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Sammanfattning 

Lymfödem är en kronisk sjukdom som på senare år har fått mycket uppmärksamhet på grund av det 

växande antal patienter som lider av sjukdomen. Lymfödem är ett allvarligt problem för många 

människor som minskar deras livskvalitet och det finns inga absoluta behandlingar. Sjukdomen är 

orsakad av en ökad mängd interstitialvätska som ansamlas i vävnader. Detta fenomen är en 

konsekvens av ett skadat eller inte tillräckligt utvecklat lymfatiskt system. Ett skadat lymfatisk system 

kan ofta vara en bieffekt av behandlingen av cancer. Det finns ett stort behov av en enkel och 

effektiv behandling för patienter, för kliniker till förmån för forskningsändamål och för den 

medicinska marknaden. 

Denna rapport omfattar ett examensarbete som bestod av att utveckla en medicinsk-teknisk produkt 

som ska hjälpa lymfödempatienter. Examensarbetet genomfördes vid Sister Kenny Research Center i 

Minneapolis, Minnesota USA. På centret har studenterna haft möjligheten att arbeta nära kliniker 

och patienter. Detta har haft ett stort inflytande på projektet och har också varit en stor källa till 

fakta för utveckling av produkten. 

Rapporten innehåller en studie om sjukdomen lymfödem, dess behandlingar och kännetecken. 

Denna studie uppvisade ett behov av att kunna diagnostisera lymfödem effektivt, förmånligt och 

behändigt. På grund av denna studie anträdde en utformning av en sådan produkt.   

Resultatet av projektet är en prototyp som kunde testas och utvärderas av kliniker och patienter och 

var ett bra underlag för vidareutveckling mot en slutgiltig produkt. 

 

http://sv.wikipedia.org/wiki/Interstitialv%C3%A4tska
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Abstract 

Lymphedema or so called lymphatic obstruction is a chronic condition that has received a lot of 

awareness lately due to the increase of patients suffering from it. The disease is a severe problem for 

a lot of people, it decreases their quality of life and there are no absolute treatments. Lymphedema 

is a result from increased amount of interstitial fluid in the tissue which is a consequence of a 

damaged or defectively developed lymphatic system. A damaged lymphatic system can often be a 

side effect of the treatment for cancer. There is a wide need for a simple and effective treatment for 

the patients, in clinics for research purposes and for the market of medical instruments. 

This report describes a thesis work that consists of developing a medical technology product that can 

help lymphedema patients. The project was performed at Sister Kenny Research Center in 

Minneapolis, MN USA. At the center the thesis students had the opportunity to work close to 

clinicians and patients. This had a great influence on the project and was a big resource of 

information when developing the product. 

This report includes a thorough study of lymphedema, its treatments and characteristics. This study 

showed a need for a product that could diagnose lymphedema in an effective, inexpensive and 

simple way. This discovery initiated the development of such a product. 

The outcome of the project was a prototype that can be tested and evaluated by clinicians and 

patients for further development. 
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2. Introduction 
Lymphedema is a disease that has received a lot of awareness lately due to the increase of patients 

suffering from it. Lymphedema is a severe problem for a lot of people, it decreases their quality of 

life and there are no absolute treatments. There is a wide need for a simple and effective treatment 

for the patients, for clinics in favor of research purposes and for the market of medical instruments. 

The purpose of this report is to describe a thesis work that consists of developing a medical 

technology product that can help lymphedema patients. Details of the product development such as 

mechanical constructions and software development are also going to be described. 

2.1 Background 

The thesis work was performed at the Sister Kenny Research Center and Sister Kenny Rehabilitation 

Institute [1]. Sister Kenny is located in Minneapolis, MN USA, and offers rehabilitative services to 

treat different conditions or disabilities, including lymphedema. Sister Kenny Research Center 

provides innovative care and develops the latest rehabilitation techniques. 

Lymphedema or so called lymphatic obstruction is a chronic condition resulting from increased 

amount of interstitial fluid in the tissue. The affected tissue is often a limb i.e. an arm or a leg. The 

increased amount of interstitial fluid is a consequence of a damaged or defectively developed 

lymphatic system. The interstitial fluid in the tissue causes a swollen limb with fragile and stiff skin, 

see Figure 1 below. The most frequent cause of lymphedema today is the treatment of cancer. Both 

surgical and radiation treatment harms the lymphatic system. 

 

Figure 1. Image showing a person whose left leg is suffering from lymphedema.[2] 

 

At Sister Kenny the amount of lymphedema patients has increased over the last years. A need for 

devices to assist during the treatment and therapy of lymphedema has grown tremendously. 

Sister Kenny Research Center has a wide experience and knowledge of tactile actuators and of a 

particular fabric material that serves as a sensor to detect pressure. Tactile actuators, or so called 
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tactors, are used to stimulate the skin simulating a sense of touch. Tactors are used in several 

different areas such as military training and aviation, underwater operations, space exploration and 

in medical applications. The intention is to apply these technologies and this knowledge to the 

project. 

2.2 Initial problem definition 

Today, there are a small number of user-friendly and effective tools to treat lymphedema.  There are 

a few pneumatic devices that have shown to be effective against lymphedema but they are 

expensive and unwieldy. Low level laser therapy[3] is also used in lymphedema treatment and has 

been shown to relieve symptoms for many patients. There is also a very gentle massage technique 

called Manual Lymphatic Drainage (MLD), performed by special therapist, that has shown good 

results against the disease. A product that automates these massage techniques using a matrix of 

tactile actuators would be very profitable.  

The initial project goal was to produce a prototype that would decrease the symptoms of 

lymphedema. The project was to involve a study to evaluate the different tactile actuators that may 

be used. This meant also to investigate how a lymphatic massage takes place and to investigate how 

tactile actuators affect lymphedema.  

A part of the project was to verify that tactile stimulations had the required effect on lymphedema. 

This would be accomplished by discussing today’s treatments with lymphedema experts and 

comparing the treatments with the tactile stimulations.  

In case of absence of verification methods, such a technique had to be developed. This method 

would be helpful when diagnosing lymphedema, when evaluating today’s treatments and when 

researching new treatments. 

2.3 Conclusions from the study and a new problem definition 

The result of the study revealed that the initial goal, to develop a product for treatment, was not the 

most significant in lymphedema care. A deeper and wider understanding of the desires at the clinics 

was revealed and a new need was discovered. The need calls for a simple and effective way of 

measuring a lymphedema volume. The tools that were being used were either very primitive or too 

complex and there was a huge demand for a product in between. 

The most commonly used evaluation method, which was also used at the Sister Kenny, is the tape 

measure method. The method was easy to learn and handy but could be very inaccurate and 

inconsistent. The stationary infrared system, the perometry, was on the other hand accurate but was 

very inconvenient and expensive. The last tool that was being used was water displacement which 

was the golden standard to measure a body volume, but it was, as for the infrared system, not very 

convenient.  For further explanations of the methods, see 3.5 Detecting Lymphedema and 3.6 

Diagnosis devices . 

To understand more about the evaluation methods, especially the tape measure method, discussions 

were hold together with clinicians. It was said that a patient needs to be evaluated once or twice a 

week to understand the dynamic evolution of the lymphedema volume. Such an evaluation session 

could take from 10 minutes up to 30. The clinicians were not satisfied with the currently used 
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methods and if it was possible to cut down evaluation time, it will release more time to treat the 

patient instead. 

When discussing evaluation methods with clinicians they also requested a method of measuring the 

stiffness or compliance of the skin to require the state of fibrosis during lymphedema.  This type of 

measurement does not exist today. A product that would measure both the body part volume and 

the compliance of the skin was very preferable. 

Other conclusions from the studies were that there are a lot of different treatments and suggestions 

for lymphedema patients.  There was no ultimate treatment that worked for every patient. All 

patients had to try out which treatment worked best for themselves. Therefore it was difficult to 

decide what treatment to focus on when developing a new device and the use of tactile vibrators for 

treating lymphedema was unknown and uncertain. For these reasons the project goal changed from 

designing a product that would treat lymphedema to instead construct a product that could evaluate 

lymphedema and measure body part volumes. An important factor was not only to measure the 

volume but also consider the shape of the limb. 

The product was implemented close to doctors, therapists and patients at the center. The patient’s 

and the therapist’s desires would be thoroughly investigated to develop a product that would benefit 

the evaluation of lymphedema as far as feasible. Another goal for the thesis was to publish the work 

for a medical conference. 

2.4 Delimitations of the implementation 

The following chapter describes delimitations of the project that was necessary to specify considering 

time span and resources. The delimitations were based on the most essential needs. The following 

delimitations were decided: 

 The implementation was mainly focused on measuring body part volumes of limbs such as 

arms and legs. Head, trunk and other body parts were not as common to be affected by 

lymphedema as limbs. 

 The implementations first priority was to measure volume and shape and secondary 

compliance. 

 The implementations task was to prove a concept, not be used as a final product. 

