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Abstract
To improve the frequently performed lymphedema measuring session – important for an early
detection of the disease – a novel device was evaluated and further developed in this study.
Lymphedema appears as limbs swelling, often arms and legs, partly because of cancer
treatment. The current assessment technique includes several circumference measurements with
a regular tape measure, and the method had room for improvement regarding consistency and
effectiveness. Different clinicians may pull the tape measure differently while measuring the
circumferences of a patient’s limb. An additional skin compliance evaluation, performed by the
clinicians, could be quantified and analyzed if the assessments were put into numbers.

The goals of this project were to evaluate and improve the accuracy and precision of this novel
device, as well as develop and integrate a feature for measuring skin compliance. Furthermore,
a user interface adapted to the clinicians’ demands and a design adapted to testing and future
manufacturing was essential. Due to patient safety reasons, a part of the device was made
replaceable between patients.

Developing the device, video recordings of hands-on testing were performed, as well as a
survey distributed to clinicians who provided lymphedema therapy. The circumference
measurement developed in this study was, according to the performed tests, accurate enough
compared to the accuracy required the current measuring routine. An automatic calculation of a
skin bulk modulus K, was developed as a feature of the device to be able to obtain a value of
the compliance clinicians felt for with their hands. The K-value was proven as a concept by
measuring different foams. Measuring K-values of the tissue, the device was capable of
detecting an increase in muscle tension, but results were only predictable to a certain limit in
the test presented in the report. The method could not yet be validated by comparing it to a skin
hardness measurement with a durometer. A conclusion was however, that the K-value still
could be a useful indicator in addition to the current assessment and that the device could save
time in the measuring session. This saved time could be used for more measurement sessions,
beneficial in order to detect lymphedema early (Lawenda, Mondry, and Johnstone, 2009),
which in turn was essential for a successful treatment.
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Sammanfattning
En ny produkt, som utvecklats för att underlätta de många diagnoser och bedömningar av
sjukdomen lymfödem, utvärderades och vidareutvecklades i denna studie. Tidiga mätningar av
patienter i riskzonen var viktigt för en tidig upptäckt av sjukdomen. Lymfödem yttrar sig som
svällande och förhårdnade kroppsdelar, ofta armar och ben, och uppkommer delvis till följd av
cancerbehandling. De mätmetoder som användes inom vården när rapporten skrevs, bestod av
en lång rad mätningar av kroppsdelars omkrets med ett vanlig måttband. Det fanns utrymme för
förbättring av metoden som kunde göras mer konsekvent och effektiv. En risk fanns att kliniker
använde måttbandet på olika sätt när omkretsar på patienter mättes. Dessutom skulle den
hårdhetsutvärdering av kroppsdelar, som genomfördes av klinikerna, kunna kvantifieras och
analyseras om dessa utvärderingar sattes i siffror.

Målen med detta projekt var att utvärdera den nya produktens noggrannhet och precision, samt
utveckla och integrera en funktion för mätning av hudens hårdhet. Ett användargränssnitt
anpassad till klinikers krav och en konstruktion anpassad för testning och framtida tillverkning,
var också projektmål. Med anledning av patientsäkerhetskrav gjordes en del av produkten
utbytbar mellan mätningar av olika patienter.

Under utvecklingen användes videoinspelningar av praktiska tester av prototypen och
undersökning som delades ut till kliniker som utförde lymfödembehandling. Mätningen av
omkrets som utvecklats i denna studie var, enligt de tester som utförts, tillräckligt noggrann
jämfört med den noggrannhet den vedertagna mätmetoden krävde. En automatisk beräkning av
en bulkmodul K för vävnaden, utvecklades som en integrerad funktion för att kunna erhålla ett
värde på den hårdhet som kliniker kände med sina händer. K-värdet visade sig fungera som ett
koncept, genom mätningar av olika typer av skummaterial. Beträffande mätningar i vävnad
visade sig produktens bestämning av K-värden kunna detektera en ökning av muskelspänning,
men resultaten var bara förutsägbara till en viss gräns i testet som presenteras i rapporten.
Metoden kunde i denna studie, inte på detta sätt valideras för vävnad genom att jämföra
metoden med mätningar med en durometer. En av slutsatserna var dock att K-värdet fortfarande
kunde vara en användbar indikator, som ett komplement till den bedömning som var gängse när
rapporten skrevs. Utöver detta kunde produkten spara tid i de många mätningarna av
lymfödempatienter. Denna sparade tid kunde användas för fler mätningar. Fler mätningar ökar
chansen att upptäcka sjukdomen i ett tidigt stadium (Lawenda, Mondry, and Johnstone, 2009),
vilket i sin tur är avgörande för en framgångsrik behandling.





Preface
The thesis project presented in this report was performed by Staffan Månsson and Thomas
Sederholm, graduate students at Royal Institute of Technology (KTH) in Stockholm. Two
reports were written regarding the project – one for the Department of Intergraded Product
Development, KTH, and one for the department of Mechatronics, KTH. This report is written
by Staffan Månsson for the Department of Integrated Product Development, KTH.

The project group would like to thank everyone who contributed to the project. Our thanks to
the staff at Sister Kenny Research Center (SKRC) for welcoming us, Lars Oddsson, director of
research (SKRC), Daniel Nilsson (SKRC), and Martha Sullivan (Sister Kenny Rehabilitation
Institute), for feedback and input throughout the project. Our thanks to the authors of the
previous Essessor project: Olle Karlsson and Alexander Fagrell, for sharing information about
their work.

Stockholm, August 2012





Contents
1. INTRODUCTION ................................................................................................................... 1

1.1 BACKGROUND .............................................................................................................. 1

1.2 PROBLEM DEFINITION .................................................................................................. 2

1.3 PURPOSE AND BOUNDARIES ......................................................................................... 3

2. METHOD.............................................................................................................................. 5

2.1 PRE-PROJECT................................................................................................................ 5

2.2 THE SKRC PROJECT MODEL ........................................................................................ 6

2.3 INNOVATION TEAM....................................................................................................... 7

2.4 HAZARD ANALYSIS ...................................................................................................... 7

2.5 VIDEO RECORDINGS AND SURVEY................................................................................ 7

2.6 PRODUCT REQUIREMENTS AND TEST SPECIFICATIONS ................................................. 8

2.7 CONCEPT PHASE ........................................................................................................... 8

2.8 DESIGN OF SUB-SYSTEMS AND INTEGRATION .............................................................. 9

2.9 VALIDITY AND RELIABILITY OF THE METHOD .............................................................. 9

3. STUDIES............................................................................................................................. 11

3.1 LYMPHEDEMA ASSESSMENT....................................................................................... 11

3.2 THE CURRENT ROUTINE ............................................................................................. 11

3.3 INPUT FROM FUTURE USERS ....................................................................................... 12

3.4 THE ESSESSOR PROTOTYPE ........................................................................................ 13

3.5 ACCURACY AND PRECISION........................................................................................ 15

3.6 DFX AND SINGLE-USE GUIDELINES ........................................................................... 17

3.6.1 DFM FOR INJECTION MOLDING ........................................................................... 18

4. THE FIRST PROTOTYPE .................................................................................................... 19

4.1 OBSERVATIONS AND USER FEEDBACK ON THE FIRST PROTOTYPE.............................. 19

4.2 AREAS OF IMPROVEMENT ........................................................................................... 20

5. PRODUCT REQUIREMENTS ............................................................................................... 23

6. CIRCUMFERENCE MEASUREMENT................................................................................... 25

6.1 CONCEPT A – CURRENT CARTRIDGE WITH COMPENSATED FORMULA........................ 25

6.2 CONCEPT B – TRACTOR WHEEL AND SPRING IN CARTRIDGE ..................................... 25

6.3 CONCEPT C – SPRING-LOADED SUPPORT WHEEL....................................................... 26

6.4 CONCEPT D – TRACTOR WHEEL AND SPRING IN DEVICE............................................ 27

6.5 CONCEPT TESTING AND EVALUATION ........................................................................ 27

6.6 DEVELOPMENT OF CONCEPT D................................................................................... 30

6.6.1 TRACTOR WHEEL................................................................................................. 30



6.6.2 SPRING ................................................................................................................. 30

6.6.3 SPRING PRE-LOADING MECHANISM..................................................................... 30

6.6.4 TAPE WHEEL AND BRAKE .................................................................................... 31

6.7 CONVERTING ENCODER TICKS TO MILLIMETERS........................................................ 32

6.8 RESULTS – CIRCUMFERENCE ACCURACY AND PRECISION .......................................... 33

7. COMPLIANCE MEASUREMENT ......................................................................................... 37

7.1 THE Κ AND THE K VALUE............................................................................................ 38

7.2 RESULTS AND VALIDITY............................................................................................. 40

8. DEVICE AND CARTRIDGE ................................................................................................. 43

8.1 DEVICE DESIGN .......................................................................................................... 43

8.1.1 INTERFACE DEVICE-CARTRIDGE .......................................................................... 45

8.2 CARTRIDGE DESIGN.................................................................................................... 45

8.3 DEVELOPMENT AND RESULTS .................................................................................... 46

9. DISCUSSION ....................................................................................................................... 49

10. CONCLUSIONS ................................................................................................................... 51

11. REFERENCES ..................................................................................................................... 53

APPENDIX A – PROJECT SCHEDULE

APPENDIX B – INTERVIEW GUIDE: VIDEO RECORDING SESSIONS

APPENDIX C – SURVEY QUESTIONS

APPENDIX D – PRODUCT REQUIREMENTS

APPENDIX E – TEST SPECIFICATIONS

APPENDIX F – COMPLEXITY OF CONCEPTS

APPENDIX G – MOTIVATIONS FOR CONCEPT SELECTION SCORES

APPENDIX H – PRODUCT HAZARD ANALYSIS

APPENDIX I – RESULTS TEST 1: COMPARISON

APPENDIX J – DESIGNED AND PRINTED PARTS



1

1. Introduction

1.1 Background
As cancer treatment has become more effective, the side effects that cancer survivors may
experience have become an increasingly more important issue. Lymphedema is a significant
consequence of the treatment of breast cancer, and as the number of cancer survivors is
increasing, there is a growing interest in lymphedema diagnosis as well as understanding and
preventing the disease (Golshan and Smith, 2006). Lymphedema is caused by a failure in the
output of protein-rich fluid of the lymphatic vessels that leads to accumulations of fluids in
the tissue (von der Weid and Zawieja, 2004). In turn, this leads to limbs swelling, often arms
and legs. Lymphedema is a disease with no known cure but different options for treatment,
therefore lymphedema must be monitored over a patient’s lifetime, (Lawenda, Mondry and
Johnstone, 2009)

To determine if a patient is in need of lymphedema therapy it is interesting to track the
volume of limbs to see if there are a tendencies toward swelling. An as early detection of
lymphedema as possible is of high importance for a successful treatment, and a baseline of
limb volume measurements for all at-risk patients would assist an early detection of the
disease, according to Lawenda, Mondry, and Johnstone (2009). A frequently used method for
diagnosis of lymphedema involves limb volume assessment with a tape measure. In addition
to measuring changes in limb volume, measurements of how the tissue responds to pressure
are also used to assess lymphedema (Gerber, 1998). This is called skin compliance, the
inverse of stiffness, and changes of skin compliance are signs of lymphedema as well.

