. The clinician would 
then want to continue treatment, even though the circumference does not change. This is 
why it is important to be able to assessment compliance. Eight of the eighteen clinicians 
said they would measure hardness with the device on all their lymphedema patients, and 
the answers indicate that a hardness baseline for each patient would be useful. 
 
Regarding when, during a measurement session, the hardness measurement would be 
used eight of eighteen wanted the device to automatically measure hardness every time 
circumference is measured, but they still wanted the option to measure hardness 
separately at a specific site. 



4.2 The Essessor Prototype 
Essessor is the prototype name of a medical device primarily for measuring the 
circumference of limbs. This prototype was also projected to be able to assess skin 
compliance, this feature was not completed.  
 
The device is held in a pistol grip, interfacing with the user through a trigger button, a 
clickable scroll wheel and a display. 
 
At the time of hand over, the device was simplified to run a demo-mode where the tape 
is first retracted into the cartridge and then extruded again when either the trigger- or the 
scroll-button is pushed. 
 
The Essessor prototype measures circumference by tracking the amount of tape that is 
rolled out. A rotary encoder fitted to the motor measures the rotation of the motor axle. 
Because the tape is rolled up on a roll on the motor axle, the diameter of the roll will 
change as the tape is extruded or retracted. To compensate for this a mathematical 
formula has been derived that calculates the amount of extruded tape based on the 
various properties of the roll holding the tape as well as the tape itself. A drawback of 
the technique is that the motor may wind up the tape looser or tighter than expected, 
making the diameter of the rolled up tape unpredictable, when the real diameter differs 
from the formula the measurement becomes inaccurate. Illustration 6 and Illustration 
7 show the architecture of the Essessor prototype. 
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Illustration 6. Photograph of the physical infrastructure with parts labelled. 
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Illustration 7. Infrastructure and data flow chart of the Essessor prototype. 
 
The ability to quantify skin compliance is something that was discussed, as an extended 
application for the Essessor device. The idea is to tighten the tape around a patient’s 
limb to measure and then tighten it little bit further and asses the compliance my 
measuring the amount of resistance when the tape is tightened. This may require 
upgrading the motor in the device. Getting this to work has been a problem with the 
prototype. So far, parts of the compliance measurement technique have been verified in 
the lab but could not be carried over to the device. Finding a way to assess skin 
compliance is one of the primary goals of this project. 
 
One field of improvement is disposability. The tape container on the Essessor prototype 
is very hard to replace. Another point that needs improving is the roll up of tape. The 
tape has a tendency to get tangled and inconsistent roll up results in an error when 
measuring. One aim of the new project is to develop a disposable, more reliable single-
use cassette that is easy to replace, to better meet sanitary requirements in the clinical 
environment. 
 
The software for the device was written in C++ and compiled with Texas Instruments’ 
Code Composer Studio. The microcontroller is programmed using a Flash Emulation 
Tool (FET) which connects the computer with Code Composer Studio to the 
microcontroller using the computers USB-interface. The FET is used to transfer the 
compiled code to the microcontroller and can also be used for debugging. 
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4.3 Pre-Project: Upgrading Essessor 
A new version of software was developed for the Essessor as a pre-project The updated 
prototype replaces the demo-mode, allowing the user to freely control the flow of tape. 
The purpose of the pre-project was to get clinicians involved early in the project for 
feedback on the design of the device. This updated prototype needs two main functions: 
 

 Allowing therapists to freely control the extruding/retracting of tape 
 Displaying how much tape is extruded.  

 
The scroll wheel will be dedicated to controlling the GUI on the device, therefore the 
only button for controlling the flow of tape is the single trigger. The device was 
therefore programmed to alternate between extruding and retracting tape on alternating 
depressions of the trigger. An initial press of the trigger will extrude tape. When the 
trigger is released the direction is toggled in the device so that the next time it is 
depressed the tape is instead retracted. Another updated feature is that the speed at 
which the tape is extruded is proportional to the displacement of the trigger. When the 
trigger is half way depressed the tape will move at half speed. 
 
Before building any code, a state-machine was developed to conceptualize how the pre-
project prototype should work (Illustration 8). For the pre-project prototype features 
concerning the transfer of data to PC were ignored to get the prototype in the hands of 
therapists as quickly as possible. Compare the architecture of the pre-project prototype 
(Illustration 9) with that of Essessor shown earlier (Illustration 7). 
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Illustration 8. State-machine showing the workflow of the pre-project prototype. 
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Illustration 9. Infrastructure and data flow chart of the pre-project version of Essessor. 

4.3.1 Therapist feedback 
With an updated version of the device, allowing the therapist to freely control the flow 
of tape, the device was tested. A video taped test session (Illustration 10) highlighted 
some of the expected flaws in the original design. It also revealed some unforeseen 
issues. The updated prototype used only one button for controlling the flow of tape. 
Having to alternate between pulling in and pushing the tape out using the same button 
proved to be complicated. At times the therapist wanted to retract the tape further after 
releasing the trigger, only to have to go through a step of extracting more tape first. The 
user interface of the device had to be made more intuitive. 
 

 
 

Illustration 10. Frame from video of testing the pre-project prototype. 
 
It was also observed that the therapist might want to hold the cartridge against the skin 
while tightening the tape instead of holding the tape taut and following it in with the 
device while the loop of tape tightens. This would block the tape nozzle and, instead of 
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extruding tape, the length expelled from the tape reel would tangle inside the cartridge. 
This could be addressed both by including handling instructions with the device, and 
also by redesigning the nozzle of the cassette. 
 
One unforeseen issue that presented itself during the filming of a trial session was that 
the tape would start winding itself in on the reverse side of the tape spool once the tape 
was fully extended. The inverted roll up of tape meant that the support wheel was put 
out of play so that it could not prevent tangling. It also reversed the relation between the 
actual movement of the tape and the text printed on the screen – indicating which 
direction the tape is running. This had to be prevented by updating the design of the 
cartridge. 
 
Another behaviour that was observed during the filmed test-session was that the 
therapist might feel the need to ensure that the right tension is achieved when measuring 
by not letting the device pull all the way until it stops. This is a question of confidence 
in the device and can be addressed through practicing. It also shows that the device will 
have to come with some instructions for how to handle it properly. 

4.3.2 Areas of improvement 
At the end of the pre-project and study phase a number of issues had been identified 
where improvement of the device would be possible (in addition to the main goals 
outlined earlier in 1.3 Purpose and Boundaries): 
 

 Redesigning the user interface to more intuitively control the flow of tape 
 Redesign the seat of the trigger so that the trigger is better secured 
 Redesign the battery connections so that they are not at such great risk of 

shorting 
 Make the JTAG-interface for reprogramming the device accessible without 

disassembly 
 Make the device easier to assemble, not requiring as many different tools. 
 Redesign the PCB to reduce improve EMC 
 Consider EMC issues when designing the code 
 Consider the routing of cables when designing the chassis 

4.4 Product Requirements 

4.4.1 Old Requirements 
In the previous project, the requirements for Essessor were established in close 
collaboration with clinicians as they are one of the intended primary users. Clinicians 
expressed the need for a device that is portable and easy to understand. Another primary 
user is the patient. Because the fragile skin of lymphedema patients is more prone to 
infection it is paramount that the device does not carry contaminants between patients. 
These requirements needed revision to make it possible to evaluate concepts objectively 
against each requirement. 
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4.4.2 New Requirements 
With a clear understanding of how Essessor works and what could be improved, the 
final task of the pre-project was to produce a new product requirements document. The 
document was divided into requirements regarding the device and requirements 
regarding the single-use part. Secondly a layout, given by the SKRC Innovation 
Handbook, was used where the requirements were categorized into must-, should- and 
key-requirements. 
 

 Key-requirements are fundamental for concept generation. 
 Must-requirements have to be fulfilled in order for success 
 Should-requirements were not individually determinants of success. 

 
Finally guidelines, outlined by [Ullman], were used to formulate the requirements. 
[Ullman] states that requirements should be: 
 

 Measurable 
Requirements should be objectively measurable 

 Discriminatory 
Requirements should be formulated so that concepts can be compared 

 Orthogonal 
Two requirements should not cover the same performance aspect 

 Universal 
The requirement should be able to measure the performance of all possible 
concepts 

 External 
Requirements should be observable to the user and not made on internal 
construction 

 
The key-requirements for the project became: 
 

The product will: 
 Be perceived more easy to use than current method, according to test persons. 
 Measure circumferences with a consistent pressure on a limb (test-retest 

reliability). 
 Measure circumferences with a gentle pressure on a limb so that it is not 

squeezed. (validity, volume) 
 Collect data that can be related to skin stiffness/compliance. 
 Help the user to identify measuring positions every 5 or 10 cm. 

 
The full set of product requirements is available in Appendix 3. 
 
Connected to the product requirements are a number of test specifications, see 
Appendix 4. Each specification describes its connection to the requirements, and how 
these tests are performed. 



5 Development of the Circumference Measurement 
Improving the circumference measurement means increasing reliability in the device. 
Many concepts were explored for rolling up tape with higher repeatability. This chapter 
explains the main candidates in more detail. 