 The implementation was only tested at Sister Kenny. 
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2.5 Thesis structure 

This master thesis has the following structure: 

 Chapter 3 Lymphedema, describes the disease, the detection of the disease and treatments. 

This chapter is based on the thesis’s study. 

 Chapter 4 Requirement Specification, covers the requirements of the implementations and 

how these were chosen. 

 Chapter 5 Concepts, presents the concepts that were produced based on the requirements 

specification. 

 Chapter 6 Prototype, describes the proposal of design and the implementation of the chosen 

concept. 

 Chapter 7 Subsystem tests and validation, presents how the implementation was tested and 

validated. 

 Chapter 8 Final prototype flow, covers the final implementation and working flow of the 

prototype. 

 Chapter 9 Evaluation, describes overall conclusions, further validation and further 

development of the implementation. 

2.6 List of abbreviations 

 PCS – Personal Computer Software 

 GUI – Graphical User Interface 

 DSI – Data Storage Interface 

 CM – Communication Module 

 µC – Microcontroller 

 EI— Essessor Interface 

 CC – Circumference Calculator 

 SCM – Skin Compliance Meter 

 EGUI –Essessor Graphical User Interface 

 LLLT - Low Level Laser therapy 

 MLD - Manual lymphatic drainage 

 SLD - Simplified lymphatic drainage 

 FDA - (United States) Food and Drug Administration 

 KTH – Kungliga Tekniska Högskolan (Swedish for Royal Institute of Technology) 

 USB- Universal Serial Bus 

 UART - Universal Asynchronous Receiver/Transmitter 

 CAD - Computer Aided Design 

 SPI- Serial Peripheral Interface Bus 

 LCD - Liquid Crystal Display 

 CPU - Central Processing Init 

 RAM - Random Access Memory 

 ADC - Analog to Digital Converter 
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3. Lymphedema 
When developing a product that was going to treat lymphedema an understanding of the disease 

was essential. To understand the disease a thorough study was done which emphasized on the 

lymphatic system and the causes, treatments and diagnosing of lymphedema. This chapter 

summaries the study.  

3.1 The lymphatic system 

The lymphatic system consists of the lymph vessels, the lymph fluids and lymph nodes. Several other 

organs such as the spleen and the thymus also have a function in the lymphatic system. The systems 

main function is to drain interstitial fluid from tissues. This fluid remains in the tissue after being 

transported there by the blood and consists of waste from the cells. The lymphatic system transports 

this fluid back to the blood via the lymph nodes. The lymph nodes operate as filters and sorts out and 

breaks down bacteria and viruses. The lymphatic system is thereby a big part of the immune system.  

During a day, two to three liters of lymphatic fluids circulate in the human body and is required to be 

transported by the lymphatic system. If the lymphatic system cannot handle this amount of fluid the 

fluid will remain in the tissue. 

3.2 What is lymphedema 

Lymphedema or so called lymphatic obstruction is a chronic condition resulting from increased 

amount of interstitial fluid in the tissue. The tissue affected is often a limb; an arm or a leg. The 

increased amount of interstitial fluid is a consequence of a damaged or defectively developed 

lymphatic system.  Transportation of the fluids away from the tissue is in this case not satisfactory 

and the interstitial fluid remains in the tissue. The fluid in the tissue causes swelling and a fragile and 

stiff skin. Such a swelling can be seen in Figure 2. 

 

Figure 2. Image of two legs, one affected by lymphedema and one healthy.[4] 

3.3 Causes 

The main cause for lymphedema is a defectively working lymphatic system. The system can have 

poor functionality for different reasons. Lymphedema is divided in two different kinds depending on 

that reason: primary lymphedema and secondary lymphedema.  
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3.3.1 Primary lymphedema  

Lymphedema is caused by an inherited insufficient lymphatic system. Even though born with primary 

lymphedema the symptoms may not appear until older age when the lymphatic system has reached 

its full work load.  

3.3.2 Secondary lymphedema 

Secondary lymphedema is caused by a damaged lymphatic system. The most frequent cause of 

secondary lymphedema today is the treatment of cancer. When treating cancer you often surgically 

remove lymphatic nodes to avoid the cancer spreads to the lymphatic system.  Radiation treatment 

can also damage the lymphatic system. Another cause of secondary lymphedema is, especially in 

tropical or subtropical climates, a parasite called filarial worm that may lead to lymphatic filariasis if a 

human is infected.[5] 

3.4 Treatments 

If lymphedema is not treated the swelling becomes heavy, in the worst cases elephantiasis can be 

developed. The goals of the treatment of lymphedema are to decrease the swelling and to help the 

lymphatic system to transport the fluid away from the swollen limb. If lymphedema develops without 

treatment fibrotic tissue will occur in the affected limb. Fibrotic tissues, called fibrosis, will 

complicate the treatment and the drainage of the lymph. Therefore, it is a big advantage if 

lymphedema can be detected and treated in an as early stage as possible.[1]   

There are several different treatments and they are often used together in different combinations. 

Many treatments are not fully recognized and are not always successful. It is common that an 

individual plan of treatments is shaped for each patient. The plan is often dependent on the stage of 

lymphedema; if fibrosis is developed or not. If fibrosis is developed the treatment is more oriented in 

trying to dissolve the fibrosis and then to drain the fluids in the tissue. Since the fibrosis often acts as 

an obstruction for the drainage it is crucial to dissolve it before trying to drain the affected limb.[1] 

3.4.1 MLD – Manual lymphatic drainage 

Manual lymphatic drainage is a very special type of massage that stimulates the lymphatic system 

and enhances the drainage of the swollen limb. The massage is very gentle and performed with low 

pressure to the skin since the lymphatic vessels and nodes are located just beneath the skin. This 

massage is done by trained professionals; good knowledge is required about the lymphatic system to 

perform it correctly. There are also simplified versions of MLD that patients can perform on their 

own. The simplified version is called SLD; simplified lymphatic drainage. A brief instruction of SLD can 

be viewed in Figure 3.[5] 

 

Figure 3. Images of instructions for SLD showing areas where MLD is applied.[6] 
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The target areas of the MLD are not the affected limb, but areas and spots where large amount of 

lymphatic nodes and other lymphatic organs are located. These areas are located around the neck, 

the armpits and the groin. The goal of the massage is to stimulate these areas to initiate lymph flow 

through them which enables drainage in other parts of the body. 

3.4.2 Compression therapy 

Compression garments or low-stretch bandages are used to provide compression therapy on the 

swollen limbs. The compression therapy prevents the swelling from becoming larger but does not 

help to decrease the edema. Some examples of garments and bandages can be seen in Figure 4. 

 

Figure 4. Images of compression therapy using bandages and garments.[7][8] 

3.4.3 Exercise 

Exercise activates the muscles which in turn activate the lymphatic system and the drainage of lymph 

fluid from the lymphedema often increases. If the exercise is too vigorous the lymphatic system may 

get overloaded by newly produced lymph fluid and the swelling of the lymphedema may instead 

increase. This balance differs very much from patient to patient i.e. an exercise that may give positive 

results for one patient may be harmful to another. [5] 

3.4.4 Skincare 

Skincare and hygiene is essential for a person with lymphedema. The skin of the affected limb is 

more fragile than normal skin and therefore it can easily be infected. The skin’s function to work as a 

protection from dirt and bacteria will be more important since the lymphatic system of the limb is 

not fully functional. This means that bacteria that penetrate the skin will not be transported and 

subdued by the lymphatic system and will most likely cause an infection in the limb affected with 

lymphedema.[5] 

3.4.5 Drug treatment 

Lymphedema is not treated single-handedly with drugs but they can work as a complement to the 

other treatment. Two groups of drugs that have been used are diuretics and benzopyrone. The 

results of the drugs are unclear and not always successful. [5] These drugs are not approved in the 

US. 

3.4.6 Hyperbaric oxygen 

Hyperbaric therapy is a therapy where the patient is treated by laying down in a chamber where the 

pressure is higher than the atmospheric pressure. This type of therapy has shown positive results for 

lymphedema.[5] 

3.4.7 Kinesiotaping 
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Kinesiotape is an elastic tape used in many types of physical therapy. When kinesiotape is used in 

lymphedema therapy it is applied to take pressure and tension of the skin of the limb. This makes the 

skin relaxed and increases the lymph drainage during exercise. Kinesiotape can be seen in Figure 5. 

 

Figure 5. An arm treated with kinesiotape.[9]  

3.4.8  Low-level laser therapy 

Low-level laser therapy (abbreviated LLLT) makes soft tissue injuries heal faster and reduces pain, 

inflammation and swelling. When used to treat lymphedema low-level laser often is used together 

with MLD to make it more effective.  

Very few studies have been done using LLLT as a treatment for lymphedema. A review [10] found 

only one study involving 55 patients. This particular research confirmed that using two cycles of LLLT 

resulted in a significantly reduction of the edema volume two to three months after the treatment.  