Sister Kenny Research Center (SKRC) has developed a prototype of a medical device for
measuring the circumference of limbs in a previous collaboration with students from KTH,
Fagrell and Karlsson. The device was intended to streamline the process of keeping track of
changes in limb volume in patients and storing the data in digital form. The prototype that
was developed was called Essessor, shown in Figure 1. This former prototype version will be
called the Essessor prototype this report.

SKRC opened in 2007 at Abbott Northwestern Hospital in Minneapolis, MN. It is a research
initiative that works closely to the Sister Kenny Rehabilitation Institute at the hospital, and
acts as an incubator of innovative solutions within the area of medical technology.
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Figure 1. The Essessor prototype.

The development of the Essessor prototype was initiated to fill a void in the market of
lymphedema assessment devices. At Abbott Northwestern Hospital, a regular tape measure
was used and the method could be improved regarding consistency. Different clinicians may
pull the tape differently while measuring the circumference of a patient’s limb. It was decided
that improving the tape measure method by eliminating this error source, would provide a
cost- and time-effective solution.

The thesis project outlined in this report evaluates and continues the development of the
Essessor prototype.

1.2 Problem Definition
The lymphedema assessment method at Abbot Northwestern Hospital had a clinician measure
the circumference of a patient’s limb with a tape measure. Data was tracked through regularly
performed measuring sessions and was used to calculate limb volume using a formula. The
clinicians also palpated for any signs of fibrosis, i.e. felt for fibrous and hard tissue with their
hands, in order to assess the skin compliance. For this project, it was assumed that the
lymphedema assessment method could be made less time consuming and that the inter-
clinician consistency in the results could be improved. Regarding the compliance
assessments, the results from the palpation were not put into numbers, which made it hard to
quantify and analyze the results.

A hand held device could provide a faster and more accurate method for gathering patient
data and transferring it to a database. Previous work on this had led to the Essessor prototype.
This prototype had to be evaluated regarding the circumference measurement and had to be
made ready for testing within a hospital, as well as for a future manufacturing phase.
Furthermore, a skin compliance measurement had to be developed and integrated and that
would help clinicians quantify the skin compliance results.

Because it was important to have a disinfected measuring tape, the design the tape container
of the Essessor prototype was not optimal because it could not be replaced or disassembled

Tape Container
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easily. This project aimed to find a sanitary, yet inexpensive, way to change tape between
patients.

Another aim of this project was to review and possibly revise the semantics and the
ergonomics of the Essessor prototype.

1.3 Purpose and Boundaries
The following goals define the overall focus of this project:

 Evaluate and improve the accuracy and precision of the device.

 Develop and integrate a feature for measuring skin compliance.

 Develop a user interface adapted to the clinicians’ demands.

 Design a new prototype, well adapted for testing and a future manufacturing
phase.

 Develop a replaceable interface between the patient and the device.

Development of a reliable circumference measurement would decrease error and make the
measurement more consistent between clinicians. This would make the diagnosis more
reliable. The development of a skin compliance measurement, integrated in the device, would
lead to the ability to quantify and analyze the results and detect changes in a patient.

The purpose of saving time in the lymphedema diagnosis was to make it possible to measure
more. This would allow getting a baseline of circumference and skin compliance results for
all at-risk patients. This could help identifying lymphedema at an earlier stage. A step in this
direction was to make the device well adapted to the clinicians’ demands regarding the user
interface as well as improving the semantics.

Because the device was intended to be initially used as a research tool at Abbott Northwestern
Hospital, the design had to be robust and ready for testing. Effort needed to be put into
adapting the device to a manufacturing process as well, to prepare it for future production. A
wish from SKRC was that the part of the device that was to be in contact with patients should
be replaceable. Due to patient safety, this part could then be changed between patients instead
of having to be manually disinfected with alcohol.

According to research by Taylor et al. (2006), the method of using a number of measured
circumferences to calculate limb volume was already evaluated and considered reliable. The
Essessor-project investigated different solutions for measuring the limb circumference. An
integrated flexible and adjustable tape was then deemed the best solution. This method was
used in this project as well. Work primarily focused on measurements in arms and legs
because these were measurements were common.

The Essessor prototype used a rotary encoder to measure the amount of tape extruded.
Alternative solutions, such as usage of a linear encoder, had been mentioned in the study of
Fagrell and Karlsson (2012). In this project, a rotary encoder was considered well enough and
less complicated to implement. Therefore, this project continued using the same encoder.
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Because the previous project used the Texas Instruments’ Code Composer Studio to compile
the software for the device the decision was to continue using the same software to be able to
use the already existing code.

The requirements for the Essessor prototype were established in collaboration with clinicians,
as they were one of the intended primary users. The clinicians had expressed a need for the
device to be portable and easy to understand. In this project, the personnel at SKRC had to be
considered as users as well because the device was initially to be used as a research tool.
Another important user group is the patients. Because the fragile skin of lymphedema patients
is more prone to infection, it was paramount that the device did not carry contaminants
between patients. Purchasers at hospitals and people involved in manufacturing and assembly
were other important groups. Finally, additional users could be identified in other areas within
the healthcare- and fitness sector, although this report does not cover these groups.

A PC-software that clinicians were meant to use to transfer patient data and measurements to
and from the device was developed in the previous Essessor project and this project focused
on the handheld device only.
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2. Method

2.1 Pre-Project
The Essessor prototype that was handed over was not ready for testing and evaluation and
therefore a decision to implement a pre-project was made. The pre-project was executed
during the first eight weeks of the project. According to Wenell (2001), a pre-project form
allows project members to start working on time-consuming activities early in the process and
time critical activities can be identified.

Within the frames of the pre-project, focus was on getting relevant product requirements, well
adapted to the users’ needs, as well as a testing strategy. To accomplish this, three activities
were performed in parallel: theoretical studies, updating the Essessor prototype to a naive but
reliable version, and a survey. To get a functioning first prototype in the hands of the
clinicians, for testing and a first evaluation early in the process, was considered vital. This
specific first prototype version will be called the first prototype in this report.

Another benefit of combining theoretical studies and upgrading of the prototype in a pre-
project was that it allowed the project team to focus studies on areas in close relation to the
device and the programming environment. Planning work resulted in a Gantt chart that was
allowed to be adjusted during the project time, see Appendix A. This schedule was based on
the structure for the entire project, as shown in Figure 2.

Figure 2. Project Structure.
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MAIN PROJECT
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2.2 The SKRC Project Model
The project structure, Figure 2, was based on the workflow of the SKRC project model. This
model, outlined in the Innovation Handbook (Lund, 2009), was used for projects at SKRC but
was modified to fit this master thesis project, as shown in Figure 3. The model was familiar to
the staff at SKRC and many of the clinicians who were going to be consulted during the
project. The model suggested setting up a number of stage-gates throughout the project where
at each; something tangible should be presented and discussed in an innovation team. For this
project, the five following stage-gates were established and scheduled in the project schedule:

 SG1: Planning Report

 SG2: First Prototype

 SG3: Concept Selection

 SG4: Prototype

 SG5: Report

See the project schedule, Appendix A, for information on when these stage gates took place.
After SG2, the project was divided in a number of modules and the design work of these
modules ran in parallel.

Figure 3. Modified project model from the Innovation Handbook (Lund, 2009).
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2.3 Innovation Team
A small innovation team was set up and gathered to discuss key tasks such as concept
evaluation, customer needs etc. The purpose of the innovation team was to get valuable input
from future users and involve them early the process. The innovation team gathered around
key decisions defined in the stage-gates mentioned above and performed workshop like
activities on generation of new ideas and concept evaluation. The idea was to have such
meetings on a weekly basis. The purpose of an innovation team is to mix people with
different areas of expertise and allow them to cross-pollinate ideas, Ulrich and Eppinger
(2008).

2.4 Hazard Analysis
Early in the pre-project a project hazard analysis was performed. Each hazard that was
identified by the project team was given a rate 1-5 on probability, P, as well as severity, S.
These rates were multiplied to obtain a risk factor, R, which gave guidance on how to
prioritize. An action plan was then established to prevent each risk, see Table 1. A hazard
analysis was performed for the product as well that will be mentioned late in this repot. To
find and make a prioritization of risks in the planning phase, helps to minimize the number of
surprises in a project Ulrich and Eppinger (2008).

Table 1. Project hazard 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  in
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 decisions (in a
document)

Lack of funds Quality problems 1 3 3 Communicate product requirements
clearly with management

2.5 Video Recordings and Survey
When having a functioning first prototype, knowledge was gathered by video recording of a
clinician using the prototype. According to Ulrich and Eppinger (2008), viewings of video
recordings of a future user, using the product, is helpful for the understanding of the user
environment. For example, some problems with the prototype could be easy to observe but
hard for a test person to describe in words. Video recording sessions were performed twice.
The first session was performed in the pre-project to get an input to the product requirements,
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and the second at the end of the project to see if improvements were made. The sessions were
planned as semi-structural personal interviews to be able to investigate views and opinions of
the respondent (Kajornboon, 2005). The respondent had to use the prototype to measure in a
test person after only a brief introduction of the different features. An interview guide of a
number of subtopics was also used for discussion, shown in Appendix B.

A survey was designed for collecting information about when and how often in the measuring
process different functions would be used. Furthermore, it was investigated what kind of
information the clinicians were interested in getting from the device, and why they would use
the device. This way, the value of the product could be verified. When formulating the
questions, a number of common mistakes were avoided in order to get useful results (Ullman,
2003):

 Assuming that the customer has more than common knowledge

 Using jargon

 Leading the customer to a suitable answer

 Tangling questions together

An online form was then used reach the clinicians more easily, which was distributed to
personnel at the Abbott Northwestern Hospital who provided lymphedema therapy. The
survey questions are listed in Appendix C.