5.1 Concept Phase 
The issue that makes the circumference measurement unreliable in the Essessor 
prototype is the fact that the roll up of tape is unpredictable. The configuration of an 
encoder recording the rotation of the motor mounted on the tape wheel essentially tells 
the device the position of the innermost end of the tape. What is interesting for the 
circumference measure is the position of the tape at the nozzle. Because the roll up is 
unpredictable, measuring the tape far away from the point of interest and approximating 
the difference with a formula makes the measurement unreliable. Solving this problem 
sprung two branches of concepts; one which aimed to eliminate the formula and another 
which sought to improve consistency in the roll up of tape. 

5.1.1 Concept 1: Eliminating the roll-up formula 
By moving the motor and encoder as close to the nozzle as possible, and storing the tape 
on a separate roll, the tape is pulled from the front rather than pushed from the back of 
the tape-feed system (Illustration 11). This eliminates the need for a formula for 
estimating what happens with the tape in one end as the tape is moved in the other end. 
The measured data is now as close as possible to the interesting point on the tape 
measure.  
 
When the tape is fed back in, the problem of pushing flimsy tape through a system is 
reversed. So, to make sure that the tape is rolled back up on the tape-roll and does not 
bunch up randomly inside the cartridge, the tape roll is fitted with a hairspring. As tape 
is rolled out the spring tightens, pulling back the tape when the motor pulls the tape 
back in. This is how a regular tape measure works. Now, if the tape is fed out it is 
pulled through the system by the motor, and, when pulled in, kept taut by a spring in the 
other end. 
 
By placing the feed of the tape like this the problem of the tape rewinding after the tape 
roll is emptied is also eliminated. 
 

 
 

Illustration 11. Principal design of cassette that does not require formula. 
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A problem with this concept was that the tape could slip. The encoder would still 
register the rotation of the wheel even though no tape was fed forward and the 



registered measurement would be wrong. Two solutions for this were proposed: One 
that uses two rollers with pressure between them, the other (tractor feed) using a 
perforated tape driven by a studded wheel. With the tractor feed a support wheel ensures 
that the tape is pushed on to the studs. (Illustration 12) The tractor feed concept has the 
advantage of being unable to slip regardless of how much resistance is given by the 
tape; the drawback is that its perforation could get distorted. Being a single use design 
the tape will not have to withstand too much repetitive high stress. 
 

 
 

Illustration 12. Two solutions for feeding the tape without slipping 
. 

5.1.2 Concept 2: Improving the consistency of roll-up 
Another concept was devised that explored the possibilities of improving the 
consistency in the roll-up of the tape, while keeping power and measuring on the tape 
reel. The original design has a roller that smoothes out the tape as it is rolled up 
(Illustration 13). The problem with this roller is that it is static, when the tape is 
unwound far the support roller no longer in contact with the tape. 
 

 
 

Illustration 13. Interior view of the cartridge of Essessor, showing the support wheel. 
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This could be improved by mounting the roller on a spring loaded arm that follows the 
perimeter of the tape roll. (Illustration 14) 
 

 
 

Illustration 14. A concept for rolling up tape evenly. 

5.1.3 Concept Testing & Selection 
Both concepts were evaluated to see which would be most useful.  
 
Initial evaluation of concept 1 was done using the motor and encoder from the original 
prototype and the spring return mechanism from a tape measure. The tractor and support 
wheels were designed in Solid Edge and printed on a 3D-printer. The parts were 
assembled between transparent acrylic sheets so that the mechanism could be observed 
easily (Illustration 15). Using this rig, various configurations of the wheels could be 
tried out to see which relative positioning would be optimal. 
 

 
 

Illustration 15. From top left: Support wheel, tractor wheel and spring loaded tape 
wheel. 
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Using the same transparent acrylic sheets the rig was remodeled to test the performance 
of concept 2 (Illustration 16). An arm for the roller was designed in Solid Edge and 
printed on a 3D-printer.  
 

 
 

Illustration 16. Testing the concept of a spring loaded arm. 
 
A variation of the second concept sprung up from the spring loaded tape wheel where 
the spring is mounted in the device instead of the cartridge. This simplifies the cartridge 
design and instead makes the design of the device more complex. 
 
Along with the original concept with the compensation formula the three concepts were 
compared: 
 

 Concept A Tractor Wheel & Spring in Cassette 
 Concept B Spring Loaded Support Wheel 
 Concept C Spring Loaded Support Wheel (Spring in Device) 

 
To evaluate the four concepts of cartridge designs a weighted concept selection matrix 
was used (Table 3). Concept A is the current solution used in Essessor. This concept is 
used as a reference to see if the new concepts meet the criteria better or not. The matrix 
contains nine different criteria that are weighed.  All criteria are based on the product 
requirements, except for 9- Feasibility, that was added to the matrix for a comparison of 
how feasible solutions were within the frames of the project.  
 
To evaluate the precision of each concept the maximum standard deviation and 
confidence interval of each concept was calculated by performing a series of test 
measurements on aluminum pipes of known circumference. Accuracy was calculated as 
the maximum absolute error, i.e. the absolute deviation between true circumference, as 
measured by hand, and the performed average for that concept. The test is described in 
detail in the test specification in Appendix 4 –Test 1: Circumference. 
 
Furthermore, a force test was performed on each concept to investigate the ability to 
pull the tape in hard without slippage, see test specification in Appendix 4 – Test 2:  
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Force for more details. Estimated costs for each concept are based on the concept 
complexity tree, see Appendix 5. 
 
The concept of moving the spring to the device is assumed to perform similarly as the 
concept where the spring is inside the cartridge on most points. It is, however, projected 
to be cheaper in the long run, because it makes the consumable easier to produce, it is 
also projected as more complex to develop. 
 
A comment for the value for each category and concept is given in Table 4, where the 
rows and columns correspond to those of the concept selection matrix. 
 

   

REF. Current 
Cassette, 

Compensated 
Formula(Ref) 

A. Tractor Wheel 
& Spring in 
Cassette 

B. Spring Loaded 
Support Wheel 

C. Spring Loaded 
Support Wheel 

(Spring in Device)

 Weight [%] Rating Weighted Rating Weighted Rating Weighted Rating Weighted

1 Low tendency to tangle 15 2 0,3 4 0,6 1 0,15 4 0,6
2 High precision  20 4 0,8 5 1 4 0,8 5 1
3 High accuracy 20 4 0,8 5 1 4 0,8 5 1
4 Pull hard for compliance 10 3 0,3 3 0,3 3 0,3 3 0,3

5 Prevent patient contact with the 
device 5 5 0,25 5 0,25 5 0,25 5 0,25

6 Replaceable in up to 30 seconds 10 4 0,4 4 0,4 4 0,4 3 0,3
7 Measure up to 1500 mm 5 4 0,2 5 0,25 4 0,2 5 0,25
8 Low estimated cost 10 5 0,5 3 0,3 3 0,3 4 0,4
9 Feasibility 5 3 0,15 5 0,25 3 0,15 4 0,2
 Total Score     3,7   4,35   3,35   4,3
 

Table 3. Concept selection matrix. 
 

 

REF. Current Cassette, 
Compensated 
Formula(Ref) 

A. Tractor Wheel & Spring 
in Cassette 

B. Spring Loaded Support 
Wheel 

C. Spring Loaded Support 
Wheel (Spring in Device) 

1 
Some tangling observed. 

Formula sensitive to 
tangling. 

No tangling observed. 
Formula insensitive to 

possible tangling 
Very prone to tangle Estimated, same as B. 

2 
Max. SD ~ 2,35 mm 

95% Conf: ~± 5,31 mm 
(@280 mm) 

Max. SD ~ 0,72 
95% Conf: ~± 1,62 mm

(@760 mm) 
Tangles – test aborted Estimated, same as B. 

3 
Real value - device avg. 
Max. abs. Error ~ 1,65 

(@360 mm) 

Real value - device avg.
Max. abs. Error ~ 1,58 

(@ 90 mm) 
Tangles – test aborted Estimated, same as B. 

4 Passed force test Passed force test Passed force test Estimated, same as B. 

5 Estimated equal 

6 Estimated equal Needs pre-stringing step 

7 Measure is affected by 
amount of tape on roll 

Measure is not affected 
by amount of tape on roll 

Measure is affected by 
amount of tape on roll 

Estimated, same as B. 

8 Parts: 5, Complexity: 3 Parts: 5, Complexity: 5 Parts: 5, Complexity: 5 Parts: 6, Complexity: 4 

9 OK test results, more 
sensitive 

Best test results, robust 
Poor test results, 

sensitive, might require a 
more complex solution. 

Estimated same as B in 
performance. Require 

more work to implement. 

 
Table 4. Motivations for scores in concept selection matrix. 

 



As the matrix shows, the two concepts base on the tractor wheel scored highest. Even 
though concept A scored slightly higher than concept C the decision was made to move 
forward with concept C, keeping the spring in the device instead of the cartridge. 
Concept C would make it possible to produce the whole design of the cartridge in 
plastic which is beneficial for design for single-use reasons. 

5.2 Concept Development 

5.2.1 Tractor Wheel 
Two designs were tried out for the tractor wheel. In the test setup the space between the 
acrylic sheets had to be greater than the width of the tape. To make sure that the tape 
would not slide sideways off the tractor wheel, and to better simulate the tighter 
conditions of the upcoming cassette, the tractor wheel for the test rig was outfitted with 
flanges. For the final version of the tractor wheel the flanges were removed because 
they would not be compatible with injection molding. (Illustration 17). 
 