Another article [11] summarized three studies that used LLLT as a treatment for lymphedema. The 

first study was a double-blinded study with three groups; one group that received two cycles three 

times per week for three weeks and one group established one cycle of placebo and another one 

with LLLT over the same time period. After the last session there was a different effect on the edema 

in all phases but not the effect that was hoped for, the placebo treatment was the most effective: 

placebo; reduced 35 ml (3.5%), one cycle; reduced 15 ml (1.5%), two cycles; reduced 25 ml (2.5%). A 

follow up session was scheduled three months later which showed an opposite result; placebo; 

increased 30 ml (3.0%), one cycle; reduced 10 ml (1.0%), two cycles; reduced 90 ml (9.0%). This 

research showed that LLLT may have positive post-effect of reducing lymphedema. The two other 

studies showed similar results. 
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3.4.9  Pneumatic compression pumps 

Pneumatic compression pumps are garments that are put on the affected limb. These pumps are 

used to push fluid out of the tissue by pneumatic pressure. The garments have air chambers that 

inflate in a certain patterns to push the lymph out of the tissue and towards lymph nodes. An 

example of a compression garment can be seen in Figure 6. 

 

Figure 6. Image of a pneumatic compression garment.[12] 

A random controlled trial [13] compared the long-term efficiency of two different devices: pneumatic 

compression therapy and Low-Level Laser Therapy. Emphasis is on edema size, grip strength and 

pain.  Two groups were formed where one group (n = 23) was randomly chosen to use the pneumatic 

therapy and the other one (n = 22) LLLT. The results were promising for both of the treatments in 

short-term and there were only one significant difference; 12 months after the last session the 

second group had a higher improvement than the first. This furthermore confirms that the LLLT has 

long lasting effects. 

3.4.10 Surgical treatment 

Surgical treatments can be used to reduce the weight and volume of the swollen limb, reduce 

infections in the skin and improve the texture of the skin. It is an advantage if surgery can be avoided 

since more damage most likely will be made to the lymphatic system making the lymphedema even 

worse. 

3.5 Detecting Lymphedema 

There are number of different techniques that are in use to diagnose lymphedema. These methods 

consist of different examinations and investigations which are regularly combined to diagnose 

lymphedema. It is not enough to make a diagnosis considering only the swelling since this can be 

caused by many other complications. Other aspects have to be taken in to consideration when 

detecting lymphedema. It is important to confirm that a defect in the lymphatic system causes the 

swelling before diagnosis. 

Factors that are taken into account when lymphedema is suspected are the volume of the limb, the 

patient’s medical history, the amount of water in the tissue, the conditions of the skin and the 

patient’s genetics. [5] 

3.5.1 Volume measurement 

The most commonly used method for measuring limb volume is by using a tape measure and retrieve 

the volume by a mathematic formula. There exist a number of other techniques that can measure 

the volume of a limb more accurate. Water displacement and perometry are such methods.  
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Perometry is an optical instrument that uses infra-red sensors to measure the circumference of the 

limb and thereby calculates its volume. This has proven to be as accurate as and less troublesome 

than the more conventional water displacement method. 

3.5.2 Tape measurements 

At Sister Kenny a standardized measurement routine is practiced to assess limb volume. This routine 

was developed at the Sinclair School of Nursing and Ellis Fischel Cancer Center at the University of 

Missouri-Columbia[14]. The routine uses a simple tape measure to acquire the circumferences of a 

limb. The circumference is measured at different sites of the limb and is then used to calculate the 

limb volume. Measuring sites are marked out on a tape that is placed along the arm. Figure 7 shows 

a circumference measurement and the marking tape. The limb length is also measured. 

3.5.3 Arm and hand routine 

The circumference of an arm is measured every fifth cm from the inferior styloid and up to the axilla. 

The inferior styloid is the bone lump at the wrist and the axilla is the highest place on the arm where 

the tape can lay both flat around the arm and perpendicular to the arm. The last measurement is at 

the axilla and can be less than five cm from the second last. The total arm length is measured from 

the fingertip to the axilla. On the hand two circumferences are measured; one proximate to the 

knuckles and one proximate to the thumb. The hand length is the length between the inferior styloid 

and the fingertip. 

3.5.4 Leg routine 

The leg routine is similar to the arm routine except that the circumference is measured each tenth 

cm. The leg length is measured from the heel to the groin. Similar to the arm routine the last 

measurement is at the groin and instead of five it is less than ten cm from the second last.  A table 

that is pre marked with ten centimeter lines is sometimes used when measuring a leg. 

 

Figure 7. Image showing a circumference measurement on an arm. 

The measurements are completed at least twice to guarantee accurate results. If the two values 

differ by more than a half cm a third measurement is performed. This procedure makes the 

measurements time consuming; measurement of an arm usually takes ten minutes for a trained 

therapist. The measurement time for a leg is even longer. If the patient has a one hour appointment 

with the therapist the measuring time could reach almost fifty percent of the total time with the 

therapist. This makes the time for treatment a lot shorter. Another time consuming factor is the 

noting of the measurements that is done on a computer or with pen and paper. 
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The measurement is entered in a data sheet that calculates the volume of the limb by a 

mathematical formula. This formula makes a couple of assumptions which make it possible to obtain 

the volume from the measurements values. One of the assumptions is that the limb circumference is 

circular. The measurement and volume parameters are finally stored in a medical database together 

with the patients’ clinical information. 

The amount of patients being measured at the Sister Kenny clinics is increasing and therefore a lot of 

time could be saved if the measurement routine could be less time consuming. The amount of 

measurements that is done during a week was approximated by therapists at Sister Kenny. The 

number they mentioned was about 200 measurements a week. Considering that tape measurement 

is used in more clinics than Sister Kenny clinics the reducing of the measurement time would be of 

great benefit! 

Because of the risk of contamination the tape measure has to be disinfected between patients. The 

tape measures is cleaned with alcohol and dried before usage. The table that is used to support the 

limb while measuring is covered with paper also to avoid contamination. 

3.6 Diagnosis devices 

Several technical devices are used when diagnosing lymphedema. The devices help physicians to 

analyze symptoms they cannot be detected by the naked eyes or to examine more accurate. Devices 

are used to display the inside of a tissue, to measure a volume of a limb very accurately and to 

measure the condition and texture of the skin. 

3.6.1 Soft tissue imaging 

Soft tissue imaging such as magnetic resonance imaging, computed tomography or ultrasound can be 

used to detect lymphedema. By using these methods extra fluid can be found in a tissue, though no 

information of what type of fluid or what caused it can be read. 

3.6.2 Lymph Vessel Imaging 

To detect definite defects in the lymphatic system, lymph node or lymph vessel imaging can be used. 

This method is called lymphoscintigraphy that use radio-labeled particles which are injected in the 

skin that will be transported by the lymphatic system. These particles can then be monitored and 

thereby the performance of the lymphatic system can be analyzed. 
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4. Requirement specification 
A requirement specification was made to specify the implementation. This chapter thoroughly 

describes the requirements and behaviors of the final implementation. These requirements have 

been set up together with clinicians who will use the product when it is completed.  

Table 3 summarizes the requirements on the device and was an important base when choosing 

between different concepts and when evaluating technical solutions.   

4.1 Users 

The primary users consist of two groups. The first one is the therapist, scientist or doctors that are 

using the product as an instrument to assess limb volume and skin compliance. The product was 

going to replace the tape measurement when measuring limb circumference. The product had to be 

as portable as the tape measurement and even more accurate. It was important that the product 

was easy to use and manage, to avoid confusion. The product was going to be used frequently and 

therefore aspects as comfort and manageability were significant factors. 

The other primary user group was patients that suffered from lymphedema. These users were in 

direct contact with the product and therefore it had to be comfortable and not by any mean cause 

pain or enable propagation of infections. It was also very important that the contact areas between 

patient and product were free of any contaminants. If the product was supposed to be used at home 

the unit cost is an important factor. 

There were several secondary users and one of them was service technicians who needed a modular 

based construction with standard components to easily perform troubleshooting and repairing.  A 

thorough documentation and a detailed manual was a must to accomplish easy servicing. 

Other secondary users were bodybuilders or design engineers. Tape measurement was widely used 

by bodybuilders and therefore there were potential interests from these users. Bodybuilders’ 

requirements on the product were that it should be accurate and inexpensive. Design engineers may 

need the product for further development and therefore documentation is critical. 

Side users such as relatives to patients should be affected as little as possible by the product. Sound 

level has to be taken into account. Consulting patents may come in consideration to protect ideas 

from competitors. 

Table 1 shows a summary of the users and their requirements on the product. 

User Type User Requirements from user on product 

Primary user Therapists, Scientist and Doctors  Easy to use.  Easy to manage. Wieldy.  

Primary user Lymphedema and other patients with edema. 
Comfortable. Portable. Accurate. Inexpensive. 
Clean. 

Secondary user Service technicians Easy to service. Thorough manuals. 

Secondary user Bodybuilders Accurate. Inexpensive. 

Secondary user Design engineers Thorough and detailed documentation. 

Side user Relatives Quiet and discrete.  