2.6 Product Requirements and Test Specifications
The primary goal of the pre-project was to formulate a product requirements document,
Appendix D, based on knowledge gathered by literature studies, video recording sessions, and
the survey. Since the product was a measuring tool, testing against these requirements had to
be a substantial part of the project. The idea of the V-model was used to get a structured
testing methodology. That is, detailed test specifications were established for testing of the
sub-systems and different concepts as well as for the entire system. Each specification, shown
in Appendix E: Test 1-7, describes its connection to the product requirements as well as how
the test was to be performed. Then, during production of sub-systems and integration, tests
were performed against these specifications. It is useful to develop well-conceived testing
strategy in the pre-project to ensure that necessary tests can be performed within the limited
time of the main project, according to Wenell (2001).

2.7 Concept Phase
The concept phase followed the pre-project. Design team discussions and brainstorming on
five selected requirements, here called key requirements (described in chapter 5) led to new
ideas and concepts. A selection of concepts were built as simple and visible test rigs,
discussed in the design team, and tested against the test specifications. The test results were
used in a weighted concept selection matrix and one concept was selected.



9

2.8 Design of Sub-Systems and Integration
When a concept was selected, DFX-strategies such as design for manufacture (DFM) and
design for assembly (DFA) were used, in addition to the product requirements. According to
Ulrich and Eppinger (2008), these strategies are useful later in the design process when the
direct linkage to customer needs become less obvious. Design guidelines for injection molded
parts and single-use parts were used as well. The designs was made in CAD, printed in a 3D-
printer, and tested against the test specifications.

2.9 Validity and Reliability of the Method
With the approach mentioned above, the intention was to develop a product that was closely
related to the future users by using knowledge from a survey and video recordings in the
product requirements. The video recording sessions could give a deep insight in the user
environment. However, the results were not objective since only a single user was selected for
these sessions. This specific user, a clinician who provided lymphedema therapy, was selected
due to availability for this project. It was possible to arrange sessions with the current
measuring routine with a lymphedema patient but it was not possible for the clinician to
measure in patients with the prototype, but in a test person. However, the clinician was asked
to make sure that this test person was treated as a patient to increase the validity of this
method.

Efforts to increase reliability in the method were to use available literature when designing the
survey. All responders were clinicians who performed lymphedema therapy and the number
of responders was 18.

A concept selection matrix is a subjective method and therefore the scores in the matrix were
linked to test results as far as possible in this method. The different criteria in the matrix were
presented to the innovation team and discussed.
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3. Studies

3.1 Lymphedema Assessment
According to Armer, et al. (2009), measurement of limb volume to detect lymphedema should
follow a specified routine that implies, for arms, a series of circumference measurements from
wrist to axilla. Both arms were measured, even though only one was swollen. Measurements
were taken on a relaxed arm on a table, with palm facing down and fingers together. A paper
tape was attached along the arm, from wrist to axilla, where the position for each
circumference measurement was marked with a pen. The distances h between the marks
should be four cm. Circumference was then measured twice with a tape measure at each mark.
If the pair of results differed by more than 0.5 cm, an additional measurement was made. All
these measurement were then typed into a data sheet. The limb volume, based on these
circumferences, was calculated as the sum of a number of section volumes, Vsection. Each
section was approximated as a truncated cone and calculated by Formula (1) (Taylor et al.,
2006), where C and c were the circumferences at the ends of each section.

 22
sec 12

cCcC
h

V tion 


(1)

3.2 The Current Routine
The current routine for measuring arms and legs was videotaped and studied. A frame from a
film is shown in Figure 4, and the procedure is described below.

S1. The clinician started with marking out the positions, at which measurements then
were taken. For an arm, starting at the wrist and marking with a pen at five cm
increments, h, up the arm. The arm length was not necessarily multiples of five
centimeters and therefore, the last mark closest to the axilla was not always five
centimeters from the second to last; this was noted on a form.

S2. The clinician then measured the circumference once at a mark using a tape
measure that was pulled gently, making sure not to displace the skin.

S3. The measurement was written down on a form.

S4. Step S2 and S3 were repeated, going back and forth between measuring and
writing, until all marked positions were measured.

S5. The measurements were fed into the database.

The clinician then proceeded to palpate for signs of approaching stiffness that might indicate
lymphedema. Step S1 to S4 took the clinician about three minutes for measuring in one arm.
The other arm was then measured in the same way. Furthermore, leg measurements were
performed the same way, with the exception that the distance h between the marks was ten
cm.
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Figure 4. Arm measurement using a regular tape measure – frame from a video recording session.

Based on the estimations of 18 clinicians, the average number of measuring sessions per
clinician in a typical week was 4.5. The average time that a full measuring session took, with
step S5 included, was 40 min.

3.3 Input from Future Users
In survey results, clinicians expressed a wish to save time to be able to focus on patient care
as well as a wish to measure limb volume more, if a device could save them time.

When asked why a device that measured skin hardness would be helpful, eight out of 18
considered that it would help them quantify the results and that the assessment would be more
objective. One clinician thought that the palpation they used still would be the best way and
some clinicians expressed that they would still use palpation in addition to the device. (The
word skin hardness was used when formulating the survey question, in order to make the
question less complicated)

Nine out of 18 clinicians 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 the hardness measurement would be used during a measurement session,
eight out of 18 wanted the device to automatically measure hardness every five or ten cm
where the circumference was measured, but they still wanted the option to measure hardness
separately at a specific site.

Another finding from the survey was that sometimes all that changed in a lymphedema patient
was the hardness – the circumference stayed unchanged. In this case, a hardness measurement
would be appreciated because clinicians would then want continue treatment even though the
circumference did not change.
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Clinicians were asked to choose between what they would like to read from the display of the
device while measuring circumference. Their choices are shown in Table 2.

Table 2. Clinicians’ choices of displayed information.

No. of clinicians, out of 18 Information

16 The circumference measure

16 Current measuring position as "position 5 cm, 10 cm, 15 cm ...” etc

14 The body part that has been chosen to measure: "left arm", "right arm", etc

12 The patient's name

4 Current measuring position as a number "position 1, 2, 3 ...” etc

3.4 The Essessor Prototype
The Essessor was a prototype of a medical device primarily for measuring the circumference
of limbs with a flexible tap measure controlled by a motor. This prototype was also projected
to be able to assess skin compliance; however, this feature was not implemented.

The device was held in a pistol grip, interfacing with the user through a trigger button, a
clickable scroll wheel, and a display. The parts of the Essessor prototype are shown in Figure
5. At the start of this project, the prototype that was handed over was simplified to run a
demo-mode where the tape was first retracted into the tape container and then extruded again
when either the trigger- or the scroll button was pushed.

Figure 5. The parts of the Essessor prototype.

- Scroll Button
- Scroll Wheel Encoder

- LCD
- Motor Driver
- CPU

- USB Output/Input

- DC Motor
- Rotary Encoder

- Trigger Button
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The Essessor prototype measured circumference by tracking the amount of tape that was
rolled out. A rotary encoder fitted to the motor measured the rotation of the motor shaft, on
which a tape roll, as shown in Figure 6, was attached. Because of the thickness of the tape, the
outer diameter of the roll changed as the tape was extruded or retracted. To compensate for
this while measuring the rotation of the motor shaft, a mathematical formula had been
derived. The formula was used to calculate the amount of extruded tape based on a calculated
outer diameter of the tape roll. A prerequisite for this method was that the motor always
winded up the tape the same way. If the motor winded looser or tighter than expected, making
the outer diameter of the roll change unpredictable, the measurement became inaccurate.

Figure 6. Interior view of the tape container of Essessor, showing the tape roll and the support wheel.

The ability to measure skin compliance is something that had been discussed in the precious
project, as an extended application for the Essessor device. The idea was to tighten the tape
around a patient’s limb to measure circumference, and then tighten it a little bit further and
asses the compliance by measuring the amount of resistance when the tape is tightened. This
may require upgrading the motor in the device (Fagrell and Karlsson, 2012). Getting this to
work have been a problem with Essessor and at the start of this project, parts of this
compliance measurement technique had been tested in the lab but was not carried over to the
prototype successfully.

It was required to open the tape container, and usage of a socket wrench, to remove it from
the prototype. Furthermore, usage of the tool again and manually fitting of a support wheel, as
shown in Figure 6, was needed to replace it. The tape had a tendency to tangle and
inconsistent roll up resulted in errors. The software for the device was written in C++ and
compiled with Texas Instruments’ Code Composer Studio. The microcontroller was
programmed using a Flash Emulation Tool (FET), which connected a computer to a
microcontroller using the computers USB-interface. The FET was used to transfer the
compiled code to the microcontroller and could be used for debugging. Figure 7 shows the
components that allowed user input and the data flow to the CPU. Furthermore, it shows how
the CPU through a motor driver controlled a brushed DC motor with an attached gearbox. In

Tape Roll

Support Wheel

Motor Shaft

Tape Container
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the Essessor prototype, the gearbox had a ratio of 100:1, and the thicker arrow between the
motor and the rotary encoder indicates a mechanical rotation while other arrows indicate
signals. The user got feedback from a display, LCD, and a USB circuit served as a possible
in- and output of data between a computer and the prototype. The clinicians used a specific
database for storage of circumference measurements and other patient data. In the database,
calculations were made similar to the volume calculation Formula (1). However, linkage to
this database had not been a part of the Essessor project.

Figure 7. Structure and flow of the Essessor prototype.

3.5 Accuracy and Precision
Series of test data can be used to evaluate the accuracy and precision of measurement results.
Accuracy is the closeness of the results to a true value and can be assessed by comparing the
mean of a test sample to a true value. The precision on the other hand, is the repeatability or
reproducibility of the measurement and if there are no systematic errors in the measurement
procedure, the results tend to be spread symmetrically around a sample mean value x . If the
results in a sample are plotted in a histogram, as shown in Figure 8, and the sample size is
theoretically infinite, the histogram will obtain the shape of a normal distribution. In a normal
distribution, 68.3% of the results in will appear within the interval sx  , where s  is the
standard deviation of the sample (Wahlström, 2011).
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Example of Measurement Sample
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Figure 8. Histogram – Example of a large sample of measurements that obtains the shape a normal
distribution curve. The sample mean x , is here 11 mm and the standard deviation is s.