 
 

Illustration 17. Cross-section of the tractor wheel, showing the outline of mold-halves. 

5.2.2 Spring Placement 
The initial test setup had the spring mounted inside the tape wheel. To make the cassette 
cheaper to produce the spring is moved from the cassette to the device. 
 
For the tape to return all the way the spring has to be pre-wound slightly so that it pulls 
at the tape even when it is full inside the cassette. This is easily achieved with the spring 
inside the cartridge; this would work just like a regular tape measure. With the spring 
inside the device it will unwind itself when there is no cassette attached. The device 
requires a mechanism for winding the spring once the cassette is attached. It is also 
necessary that the winding procedure is consistent and that the user is has to go through 
it when attaching the cassette, this ensures that it cannot be forgotten. 
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5.2.3 Spring winding mechanism 
An initial idea for solving this was to design a mechanism for translating the linear 
movement of attaching the cassette to the winding of the spring. This idea would require 
a manually operated locking mechanism, because the force wound in to the system 
would want to push the cassette back out. Because the locking a locking mechanism 
would be needed, the winding mechanism could then be integrated into the locking 
mechanism instead. The cartridge would be held in place and the procedure of locking 
the cassette in place would simultaneously wind the spring. When the spring is wound 
the mechanism must also lock up, so that the spring does not rewind it. The mechanism 
designed to wind the spring is explained in Illustration 18. 
 

 
 

Illustration 18. The red gear is engaged by the yellow axle through its flanges at (1). 
This allows the gear and axle to rotate together but the axle may slide downward along 
its axis. The axle is pushed upwards by a helical spring (2), situated between the flange 

on the axle and the shell of the device (not shown). When in its up-position the axle 
locks in place in slots in the semi-transparent top bracket. When the yellow lever is 

pulled down (2) the flange is free from the top bracket. As the lever is turned 180° the 
spring housing (blue) is turned, winding the spring two revolutions, and the flange 

slides back into the opposite slot of the top bracket with the help of the helical spring. 
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5.2.4 Tape Wheel and Brake 
With the spring absent from the cassette the tape may unwind itself when it is stored 
because there is nothing keeping it in place. To prevent this from happening a brake 
system that disengages when the cassette is attached to the device was designed. 
(Illustration 19). 

 
 
Illustration 19. A tab in the cassette acts as a spring for the tape wheel (yellow). When 
the cassette is attached to the device the spring becomes flush with the cassette wall and 
the spurs (bottom), preventing it from slipping in its unattached state, are disengaged. 

5.2.5 Making holes for the tape 
The holes in the tape need to be perfectly spaced. To accomplish this, a special tool was 
manufactured in the 3D-printer. The tool centers the tape and is kept in place using 
previously made holes. The holes are dimensioned to fit a certain gauge from a 
revolving hole-punch tool. (Illustration 20). 
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Illustration 20. A tool for perforating the measuring tape. 

5.2.6 Formula for converting encoder ticks to millimetres 
For the device to be able to display an accurate measurement in millimetres the ticks 
registered by the encoder have to be related to a millimetre standard. 
 
A theoretical model for the relationship for the device was derived. The resolution of 
the encoder is determined by the number of ticks in one revolution of the encoder. A 
constant for translating ticks into millimetres is defined by dividing the circumference 
of the tractor wheel with the resolution. 
 

 
]/[ tickmm

resolutionencoder

eltractorwheofncecircumfere
(1)

 
This constant describes a gradient between ticks and millimetres, a model for translating 
ticks to millimetres is therefore the same as a linear equation. 
 

 mkxy   (2)
 
To derive the exact value of the parameters k and m for this model, and to evaluate its 
validity, it is tested by measuring the circumference of a set of known objects in ticks. 
To counter the influence of a potential error in precision the values for each 
circumference are sampled ten times and the mean value is used. 
 

Real circumference [mm] 90 130 280 360 760 
Avg. Read-out [ticks] 198,1 306 738,7 968 2121,7 

 
The mean values are plotted and the method of least squares is used to find the line that 
best approximates the measured values (Graph 1). The data approximates the line so 
well that the coefficient of determination (R2) is 1.00. This verifies that modelling the 
system as a linear equation is correct. The equation for the resulting line same line 
provides the exact parameters for the formula. 
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Millimeters related to ticks y = 0.35x + 22.70
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Graph 1. Plot of the circumference in ticks for samples of known circumference in 

millimeters gives a formula for converting ticks to millimeters. 
 
This gives us the following formula for translating ticks (x) to millimetres (y). 
 

 70.2235.0)(  xxy  (3)

5.3 Testing: Accuracy and Precision 
The test data can also be used to grade the accuracy and precision of the device. 
Accuracy is defined as the ability of the device to hit the correct value. The precision is 
a measure the repeatability of the accuracy. (Illustration 21) 
 

 
 

Illustration 21. Definition of accuracy and precision. 
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Using the formula, the previous mean values in ticks can be converted to millimetres. 
The accuracy of the device is good within approximately 1.5 mm for these values. More 
importantly, the error is apparently random (Graph 2). This further confirms that the 
formula is accurate and that there is no systematic error. 
 

Real circumference [mm] 90 130 280 360 760 
Value using formula [mm] 91,6 129,1 279,6 359,3 760,5 
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Graph 2. Distribution of error when using the formula. The error is randomly 

distributed around zero. 
 
The precision of the device can be illustrated by plotting the deviation from the average 
values as a histogram (Graph 3). The histogram shows that the error has a normal 
distribution. Already, the histogram suggests that the demand for a precision of ±5mm 
is met, as specified by requirement 16 from the requirement specifications (Appendix 
3): 
 
Requirement 16: Give 95% correct readings out of 50 measurements of known and 
incompressible circumferences, with an accuracy of +-5 mm. (precision and accuracy) 
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Graph 3. Deviation in ticks from mean value for multiple measurements of one sample. 
 
Using a Student’s T-test a confidence interval for the precision can be produced. The 
confidence interval is the value that a sample will assume with a given probability. For 
this T-test the desired probability is 95%. This is based on product requirements 16 and 
17: 
 
Requirement 16: Give 95% correct readings out of 50 measurements of known and 
incompressible circumferences, with an accuracy of +-5 mm. (Precision and accuracy). 
 
Requirement 17: Give 95% consistent readings, +-5 mm, of compressible 
circumferences with consistent properties. (Precision). 
 
The confidence interval is obtained from the t-test equation X with following 
parameters: 
 

 t – T-value, obtained from T-table. 
 x  – Mean value of our samples. 
 μ – Real value. 
 k – Standard deviation of the samples 
 k – Number of samples 
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t 0  (4)

 
The standard deviation is calculated using equation (5). 
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The T-value (t) is obtained from a T-table by referencing the desired probability (95%) 
with the degrees of freedom, defined as the number of samples – 1. 
 

 262.2t  (6)
 

By solving equation X for μ the limit values that a sample can assume, with a 
confidence of 95%, are obtained. This confidence interval is calculated for all samples 
under each sampled circumference. The result is Graph 4, showing how the confidence 
value varies depending on the circumference measured. The requirement of a precision 
of ±5 mm is met. The graph also shows that the precision of the device is consistent 
regardless of how much tape is rolled out. 
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Graph 4. The confidence interval calculated for samples of different circumference. 

The confidence value is consistent through-out the range of the device. 
 
To summarize the testing both accuracy and precision is well within the requirements 
outlined. This is a great improvement compared to the Essessor prototype which had 
problems rolling up the tape consistently. One of the main objectives of the project, to 
improve reliability, is thus fulfilled; it also works with a replaceable cartridge. 
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6 Development of the Compliance Measurement 
The compliance measurement had not been completely implemented in the Essessor 
prototype, only tested outside the Essessor device. Finding a way to assess compliance 
would be very important from a market standpoint. 

6.1 Concept Phase 
The ability to quantify skin compliance is something that had previously been discussed 
as an extended application for the Essessor device. The idea explored by Essessor was 
to tighten the tape around a patient’s limb to first take the circumference measurement 
and then tighten the tape further and further, tracking how the resistance in the motor 
changes as the tape is tightened. This concept was tested in the previous but could not 
be transferred to the device.  
 
Instead of jumping straight at solving the problems of the compliance measurement 
from the Essessor project, a step back was taken to investigate other solutions for 
assessing skin compliance. In the end, the concept that was decided upon used the 
improved accuracy of the circumference measurement instead of measuring the 
resistance in the motor. 

6.1.1 New Concept: Compressibility 
A new concept for assessing the compliance was proposed where the compliance is 
obtained through tightening the measuring tape further after taking the normal 
circumference measurement. The compliance measurement is the difference in 
circumference at different amounts of applied torque. This concept utilizes the main 
feature of the device – the ability to measure circumference accurately. Thus, improving 
the accuracy of the device also improves the ability to assess compliance using this 
concept. 
 
The compliance assessment pulls in the tape using a predefined amount of power until 
the measurement is stable. The compliance value is extracted from the difference 
between the circumference measured at this harder pull and the light pull of the ordinary 
circumference measurement (Illustration 22). 
 



 
 

Illustration 22. The two stages of the compliance assessment.  

6.1.2 Concept Testing & Selection 
Testing of accuracy and precision has been done on the entire system instead of 
verifying it for individual components. This takes into account the effects of play in 
mechanical components. 
 