Table 1 . Summary of users and their requirements. 

  



14 
 

4.2 Product behavior 

When developing the product behavior a significant amount of time was given to study the current 

measurement routine. The workflow of the device had to be adapted to this system but the device 

would also change, optimize and enhance this routine. The usage of the device should be intuitive for 

therapists who are familiar with the manual tape measurements. 

4.2.1 Workflow 

The workflow of the product was a simple three stage approach. The operator started by choosing 

the desired mode, e.g. which body part was going to be measured. The therapist then measured all 

the values in the current mode with the Essessor. Finally all the results was reviewed and saved on 

the PCS. 

Figure 8 shows a simple schematic of the workflow. The goal was to reduce the movement between 

the computer and the Essessor as much as possible. This type of flow relieved the operator of having 

to move between different devices and the total measurement routine took less time. The therapist 

maintained focus on one task at a time and did not need to interrupt the measuring. 

 

Figure 8. Schematic describing workflow. 

4.3 Medical regulations 

Regulations for medical devices are massive and getting a FDA approval was a time consuming 

process. Since this report covers an early development of a product, all of these regulations were not 

the main objectives but the fact that the product was going to be used in a medical environment was 

emphasized. A medical problem with the tape measurements was that materials in contact with 

patients had to be sterilized between patients. A requirement for the materials in contact with the 

patients was that these should be easily cleaned or disposable. 

4.4 Compatibility 

Sister Kenny took place in a national exchange where volume measurement data was collected in 

databases from all over the US. The measurements from the new device would give the same data as 

the current method or would at least be compatible or comparable. Since the values from the tape 

measurements were circumferences rather than volume the new device would not necessary have to 

measure volume directly. 

4.5 System boundaries and Subsystems 

The following section defines system boundaries and terminology for the project that were being 

used and referred to frequently through the entire specifications. Figure 9 shows an overview of the 

system. 
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Figure 9. Overview of the system. 

4.5.1 PCS – Personal Computer Software 

The Personal Computer Software (PCS) was the software that provided a complementary interface 

for the user that communicates with hand held device and handles measurement data. The PCS was 

installed on each end user’s personal computer. 

4.5.2 GUI – Graphical User Interface 

The Graphical User Interface (GUI) was the interface of the PCS that presented the collected data and 

enabled the user to interact with it. The GUI operated as a user layer on the PCS. 

4.5.3 DSI – Data Storage Interface 

The Data Storage Interface (DSI) handled and saved data on the computer. The DSI interacted with 

the existing data system that stored patients’ data. 

4.5.4 CM – Communication Module 

The Communication Module (CM) provided communication between the computer and the 

measuring device for transmitting and receiving low level instructions. 

4.5.5 Essessor 

The Essessor was the main handheld device that was used to distribute the volume measurement 

and stiffness assessment of the edema. 

4.5.6 µC – Microcontroller 

The Microcontroller (µC) was the controller unit of the Essessor. 

4.5.7 EI— Essessor Interface 

The Essessor Interface (EI) was defined as the part of the µC that interacted with sensors and 

actuators. 

4.5.8 CC – Circumference Calculator 

The Circumference Calculator (CC) was a software module that interacts with the EAI and calculated 

the circumference. 
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4.5.9 SCM – Skin Compliance Meter 

The Skin Compliance Meter (SCM) was a software module that collected parameters from the EAI 

and calculated the skin compliance. 

4.5.10 Essessor GUI –Essessor Graphical User Interface 

The Essessor Graphical User Interface (Essessor GUI) provided a simple interface on the Essessor. This 

GUI provided progress notifications, measurement information, error messages and other messages. 

4.5.11 MECHANICS 

The mechanics refers to the physical part of the device. 

4.5.12 Actuators 

The actuators were used to distribute the measurements. 

4.5.13 Sensors 

The sensors were used to measure certain parameters that were necessary for calculating the 

circumference and skin texture. 

4.5.14 Frame 

The Frame was the mechanical body of the device. The frame consisted of the grip handle, the 

mountings and the housing for the other parts of the mechanics. 

4.5.15 Monitor 

The monitor was a LCD display that presented the Essessor GUI of the device.  

4.5.16 Input Devices 

The input devices (ID) consisted of button(s), a joystick or a scroll wheels which enabled the user to 

interact with the functions of the Essessor. 

4.6 Product requirements 

Requirements were defined to visualize an overview of what functions and abilities the final product 

must or aimed to have. Table 2 and  

Table 3 show a summary of the requirements with a priority grading. The grades were must, should 

and wish. Must were the most important requirements and wish were the least important ones. The 

trace column describes who or what was demanding the particular requirement.  
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Functional requirements Must Should Wish Trace 

Measure limb circumference x   Clinician 

According to currently used protocols x   Clinician
Hittade 
inga 
indexord
. 

When the user triggers a mechanical input x   Engineer 

Measure skin compliance x   Clinician 

According to a new standard protocol x   Engineer 

When the user triggers a mechanical input x   Engineer 

As a mean value x   Engineer 

As a point value   x Clinician 

Handle data x   Engineer 

EA stores data on a built-in memory x   Engineer 

CS saves data on an excel sheet according to currently used protocols x   Clinician 

CS loads data from an excel sheet according to currently used protocols  x  Engineer 

Provide overview (GUI) of data through the PCS x   Engineer 

Displaying a mockup of the measured body part  x  Engineer 

Easy managing of  measure values and simple routines for redoing 
measurement   x  Engineer 

Function for saving data x   Engineer 

Function for reloading data   X Engineer 

Communication between the PCS and Essessor x   Engineer 

Transmit data from µC to PCS x   Engineer 

Transmit and receive instruction between PCS and µC.  x  Engineer 

Identify measuring site positions  x  Clinician 

Mark off each fifth or tenth cm on the skin  x  Engineer 

Easy to calibrate x   Engineer 

Choose between modes on the Essessor  x  Engineer 

Arm/Leg/Trunk mode x   Engineer 

Manual mode x   Engineer 

Monitor displaying mode  x  Engineer 

User input to choose mode  x  Engineer 

 

Table 2. Table that summarizes all functional requirements.  
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Non Functional Requirements     

Construct a safe device x   Engineer 

Materials in direct contact with patients should be disposable or easily 
cleaned. 

x   Patient 

Materials in direct contact with patients should not by any mean cause 
pain or injury. 

x   Patient 

The user is aware when an error occurs and clear instruction shows how to 
solve it.  x  

Engineer 

Construct a user-friendly device  x  Engineer 

Total process time < Half the time of the current measurment  x   Clinician 

A comfortable grip that enhance the functions of the device.  x  Engineer 

The device should be usable with only one hand.   x Engineer 

Battery mode   x Engineer 

Measurement accuracy x   Engineer 

Measure circumference with mm accuracy   x  Engineer 

Measure compliance with high accuracy  x  
Engineer 

Sustainable development and construction  x  Engineer 

Modular based construction with standard components for easy 
troubleshooting and repairing.  x  

Engineer 

Thorough documentation, such as service and user manual, CAD drawings 
in solid works and error codes in the software.  x  

Engineer 

 

Table 3. Table that summarizes all non-functional requirements. 

 Clinician. Clinicians that were acquainted with the currently used procedure when measuring 
lymphedema volumes. 

 Patient. Patients suffering from lymphedema who were acquainted with the manual 
procedure. 

 Engineer. Engineering intuition. Requirements based on our own experience as engineers. 
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4.7 Test specifications 

The test of the device was going to begin from components and proceed to the final product as the 

V-model describes. The final tests of the device may not be completed because of the limited time 

given. Still the method of a final test was described below to help further work on the project. 

4.7.1 Subsystem testing 

Before assembling the final product the components and the subsystems needed to be tested. This 

was done to enable an uncomplicated assembly and to verify if components and subsystems were 

meeting the specified requirements. 

4.7.2 Final system validation 

Thorough tests were going to be performed on the final product to validate that the specified 

requirements were met. The main functions of the product were going to be thoroughly tested to 

confirm that the product fulfills its purpose and satisfies its users. A final review by the end user was 

going to be an important input for final refinements. Below follows the main test cases and 

procedures on how to test them. 

A test that verified that the device makes as accurate measurements as the manual measurement in 

less time is crucial. To test this two volume measurements had to be proceeded. The first should 

utilize the original method and the second the Essessor device. The measurement was going to be 

performed by the same person and on identical objects. The procedures were going to be completed 

according to the currently existing protocols. An essential factor would be that the operator manages 

and has sufficient experience with the involved tools. The time and values for the two measurements 

would then be compared and verified according to the requirements. 

To validate the skin compliance measurement several different test and comparisons had to be 

made. The first would be to measure the same measuring site on one object several times and 

obtaining the same results. Another test would be to measure positions which differ in compliance 

and obtain results that show this known difference. The final test would be performed on patients 

with fibrosis where the test would be to measure body parts with and without fibrosis and derive 

different pressure values for the different sites.    