Figure 9 shows the definition of accuracy and precision. The measurement results are here
normally distributed and the sample mean differs from a true value.
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Figure 9. Definition of accuracy and precision (Aggarwal, A., Aggarwal, N. K., and Das, 2010).

However, when the sample size is small, less than 30 samples, Student’s t-test is more suitable
for evaluating the precision than a normal distribution (Choudhury, 2009). A t-test
compensates for a small sample size with a constant t. This constant is chosen from a table
(Gerstman, 2007), and is dependent on the sample size minus one, and a probability. For
example, from a sample of ten measurements, it can be assessed that 95% of future
measurements will appear within an interval stx  . This interval is called the confidence
interval and the precision of one individual measurement can be expressed as Formula (2)
(Pounds, 2009).

Precision

Accuracy

True Value Measurement Results
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s        s
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stxx  (2)

3.6 DFX and Single-Use Guidelines
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 (2008). When selecting materials, factors such as stress,
pressure, temperature and how long the material must last have to be considered. Local
availability must be taken into account as well, since some materials for example may be
available in Europe but not in the United States.

Reusable devices can be sterilized within hospitals but disposables and single-use devices are
sterilized at the manufacturing site. Therefore, materials suitable for some of the available
sterilization methods must be selected. This usually implies a material compatible with
ethylene oxide gas or gamma sterilization. The issue of sterilization includes packaging as
well. Products for a medical setting are generally intended to be used within five years of
sterilization according to Bartholomew (2008).

Sterilization is a process where all microorganisms including bacterial spores are eliminated.
Disinfection on the other hand is a not an absolute condition since it is defined as a process
where most of the microorganisms, and not bacterial spores, are killed (Sridar Rao, 2008).
According to Zeus Industrial Products, Inc. (2005), sterilization is the standard for surgical
devices although disinfection can be acceptable in other situations.

Another important thing to keep in mind when designing for disinfection is that each type of
material often requires a specific disinfection method (Zeus Industrial Products, Inc., 2005). If
an unwise material selection is made and disassembly of the device is not possible, it may be
impossible to disinfect the device.

The most common manufacturing methods for single-use medical devices are injection
molding of plastics, gluing, different types of welding and screw-less methods of bonding
(Bartholomew, 2008). To reduce cost, component count should be minimized. This thinking
leads to decreasing assembly time and decreasing product assembly failure, Ullman (2003).
However, according to Bartholomew (2008) this often requires more complex and expensive
parts and because of this, the risks of product failure shifts from the assembly phase to the
molding phase. This is an important trade-off to be aware of when making a design decision.

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,
2008).

In order to minimize costs related to the assembly in the manufacturing process there are a
number of design guidelines. Besides low overall part count, a low use of separate fasteners is
important, as well as one base part where all other parts are mounted. As few necessary
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repositions of this base part as possible is preferred during the assembly. Furthermore, it is
preferable that the parts can be mounted on the base part with straight motions and that
features that helps the parts in place while mounting are added to de design. (Ullman, 2003).

3.6.1 DFM for Injection Molding
When designing for injection molding a future mold should be kept in mind. Molds for
injection molding are generally two parts; this meant that of a part should be designed so that
mold halves were possible to separate in some parting plane, shown to the left in Figure 10.
The two features shown to the right in the figure: internal- and external undercut, made such
a separation impossible unless the molds had a more advanced design. However, was possible
to design such molds, but according to Poli (2001) the cost increased if an external undercut
was designed and increased even more for an internal undercut. This should be kept in mind
when designing parts for injection molding.

Figure 10. Left: cut-section of two mold halves and a parting plane. Right: part with an internal- and
external undercut.

External Undercut
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Part
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4. The First Prototype
In the pre-project, a new software version of was developed for the Essessor prototype. The
updated software replaced the demo-mode, allowing the user to control the flow of tape. The
purpose of this first prototype was to get clinicians involved early in the project for feedback
on the design of the device. The first prototype had two main functions:

 Allowing clinicians to freely control the extruding/retracting of tape

 Displaying how much tape that was extruded, using an old formula of the Essessor
prototype

For the first prototype, the button that was used for controlling the flow of tape was the single
trigger button. The device was programmed to alternate between extruding and retracting tape
on alternating depressions of the button, and an initial press of the button extruded the tape.
When the button was released the direction was changed in the software so that the next time
it was depressed the tape was instead retracted. The speed at which the tape was extruded was
set to be proportional to the displacement of the button. When the trigger was pressed
halfway, the tape moved at half speed etc. This way, a suitable tape speed could be
determined based on testing by clinicians. Figure 11 shows the components that were used for
the first prototype. The thin arrows represent signals while the thick arrow represents a
rotation.

Figure 11. Structure and flow of the first prototype.

4.1 Observations and User Feedback on the First Prototype
The first prototype was tested by a clinician in a video recording session. The session was set
up as a regular measuring session where marks were made along the arm resting on a table.
The video highlighted some of the problems with the design and revealed some unforeseen
issues. The first prototype used only one button for controlling the flow of tape and having to
alternate between pulling in and pushing the tape out using the same button was proved
complicated. At times the clinician wanted to retract the tape further after releasing the
trigger, only to have to go through a step of extracting more tape first.
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Figure 12. Testing the first prototype – frame from video recording session.

It was also observed that the clinicians 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 as the
tape loop tightened. This blocked the tape container’s tape nozzle and, instead of extruding
tape, the length pushed out from the tape roll tangled inside the container.

Another issue that presented itself during the filming session was that the tape started winding
itself up on the reverse side of the tape roll once the tape was fully extended. The inverted roll
up meant that the support wheel, see Figure 6, was put out of play so that it could not prevent
tangling. This also reversed the relation between the actual movement of the tape and the text
printed on the display that indicated the length of tape extruded. This had to be prevented by
updating the design of the tape container. Another behavior that was observed during the
session was that the clinician 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.

It was observed that most obvious time-saver of a device, over the current routine, was the
elimination of writing down each measurement. Eliminating this step would not only save
time but removes the risk of writing down the wrong value or writing unclearly so that values
are misread when transcribed to a computer.

4.2 Areas of Improvement
A number of areas of improvement of the first prototype were identified, shown in the list
below.

 Redesigned user interface to control the tape flow more intuitively.
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 A design that does not block the clinician’s view of the tape and the marks while
measuring. This prevents the clinician’s need to bend forward while measuring
and increases accuracy.

 Changed angle between the handle and display to prevent the clinician’s need to
bend forward to get a clear view of the display while measuring.

 Prevented tangling and reverse roll-up by redesigning the tape container.

 Redesigned battery connections so that they are not at such great risk of shorting.

 A functioning battery hatch.

 An on/off button.

 A JTAG-socket for reprogramming the device, accessible without disassembly.

 A device that is easier to assemble, not requiring as many different tools.

 A thought through routing of cables in the chassis design.

 Redesigned seat of the trigger button so that the button is better secured.
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5. Product Requirements
From SKRC, the requirement that a single-use part should be implemented, replaceable
between each patient, was stated as one of the project goals. Therefore, the product
requirements were divided into requirements regarding the device and requirements regarding
the cartridge, where the cartridge was the single-use part. Secondly, a layout outlined by
Lund (2009) was used where the requirements were categorized into must-, should-, and key-
requirements. The must-requirements had to be fulfilled in order to success while the should-
requirements were not individually determinants for success. The key-requirements, on the
other hand, were five requirements selected from the must- and should-requirements, due to a
great need for idea generation.

Finally, guidelines outlined by Ullman (2003) were used to formulate the requirements.
Ullman stated that each requirement should be:

 Measurable – Be objectively measurable

 Discriminatory – Be formulated so that the performance of different 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
proposed concepts in the project

 External – The requirement should measure performance and features observable
to the users

The full set of product requirements is shown in Appendix D and the five key-requirements
for this project were:

K1. The device must be perceived more easy to use than current method, according to
test persons.

K2. The device must measure circumferences with a consistent pressure on a limb
(test-retest reliability).

K3. The device must measure circumferences with a gentle pressure on a limb so that
it is not squeezed. (validity – volume)

K4. The device must collect data that can be related to skin stiffness/compliance.

K5. The device should help the user to identify measuring positions every 5 or 10 cm.

A number of test specifications were connected to the product requirements, Appendix E –
Test 1-7. Each test specification describes its connection to the requirements as well as how
each test was to be performed.
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The work in the main project was divided into four modules.

 Circumference

 Compliance

 Chassis and cartridge

 Programming
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6. Circumference Measurement
Improving the circumference measurement meant increasing reliability in the device. Many
concepts were explored for rolling up tape with better repeatability. This chapter presents the
main candidates, evaluation of these, and the selection.

The issue that made the circumference measurement unreliable in the Essessor prototype was
the fact that the roll up of tape was unpredictable. The configuration of an encoder recording
the rotation of the motor shaft mounted on a tape wheel, essentially told the device the
position of the innermost end of the tape. What was interesting for the circumference measure
was the position of the tape at the nozzle. Because the roll up was unpredictable, measuring
the tape far away from the point of interest and approximating the difference with a formula
made 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.

6.1 Concept A – Current Cartridge with Compensated Formula
Concept A was the current solution used in the Essessor prototype, as shown in Figure 6. This
concept was used as a reference to see if new concepts met the criteria better or not. However,
when evaluating the circumference measure of the Essessor prototype by performing a
circumference test, Appendix E: Test 1, the error E, increased linearly as the measured
circumference C, increased. By analyzing the error with the method of least squares, the error
tended to increase as Formula (3).

][3.1017.0 mmCE  (3)

It was compensated for this in concept A, to be able to compare it to new concepts more
fairly.

6.2 Concept B – Tractor Wheel and Spring in Cartridge
By moving the motor and the encoder as close to the tape nozzle as possible, and storing the
tape on a separate roll, the tape was pulled from the front, as shown in Figure 13, rather than
pushed from the back of the tape feed system. This eliminated the need for a formula for
estimating what happened to the tape in one end as the tape is moved in the other end. The
measured data was now close to the interesting point on the tape measure: the tape nozzle.

When the tape was fed back in, the problem of pushing flexible tape through a system was
reversed. Therefore, the tape roll was fitted with a flat coil spring to make sure that tape was
rolled back up on the tape roll, instead of bunching up randomly inside the cartridge. As tape
was rolled out the spring tightened, pulling back the tape when the motor pulled the tape back
in. This was how a regular spring-loaded tape measure worked. Now, if the tape was fed out it
was pulled through the system by the motor, and when pulled in, kept stretched by a spring.
By designing the tape feed this way, the problem of reverse roll-up after the tape roll was
emptied, was also eliminated.
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Figure 13. Principal design of cartridge that did not require a formula.