Tests were performed on an arm to see if the device could detect the compression of the 
skin produced by higher torque. Thus, changes in tissue compressibility can be tracked 
and analyzed. The test was performed by measuring the compression of a bicep under 
incremental amounts of stress (Graph 5). In theory the muscle should tighten and 
become less compressible with increased load. Because the arm expands at the same 
time the compression is measured as a percentage of the circumference of the arm. 
According to [Gerber (1998)], compressibility measurements in the tissue are 
frequently used to assess lymphedema. An example is the use of a tonometer, it uses a 
weight of 200 g pushing down on the skin and the depression is recorded ([Mirnajafi et 
al. (2004)]). 
 

 50



Compressability of bicep at varying load

0.00%

0.50%

1.00%

1.50%

2.00%

2.50%

3.00%

3.50%

4.00%

4.50%

5.00%

0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Load [g]

C
o

m
p

re
ss

io
n

 [
%

]

Bicep - Staffan Linear approx.

 
 

Graph 5. Graph showing the compressibility of an arm with increasing loads. 
 
The result suggests that a difference in the compressibility of an arm can be detected 
and that the concept is a viable solution. 
 
A desired property of a compliance measure is that it is consistent with varying 
circumference, i.e. the same material should be classified with the same compliance 
value regardless of the circumference of the specimen. As circumference increases, the 
amount of material that has to be displaced increases exponentially. A greater 
circumference will also result the torque available from the motor being spread over a 
larger area of tape. These factors have to be taken into consideration when designing a 
model for converting the measured difference in circumference into a compliance value. 
 
A test was designed for gathering data for testing different theories regarding the 
correlation of compliance and circumference. A series of specimen of varying 
circumference, made of the same type of foam, were cut out. The circumference of the 
specimen was sampled at 20% and 90% torque. By plotting the relative difference in 
circumference for varying diameters of foam specimen, Graph 6, it is confirmed that 
the volume changes exponentially. This verified the assumptions and prompted the 
development of a detailed model for measuring the compression. 
 

 51
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Graph 6. Compressibility of foam samples of different circumference with exponentially 
fitted curve. 

6.2 Development 
Compressibility, κ, is a measure of relative volume change in a material as a response to 
pressure and is calculated as ([Encyclopedia Britannica Inc, 2012]): 
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When measuring the circumference (x) of an arm first hard at 100% PWM and then 
with a light pull at 10% PWM, a relative volume change ΔV/V occurred and was 
calculated as: 
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To complete the calculation a value for the pressure is needed. The pressure will vary 
depending on the circumference of the arm because the surface of the tape extruded is 
different while the force pulling is the same. Equation (7) was rewritten, to investigate 
how the pressure the device gave at different circumferences varies, as following: 
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   (9)

 
ΔV/V was measured using equation (8) for seven foam cylinders of differing 
circumference. The κ-value of this foam was determined as the measured relative 
volume change caused by a 560 g weight placed on top of a foam cuboid, i.e. using a 
known pressure. The measured relative volume change and the calculated pressure from 
the weight gave a κ-value of 0.33 kPa-1. This meant that ΔP could be calculated. Graph 
7 shows a plot of the ΔP from this test. 

 52



 

Mean pressure with varying circumference ∆P = 3.7007e-0.0036x

R2 = 0.9774

0

0.5

1

1.5

2

2.5

3

3.5

0 200 400 600 800 1000 1200 1400

x, Circumference [mm]

∆
P

, M
e

a
n

 p
re

s
s

u
re

 [
k

P
a

]

 
 

Graph 7. Mean pressure given by the device at different circumferences, curve fitting 
and formula. 

 
By fitting an exponential function to the values an expression for pressure is obtained as 
seen in top right corner of Graph 7. The compressibility formula is now a function of 
the two measured circumferences. 
 
Because the compressibility for a hard material is lower than a softer one, the formula is 
inversed to get a more intuitive scale where higher is harder, the inverse of 
compressibility is known as the bulk module ([Encyclopedia Britannica Inc, 2012]), but 
referred to on screen simply as hardness. The formula for calculating skin hardness, 
used in the device, became: 
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6.3 Testing: Validation 
To test the hardness value a series of measurements were made on varying materials. 
The result is seen in Graph 8. The graph shows that the hardness value for a specific 
material remains almost the same even though the circumference varies. More 
importantly it proves that the device is capable of detecting differences in hardness in 
human tissue. 
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Graph 8. Hardness value measured for three different types of material. The hardness 
value clearly groups the same materials together, even though they vary in 

circumference. The three blue bars show an upper arm measured at different load; here 
the device detects an increasing hardness as muscles tighten, even though 

circumference remains largely the same. 
 
When measuring on a human arm at increasing load the hardness value increases as the 
muscles tighten. Graph 9 shows the mean hardness value at eight sample loads. This 
test is described in detail in Appendix 4 – Test 5: Upper Arm. In the first four data 
points the hardness value increases with the load, during the last four measurements the 
hardness value does not keep rising. One reason could have been that the hardness 
saturates at this point. 
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Graph 9. Hardness value of an upper arm at increasing load. 
 
A reference test using a durometer instead of the device (Appendix 4 – Test 6: Upper 
Arm Durometer) suggests that this is not the case, see Graph 10. The durometer has 
been used and proven capable of measuring skin hardness in other studies ([Kissin et al, 
2006]). 
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Graph 10. Shore A hardness value of an upper arm at increasing load. 
 
One explanaition for the differences between the results of the two hardness measuring 
methods could be the fact that the device measures the hardness as a mean value around 
the whole arm while the durometer got a point value on the biecep and different 
dynamics of the arm come in to play. Illustration 23 shows a cross section of an upper 
arm. A point value at the bicep, using the durometer, will not be able to detect changes 
at the tricep. The tests do confirm that it is possible to detect difference in hardness with 
the device, further testing is needed to determine how well it is able to assess the 
changing compliance characteristics of lymphedema. 
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Illustration 23. Cross section of an upper arm. 
 
It is also important to note that the hardness value may differ greatly from one patient to 
another, depending on the composition of the measured limb (body-fat etc.). It may also 
vary throughout the limb for individual patients, meaning that a normal value at the 
wrist might be higher than a normal value at the upper arm. This means that there is no 
specific hardness value at which a patient can be said to be suffering from lymphedema. 
Rather, the importance of the hardness measure is to provide a way of tracking changes 
in hardness over time for individual patients. By tracking the change in tissue over time, 
tendencies in the hardness can be detected which may indicate approaching 
lymphedema. 
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7 Designing the Chassis & Cartridge 
With many updated features a new interface between device and tape container needed 
to be developed, along with modifying the chassis and tape cartridge themselves. The 
most common manufacturing method for single-use medical devices is injection 
molding of plastics [Bartholomew], therefore DFX strategies for injection molding 
within design for manufacturing and single-use have been used to great extent when 
designing the cartridge especially, but also the chassis for the device. 
 
The overall product weight has to be considered. In part to reduce shipping costs but 
also because smaller outpatient clinics often have limited storage space and need the 
smallest packaging available. A smaller and lighter product can also be valuable as 
hospitals have to oversee their waste volume because of rising landfill fees and 
regulations, [Bartholomew]. 
 
To reduce cost, component count should be minimized. This leads to decreasing 
assembly time and decreasing the risk of assembly failure ([Ullman (2003)]). However, 
according to [Bartholomew] this often requires more complex and expensive injection-
molded parts and this way the risks of product failure shifts from assembly to molding. 
Being aware of such trade-offs was key when making a good design decisions. 

7.1 Concept Phase 
The main objective when designing the cartridge is to make it as simple to produce as 
possible because it should be replaced often. The development process for the cartridge 
has attempted to simplify the design as much as possible without compromising 
reliability. For the device, effort has been tilted more toward simplifying assembly than 
keeping cost to an absolute minimum. Because the design of the cartridge would affect 
performance greatly, while the design of the device chassis is more of an esthetical 
question, it was developed in many steps. A first design is shown below in Illustration 
24. 
 

 
 

Illustration 24. Initial design of the cartridge. 
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7.2 Development 

7.2.1 Device 
Because the product is a prototype and is to be used as a research tool it will require 
future software tweaks. For this purpose a port for accessing the JTAG interface of the 
device is integrated in the prototype, so that the device can connect to a PC without 
disassembling the device. A power switch was added to allow the user to completely cut 
battery power without having to open the bottom hatch and remove the battery 
(Illustration 25). 
 

 
 

Illustration 25. Side view of the prototype showing user interface updates: 
(1) Position marking aid. (2) JTAG-interface. (3) Power switch. 

 
The chassis for the device was designed around the components and with wire routing 
in mind. Unlike the cartridge, the chassis of the device is not required to be as cheap and 
mass-producible as possible. It is, however, beneficial if it can be produced in two 
simple parts so that it can be easily assembled. One improvement from the previous 
prototype would be to mount all parts in one chassis-half so that the halves can stay 
separate during assembly, for easier handling. 
 
A problem with fastening components into a chassis is that holes in mounting struts 
would need to be perpendicular to the division face of the die cast-halves in order for 
the mold to release. For most components this would be impossible. Illustration 26 
shows how mounting struts the wrong way will prevent the mold from releasing. 
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Illustration 26. If the mold is separated in the direction of the black arrow, the areas 
highlighted in will obstruct the release, this has been avoided. 