A test of the user friendliness would be done by a therapist who measures lymphedema volumes 

daily. The therapist would test the product for the first time with a short introduction. The product 

should be so simple to use that a full measurement of a limb can be done. The therapist would give 

criticism and point out instructions or steps that were non intuitive and hard to follow. This test 

would improve the overall workflow and help to avoid confusion when using the product.  
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5. Concepts 
As a basis for the concept generation an overall idea of the product was outlined. A sketch was used 

as a foundation for dialogs with the clinicians and other innovation team members. Figure 10 shows 

this idea. The device called Essessor was used through the PC for easy assessment of measuring 

values and integration with the clinical database where patient data was saved. This picture does not 

represent the final product but was a base for discussions with clinicians and future users. 

 

Figure 10. Idea of a first concept. 

5.1 Concepts of volume measurements 

A study was done on how to measure limb volume and tissue compliance. This study resulted in a 

number of concepts that could measure a volume and/or compliance. These concepts were all 

devices that could be a part of the overall idea that could be seen above. There were also concepts 

that for a reason could not be developed during this project. The reasons for not handling these 

concepts in this report were that they did not fit the requirements or were too advanced to be 

developed during the time and circumstances of the project. These concepts consisted of ideas like 

measuring a weight that corresponds to a volume or to use electrical impendence to measure the 

amount of water in a tissue. The concepts that were chosen to be thoroughly evaluated were the 

following: 

5.1.1 The Automated tape measure 

This concept consisted of a device that used motors and a linear encoder to measure distance with a 

tape, see Figure 11. The concept was a handheld device which was designed to resemble the form of 

a pistol. The operator had one button for the index finger that could be used to trigger the 

measurement. The design also allowed the thumb to be unbounded and could be used to control 

another mechanical button or input. The idea was to use a motor to control the length of the 

outgoing tape to assess the different circumference and compliance measurements. The compliance 

would be determined by measuring the torque of the motor that was pulling the tape. The values 

would be stored within the device. The tape would be in direct contact with the patients which was 

taken into account when evaluating this concept. An idea that would solve this problem was to make 

the tape and nozzle disposable. 
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Figure 11. Image showing the automated tape measure concept. 

Pros 

 Compliance measurement. 

 Inexpensive parts. 

 Simple solution. 

 The currently used protocol and process remains. 

 Guaranteed better fallout. 

Cons 

 Direct contact with patient/need of disposable parts. 

 Still approximating the body part volume. 

 Still would need a lot of time to distribute the measurements. 

 May be hard to measure the compliance as a point value. 

5.1.2 The Handheld scanner 

The hand held scanner concept was a device that used sensors, for example infrared transmitter and 

receiver, to measure distances in order to assess a cross section at a site of the limb, see Figure 12 

below. Similar to the automated tape measure the frame would resemble the form of a pistol. The 

absolute advantages with this concept was that it was contactless and can very likely distribute a 

better analysis of the actually limb volume than the tape measure. The main disadvantage was that it 

could not measure the skin compliance and the concept was hard to adapt to large limbs. 
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Figure 12. Image showing the concept of the handheld scanner. 

Pros 

 No direct contact with patient. 

 Less time than the automated tape measure. 

 The currently used protocol and process remains but could also be refined with denser sites. 

 Expensive. 

Cons 

 Could not measure skin compliance. 

 Unwieldy if the patient’s limb was in contact with a surface (which it was in the currently 

used procedure).  

 Hard (or impossible) to adapt do very large limbs. 

5.1.3 The Stationary scanner 

The stationary scanner was a scanner that takes full 3D images of a limb using a 3D scanner e.g. a 

Microsoft’s Kinect.  The idea was to use two 3D scanners (or somehow move one 3D scanner) to get 

all the necessary views of the limb, see Figure 13. The scanners would be mounted and fixed in the 

room or on a table. When the image was taken it was going to be analyzed on a computer to assess 

the limb volume. The advantage of this idea was the possibility to get a perfectly virtual copy of the 

limb stored on the computer. The main disadvantage was that it needs a large space to operate and 

was expensive. It was also not possible to measure the skin compliance. 
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Figure 13. Image showing the stationary scanner concept. 

Pros 

 Virtual copy of the limb stored on the computer. 

 Very accurate volume measurement. 

 Procedure would be much faster compared to the other concepts. 

Cons 

 New protocol and data storage. 

 Needs large spaces. 

 Expensive. 

 Could not measure skin compliance. 

5.1.4 The Automatic calipers 

Instead of taking circumference measurements, this concept would be used to measure the thickness 

of a limb cross section. These values would then be used to approximate the cross section site of the 

limb as an ellipse. The results may correlate to the results from the currently used method of 

measurement although there is no guarantee.  The concept would have a design similar to calipers 

but would have a better grip and would be using a motor to automatically adjust the gap size. By 

using this concept it would be easier to measure compliance in a point, though a mean value would 

be impossible. The caliper concept can be seen in Figure 14. 

 

Figure 14. Image showing the caliper concept. 
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Pros 

 Easy to produce and develop. 

 Inexpensive. 

 Easy to use. 

 Point compliance measurement. 

Cons 

 Needed a new protocol. 

 The approximation may not be good enough. 

 Cannot measure the compliance as a mean value. 

 Direct contact with patient/need of disposable parts. 

 Still will take a lot of time to distribute the measurements. 

5.1.5 The Measuring wheel 

The wheel concept was another way of measuring the circumference. The wheel worked by rolling it 

on the distance to be measured. An encoder would count how many revolutions it required to roll 

the wheel around a limb to assess the circumference. It was important to make sure that the wheel 

will start and stop on the same position and that the wheel was exactly perpendicular to the limb 

during the entire movement. The handle grip would be the same as the automated tape measure 

and the handheld scanner, see Figure 15. 

 

Figure 15. Image showing the measuring wheel concept. 

Pros 

 Easy solution. 

 Inexpensive. 

Cons 

 Hard to make accurate measurement. 

 Required to be moved around the arm. 

 Direct contact with patient/need of disposable parts. 
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5.2 Other Concepts 

During the concept generating process several other ideas were considered. These concepts were 

not candidates for further evaluation because of their drawbacks and complexity. 

One of these concept was to send a pulse of current through the limb and use the elapsed time from 

the transmission and the receiving of the current. The time could then be correlated to the size of 

the limb. The compliance could also be measured by somehow calculating the impedance of the 

limb. Because of the risk factor of sending current through the body and the fact that the 

measurement technique was uncertain and complex the concept did not proceeded to further 

evaluation. 

Another idea was to use a sleeve that could be filled up with either gas or a liquid which could be 

used to measure the volume. The main problem with this method was that the circumference of 

different spots could not be measured. This was a big drawback since it was important to know how 

the limb has changed with regards to form. Another disadvantage was that compliance could not be 

measured using this sleeve method.  

5.3 Concept evaluation 

When choosing a concept the concepts were evaluated based on the requirements that were set for 

the device. Several different methods were used to decide what concept to continue working with. 

Both the clinicians and the technical members of the team presented their opinion. 

To utilize the clinicians knowledge and opinions they filled in an excel document, see appendix 2. This 

excel document consisted of properties that the clinicians ranked with respect to significance in a 

scale from one to five, where five is the highest for each concept. The following properties were 

emphasized: portability, ease of use, adaptable to current environments and protocols and patient 

comfort. These aspects were chosen because they are the most important requirements for the 

clinicians. There was also a field in the excel document where the clinicians could put additional 

opinions and aspects. The answers were used as a basis when evaluating the different concepts but 

were not the final verdict. 

Another approach that was used when evaluating concepts was a technique that selected one 

concept and compared it with the others. The concept that was the most favored at the moment 

became the concept that the others were compared to. This means that for each property, every 

concept is compared with the favored concept and in case it was superior it receives plus one and if it 

was inferior minus one. Each property was given a weighting factor which represented how 

important that factor was. This factor was scaled from one to three where three was the most 

important. The property values for each concept were multiplied with the weighting factor and 

summarized.  

If any of the challenging concepts sum had a positive result the favored concept had to be 

reconsidered. The following properties was taken into account: portability, ease of use, adaptable to 

current environments, adaptable to current system\protocol, measurement accuracy, compliance 

measurement size independent, costs, clinicians’ choice, time consumption, project outcome and 

patient comfort. This evaluation can be viewed in appendix 1. 

5.4 Concept choice 
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The concept that was chosen to be further developed was the automated tape measure since it had 

the best results in the evaluation. It met the requirements appropriately; it measured both volume 

and compliance, made the measuring process less time consuming and this concept was also very 

compatible with the current system of volume measurement. 

6. Prototype 
To present and prove the concept of the device to clinicians a functional prototype was designed and 

constructed. This prototype was not a finished product but it resembled one. As many functions as 

possible were integrated in the prototype to show how the final product should work. The prototype 

was an object for evaluation and the opinions and criticism on it would lead to further development. 

Figure 16 shows the final prototype of this project. 

 

Figure 16. Image showing the final prototype. 