A problem with this concept was that the tape could slip between the feed rolls. The encoder
would still register the rotation of the roll even though no tape was fed forward and the
registered measurement would be wrong. Two solutions for this were proposed: One that used
two rollers with pressure between them (roller feed), and one using a perforated tape driven
by a studded wheel (tractor feed). With the tractor feed, a support wheel ensured that the tape
was pushed on to the studs, as shown to the right in Figure 14. The tractor feed concept had
the advantage of being unable to slip regardless of how much resistance given by the tape.
The drawback was that its perforation could be distorted. However, since the cartridge was
intended to be a single use part, this was considered negligible and tractor feed was chosen for
concept B.

Figure 14. Solutions that prevent slippage – Left: roller feed, right: tractor feed

6.3 Concept C – Spring-Loaded Support Wheel
Concept C explored the possibilities of improving the consistency in the roll-up of the tape,
letting the tape roll be the driving wheel while measuring the rotation of the same wheel. The
original design, shown in Figure 6, had a support wheel that applied a force on the winded up
tape roll. This force F, led to an increasing friction force μN between the tape layers as shown
in Figure 15. This friction force allowed for pushing out tape when the tape roll rotated.
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Figure 15. Simple model of the friction force μN between tape layers. Upper: support wheel and outermost
tape layer. Lower: tape wheel. Reaction force R, normal force N, and an angular velocity ω, are
represented in the model. Since N=F, μN is dependent on the force F from the support wheel.

The problem with this support wheel was that its diameter was static, and as the tape was
rolled out the diameter of the tape roll decreased. This led to a decreasing F from the support
wheel. In turn, this resulted in a decreasing μN and unpredictable tape feed. This could be
solved by mounting the support wheel on a spring-loaded arm that followed the outside of the
tape roll, as shown in Figure 16.

Figure 16. Concept C – a spring-loaded support wheel. The support wheel is attached to a spring-loaded
arm. The motor, encoder and a spring is attracted to the tape wheel. Note that hairspring refers to a long

flat coil spring.

6.4 Concept D – Tractor Wheel and Spring in Device
Concept D was based on concept B. The exception was that the spring that winded up tape on
the tape roll was mounted in the chassis of device instead of in the disposable cartridge. This
simplified the cartridge design and made the design of the device more complex.

6.5 Concept Testing and Evaluation
An initial evaluation of concept B was done using the motor and encoder from the Essessor
prototype and the spring return mechanism from a spring-loaded tape measure. The tractor
and support wheels were designed in CAD and printed on a 3D-printer. The parts were
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assembled between transparent acrylic sheets, as shown in Figure 17, so that the mechanism
could be observed easily and be discussed in the design team. Using this rig, various
configurations of the wheels could be tried out to see which relative positioning would be
optimal.

Figure 17. Concept B, from top left: support wheel, tractor wheel, and spring loaded tape wheel.

The same way, a rig of concept C was built to test its performance, Figure 18. An arm for the
roller was designed in CAD and printed on a 3D-printer.

Figure 18. Concept C, testing the concept of a spring loaded arm.

A weighted concept selection matrix was used to evaluate the four concepts of cartridge
designs. The matrix, shown in Table 3, contains nine different weighed criteria. These were
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based on the product requirements except for criteria nine: Feasibility. Feasibility 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 the confidence
interval of each concept was calculated by performing a series of test measurements.
Accuracy was calculated as the maximum absolute error. That is, the absolute deviation
between a true circumference and an average of measures produced by each concept. The true
circumference was measured carefully by hand, with an estimated accuracy of 5.0 mm,
using a regular tape measure. The accuracy and precision test is described in detail in the
specification, Appendix E – Test 1. Furthermore, a force test was performed on each concept,
to investigate the ability to pull the tape in hard without slippage, Appendix E – Test 2.

Estimated costs for the concepts were based on a concept complexity tree, shown in Appendix
F, where an absolute minimum of necessary parts and features of each concept was
determined. An estimated complexity grade from one to five was set for each concept as well.
In the selection matrix, concept D was assumed to perform similarly concept B – the only
feature that differed between these two concepts was whether the spring was mounted in the
chassis of the device or in the cartridge. Concept D was however, considered less expensive
because the single use part was estimated less expensive to produce. On the other hand, it was
considered more complex to develop.

Table 3. Concept selection matrix.

A. Current
Cartridge,

Compensated
Formula (Ref)

B. Tractor Wheel
& Spring in
Cartridge

C. Spring-
Loaded Support

Wheel

D. Tractor Wheel
& Spring in

Device

W
ei

gh
t [

%
]

Rating Weighted Rating Weighted Rating Weighted Rating Weighted
C1 Low tendency to tangle 15 2 0,3 4 0,6 1 0,15 4 0,6

C2 High precision 20 4 0,8 5 1 4 0,8 5 1

C3 High accuracy 20 4 0,8 5 1 4 0,8 5 1

C4 Pull hard for compliance 10 3 0,3 3 0,3 3 0,3 3 0,3

C5 Prevent patient contact with the device 5 5 0,25 5 0,25 5 0,25 5 0,25

C6 Replaceable in up to 30 seconds 10 4 0,4 4 0,4 4 0,4 3 0,3

C7 Measure circumference up to 1.5 m 5 4 0,2 5 0,25 4 0,2 5 0,25

C8 Low estimated cost 10 5 0,5 3 0,3 3 0,3 4 0,4

C9 Feasibility 5 3 0,15 5 0,25 3 0,15 4 0,2

Total Score 3,7 4,35 3,35 4,3

A motivation of the rating for each category and concept is given in the table in Appendix G,
where the rows and columns correspond to those of the concept selection matrix.

As the concept selection matrix shows, the two concepts based on the tractor wheel scored
highest. Even though concept B scored slightly higher than concept D, it was decided to move
forward with concept D, keeping the spring in the device instead of the cartridge. Concept D
would make it possible to produce the whole cartridge in plastic. This was beneficial for
single-use reasons. Furthermore, according to Zeus Industrial Products, Inc. (2005), different
materials often require different disinfection methods. Therefore, a concept with less different
materials could be suitable.
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6.6 Development of Concept D

6.6.1 Tractor Wheel
Two designs were tried out for the tractor wheel. In the test rig, 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 simulate the tighter conditions of the upcoming
cartridge better, the tractor wheel for the test rig was outfitted with flanges, shown in Figure
19. For the final version of the tractor wheel, the flanges were removed because they would
not be compatible with injection molding using only two mold halves.

Figure 19. Cross-section of the tractor wheel, showing the outline two mold halves. The flanges were
removed.

6.6.2 Spring
The spring that winded up tape on the tape roll was mounted in the chassis of the device. The
spring that was used was a flat coil spring. For the tape to return all the way the spring had to
be pre-loaded slightly so that it pulled at the tape even when it was fully winded up inside the
cartridge. This had been easily achieved with the spring inside the cartridge; this would work
just like a regular spring loaded tape measure. However, with the spring inside the device, it
would unwind itself when there was no cartridge with tape attached. The device required a
mechanism for pre-loading the spring once a cartridge was attached. It was also necessary that
the winding procedure was consistent and that the user had to go through it when attaching
the cartridge. This would ensure that pre-loading was not forgotten.

6.6.3 Spring Pre-Loading Mechanism
An initial idea for solving the pre-loading problem was to design a mechanism for translating
a linear movement of attaching a cartridge 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 cartridge back out. Because a locking mechanism would be needed, a
winding mechanism could instead be integrated into this locking mechanism. The cartridge
would be put in place and the procedure of locking the cartridge to the device would
simultaneously wind the spring. When the spring was pre-loaded, the mechanism must also
lock up, so that the spring did not rewind it.

Flanges
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Figure 20. Spring pre-loading mechanism. The clinician pulled the lever out as shown by (1), turned it
180° and released it. This procedure locks the cartridge to the device and winds up the spring two turns.

When a clinician pulled the lever as the arrow (1) in Figure 20 indicates, its shaft was allowed
to rotate. This was, because of the shaft splines (2) in an extracted state, did not lock to the
hole in (3). When a clinician rotated the lever 180° and then released it, the lever pressed and
held the cartridge (4) in place because of a helical compression spring (5). The dashed arrows
in Figure 20 represent reaction forces from the chassis of the device. The bases of these
arrows highlight points that are fixed, even though the shaft moved axially. The driver gear
(6) was always in contact with the splines and rotated half a turn as the lever was turned. This
rotation was transferred through gears (7) with the ratio 1:4 that made a spring housing (8)
rotate two turns. The spring hub (9) connected to the tape wheel inside the cartridge when a
cartridge was attached to the device. When the spring housing rotated relative this spring hub,
the flat coil spring was pre-loaded, see Figure 21.

Figure 21. Spring housing, flat coil spring (black), and the spring hub that connected to the tape wheel.

6.6.4 Tape Wheel and Brake
With the flat coil spring absent from the cartridge, the tape could unwind itself when
cartridges were stored. This, because there was nothing that kept the tape wheel from rotating
when a cartridge was not attached to a device. To prevent this from happening, a brake feature
that disengaged when the cartridge was attached was designed. A tab in the cartridge wall
acted as a spring for the tape wheel, as shown in Figure 22. When the cartridge was attached,
the spring became flush with the cassette wall and spurs, preventing the tape wheel from
rotating its unattached state, was disengaged.
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Figure 22. Exploded view of the cartridge – tape wheel brake mechanism.

6.7 Converting Encoder Ticks to Millimeters
For the device to be able to display a measure in millimeters, the ticks registered by the rotary
encoder had to be converted.

In concept D, the encoder measured the rotation of the motor shaft, on which a tractor wheel
that controlled the tape flow was attached. It was assumed that the relationship between ticks
and millimeters could be modeled by an equation of a straight line. The gradient was
dependent on the radius of the tractor wheel and the resolution of the encoder, i.e. the number
of ticks registered per revolution. Furthermore, when measuring the circumference of a
cylinder with a tape loop, the design of the area between the tape nozzle and the tape
attachment point, shown in Figure 23, affected the results. The tape attachment point was the
point where the outermost fix end of the tape was attached.

Figure 23. Cartridge – tape nozzle and tape attachment point.

A relationship was found by measuring the circumference of a set of known circumferences in
ticks. To counter the influence of a potential error in precision the values for each
circumference were sampled ten times and the mean value was used. The known
circumferences were the same objects that were used in the concept evaluation, and these
circumferences were, in first place, determined by hand with an estimated accuracy of

5.0 mm. Future calibration of the device could include measurements of reference
circumferences determined to even higher accuracy.