 
 
This issue has been solved by by splitting the chassis in half along a vertical line across 
the middle as seen from the user (Illustration 27) both halves can be produced in a 
basic, two part mold. This design also allows for a very simple method of assembly by 
introducing a rail system for mounting components. 
 

 
 

Illustration 27. Exploded view of the final prototype 
 
The rails protrude from one half of the chassis and components are simply slid into their 
respective slot. The other half of the chassis then keeps the part in place. Besides 
solving the problem of fastening components, this has the added benefit of requiring 
significantly less screws and enabling quicker assembly. Illustration 28 shows one half 
of the device with all components in place. All parts except two are mounted through 
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Illustration 28. Effective use of space in the chassis. 
 
The designing has followed Design for Assembly (DFA) guidelines outlined by 
[Ullman] in chapter. To save time during assembly the overall part count is kept to a 
minimum. As few fasteners as possible are used as well as as few types of fasteners. 
The device takes three kinds of fasteners: 
 

 Seven M3 hex socket head bolts 
 Six machine screws #2-56, 7/16" 
 One 4-40 set screw for the motor hub. 

 
This means that two different hex keys and one screwdriver are needed during 
assembly. 
 
The interface between cartridge and device consists of two cone shaped knobs, 
protruding from the device, that connect the motor and spring to the tractor wheel and 
tape wheel in the cartridge as shown in Illustration 29. This setup is greatly inspired by 
that of an ordinary audio cassette player. 
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Illustration 29. The spring and motor hubs interfacing with the final cartridge. 

7.2.2 Cartridge 
All parts of the cartridge have been designed with disposability in mind. This means 
that the cartridge has to be as cheap as possible. This is achieved by making the parts 
light on material and cheap to produce. How the parts fit in to the assembly process is 
another important question when designing each part. A simple assembly process will 
help keep costs down. By not wasting material the product is not only cheaper and 
lighter but also greener ([Bartholomew]). The entire cartridge essentially consists of a 
tub where the three wheels are put in and a lid that snaps in place keeps the wheels in 
place (Illustration 30 and Illustration 31). Assembly of the cartridge requires no 
fasteners at all. 
 

Motor input 

Spring input 

Tractor wheel 

Tape wheel 

Tape canal 



 
 

Illustration 30. Assembly of the cartridge (not showing tape). 
 

 
 

Illustration 31. Cartridge without lid, showing the routing of the tape. 
 
When designing parts for injection molding the shape of the die needs to be considered. 
The strong point of injection molding is the low cost per part. Making the die is the 
expensive part; therefore a good die design will have significant impact on the cost of 
the finished product. The ideal die consists of two halves that separate easily. It is 
possible to accommodate more complex shapes but this becomes more expensive 
because of the extra precision required. A die that requires finer precision will also wear 
out faster. Great care has been taken to ensure that the parts produced meet the 
following criteria: 
 

 Easy to assemble 
 Cheap to produce 
 Reliable 
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Using the CAD-models produced during the project, the parts could be injection molded 
with only a few modifications. Draft angles would have to be added to most parts before 
injection molding. Allowing space for this was considered while design parts but was 
not included during the project for the sake of 3D printing resolution. 
 
Furthermore, all parts for the cartridge have been designed to be producible using a 
simple two-piece die. For the device most parts are designed with this in mind. For 
some parts a two-piece design would have made the assembly unnecessarily 
complicated. 
 
To help therapists quickly mark out measuring points the cartridge was given markings 
spaced 5 cm apart (Illustration 32). Previously the therapist had to use two hands to 
measure the correct distance, hold the tape in place with one hand to pick up a marker 
and then mark the position. With the markings on the cartridge the therapist can hold 
the device in one hand and the marker in the other, making the process quicker and 
more ergonomic. 
 

 
 

Illustration 32. Therapist reaching for the pen to mark out measuring points using the 
markings on the cartridge. 

 
The tape can be opened so that it does not have to be threaded on a limb. This fulfils 
requirement 24. Should be able to release manually from arm if needed. 

7.3 Testing: Reliability 
With an updated device and cartridge design the device was tested in a filmed session 
with a therapist (Illustration 33). The following issues were observed: 
 

 The tape would often tangle while pushing tape out. This problem occurred if 
the device was held in a way where the skin was too close to, or completely 
blocking, the tape nozzle.  

 While pulling the tape in hard for skin hardness measurement, the cone shaped 
interface between the motor rod and the tractor wheel made these two parts 
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separate. This meant that the cone driving the tape could slip and not move the 
tape. 

 When pulling the tape in hard, the skin was pinched in an unpleasent way in the 
area around the tape nozzle. 

 The outer dimensions of the cartridge were too small to prevent the patient 
coming into direct contact with the device, which would mean that the device 
would have to be disinfected between patients. 

 

 
 

Illustration 33. Frame from video of a test session using a final version of the device 
and a near-final version of cartridge. 

 
To address these issues the cartridge was redesigned. The tendency to tangle was 
decreased by redesigning the tape canal. The shape of the new canal picks up the tape 
from the tractor wheel closer to the wheel, allowing the tape to be pushed through the 
canal even though the nozzle is close to the skin. The interface between the motor rod 
and the tractor wheel was made less cone shaped and the area around the tape nozzle 
was redesigned with rounded edges. Finally the outer dimensions of the cartridge were 
increased to protect the patient from direct contact with the device. This resulted in the 
second protoype cartridge shown in Illustration 34. 
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Illustration 34. Updated cartridge design. 
 
During testing of this design two new problems were identified: 
 

 The softer edges of the nozzle resulted in a measurement error when the cassette 
was held at different angles against the skin. 

 The holes in the tape were damaged after repetitive. 
 
The tape canal was redesigned again. The new design pushes the tape out harder making 
it difficult to get the tape to tangle by blocking the nozzle. The canal was also extended 
even closer to the tractor wheel. Furthermore, the canal was made narrower, making less 
room for the tape to tangle. Instead of a tape nozzle with soft edges, a narrower outlet 
was designed to prevented skin from entering the nozzle. This led to a more pleasant 
hardness measurement, without affecting the accuracy of the measurements. A marker, 
aiding the therapist to correctly position the device when measuring, was also added. 
The final design is shown in Illustration 35. 
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Additional support 

 
 

Illustration 35. Final cartridge design. 
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8 Hardware Upgrades 
Both the external and internal hardware of the device had to be updated to comply with 
the new product requirements. 
 
A list of the primary components can be found in Appendix 6. 
 
The processor remained the same; a Texas Instrument MSP430 processor, to be able to 
make the maximum use of functions written for the previous project. 
 
The motor was changed to one with a higher gear ratio to provide more torque when 
taking the hardness measurement. The motor used is a Pololu Micro Metal Gear Motor 
with a  gear ratio of 210:1. 
 
Powering the motor is a TB6612FNG motor driver from Toshiba of the same type used 
in Essessor but, instead of ordering it as a breakout board from Spark Fun, it is ordered 
from DigiKey as a component to be surface mounted on the main PCB. 
 
The display was ordered from Spark Fun and is delivered on a breakout board, the form 
factor of the display has been mimicked when designing the new PCB. 
 
The triggers controlling the tape are potentiometers that detect analog input. They are 
the same type found in X-box game-controllers. 
 
Tracking the amount of tape expelled is an encoder of the same type used in the 
Essessor project. The difference is that its jumpers are modified to run at a higher 
resolution to give a more precise measurement. 
 
The batteries were out of stock at the supplier but, because selecting a new battery 
would not guarantee future availability, the device was designed to use the same type of 
batteries as they were on hand from the Essessor project. 

8.1 Updated components 
The new prototype features an extra trigger button for easier control of the flow of tape. 
The tape can now be fed in or out as desired with variable speed. 
 
As it is still a research tool and needed to, and may still need to be reprogrammed often 
to test tweaks, it features a JTAG-interface so that the device does not have to be 
disassembled to update its software. 
 
The chassis has been fitted with an on/off-switch. To turn off the device, or simply 
reboot it, it is no longer necessary to replace the battery. 
 
The device also features a wrist strap for added safety. 

8.2 Updated PCB 
To bring the PCB closer to a finished product it needs to be overhauled to correct the 
errors in the current layout that are currently circumvented by ad-hoc wiring. It is also a 
good idea to surface mount more components instead of using multiple PCBs and 
break-out boards. This will not only be better for EMC but also reduce the footprint of 
the board to make assembling the device more convenient. 
 



All components have been surface mounted on the same PCB (Illustration 36), except 
for the display and USB port, the USB being peripheral and the display being delivered 
on a breakout board. The PCB has been designed to minimize common EMC problems. 
Its layout is divided into one segment for analogue signals and one segment for digital 
signals. Functions have been grouped together to ensure that signals and power is not 
routed along unnecessarily long paths. 
 
The PCB is a two-layered design where the top layer is dedicated to signals and the 
bottom layer is the main ground layer. Care has been taken to leave the ground layer as 
intact as possible. The signal paths are chamfered to 45 degree angle to avoid adding 
extra capacitance. Connections for the outside display and USB-boards are placed on 
the PCB edge. Also on the edge of the PCB are the connections for buttons, motor, 
encoder and so on. This is to reduce the risk of wires leading to peripheral components 
from trailing over the board and inducing noise. Surface mounting all components 
reduced the footprint to one single board, instead of the previous sandwich of main-
board and motor driver (Illustration 37). 
 