The prototype was developed as a final product and according to the development model of the 

project. This means that the prototype was tested against the requirements as a complete device. 

The components and subsystem of the device had also been thoroughly tested.   

6.1 Subsystem and component Requirements 

The mechanical components that were used in the Essessor prototype had to fulfill certain 

requirement to design the device as specified. Below you can see the requirements that were 

considered when choosing the parts for the prototype.  

6.1.1 Actuators: Electric motor 

The actuator of the prototype was an electrical motor. The motors task was to push and pull the tape 

in and out of the cartridge enabling circumference and compliance measurements. The key features 

of the motor were that it had to have a fairly good torque but still have a small footprint. A brief test 

with a hanging scale and a tape measure was done to get a value of how powerful the motor needed 

to be to make a compliance measurement. The feeling of the tape measure pushing against the skin 

was compared with the force that therapist uses to investigate fibrosis. If the motor required more 
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than 3 volts a motor driver would be necessary to use when controlling the motor from the 

microcontroller. 

Electrical motor requirements: 

 Torque around 2 kgcm = 0.2 Nm. 

 Maximum speed 200 - 300 rpm. 

 Angled gearbox if possible. 

 Small footprint. 

6.1.2 Sensors 

The sensors needed for the measurements would be an encoder that reads the length of the tape 

and a sensor that would read the tension in the tape and therefore measure both the circumference 

and the compliance.  

6.1.3 Length reading encoder 

The length measurements could mainly be done in two different ways, either by using a stand-alone 

encoder that reads the tape’s movement or use a rotary encoder that reads the rotation of the 

motor. These two methods had both advantages and disadvantages. 

Stand-alone encoder 

The stand alone encoder would use an optical encoder that can measure how much the tape has 

moved and use this to decide the circumference. To accomplish this, the tape would have been 

required to have texture which the optical sensor could register and correlate to. The main 

advantage was that the distance reading could be completed as close as possible to the object that 

was going to be measured which means reduced inaccuracy. The disadvantage was that a textured 

tape was more expensive and it probably has to lay flat against the encoder which could be 

problematic and require accuracy in tape movements. 

Motor’s encoder 

A rotary encoder would measure the tape length by reading the movements of the motor. To 

accomplish this, the encoder register ticks as soon as the tape is moving. The amount of ticks 

correlates to the outgoing and ingoing length of the tape. The fact that the tape roll has different 

diameter depending on the length of the coiled tape had to be considerate when evaluating this type 

of encoder. The advantage of this technique was that it does not need a textured tape and was a 

more simple solution. The main disadvantage was that the motor may tighten the tape differently 

and make the measurement inaccurate. 

The method that was chosen for the prototype was the rotary encoder because of its simplicity and 

that it is easily integrated with the motor and the tape.  

Requirements on the rotary encoder: 

 At least 100 tick per revolution. 

 Reading directions. 

6.1.4 Tension measurement sensor 

The tension measurement is needed to measure the compliance of a tissue.  This could be done in a 

number of ways. The concepts that were evaluated were to either measure the current through the 
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electrical motor which was correlated with the torque of the motor or to use a strain gauge located 

at the end of the tape. 

Current measurement 

The current measurement had the advantage that it did not need any further mechanical 

components and thereby saves space and costs. The disadvantage is that the tension is not measured 

directly and thereby the accuracy of the measurements may not be as exact as a strain gauge. 

Strain gauge 

As described above the strain gauge would probably be more accurate than the current 

measurement but would definitely take up more room and be harder to integrate with the other 

mechanical parts. 

The method that was chosen for the prototype was the current measurement because of its 

simplicity. A possible routine to measure the compliance with current measurement through the 

motor would use the circumference measurement. The circumference and the current value would 

be correlated to each other to get the compliance. An example would be that if you first pull the tape 

loosely around a limb, the same tightness as when measuring circumference, then you pull it a bit 

more and monitor the values of the circumference and the current. If the current change is high for a 

low circumference change then the compliance is high and vice versa.     

Requirements on the current measurement 

 Only one direction of measuring needed (pulling). 

 Must not affect the motor performance. 

6.1.5 Cartridge and measurement tape 

The parts of the device that were in contact with the patient needed to be either disposable or easily 

cleaned. Therefore a cartrigde that holds the tape was disposable and changed between patients. 

The cartridge also shielded the front of the device and therefore protects the rest of the device from 

contact with patients. When designing the cartridge a lot of inspiration was taken from the audio 

cassette where tape is rolled on two wheels and the wheels can be connected to a driving shaft. 

Figure 17 shows the disposable cartridge idea. 

 

Figure 17. An image describing the disposable cartridge idea. 

Requirements for the cartridge and tape: 

 Disposable.  

 Width of tape (shape). 
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6.1.6 Human interface 

The human interface of the device was going to control and trigger the measurement, it has to 

handle the choice of measurement spot and set measurement settings.  

Monitor: Display 

The display had to show to measurement values, circumference and compliance; it also had to show 

where the measurement is being taken. The display also needed to present menus where the user 

can choose different settings and modes. The screen needed to be small but still have a fairly good 

resolution to present the information on the screen without any problems.  

Requirements for the display: 

 Small footprint. 

 At least 64x64pixel resolution. 

User inputs: Button and scroll wheel 

The inputs from the user needed to trigger the measurements and let the user navigate between 

different modes. Since the device has a pistol grip a natural input was a trigger button for the index 

finger. This was going to be used when starting measurements. To navigate through menus and set 

different modes a scroll wheel with a built in button was going to be used.  

User inputs requirements: 

 Trigger. 

 Scroll wheel with button. 

6.1.7 USB to UART module 

If the microcontroller did not have a USB interface a USB to UART module was required. USB is 

needed to communicate with the PCS. This module had to convert serial UART data to USB protocol. 

USB to UART requirements:  

 Convert UART to USB and vice versa. 

 USB connector. 

6.1.8 Frame 

The frame and housing of the prototype was going to be made with a 3D printer and therefore the 

device needed to be designed using CAD software. The frame should form a pistol grip and be given 

an ergonomic design considering the usage of the product. The buttons should be placed at easily 

accessible locations. 

6.1.9 Microcontroller 

The microcontroller that is going to be used for the prototype is a Texas Instruments (TI) MSP430 

series microcontroller because it is widely used in medical applications and the team has previous 

knowledge of the development environment.  The microcontroller needs the functions that Table 4 

shows. The microcontroller also needs memory to store at least one patient and its measurement 

data. 

Function Amount Device 
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External interrupts 6 Scrollwheel encoder, Buttons, Motor 
encoder 

PWM signals 2 LCD backligt, DC-motor 

Serial SPI 1 LCD display 

UART 1 USB module 

ADC 1 Current measurement (Compliance) 

Table 4. The functions required of the microcontroller. 

6.2 Battery 

The battery performance requirements were specified using the components voltage and current 

needs. The battery was therefore chosen after all the other components where decided. The 

components electrical needs can be seen in Table 5. The prototype is supposed to be able to run at 

least one day before needing recharging. 

Component Voltage Current 

MSP430F2272 3.3V Max 6mA 

Encoder 3.3V Max 5mA 

DC-motor Max 9V Max 1.6A at 6V 

Shunt Monitor 2.7-36V 0.025mA 

LCD logic 3.3V 2-3mA 

LCD backlight 6-7V Max 30mA 

Scroll Encoder 3.3V - 

Scroll Button 3.3V - 

Trigger Button 3.3V - 

SUM  Max 1.7 A 

Table 5 .Table showing the electrical properties of the components. 

The battery needed a voltage of at least 6 volts and needed to deliver a maximum current of about 

1.6-1.7 A. Regular usage requires somewhere around 150mA and therefore a battery with a capacity 

of 1500 mAh would be more than sufficient. A step down circuit was going to be needed to deliver 

the voltage to the logic components. 

Battery requirements: 

 At least 6V. 

 1500 mAh. 

The charging of the battery could either be done internally in the device or the battery could be 

replaceable and charged outside the device. 

6.3 Component choices 

When choosing the components a number of factors besides the requirements had to be taken in 

consideration. The final product was not being built and the time was limited. Therefore many of the 

parts were chosen because they were simple and fairly cheap. 

All of the components can be seen in the appendix 5. The table does not show small components 

such as screws and bolts. 
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6.3.1 DC-Motor 

The DC-motor that was chosen was a 100:1 Micro Metal Gearmotor HP [15]. This was driven with a 

TB6612FNG Dual Motor Driver Carrier. Since the driver can drive two motor or PWM signals the 

second PWM was used to control the backlight of the LCD screen. 

6.3.2 Encoder 

The rotary encoder chosen was a Rotary encoder AMT102-V [16]. This encoder had a programmable 

number of ticks per revolution and this value could be set as high as 2048 tick per revolution. To 

mount the encoder an axis adepter was mounted on the motors shaft.  