Mean values in ticks, taken by the device, were ten plotted and the method of least squares
was used to find the line that best approximates the measured values, as shown in Figure 24.
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Figure 24. Relationship between ticks and millimeters. The graph shows a distribution of 50 data points:
measurements of five known circumferences with a sample size of ten measurements at each.

The model had a coefficient of determination, R2 that was close to one (1.00). This indicated a
close correlation and verified that a linear equation was suitable for modeling the system. The
equation of the line was

 mmxC 94.534.0  , (4)

where C was the circumference and x was the number of ticks. However, different designs of
the area around the tape nozzle and the tape attachment point required different formulas. An
increased distance between these points increased the y-intercept and vice versa. Formula 4
was valid for the final cartridge design, when using it to convert ticks displayed by the device
manually.

6.8 Results – Circumference Accuracy and Precision
Using Formula (4), ticks could be converted to millimeters. When letting the device display
the number of ticks, and then manually calculate the circumference in millimeters the errors in
circumference of 50 measurements were distributed according to Figure 25. The errors were
distributed around zero and no trend that clearly indicated a systematic error appeared.
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Figure 25. Distribution of error when letting the device display ticks and using the Formula (4) manually.

When presented in a histogram, the errors show tendencies toward a symmetrical distribution
around zero, as shown in Figure 26.
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Figure 26. Histogram – Frequency of different errors.

However, when Formula (4) was implemented in the code of the device, and results were
rounded and displayed in whole millimeters, a systematic error occurred. To compensate for
this, the formula was updated to Formula (5).

 mmxC 94.634.0  , (5)
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The error distribution of the displayed measurements in millimeters, using Formula (5), is
shown in Figure 27.
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Figure 27. Distribution of error when letting the device display whole millimeters.

The data shown in Figure 27 was based on measurements of five different aluminum
cylinders and the measurement was sampled ten times at each, as described in Appendix E –
Test 1. The accuracy at each circumference is shown in Table 4, as well as a confidence
interval with 95% probability. Confidence intervals were based on Student’s T-test with a
constant t = 2.262, chosen from a table (Gerstman, 2007). The accuracy is shown as the
absolute deviation between a sample mean and a true circumference.

Table 4. Accuracy and precision at different circumferences.

True Circumference [mm] 90 130 280 360 760
Accuracy: │sample mean - true value│[mm] 0.5 0.7 0.5 0.6 0.1
Standard Deviation [mm] 1.43 0.95 1.08 0.97 0.57
Precision: Confidence Interval [mm] ±3.24 ±2.15 ±2.44 ±2.19 ±1.28

Figure 27 shows that product requirement 16, regarding accuracy and precision, was met: The
device must give 95% correct readings out of 50 measurements of known and incompressible
circumferences, with an accuracy of ±5 mm. The 50 errors shown in Figure 27 were all within
±2 mm, and an assessment of the precision with the small sample size taken into account, is
shown in Table 4 – Precision. For example, the confidence interval for a circumference of 90
mm was ±3.24 mm. That is, 95% of the measurements of a sample should fall within an
interval given by the sample mean ± 3.24 mm. In turn, the sample mean for a 90 mm
measurement had an absolute error in accuracy of 0.5 mm. The table also shows that accuracy
and precision were consistent regardless of the circumference measured, i.e. how much tape
that was rolled out while measuring.

For comparison, results from Test 1 for the first prototype are shown in Appendix I.
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7. Compliance Measurement
As mentioned in section 3.4 in this report, a compliance measurement had not been
implemented in the Essessor prototype. However, an ability to quantify skin compliance was
something that had been discussed as an extended application for the prototype. The idea
explored by the previous project 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 changed as the tape was tightened. This idea was tested in the previous
project but could not be transferred to the device. In this project, a step back was taken to
investigate other solutions for assessing skin compliance. In the end, the solution that was
used was based on the improved circumference measurement, described in chapter 6, instead
of measuring the resistance in the motor.

The new solution for assessing compliance that was proposed used two circumferences
measures C10% and C100%. These were taken with the motor producing a lower and a higher
pre-defined torque. That is, the normal circumference measurement of a limb was taken with
the motor running on a PWM-signal with a low duty cycle (10%) and an additional
measurement was taken with a high duty cycle (100%). The six steps below describe the
procedure:

S1. The tape feed was running on adjustable duty cycle that let the clinician control the
speed of the tape. The clinician extracted a tape loop to a size suitable for positioning
the loop around a marked measuring site on a limb.

S2. The clinician then retracted the tape to tighten the loop around the limb.

S3. The device detected that the retraction stopped when the loop squeezed the limb
lightly. Such a stop was detected if the button for retracting the tape loop was pressed
but the encoder still did not detect a rotation of the motor shaft.

S4. The device then retracted the tape further with a pre-defined 100% duty cycle to
squeeze the limb more, until the device detected a stop and a circumference measure
C100%, was saved. After that, the device extracted the tape until the loop size was larger
than the size of the limb.

S5. The device retracted the tape again. This time, with the tape feed running on a pre-
defined 10% duty cycle. The device detected a retraction stop, saved a circumference
measure C10%, and extracted the tape loop until the loop size was suitable for moving
on to the next measuring site on the limb.

This way a volume reduction -∆V occurred in the limb as shown in Figure 28, and this change
was used to assess compliance. However, to be able to look into the outcome of such an
assessment in this project, ratios between relative volume change and pressure was used
instead of the physiological term compliance. These ratios were compressibility and its
inverse the bulk modulus. According to Gerber (1998), compressibility measurements in the
tissue were frequently used to assess lymphedema. A lymphedema specific example is the
tissue tester that uses a weight with a certain base area, pushing down on the skin and the
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depression depth is measured (Mayrovitz, 2009). Furthermore, it has been shown that a hand-
held durometer is a valid measuring method of skin hardness in patients (Kissin et al., 2006).
The durometer measures the depression depth as a response to a pre-defined pressure as well.

Figure 28. The two measures of the assessment C10% and C100%, and a volume reduction -∆V.

7.1 The κ and the K value
Compressibility κ is a measure of relative volume change in a material as a response to
pressure and is calculated as

 1/ 




 Pa
P

VV
 , (6)

(Encyclopedia Britannica Inc., 2012).

When measuring the circumference of a limb, softly with the motor running at 10% duty
cycle and harder, 100% duty cycle, a relative volume reduction -ΔV/V occurred as the tape
squeezed the tissue. This volume change was calculated as

2
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 . (7)

A desired property of a compressibility measure was that it was consistent with varying
circumference, i.e. the same material should be classified with the same κ regardless of the
circumference of the limb. As circumference increased, the amount of material that had to be
displaced increased. A greater circumference also spread the torque available from the motor
over a larger area of tape, with a lower pressure from the tape loop as a result. These factors
was taken into consideration when developing a model for converting the measured -ΔV/V
into a compressibility value κ. In other words, the pressure on the tissue given by the tape
loop while measuring was dependent on the circumference of the arm C10%. Therefore, the
pressure the device gave at different circumferences was investigated. To do this, formula (7)
was rewritten as

-∆V

C10%

C100%
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and a ΔP, given by the tape loop was determined on seven foam cylinders with different
circumferences. A -ΔV/V given by (7) and a known κ, here called κref, were used as input to
(8). The κref, i.e. the compressibility of this specific foam material was determined as the
measured relative volume change caused by a 560 g weight placed on top of a foam cube. The
measured relative volume change and the calculated pressure from the weight gave a κref of
0.33 kPa-1. The values of ΔP from (8) were then plotted, shown in Figure 29.
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Figure 29. Mean pressure given by the device at different circumferences.

Curve fitting, from the data shown in Figure 29 gave the formula

 PaeP C %10004.07,3  , (9)

with a coefficient of determination R2 of 0.98. This was a model of the mean pressure given
by the device when compressing a cylinder, starting at a certain circumference C10%.

When having an expression for -ΔV/V: (7), and ΔP: (9), compressibility could be calculated
for different materials using Formula (6). However, because a hard material has a low
compressibility, and a soft has a high, the inverse of Formula (6) was used instead: Formula
(10). This was made to get a more intuitive scale.

 Pa
VV

P
K

/


 (10)

The quantity K was the bulk modulus (Encyclopedia Britannica Inc., 2012), and the unit was
Pa. Formula (7) and (9) in (10) gave a K in kPa when millimeters was used as input. Because
the values in kPa were too small to show on the display properly, the K-value was multiplied
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by ten. Formula (11) was the final formula used in the device and gave a K in hPa because of
multiplication by a factor ten.

 hPae
CC

C
K C %10004.0

2
%100

2
%10

2
%037 


 (11)

A high K indicated that the relative volume change was less sensitive to pressure i.e. harder
and vice versa.

7.2 Results and Validity
To validate the K-value measured by the device, it was compared to measurements with a
durometer. The durometer used spring that gave a certain force on a steel pin with a specified
base area. When the durometer was held against the skin, the penetration depth of the pin was
measured. The durometer then displayed hardness on a Shore A scale, i.e. a dimensionless
ratio between zero and 100. Figure 30 shows test data from both measurement methods. Five
foam cylinders with different hardness were each measured once using both methods. All
cylinders had the same circumference.
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Figure 30. Measurement on five foam cylinders with different hardness and the same circumference. Left:
results from the device. Right: results from a durometer.

Figure 31 shows the correlation between the two methods. That is, how well the points were
distributed along a straight regression line (Altman and Bland, 1986). This indicated that the
device, the same way as the durometer, could perceive what material was harder than another
in the tested hardness range. Note that the regression line in the figure is not a line of equality,
since two different scales were compared.
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Comparision Between the Methods
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Figure 31. Correlation between the device and the durometer. If the two methods were perfectly
correlated, all points would have lied on a straight line.

Figure 32 shows a number of examples of measurements preformed with the device. The
three bars in the middle are measurements in an upper arm with weights applied in the hand.
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Figure 32. K-value of different test objects. The measures underneath the bars are circumferences C10%.

As the load was increased, the circumference of the upper arm stayed almost the same as the
weights were carried statically. Even though the circumference stayed the same, the bars show
that the K-value increased with an increasing muscle tension because of the weights. A more
detailed description of the test is given in Appendix E – Test 5. Test 5 was performed to
investigate if the device, calculating a K-value, was capable of detecting changes in human
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tissue. Furthermore, the bars for hard and soft foam in Figure 32 show that the K value stayed
almost the same for a specific material even though samples with a large difference in
circumferences were measured.