 
 

Illustration 36. Updated PCB design with all components surface-mounted and no 
wires trailing over the surface. 
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Illustration 37. Photo of the original PCB with external motor driver-board and some 
ad-hoc wiring. 

 
To avoid inducing noise in signals the most sensitive analogue and serial 
communications signals are located on the opposite side of the board from components 
that use 7.4 V such as the battery itself and the motor. 
 
The PCB was designed using EAGLE Layout Editor. To make the schematic as legible 
as possible the motor driver part had to be made from another part with the same 
footprint. Its legs were renamed so that the schematic and data-sheet show the same pin-
names. 
 
To make assembly as hassle-free as possible the PCB is updated by printing the names 
of components next to their place so that the schematic easily can be referenced when 
assembling the physical PCB. 
 
The schematic is available in Appendix 7. 

9 Software Upgrades 
With updated hardware components the software had to be updated and entirely new 
functions built to provide a better user experience. 

9.1 Programming Methodology 

9.1.1 Planning and testing 
Before programming, requirements were produced that clearly outlined the behavior of 
the product. This is important in a group project because all members need to be on the 
same page before moving on to building the code. A couple of different ideas for how 
the product should behave were discussed and sketched as state-machines to easier 
visualize them. 
 
When a concept state-machine (Illustration 38) was selected to be implemented the 
sketch was complemented with more detailed conditions for moving between states, 
thus outlining what variables and flags would be needed in the code. 
 



 
Idle 
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Illustration 38. State-machine for the prototype, also showing what is displayed on 
screen. 
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The order in which functions were developed was determined by planning for testing. 
Because the display can be used for easy feedback, developing and testing functions for 
communicating with the display were among the earliest tasks. With the display tested 
other components could be tested easily as displaying the captured data on the display is 
possible. By planning the structure of the code thoroughly it is easy to see what 
functions will rely on each other and which order they will have to be developed and 
later tested. Proper planning also made building the code a fast and simple matter. In 
essence, this is the V-model. 
 
Before building the final code a number of test versions were developed to confirm the 
functionality of various modules and to enable tweaking of the variables in those 
functions. For instance; the stop detection function was tested by just displaying the 
word “STOP” on the display when a stop was detected. By running this program with 
values for the sample time and tolerance the behaviour of the stop detection function 
could quickly be configured to work as is a satisfactory way. Testing this function while 
integrated in a more complex program would make it harder to verify that it works in a 
reliable way. 

9.1.2 Structure 
The code is divided into one main file and several auxiliary files containing supporting 
functions for various components such as the display, the encoder and for the formulas 
involved in calculating the circumference and stiffness measurement. 
 
The main file contains the backbone of the program. In essence the program idles, 
ensuring that the motor is off, while continuously checking for user input from the 
trigger buttons on the analog input channels. User input from the scroll button is 
monitored by an interrupt function. 

9.1.3 Legacy Code 
The previous project featured code needed for many of the functions for the updated 
prototype. Much could be migrated directly into this project with some modifications to 
fit the updated hardware architecture. Some of the added functions, especially for the 
display, could make use of parts of the legacy code. 

9.2 Stop Detection 
A very important new feature of the device is its ability to detect when the user is trying 
to pull but a limb is in the way. This is used to detect when to start the measurement 
routine as well as inside the measurement routine. 
 
An interrupt function running of the CPU timer checks the encoder value. The 
frequency of this can be set as high as 10 kHz, in the final code the encoder value is 
sampled every 0.2 seconds. By comparing the difference previous and newly sampled 
encoder value a stop flag is set as high if the difference is less than a threshold, in this 
case the threshold is set to 1 tick, when the difference is greater than the threshold the 
flag is set low. 



9.3 New Display Functions 
To improve the user interface seen in the display a few functions were developed to 
make it able to display icons that tell the therapist where in the process she is. One of 
the most visible upgrades of the prototype is the addition of color to the user interface. 
A function was written for displaying color images and a data format for representing 
images in code. 
 
The display has a color depth of 12 bits, meaning that all pixels can display any of 4096 
possible colors. The 12 bits are divided into three 4-bit channels; red, green and blue. 
However, storing images in 12 bits is costly on memory. An uncompressed image 
covering the entire screen (132 x 132 pixels) is 26kB big. Because the MSP430F2272 
limits the code to 32kB, an 8-bit palette is used instead, to save space. Conveniently a 
C++ char stores 8-bits, meaning that an image can be stored in the CPU a two-
dimensional array of chars, each char containing the color of one pixel. This maximizes 
the use of the char. The 8-bit format permits a palette of 256 colors. In 8-bit, a full-
screen image is 17kB. This gives the capability of storing two full-screen images, or as 
in this case, with icons, two full-screen sheets filled with a mosaic of icons. 
 
In the 8-bit format the red and green channels are designated 3 bits each while the blue 
channel uses the remaining 2 bits. This means that, for most images, each channel has to 
be compressed; to do this a MATLAB-script has been written. The script converts an 
image to the 8-bit format, saving it as an .H-file with appropriate headers, so that it can 
be included and referenced in a the code. Illustration 39 shows a sample image 
displayed on the device. 
 

 
 

Illustration 39. Part of “The Son of Man”, painted by René Magritte, as displayed on 
screen demonstrating the new color capabilities. 
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The display still expects the color for each pixel to be sent as a 12-bit value. So a 
function for translating the 8-bit color in to a corresponding 12-bit color is called upon 
as each pixel is drawn. This function essentially works in reverse of the MATLAB-
script. 

9.3.1 Further Development 
To make better use of the 4096 colors of the display, images could be compressed and 
accompanied by an individual palette, adapted for each image, as opposed to all images 
using the same master palette.  
 
For instance, the sample image from Illustration 39 contains a a blue sky and a green 
apple but few shades of red, an adaptive palette would use more of its 256 colors to 
represent shades of the apple and in the sky, while saving only a few shades of red for 
the tie as seen in Illustration 40. 
 

  
 

Illustration 40. Comparison of a uniform palette (left) versus an adaptive palette 
(right). 

 
Another interesting feature would be to implement an alpha-channel in the image 
drawing functions, allowing parts of pictures to be transparent. This could be achieved 
by omitting writing to pixels that contain a dedicated alpha-value. That would save 
some time, as communicating with the display is the main time consumer of the system. 
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10 Final prototype 
As all parts come together they form a final prototype that can be tested and evaluated. 

10.1 Testing: Reliability 
Testing of accuracy and precision has been done on the entire system instead of 
verifying it for individual components. This takes the effects of play in mechanical 
components into account. 
 
The same pipes, of varying circumference, used previously, were measured again with 
the new prototype. The error was randomly distributed around zero (Illustration 41). 
This was done according to the same test specification as before, see Appendix 4 – Test 
1: Circumference. 
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Illustration 41. Absolute error of 50 individual measurements. 
 
The confidence interval was determined for each of the sample pipes. 
 

Sample Circ. [mm] 90 130 280 360 760 
Conf. Interval (95% Prob.) [mm] ± 3.24 ± 2.15 ± 2.44 ± 2.19 ± 1.28 

 
This gave the device a maximum confidence interval of ± 3.24 mm at 90 mm, this is 
well within the ± 5 mm required in the manual measurement and by requirement 17 for 
this project. 

10.2 Testing: Time Saving 
A filmed test session with the prototype showed that the measuring time had been 
reduced by about 30 %, from 5 – 6 minutes with a manual tape measure, to around 3 ½ 
minutes with the prototype. In that time the device also gathers the compliance data. As 
the device proves itself, the need to palpate manually is eliminated. Furthermore, the 10 
minutes of transcribing data is also eliminated. 
 
These times compare the two techniques performed by the same therapist. It is 
important to note that the therapist is very familiar with the manual technique but a 
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novice with the device. With more practice the times with the device could be reduced 
even further. Ultimately, with a device that measures the compliance automatically and 
transfers data to the database the time for a measuring session could easily be reduced 
by over 50 %. 
 
A single clinician at SKRC will receive an average of 4.5 patients/week, according to 
the survey. At 45 working weeks/year that totals 200 sessions/year. If the measuring 
time is reduced (conservatively) by 40 %, ~53 hours are saved. A clinicians wage being 
26 USD/hour means saving of 1387 USD/year/clinician. 
 
Estimating a cartridge to cost 2 USD and a device to cost 300 USD, the yearly cost 
comes to 400 USD for cartridges with a start up cost of 300 USD per clinician. In the 
start up year that would still mean a saving of 687 USD that year, and 987 USD in 
following years. 

10.3 Testing: User Friendliness 
To test the user friendliness of the prototype it was handed over to a group of therapist 
who were given limited instructions on how to handle it. The group consisted of all 
therapists at SKRI who work with lymphedema patients. They were given a quick 
introduction; showing the tape being pulled in and out using the triggers and performing 
a single measurement before the device was passed around to the group. By observing 
the therapists as they tried the device it was clear that they found the device intuitive to 
use. They were also impressed by its ability to measure circumference reliably, and 
even more so, by the ability to finally quantify compliance. 

10.4 Further Development 
The main objective, moving forward, is to thoroughly evaluate the ability of the device 
to assess compliance in the field. 
 