6.3.3 LCD-screen 

The LCD screen chosen for the prototype was a color LCD screen on a breakout board from 

SparkFun[17], the screen is originally from a Nokia cell phone. The LCD screen was controlled via a 

serial SPI[18] protocol. 

6.3.4 Current measurement 

The current measurement component was a shunt monitor which amplifies a voltage over a small 

shunt resistor that is serialized with the motor. At first a TI INA146[19] was chosen and tested but 

later a simpler TI INA138[20] was considered sufficient for the prototype. 

6.3.5 Human inputs 

The trigger button was an XBOX [21] button and the scroll encoder and button were used from a 

computer mouse.  

6.3.6 Tape cartridge 

A simple cartridge was made in the 3D printer for the prototype. It is replaceable but not in a simple 

way.  

6.4 Subsystems 

6.4.1 Length measurement 

The length measurements were done by reading the rotary encoder. The amount of ticks on the 

encoder is converted to a length by using the radius of the roll. Since the rolls radius differs 

depending on how much tape that was rolled up an equation that calculates the amount laps on the 

roll is needed. Equation (1) uses the total length of the tape, TL, the inner radius of the roll, ri, and the 

thickness of the tape, Tt, to calculate the maximum amount of laps on the roll, Nmax.  

 

      
       
    

   
       
    

 
 

 
  

    
 (1) 

The maximum lap amount was used to derive how many laps there currently was on the tape. 

Equation (2) subtracts the current amount of revolutions from the maximum. tcurrent was the current 

amount of encoder ticks and TPR is the amount of tick per revolution. 

 
       

        
   

 (2) 

When the amount of laps was derived equation (3) could calculate the current length of the tape 

rolled on the wheel, lr. 
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   (3) 

The amount of pulled out tape was then derived by subtracting the current length of the tape on the 

roll from the total length of the tape. See equation (4). 

          (4) 

6.4.2 Compliance measurement 

The compliance measurement was done by reading the current running through the motor. This was 

done with a shunt resistor and the shunt monitor. The shunt monitor amplifies the small voltage that 

the current generates across the low resistance shunt resistor. The amplified voltage can then be 

read by the microcontroller. In Figure 18 a schematic of a setup with the shunt monitor INA146 can 

be viewed. The shunt resistor is serialized with the motor and the amplifier is connected over the 

resistor. In this setup there was a low pass filter on each sides of the shunt monitor to suppress 

noise. 

 

Figure 18. A schematics of the current measurement circuit with the INA146 shunt resistor. 

When later constructing the prototype the TI INA146 was replaced with the simpler TI INA138 shunt 

monitor. The schematics for this setup can be viewed in Figure 19. This setup only had a filter on the 

shunt resistor which was considered sufficient since most of the noise was ground noise generated 

from the power supply used in the test setup. The final prototype would run on a battery with less 

ground noise. 

 



33 
 

Figure 19. A schematics of the current measurement circuit using the INA138 shunt resistor. 

The current through the resistor and the motor could be calculated with equation (5), where I was 

the current, U0 is the output voltage to the microcontroller, Rs was the resistance of the shunt 

resistor and n is the gain of the shunt monitor. 

 
  

  
    

 (5) 

When the current was available the torque of the motor can be calculated with equation (6) where τ 

was the torque, K2Φ is a constant for the specific motor and I was the current. 

          (6) 
This measurement may be hard to use to get an absolute value of the motors’ torque and would 

require testing and thorough calibration. However this could be useful even without an absolute 

number since the motor could be monitored accurately.    

6.4.3 Mechanical structure 

The mechanical structure was designed in Solid Edge [22] and printed in ABS plastic with a 3D printer. 

The housing consisted of three parts and the tape cartridge housing consisted of two. The housing 

with and without the cartridge and taken apart can be seen in Figure 20, the first picture in the figure 

also shows the battery and the battery lid.  

 

Figure 20 . Images showing the prototype in various stages of assembly.  

Housing 

The housing of the prototype consisted of two shells and a battery lid which together formed a pistol 

grip. All the components were mounted in the shells and therefore much of the design was specified 

while considering the size and shape of the components. 

The LCD-screen and scroll wheel was facing the user and the trigger button was placed as a normal 

trigger button. The trigger button should be operated with your index finger and the scroll button 
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with your thumb. The circuit board is mounted on the back of the LCD-screen. The connections for all 

the components were located towards the middle of the pistol shape making it easy to connect the 

components.  

The motor was mounted in a protruding housing that was located at the front of the pistol. This was 

necessary because there was no angled gearbox on the motor. The motor housing may cover the 

sight for the user but the motor was very small and this solution makes the pistol considerably 

shorter than if you had used an angled gear box. The encoder was mounted in both shells and on the 

motor axis.  

At the bottom of the pistol grip the battery and the USB module was located. The battery is 

replaceable and is covered with a small lid that snaps. The USB cable was connected at the bottom 

side of the prototype. 

Figure 21 shows how the components are located within the housing. 

 

Figure 21. Images showing the shell of the prototype with the components located where they are 

mounted.   

Tape cartridge 

The tape cartridge houses the tape and connects the tape wheel to the drive shaft of the motor. An 

exploded view of the tape cartridge can be seen in Figure 22.  
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Figure 22. An image showing the explosion of the tape cartridge. 

To make the tape roll in and out of the cartridge without tangling a support wheel was used put 

pressure on the tape. The support wheel acted as a roller and together with the main wheel it pulled 

and pushes the tape in and out from the cartridge. This support wheel was made of foam rubber and 

can therefore adapt its size to the tape wheel. This lets the support wheel put pressure on the tape 

wheel independent of how much tape was rolled up. A schematic of the forces generated by the 

support wheel can be viewed in Figure 23. 

 

Figure 23. Image showing the forces on the tape and the movements of the tape wheels. 

6.4.4 Electrical circuits 

The main circuit board of the prototype consisted primarily of the micro processor and connections 

to the different components. The current measurement circuit and a power supply circuit were also 

located on the circuit board. The whole schematics for the main board can be viewed in appendix 3. 
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Power supply 

The power supply of the prototype was a 7.4V battery with 1800mAh. The battery was replaceable 

and was charged outside the device. The battery connectors in the device were connected directly to 

the main circuit board. To get the logic voltage at 3.3V a step down component on the main circuit 

board is used. This component converts the battery voltage to 3.3V. The supply voltage, either 7.4V 

or 3.3V, is the delivered to all of the components through connections on the main circuit board. The 

power supply circuits can be seen in Figure 24. 

 

Figure 24. Schematics of the power supply circuit. 

General design 

The main circuit board had two different voltages and these two have been separated as far as 

possible when designing the board. The board is two sided where on side almost entirely is a ground 

plane. The components that are driven on 7.4V have been located far from analog signals and serial 

communication. Especially the motor connections and circuits are located in the far end of the circuit 

for a good EMC. The placing of the components has been tight to enable large ground planes even on 

the top side of the circuit board. The actual card drawings can be viewed in Figure 25. 

 

Figure 25. Eagle drawings of the circuit board. 
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Since the main board was located behind the LCD-screen connections match the connection on the 

LCD. This made the main board mountable directly on the LCD breakout board.  

6.5 Software 

This chapter looks into specific parts of the software that were the most significant for the project. 

The chapter is divided into three sections; one describing the software of the PC, the second one 

describing the software of the device and lastly the communication between the two. 

6.5.1 PCS (PC Software) 

The PC software was a simple, user-friendly one-window-based system. Figure 26 shows a portrait of 

the window. The GUI was directly drawn in Visual Studio using the Windows Form designer tool [23]. 

The idea was to make it as simple and user friendly as possible. The GUI was based on a top to 

bottom usage, which means that the user always begins by using the above part of the window (Start 

Measuring in the image) then goes to the bottom part. 

 

 

Figure 26. A screenshot of the PC software. 

Four buttons were used; the first to send a patient name, surname and number to device and the 

second one to get patient data from the device. The other two buttons were used to handle a 

patient’s data, either copy to clipboard or save to an excel file. The data that was received would 

always be displayed inside the scrollable area of the window. The data was displayed or saved in a 
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format that would make it easy for the user to copy and paste it into an excel sheet or another 

database. A status bar was used at the very bottom of the window to display instructions.  

Microsoft Visual Studio 2010 [23] was used as developing tool for coding and also as for the API for 

the GUI. The programming language that was used was C++/CLI (Common Language Infrastructure). 

This language was used because safe data allocation could be made as well as managed C++ syntax.  

The language also supports C# applications which were used to interact with the FTDI (USB 

communication) driver.  

Limitations and restrictions were made on the interface to make sure that the users used the 

program properly. A popup window was used to display errors or messages in case the following 

rules were not met:  

 Maximum 15 characters were allowed for the first name and surname. This was limited to 15 

characters because of the restraint of the patient data memory in the device. 

 Only 9 digits were allowed for the patient number. 

 All of the 3 fields had to be filled in to use the send patient buttons. 

 Data had to be shown inside the scrollable area to use the two buttons for handling the data. 