The full result from the upper arm measurement with the device, mentioned above, is shown
to the left in Figure 33. Each result is an average of five measurements. The first four data
points in the left graph show an increase in K as the load increases. However, the four last
data points showed an unexpected behavior. One reason for the unexpected results would
have been that the upper arm only became harder up to a certain limit of applied weight, but
the Durometer, shown to the right in Figure 33, proved that this was not the case.
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Figure 33. Measurement in upper arm with loads applied to the hand. Left: device, right: durometer.

However, the two measurement methods shown in Figure 33 differed. The device measured a
K value as an average over the arm using a tape loop while the durometer measured hardness
as a point value on top of the biceps. As the applied load in increased, the shape of the upper
arm changed and this could have affected the average value K.

The two values C10% and K were printed on the display as Circumference and Hardness, along
with the patient’s name and the current marked measuring site Pos. as shown in Figure 34.

Figure 34. The display showing the two values C10% and K. “Pos.” indicates current measuring site 5 cm.
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8. Device and Cartridge
With many updated features, a new interface between device and the cartridge was needed
along with modifying the chassis and cartridge themselves.

One of the most common manufacturing method for single-use medical devices was injection
molding of plastics according to Bartholomew (2008), therefore all designed parts of the
cartridge and the whole system, including device chassis, gear housing etc. were designed
with this manufacturing method in mind. A list of the designed parts is found in Appendix J.
To reduce mold costs, all parts including the chassis were designed to be molded using two
mold halves, according to the strategy outlined by Poli (2001). The strategy included finding a
possible parting plane for each part, and therefore designing parts without internal- or external
undercuts.

Since different plastics were used in several medical devices, some of them were suitable for
injection molding and densification. For this product, sterilization was assumed not necessary,
as the cartridge would not be used as a surgical device, Zeus Industrial Products, Inc. (2005).
Future investigation could aim at finding the specific kind of plastic considering local
availability at a specific production site. However, ABS-plastic was used to build the
prototype in this project, so that a 3D-printer that printed in ABS-plastic could be used.

The overall product weight was considered to reduce shipping costs, but also because smaller
outpatient clinics often have limited storage space and need small packaging. A smaller and
lighter product was also beneficial due to rising landfill fees and regulations (Bartholomew,
2008), as well as beneficial due the important sustainability issues related to single-use.

To reduce cost, total part count was considered. Minimizing the part count led to decreasing
assembly time and decreasing risk of assembly failure, according to Ullman (2003). On the
other hand, Bartholomew (2008) pointed out that this often required more complex and
expensive parts, with an increased risk of failure in manufacturing as a result. This trade-off
was kept in mind when making design decisions for the prototype. The main objective when
designing the cartridge was 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 the part count to a minimum.

A hazard analysis for the prototype was performed and an action plan was established to each
hazard. Hazards for the device and the cartridge are listed in Appendix H.

8.1 Device Design
A problem with fastening components into a chassis was that holes and mounting features
often required internal- or external undercuts. This would make it impossible for a mold in
two parts to release. This issue was solved by splitting the chassis in half along a vertical line
across the middle, as shown in Figure 35. This split could also act as a parting plane and the
design allowed for a method of assembly by introducing a rail system for mounting
components. The rails protruded from one half of the chassis, the base part, and components
were slid into their respective slot. The other half of the chassis then kept the parts in place.
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This way all internal- and external undercuts because of holes and mounting features could be
avoided, and both halves could be molded in a two-part mold.

Figure 35. Exploded view of the final prototype.

The rail system also had a benefit of requiring significantly less screws and enabling a quick
assembly. All parts except for two were mounted through straight-line motions on the base
part that had to be repositioned once during the assembly. Figure 36 shows the base part with
all components in place.

Figure 36. Base part with all components in place.

The angle between the display and the handle was changed to prevent clinicians’ need to bend
forward to be able to get a clear view o the display while measuring (compare Figure 1 and
Figure 36). In addition to this, the chassis for the device was designed around the components
and with wire routing in mind. Unlike the cartridge, the chassis of the device was not required
to be as light on material and mass producible as possible. Because of this, thicknesses of
chassis halves and parts inside the device were more generous than for the cartridge. This

Base Part Cartridge

Components

Second Half
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made the device more robust to the user group at SKRC that would initially use the device as
a research tool. Another feature that was added for this user group was a port for accessing the
JTAG interface, so that the software of the device could be updated or modified without
disassembling the device.

An on/off button, a battery hatch, an attachment point for a wrist strap, and two trigger
buttons for controlling the tape feed were integrated. Features on the parts to assist self-
alignment were also added. Self-alignment made it possible to first put each part in place, and
then secure the part with a bolt where separate fasteners were needed.

Few separate fasteners were used as well as few different types of fasteners due to DFA
reasons (Ullman, 2003). Three types of bolts were used and the total number of bolts was 14.
Furthermore, three different tools were needed during assembly: Allen wrenches of two sizes
and one screwdriver.

8.1.1 Interface Device-Cartridge
The interface between device and the cartridge consisted of two cone shaped knobs,
protruding from the device. These connected motor and spring to tractor wheel and tape wheel
in the cartridge, as shown in Figure 37.

Figure 37. The spring- and motor hub interfacing with the final cartridge. The figure is not showing the
holes of the tape.

8.2 Cartridge Design
Because the design of the cartridge would affect performance greatly it was developed and
tested in many steps. The shape of the chassis and the cartridge let the tape loop extrude a bit
above the rest of the device, this can be seen in Figure 41. This design was chosen for
clinicians to get a better view of the marked measuring sites on a limb.

All parts of the cartridge designed with disposability in mind. This included making the parts
light on material and possible to mold in a two-half mold. The cartridge was designed without
separate fasteners that made it possible to use one material only except for the tape. How the
parts fit in to an assembly process was another important question when designing each part.

Motor Hub

Spring Hub

Tractor Wheel

Tape Wheel

Support Wheel
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The entire cartridge consists of a tub where three wheels are put in and a lid keeping the
wheels in place, as shown in Figure 38.

Figure 38. Assembly of the five parts of the cartridge, not showing the tape.

To help clinicians quickly mark out measuring points the cartridge was given markings,
spaced 5 cm apart, Figure 39. Previously, the clinicians 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 a
measuring site. With the markings on the cartridge, the clinician could hold the device in one
hand and the marker in the other, making this process quicker and easier. Furthermore, the
tape loop could be opened so that it did not have to be threaded on a limb. This could be
helpful especially when measuring limbs with large circumferences.

Figure 39. Clinician about to mark out the measuring sites, using the markings on the cartridge.

8.3 Development and Results
The device with a first cartridge version (left in Figure 40) attached, was tested in video
recording session with a clinician. A frame from a session is shown in Figure 41.
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Figure 40. Cartridge versions - Left: first version, middle: second version, right: final version.

The following issues of the first cartridge version were observed:

 The tape often tangled 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.

 As the device pulled the tape in harder to be able to obtain a K-value, the cone shaped
interface between the motor hub and the tractor wheel made these two components
separate. This meant that the motor hub driving the tape could slip and not moving the
tape.

 When pulling the tape in hard, the skin was pinched in an unpleasant way in the area
around the tape nozzle, shown in Figure 23.

 The outer dimensions of the cartridge were not big enough to ensure that the patient
did not come into direct contact with the device. This meant that the device would
have to be disinfected between patients.

Figure 41. Test session using a final version of the device and the second cartridge version.

To address these issues the cartridge was redesigned. The tendency to tangle was decreased
by redesigning the tape canal between the tractor wheel and the tape nozzle. The shape of the
new canal picked up the tape from the tractor wheel closer to the wheel, allowing the tape to
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be pushed through the canal even though the nozzle was 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 cartridge version shown in the middle in Figure 40.

During testing of the second cartridge version, some tangling still occurred and two new
problems were identified:

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

 The holes of the tape, necessary for the tractor wheel to feed tape accurately, were
damaged after repetitive harder pulls as a K-value was obtained.

The tape canal was redesigned again. The new design allowed pushing out tape even harder,
making it difficult to get the tape to tangle by blocking the nozzle. The canal was 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 nozzle even narrower than the
first version was designed and prevented skin from entering the nozzle as the tape retracted.
This led to a pleasant measurement, without affecting the accuracy of the measurements. A
marker, helping the clinician to position the device correctly when measuring, was also added.
The final design is shown in to the right in Figure 40 and in Figure 42.

Figure 42. Final cartridge design.

Marker, held against the
skin while measuring.
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9. Discussion
At the project start, the Essessor prototype was available and great effort by the project group
had to be put into gathering knowledge on what had already been done. The project group had
to reflect on how to run a project in a way that allowed benefiting from knowledge developed
by a precious project. This led to the decision of starting a pre-project where studies of
previous work and development of new information ran in parallel. Getting an overview of
previous work was time-consuming and outlining the frames for this project was of particular
importance. Therefore these activities was given time within the eight weeks of the pre-
project. Even though starting the development of a new device would have been more
stimulating, this part of the project was considered necessary.

To decide where to start and to be able to know the areas of improvement, video recordings of
hands-on testing by a clinician was done early in the project. The fact that these test was
performed this early made it hard to evaluate areas such as measurement time and accuracy
because of the so far undeveloped state of the prototype. However, much knowledge was
gathered on how the design itself communicated how it was intended to be used and what the
main issues were. These tests were performed with one clinician only, which led to a
subjective outcome. These tests were however, of great value for the progress and an
important part of the method that was used to develop the device. Another interesting finding
was that, when performing hands-on tests, feedback from the clinician tended to be mostly
positive which made it harder to locate the areas of improvement. Therefore, the video
recordings were useful to get more complete picture.

The second requirement of the product requirements, R2 in Appendix D, was related to inter-
rater reliability and stated that the device must allow different users, in greater extent than
with current routine, to measure limb circumference consistently. The requirement was of
great importance and focus of the project was on getting the device accurate and reliable. A
more direct test against this requirement, e.g. letting a number of clinicians measure in the
same patient with both the current routine and the device, would have been a next step to
ensure inter-rater reliability. However, within this project accuracy and precision was tested
by the project group.

In the concept phase, focus was on how to control the tape flow in a suitable way. After
brainstorming, sketches and finally the development of concepts the low number of concepts
allowed for a more detailed evaluation of these. Even though more concepts on how to control
the tape flow might have given an even better solution, it was valuable to be able to build
visible and testable test rigs for the project group and the design team to gather around,
discuss and compare.