Because the compliance measurement uses a consistent, predetermined routine it could 
be used to extract more information about the limb. Instead of just recording the 
circumference at a low and high motor torque, the torque could be ramped up and the 
circumference recorded continuously. If the changing circumference is continuously 
recorded as the routine unfolds the resulting plot might reveal further characteristics of 
the skin that are interesting. For example; the circumference value might saturate sooner 
for a patient who is leaner. 
 
Another thing that was discussed was developing a docking station where the device 
can charge through the USB-port while interfacing with a PC to transfer patient data. 
 
A benefit of having a mechatronical device is that it can be made intelligent. The 
software could be further developed to make this a reality. If patient data is loaded onto 
the device for each session the device can tell how the current measuring session 
compares to previous sessions – in real-time. This can provide metrics such as the 
difference in circumference in per cent at each measuring position. Using “fuzzy-logic” 
the device could then immediately point out any inconsistencies to therapists, such as 
one measurement having changed more than the rest of the arm. A patient may 
experience an even swelling for reasons unrelated to lymphedema. An intelligent device 
would be able to detect when swelling is inconsistent and when it is natural. 
 
To make further development easier, thorough instructions for how to recreate the 
prototype was left behind in a box. Along with the prototype and spare components, the 
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box contains all files from the project, such as code and CAD-files, but also test data 
along with readme-files that explain how to get started with programming the device. 

11 Discussion and Conclusions 
The device was successfully made more reliable and provided with the ability to replace 
the tape cartridge. A hardness measurement was developed that has been proven to be 
able to measure changes in stiffness in human tissue. It remains to be thoroughly 
evaluated how well the hardness measurement can be used to detect the skin changes 
related to lymphedema. 
 
Pencilling in a pre-project to get early feedback proved to be a good move. The 
feedback helped identify what areas of the product needed development, and, maybe 
more importantly, which areas did not need further work. 
 
Writing test specifications before testing is always important to ensure that the details 
are worked out. It was especially useful in this project because the tests were recycled to 
compare prototypes to confirm that progress was being made. 
 
Because integrated product development is a more general specialization, Staffan’s 
knowledge of programming was not as extensive as the Thomas’. By using best practice 
software development methodology in the when designing the behaviour of the 
prototype, Staffan could be involved in the process. This has worked well and been a 
valuable experience, as most projects during the education are carried out with project 
members who share the same specialization. 
 
Working with an innovation team was a great advantage. With semi-formal meetings 
with parts of the team on a regular basis, and more casual discussions on a spontaneous 
basis, feedback was always available, the friendly, welcoming atmosphere at SKRC 
helped too. 
 
Therapists who saw the device were excited to get their hands on it and very optimistic 
about the usefulness of it. All the main objectives were fulfilled. Out of the 24 product 
requirements the only one that was not met was; 15. Interface: Indicate low battery. 
 
All-in-all the project was a great success. 
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Appendix 2 Survey 
 
Survey Questions 
 

1. In a typical week, how many lymphedema measurement sessions do you 
perform? 

 
2. Including entry of data into the doc flow sheet, estimate how long, in minutes, a 

typical session takes. 
 
If you had a digital tape measure with a display, which transferred all of a patient's 
circumference measurements to the computer: 
 

3. How useful would this device be to you? 
 

4. What type of information would be useful to read from the display while you are 
measuring? (Check all that apply) 

 
o The circumference 
o The patient's name 
o The body part that you have chosen to measure as: "left arm", "right 

arm", etc. 
o Current measuring position as a number "position 1,2,3 ...” 
o Current measuring position as a measurement "position 5 cm, 10 cm, 15 

cm ...” etc. 
o Other? / Comments 

 
If the device could also measure the skin "hardness" at a particular site: 
 

5. Would you find this useful? Why / Why not? 
 
6. Would skin hardness be useful to measure for all patients or only for certain 

patients? 
 

7. When, during a measurement session, would skin hardness be most appropriate 
to measure? (Check one that applies) 

 
o Automatically, simultaneously as each circumference are measured every 

5 / 10 cm. 
o The device asks you at each circumference measurement every 5 / 10 

cm. 
o As a separate test. 
o Automatically, simultaneously as each circumference are measured every 

5 / 10 cm and the ability to measure separately. 
o Other (please specify) 

 
8. Your name (Optional) 



 

 

Appendix 3 Product Requirements 
Device 
Must (has to be fulfilled in order for success) 

1. Overall: Be perceived more easy to use than current method, according to test persons  
2. Overall: Allow different users, in greater extent than with current routine, to measure 

limb circumference consistently (inter rater reliability). 
3. Overall: Have enough battery power to perform at least one measuring session. 
4. Circumference: Measure circumferences with a consistent pressure on a limb (test-

retest reliability). 
5. Circumference: Measure circumferences with a gentle pressure on a limb so that it is 

not squeezed. (validity, volume) 
6. Compliance: Collect data that can be related to skin stiffness/compliance. 
7. Data: Capacity for storing data for at least one patient. 
8. Data: Reduce time for the management of patient. 
9. Interface: Have a user interface based on input from clinicians. 

9.1 (Survey) Display the circumference. 
9.2 (Survey) Display the patient's name. 
9.3 (Survey) Display the body part that you have chosen to measure as: "left arm", 

"right arm", etc. 
9.4 (Survey) Display the current measuring position as a measurement "position 5 cm, 

10 cm, 15 cm ...”. 
9.5 (Testing by clinician) Ask you to confirm each taken measurement. 
9.6 (Testing by clinician) Be easier to control the tape flow, than with only one button. 

10. (Observation from video recording) Allow clinicians to get a proper view of the 
measuring position while measuring. 

 
Should (not individually determinants of success) 

11. Overall: Help the user to identify measuring positions every 5 or 10 cm. 
12. Overall: Have enough battery power to perform a normal day’s measurements. 
13. Overall: Have a design that is adapted to DFX design strategies. 
14. Data: Transfer patient data, compatible with currently used protocols, to a PC. 
15. Interface: Indicate low battery. 

 
Cartridge/Single-use part 
Must (has to be fulfilled in order for success) 

16. Give 95% correct readings out of 50 measurements of known and incompressible 
circumferences, with an accuracy of +-5 mm. (precision and accuracy) 

17. Give 95% consistent readings, +-5 mm, of compressible circumferences with consistent 
properties. (precision) 

18. Be replaceable by a test person in up to 30 seconds without instructions. 
19. Be able to measure circumferences up to 150 cm (Current tape length). 
20. Protect patient from direct contact with the device at a normal measurement situation. 
21. (Observation video recording) Be able to push tape out even if the device is pushed 

against the skin. 
22. Compliance: Withstand necessary stress if pulling the tape hard for compliance 

measurement. 
 
Should (not individually determinants of success) 

23. Cost up to $50 (bill of materials). 
24. Be able to release manually from arm if needed. 

 
Key (foundation for idea generation activities) 

- Be perceived more easy to use than current method, according to test persons. 
- Measure circumferences with a consistent pressure on a limb (test-retest reliability). 
- Measure circumferences with a gentle pressure on a limb so that it is not squeezed. 

(validity, volume) 
- Collect data that can be related to skin stiffness/compliance. 
- Help the user to identify measuring positions every 5 or 10 cm. 



 

 

Appendix 4 Test Specifications 
 

 Specification Test 1: Circumference 
 Specification Test 2: Force 
 Specification Test 3: Hardness 
 Specification Test 4: Spring 
 Specification Test 5: Upper Arm 
 Specification Test 6: Upper Arm Durometer 
 Specification Test 7: Foam Durometer 

 



 

Issued by Date Ref. Page 

Staffan Månsson, Thomas Sederholm 2011-11-10 Test 1 1 (1) 
Subject Document type

Specification Test 1: Circumference Test Specification 
 Approved by 

  

 

  File Name: Test1-Circumference.doc   2011-11-10  22:48 

Product Recuirements Tested 

16. Give 95% correct readings out of 50 measurements of known and incompressible 
circumferences, with an accuracy of ±5 mm. (precision and accuracy) 

Tested Prototype Versions 

 Old Device 
 Concept test rig “Tractor Wheel”  
 Concept test rig “PickUp 
 New Device 

Delimitations 

The total number of measurements for each product version is limited to 50. This has been considered 
reasonable with respect to testing time. 

Equipment 

 Aluminum cylinders, circumferences: 90, 130, 280, 360 and 760 mm. 
 The prototype. Note: Motor with 210:1 gearbox is tested at 10% PWM and 100:1 at 20%. 

Test Description 

Perform 10 circumference measurements of each aluminum cylinder. The prototype should be held at 
slightly different angles and the tape should be rolled in and out arbitrarily between measurements. 
 
Enter the values into a data-sheet and transform the values from encoder ticks to mm if needed. For each 
circumference, calculate the accuracy: how the mean deviates from the true value as 

 
Absolute Error = abs(mean-true value) 

 
Then, for each circumference evaluate the precision by calculating the standard deviation, SD, and the 
confidence interval, CI, of a single measurement as 
 

CI = mean value ± t·standard deviation, 
 
where t=2,262. 
 
The maximum of each value, Absolute Error, SD and CI and, can then be used to compare different 
prototype versions. 
 



 

Issued by Date Ref. Page 

Staffan Månsson, Thomas Sederholm 2011-11-10 Test 2 1 (1) 
Subject Document type

Specification Test 2: Force Test Test Specification 
 Approved by 

  

 

  File Name: Test2-Force.doc   2011-11-10  18:54 

Product Recuirements Tested 

22. Compliance: Withstand necessary stress if pulling the tape hard for compliance measurement. 

Tested Prototype Versions 

 Concept test rig “Tractor Wheel”  
 New Device 

Delimitations 

The two prototypes Old Device and Concept test rig ”PickUp” do not have to be tested. In these two 
prototype versions the tape is attached directly to the driving wheel and therefore slippage will not 
occur. 

Equipment 

 The prototype. Note: Both motor with 210:1 and 100:1 gearbox is tested at 100% PWM 
 Dynamometer 

Test Description 

Fixate the device and measure the pulling force of the tape when the motor is pulling five times at 
100% PWM-signal. 
 
Enter the values of the pulling forces into a data sheet and note whether the prototype version or its 
tape measure is torn during the procedure. 



 

Issued by Date Ref. Page 

Staffan Månsson, Thomas Sederholm 2011-11-10 Test 3 1 (1) 
Subject Document type

Specification Test 3: Hardness Test Specification 
 Approved by 

  

 

  File Name: Test3-Hardness.doc   2011-11-10  18:55 

Product Recuirements Tested 

6. Compliance: Collect data that can be related to skin stiffness/compliance. 
17. Give 95% consistent readings, +-5 mm, of compressible circumferences with consistent 

properties. (precision) 

Product Version 

 Old Device 

Delimitations 

As it is the principle that is being tested, this test is performed on the old device only. The total 
number of measurements for each product version is limited to 40. This has been considered 
reasonable with respect to testing time. 

Equipment 

 The prototype 
 Material 1: Soft yellow foam 155 mm circumference. 
 Material 2: Hard black foam 245 mm circumference. 
 Material 3: Pink foam with duct tape on aluminum pipe, outer circumference 370 mm. 

Test Description 

For each material, let the device read the circumference at 20% and 90% PWM duty cycle. The device 
should be held from slightly different angles while measuring. The battery should start out fully 
charged. 
 
Enter the values into a data-sheet and calculate the differences in mm between 20% and 90% PWM 
duty cycle. Then, for each material, calculate the standard deviation of the differences. 
 
Expected outcome: A consistent difference between the circumference at 20% and 90% PWM duty 
cycle, for each material. The difference will decrease with increasing perceived material hardness. 



 

Issued by Date Ref. Page 

Staffan Månsson, Thomas Sederholm 2011-11-10 Test 4 1 (1) 
Subject Document type

Specification Test 4: Spring Test Specification 
 Approved by 

  

 

  File Name: Test4-Spring.doc   2011-11-10  22:31 

 

Tested Product Recuirements 

4. Circumference: Measure circumferences with a consistent pressure on a limb (test-retest 
reliability). 

Tested Prototype Version 

Three different spring loaded tape-measures containing different hairsprings. 

Delimitations 

Springs are here tested separately, i.e. this is not a test of a whole system.  
Since the device should be able to measure circumferences up to 150 cm the pulling force of the 
spring loaded tape-measures are measured in a range between ≈ 0 and 150 cm. 

Equipment 

Dynamometer 
Springs. For practical reasons the springs are tested while inside their housings. 

Test Description 

The test is performed with a spring loaded tape-measure and a dynamometer clamped to a table. The 
tape is allowed to run free and slide on the table. Five load measurements are taken, with the 
dynamometer attached to the end of the tape, at a number of rolled out tape lengths: ≈ 0, 20, 40, 60, 
80, 100, 120, 140 and 150 cm. 
 
The spring should be preloaded with one turn. 
 
Enter the measured pulling force at each tape length into a data sheet, and evaluate if a spring will 
impact on the circumference measurement. 



 

Issued by Date Ref. Page 

Staffan Månsson, Thomas Sederholm 2011-11-10 Test 5 1 (1) 
Subject Document type

Specification Test 5: Upper Arm Test Specification 
 Approved by 

  

 

  File Name: Test5-UpperArm.doc   2011-11-10  15:09 

Product Requirements Tested 

17. Compliance: Collect data that can be related to skin stiffness/compliance. 

Tested Prototype Version 

 Old Device 
 New Device 

Delimitations 

Three measurements per applied weight have been considered reasonable with respect to the test 
subject’s ability to carry the weights statically. 

Equipment 

 A test person 
 A prototype version 
 Seven weights around 1500 g each 

Test Description 

The test subject places his right arm at an angle of 90 degrees between the upper and lower arm. 
Weights are placed in the right hand, and are held up by the test subject statically. 

Starting with no weight and then for each applied weight, measure circumference of the upper arm 20 
cm from the elbow at 20% and 90% PWM duty cycle. The device should be held from slightly 
different angles while measuring. The battery should start out fully charged. 

Expected outcome: A consistent difference between the circumference at 20% and 90% PWM duty 
cycle, for each weight. The difference will decrease with increasing weight. 



 

Issued by Date Ref. Page 

Staffan Månsson, Thomas Sederholm 2011-11-10 Test 6 1 (1) 
Subject Document type

Specification Test 6: Upper Arm Durometer Test Specification 
 Approved by 

  

 

  File Name: Test6-UpperArmDurometer.doc   2011-11-10  21:06 

Purpose 

This test is used as a reference to Test 5-Upper Arm. The test will be performed in mostly the same 
way but, instead of measuring hardness with the prototype, durometry will be used. It has been shown 
that a hand-held durometer is a valid measure of skin hardness in patients, Kissin et al (2006) 

Delimitations 

Five measurements per applied weight have been considered reasonable with respect to the test 
subject’s ability to carry the weights statically. 

Equipment 

 A test person 
 A durometer that measures in HA durometer units. 
 Seven weights around 1500 g each 

Test Description 

The test subject places his right arm at an angle of 90 degrees between the upper and lower arm. 
Weights are placed in the right hand, and are held up by the test subject statically. 

Starting with no weight and then for each applied weight, measure the hardness in HA durometer units 
of the upper arm five times, 20 cm from the elbow. 

Expected outcome: A consistent difference between the hardness measured for each applied weight.  

 



 

Issued by Date Ref. Page 

Staffan Månsson, Thomas Sederholm 2011-11-10 Test 7 1 (1) 
Subject Document type

Specification Test 7: Foam Durometer Test Specification 
 Approved by 

  

 

  File Name: Test7-FoamDurometer.doc   2011-11-10  18:51 

Purpose 

This test is used as a reference for the prototype’s hardness assessment. Durometry will be used to 
measure the hardness of five different test foams. 

Equipment 

 Five different foam samples of the same circumference but with different hardness. 
 A durometer that measures in HA durometer units. 

Test Description 

The hardness of each foam sample is measured HA durometer units. 

 



Appendix 5 Complexity tree 
 

Common parts:
1 Case 
1 Tape wheel 
1 Tape 

Spring loaded 
concept: 
1 Tractor wheel 
1 Support wheel 
Holes in tape 

 

Fixed, soft support 
wheel: 
1 Axle 
1 Soft tire for axle 
 
Case: 
2 Mounting points 
1 Input for motor 

Sprung support 
wheel: 
1 Pick up w/ spring 

Spring in device: Spring in cassette: 
1 Brake 1 Spring 
 
 

 
1 Support wheel  

Case: 
3 Mounting points 

  
Case: 
3 Mounting points 

Case: 
3 Mounting points 1 Input for motor 
1 Input for motor 1 Input for motor 1 Input for spring 

Parts: 5
Complexity: 3 

Parts: 5
Complexity: 5 

Parts: 6
Complexity: 4 

Parts: 5
Complexity: 5 
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Appendix 6 List of Primary Components 
 
 

Source Description Other Part no. 
Amazon Battery 7.4V 1800mAh Li-ion Battery for Olympus BLS1  
DigiKey Encoder ENCODER PROG 16RES SW TTL RADIAL 102-1307-ND 
DigiKey LDO TPS77033DBVR 296-11051-1-ND 
DigiKey CPU MSP430F2272IDAR  296-21456-1-ND 
DigiKey Motor Driver IC DRIVER DUAL DC MOTOR 24SSOP TB6612FNGCT-ND 
Pololu Motor 210:1 Micro Metal Gearmotor HP 996 
SparkFun Trigger Game Controller Triggers (left/right pair) COM-10314 
SparkFun Display Color LCD - Breakout Board LCD-08600 
www.PCBpool.com PCB   
    
Resistors R1 47  kOhm P47.0KFDKR-ND 
 R3 100 Ohm P100FCT-ND 
 R5 47  kOhm P47.0KFDKR-ND 
 R6 47  kOhm P47.0KFDKR-ND 
 R9 47  kOhm P47.0KFDKR-ND 
    
Capacitors C1 0.1 µF 490-1775-1-ND 
 C2 0.1 µF 490-1775-1-ND 
 C3 1   µF 490-1832-1-ND 
 C4 0.1 µF 490-1775-1-ND 
 C5 1   nF 490-1749-1-ND 
 C6 0.1 µF 490-1775-1-ND 
 C7 4.7 µF 445-1594-1-ND 
 C8 10  µF, 35 V 587-1352-1-ND 

 



Appendix 7 Schematic 
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