To gather an integrated design team, where clinicians participated in regular meetings, where
the initial plan. However, the project team took into consideration that it is not always
valuable to have a close integration between all functions in a design team, due to efficiency
and cost (Song, Thieme, and Xie, 1998). Even though the cost of working hours was not taken
into consideration by the project group directly, still, the availability of people had an impact.
This fact, as well as that the nature of the task was often technical, such as improving
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accuracy and precision and designing the internal features of the device, made the project
team decide to involve clinicians in two separate activities instead. The two activities were
video recording sessions and a survey to evaluate the need for the device as well as how the user
interface should be designed.

The linkage that was made between the product requirements and the needs expressed by the
clinicians and insights on usage from video recordings, made the project group more confident in
the requirements and that a devise was useful. The tests that was limited due to time aspects was
evaluated with the student’s t-test to in some way compensate for a limited sample size. The usage
of DFM and DFA guidelines was intended to adapt the design more to a future production phase
even though, according to Ullman (2003), someone that has experience in the particular
production processes should be consulted.

To evaluate the hardness measurement further, comparison to the durometer was performed.
Validity of the durometer in measuring in patients was found in other studies (Kissin et al, 2006).
The comparison between the measurement method developed by the project and the durometer
could have been even more extended to validate the hardness measurement. This comparison has
been started by this project and is an interesting task for further development. Another interesting
future test would be comparing the current palpation for skin hardness to measurements by the
device. However, the clinicians do not use scale to rate hardness, witch has to be taken into
consideration when designing this test. Such a test would also be useful to evaluate how the K-
value as an average around a limb as measured by the tape loop, correlates to the hardness that
clinicians perceive while palpating.
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10. Conclusions
The circumference measurement was, according to the tests described in this report, accurate
and reliable enough as the current routine required a precision of ±5 mm, and the largest
errors of the device lie within this interval. However, tests had to be expanded to ensure that
the current routine of measuring circumference could be replaced by the device.

The K-value could not yet be validated by comparing it to the durometer. Still, the concept
was proven by measuring different foams. Measuring tissue, the device was capable to detect
an increase in muscle tension but the results were only predictable to a certain limit in the test
described in this report. Obtaining this K-value did not require extra time or effort in a
lymphedema measuring session as it was taken simultaneously as the circumference.
Furthermore, no data regarding hardness or compliance was tracked as a value in the current
routine. This led to the conclusion that the K-value still could be a useful indicator in addition
to the current palpation.

The design of the device was adapted to manufacturing as far as the DFM and DFA
guidelines used in this the project stated. The user interface of the device was based on input
from clinicians and therefore, the design was considered well adapted to a medical setting.

Data from the survey of how frequently lymphedema measuring sessions was performed, as well
as the time each session took, gave a rough estimate of 200 sessions of 40 min per clinician and
year. In the filmed sessions of the current routine, the actual measuring took roughly five min,
indicating that feeding all the measures into the database was time-consuming. This was also
confirmed by clinicians’ comments in the survey results. If only 20 min of this time could be
saved by transferring data with the device instead, clinicians could measure twice as much. To
measure more is beneficial in order to detect lymphedema early, which is essential for a
successful treatment according to Lawenda, Mondry, and Johnstone (2009).
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Appendix A – Project Schedule



Appendix B – Interview Guide: Video Recording Sessions

1. Did you find anything complicated when using the device?

 The angle of the display?
 Adjusting the position of the tape?
 Any difficulties to see the tape when rolling in/out?
 The positions of the buttons?
 Moving the tape from one position to another?

2. What kind of information would you like to get from the display?

3. If the device could read skin compliance with the tape measure as well: when, during a session,
would this be convenient to measure?

 Automatically at every 5/10 cm?
 The device asks you every 5/10 cm?
 When circumference measurement is complete?

4. Would you like to choose where to measure compliance or is it fine with every 5 cm?

5. How often would you use this kind of skin compliance measurement?



Appendix C – 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)

 The circumference
 The patient's name
 The body part that you have chosen to measure as: "left arm", "right arm", etc.
 Current measuring position as a number "position 1,2,3 ...”
 Current measuring position as a measurement "position 5 cm, 10 cm, 15 cm ...” etc.
 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)

 Automatically, simultaneously as each circumference are measured every 5 / 10 cm.
 The device asks you at each circumference measurement every 5 / 10 cm.
 As a separate test.
 Automatically, simultaneously as each circumference are measured every 5 / 10 cm and the

ability to measure separately.
 Other (please specify)

8. Your name (Optional)



Appendix D – Product Requirements

(S) = Conclusion from survey results, (T) = Feedback from clinicians testing, (V) = Observation from video
recording session, (I) = Decision by innovation team

Device

Must (has to be fulfilled in order for success)

R1. Overall: Be perceived more easy to use than current method, according to test persons
R2. Overall: Allow different users, in greater extent than with current routine, to measure limb

circumference consistently (inter-rater reliability).
R3. Overall: Have enough battery power to perform at least one measuring session.
R4. Circumference: Measure circumferences with a consistent pressure on a limb (test-retest

reliability).
R5. Circumference: Measure circumferences with a gentle pressure on a limb so that it is not

squeezed. (validity, volume)
R6. Compliance: Collect data that can be related to skin stiffness/compliance.
R7. Data: Capacity for storing data for at least one patient.
R8. Data: Reduce time for the management of patient.
R9. Interface: Have a user interface based on input from clinicians.

R9.1 (S) Display the circumference.
R9.2 (S) Display the patient's name.
R9.3 (S) Display the body part that you have chosen to measure as: "left arm", "right arm", etc.
R9.4 (S) Display the current measuring position as a measurement "pos. 5 cm, 10 cm, 15 cm ...”.
R9.5 (T) Ask you to confirm each taken measurement.
R9.6 (T) Be easier to control the tape flow, than with only one button.

R10. (V) Allow clinicians to get a proper view of the measuring position while measuring.

Should (not individually determinants of success)

R11. Overall: Help the user to identify measuring positions every 5 or 10 cm.
R12. Overall: Have enough battery power to perform a normal day’s measurements.
R13. Overall: Have a design that is adapted to DFX design strategies.
R14. Data: Transfer patient data, compatible with currently used protocols, to a PC.
R15. Interface: Indicate low battery.

Cartridge

Must (has to be fulfilled in order for success)

R16. Give 95% correct readings out of 50 measurements of known and incompressible
circumferences, with an accuracy of ±5 mm. (precision and accuracy)

R17. Give 95% consistent readings, ±5 mm, of compressible circumferences with consistent
properties. (precision)

R18. Be replaceable by a test person in up to 30 seconds without instructions.
R19. Be able to measure circumferences up to 150 cm (Current tape length + 10 cm).
R20. Protect patient from direct contact with the device at a normal measurement situation.
R21. (V) Be able to push tape out even if the device is pushed against the skin.
R22. Compliance: Withstand necessary stress if pulling the tape hard for compliance measurement.

Should (not individually determinants of success)

R23. (I) Cost up to $50 (bill of materials).



R24. Be able to release manually from arm if needed.

Key (foundation for idea generation activities)

K1. Be perceived more easy to use than current method, according to test persons.
K2. Measure circumferences with a consistent pressure on a limb (test-retest reliability).
K3. Measure circumferences with a gentle pressure on a limb so that it is not squeezed. (validity,

volume)
K4. Collect data that can be related to skin stiffness/compliance.
K5. Help the user to identify measuring positions every 5 or 10 cm.



Appendix E – Test Specifications

Test 1: Circumference

Product Requirements Tested
R16. 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 and spring in cartridge”
 Concept test rig “spring-loaded support wheel”
 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 millimeters 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.

Test 2: Force Test

Product Requirements Tested
R22. Compliance: Withstand necessary stress if pulling the tape hard for compliance measurement.



Tested Prototype Versions
 Concept test rig “tractor wheel and spring in cartridge”
 New Device

Delimitations
The two prototypes Old Device and the concept test rig Spring-Loaded Support Wheel 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.

Test 3: Hardness

Product Requirements Tested
R6. Compliance: Collect data that can be related to skin stiffness/compliance.
R17. Give 95% consistent readings, ±5 mm, of compressible circumferences with consistent

properties. (precision)

Product Version
 Old Device
 New 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 millimeters 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.

Test 4: Spring

Tested Product Requirements
R4. 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
affect the circumference measurement.

Test 5: Upper Arm

Product Requirements Tested
R6. 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, 1.5 kg 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.

Test 6: Upper Arm Durometer

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.

Test 7: Foam Durometer

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 Shore A durometer units.



Appendix F – Complexity of Concepts



Appendix G – Motivations for Concept Selection Scores

A. Current Cassette,
Compensated Formula

(Ref)
B. Tractor Wheel & Spring

in Cassette
C. Spring Loaded Support

Wheel
D. Tractor Wheel & Spring

in Device

C1
Some tangling observed.

Formula sensitive to
tangling.

No tangling observed.
Formula insensitive to

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

C2
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.

C3
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.

C4 Passed force test Passed force test Passed force test Estimated, same as B.

C5 Estimated equal

C6 Estimated equal Needs pre-stringing step

C7 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.

C8 Parts: 5, Complexity: 3 Parts: 5, Complexity: 5 Parts: 5, Complexity: 5 Parts: 6, Complexity: 4

C9 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. Motivations for scores in the concept selection matrix.



Appendix H – Product Hazard 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 cassette Discomfort 3 4 12 Re-design

The tape goes into the cassette
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 skinThe 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. Product hazard analysis.



Appendix I – Results Test 1: Comparison
Test results from Test 1 in Appendix E.

Final Prototype: Error in Displayed Measurements
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Figure. Errors in displayed measurement. Maximum confidence interval: ± 3.24 mm (95% Probability), at
90 mm. Maximum error in accuracy, │sample mean - true│: 0.7 mm at 130 mm.

First Prototype, Improved Formula: Error
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Figure. Errors in displayed ticks converted to millimeters by hand. Maximum confidence interval: 5.31
mm (95% Probability), at 280 mm. Maximum error in accuracy, │sample mean - true│: 1.65 mm at 90

mm.



First Prototype: Error in Displayed Measurement
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Figure. Errors in displayed measurement in millimeters. First prototype without improved formula.



Appendix J – Designed and Printed Parts

*The two chassis halves were each spitted in two parts. This was only because of the size of the
specific printer that was used for prototyping.

*
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