Most effort was put into the communication part of the software to make sure everything worked 

without any problems when the device was connected. A FTDI driver[24] was used to communicate 

with the device. Two threads were used; one checking the signal from the USB port, the other one 

processing the signal and saving the data into a local buffer. A wait handler was used to 

simultaneously check every second if the FTDI device was still connected.  This meant that the device 

would always be found while the program was running even if the USB cable was plugged in and out 

or if the port was changed.  

Other than the GUI’s thread and the communication’s threads the program also consisted of a logic 

thread. This thread was used to make sure that heavy calculations were done (for example to handle 

the communication’s buffer) without affecting the responsiveness of the GUI. See Table 6 for an 

overview of the threads. 

Thread Name Thread Type 

GUI GUI Thread 

USB Wait handler 

USB thread Background thread 

Logic thread Background thread 

Table 6. Table listing the threads of the PC software. 

6.5.2 Microcontroller 

Code Composer Studio v4Core Edition [25] was used to compile the code to the microcontroller.  

Code structure 

The structure of the code was made to optimize the power efficiency. Due to the capability of the 

microcontroller to enter different power consumption modes three different idle modes were 

configured. The modes were: one running mode, one with the LCD backlight turned off and one using 

the lowest power consumption of the microcontroller. The code architecture maximized power 

efficiency because the device slept until an interrupt service routine was received. See Appendix 4. 
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for a full and detailed portrait of the flow. The structure of the code was inspired by the 

recommended structure from Texas Instrument [26]. 

Core frequency 

The core frequency of the CPU was very important to consider for this device because the frequency 

affected the power efficiency and also the overall responsiveness of the device. The higher the 

frequency is the lower the power efficiency will be, though too low frequency will make the system 

unresponsive. At first a low core frequency around 1 MHz was used, but the display was then too 

unresponsive and rendered the screen very slowly. Instead the highest possible frequency was used 

considering the SPI communication for the display which was 12 MHz. Because of the sleep modes 

the choice of the frequency did not drain the battery too much. 

Memory 

In case of unintended power outs of the device, all the patient data had to be stored onto the flash 

memory instead of RAM memory to not be lost. The equation (7) shows how many characters (bytes) 

are needed for one patient. Each circumference contains one integer i.e. two characters.  

                                            
                                  
                                     
           
                           
                                

(7) 

There was a segment of flash memory inside the microcontroller called INFORMATION memory that 

was the first intention to use but had not enough memory, only 256 bytes. To accomplish the flash 

memory storing the main memory had to be changed. 512 bytes of memory (1 segment) was in use 

from the main memory, which was enough to store one patient, see Table 7. below.  

Name Origin address length 
Patient data memory 0x8000 0x0200 
Main memory 0x8200 0x7DDE 

Table 7. Memory segments of the micro controller. 

The problem with saving data directly into flash memory during operation was that each segment 

had to be erased each time new data was saved. This meant that the segment memory had to be 

copied into RAM memory then erased before adding the new data, and the old data as well. This in 

turn meant that at least a microcontroller of 512 (289 bytes) bytes of RAM memory was needed. To 

make the patient’s data as intact as possible the patient data memory was impossible to erase for 

the user, only overwritten when a new patient is received from the PC software. 

Heavy data allocation such as fonts for the display and menu data was always stored on the flash 

memory as constants because of the low size of RAM memory, only 1024 Bytes. This meant at least 

8-10 kB of flash memory was needed, for three different fonts. 
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Menu 

The menu was a very important part of the software because it was significant for the user 

experience. The menu was also changed many times during the development process and therefore 

an efficient data structure was developed which would make it easy and effortless to change and add 

new titles. 

The menu was configured as following: each menu consisted of an array including a number block, a 

position block and a menu-title (as strings) block. The number block consisted of a number which 

corresponds to a row in a menu tree. The menu tree consisted of pointers for each title in the menu 

which pointed to another menu. The position block consisted of the amount of titles and also the 

position of the menu. The menu-titles block included the titles for the menu surrounded by zeros. 

See Figure 27 below for further details and for expanded understanding.  

 

Figure 27. A drawing of the memory architecture of the menu. 

6.5.3 Display 

An SPI interface was used to communicate with the LCD controller. The LCD controller used a 9-bit 

interface where the first bit represents if the following eight bits was either a command or a data 

byte.  The display was controlled by sending a command with or without following data. The most 

common commands was to first set the current column and row to specify the current pixel and then 

set a color to that specific pixel. A tutorial [27] for the screen was thoroughly studied to make the 

driver code such as writing of fonts and drawing of squares.     

Two different types of interface were used. One interface was used for navigating through menus 

and the other one when taking measurements. The screen for navigation always showed three menu 
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titles in the middle of the screen while only one menu title was shown at the bottom when taking 

measurements.  See Figure 28 below for pictures of the two screens.  

 

Figure 28. Screenshots of the Essessor two different modes.  

The taking measurement screen was designed as following; the right image above: the most 

important information to display was the current measurement value. Therefore this value had to 

take the most space and was also displayed in the middle of the screen. The position of the currently 

taken measurement was also a very important data to display but not as significant as the 

measurement value, this value was displayed in top left corner. To make sure that the correct patient 

and limb were selected, this information was also displayed in the top right corner. 

6.5.4 Communication 

The communication between the device and the computer was done by using USB interface. To 

make a safe and convenient communication the message was always divided into predefined 

packages including start, middle and stop blocks as well as a checksum. The start, stop and middle 

block contained of two characters each (in hexadecimal); start: 2 x A1, middle: 2x A2 and end: 2x A3. 

See Table 8 below for a full description of the packages. The checksum was a character calculated by 

XOR operations for each chars in the whole message including all blocks, see equation (8) below.  

                                       (8) 

The checksum was always added at the very end of the package and was used by the receiver to 

confirm that correct information had been received. The sender always waited for an answer from 

the receiver according to Table 8. If no answer was received within a certain amount of time the 

communication was broken and an error message was displayed. The communication protocol was 

the same for the computer as for the device. 

The circumference was always sent as two characters which together formed an integer where the 

second one held the LSB (least significant bits). This meant less memory use and faster 

communication than sending each digit as one character.  
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Patient info. Package Arm package Leg packet Value packet 

\xA1 \xA1 \xA1 \xA1 

\xA1 \xA1 \xA1 \xA1 

PT Arm Leg Position1 

\xA2 Y\N (Affected) Y\N (Affected) Circumference1 

\xA2 L\R (Left\Right) L\R (Left\Right) Circumference2 

First name Amount of measurements Amount of measurements \xA3 

\xA2 \xA3 \xA3 \xA3 

\xA2 \xA3 \xA3 Checksum 

Surname Checksum Checksum 
 \xA2       

\xA2       

Social Security Number       

\xA3       

\xA3       

Checksum       

 

 

 

Table 8.Tables showing the data packages in the communication between the Essessor and the 

computer software. 

7. Subsystems tests and validations 
A series of tests were made on the subsystems before assembly of the final product to ensure that 

the systems delivered the performance specified. The tests presented here were performed on the 

subsystems but the components themselves had of course also been tested. 

7.1.1 Measurements test 

The measurement module was tested with the rotary encoder alone with the microprocessor and 

the LCD-screen for results presentation. A small shaft with a measuring tape rolled on was connected 

to the encoder. When pulling the tape in and out the small shaft rotates the encoder and a 

measurement could be done. 

The test started with the tape fully rolled in on the shaft. The tape was then fully unrolled and the 

measurement result was compared with the tape length. This was done several times to ensure 

consistency. 

Pseudo code for the test: 

 Calculate the maximum amount of laps on the tape. 

 Start an endless loop. 

 Read encoder. 

Request patient Checksum confirmation 

\x06 \x05 

\x06 \x05 
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 Calculate the current length of the tape. 

 If the tape length had changed, print the length on the display.  

 Restart the loop. 

Test results 

When pulling out the whole tape of 150cm an error of less than ½ cm was observed. This result was 

considered very good bearing in mind that it proved that the calculation of the tape length was 

accurate and consistent. 

7.1.2 Compliance measurement test 

The test for the compliance measurement was made with the setup in Figure 18. The amplified 

voltage over the shunt resistor was read at first with an oscilloscope but also with the 

microcontroller. The goal of the test was to get a clear signal from the amplifier without noise so that 

it could be read with the microcontroller.  

The test code when testing with the microcontroller: 

 Set the motor speed. 

 Start an endless loop. 

 Read the current measurement ADC pin. 

 If the ADC pin was higher than a certain value: stop the motor. 

Test result 

The result of the test was successful since the motor could be stopped by adding torque on the 

motor axis. The signal was also sampled and saved in arrays. These values corresponded well to the 

torque placed on the motors shaft.  

7.1.3 Communication tests 

The communication was as mentioned before a very important factor of the product and had to be 

consistent and secure to get an accurate and effective workflow. The goal of the communications 

test was to make sure that both of the device as well as the PC could send and receive bytes via USB. 

Both of the systems should handle broken communication without crashing and also be able to 

handle corrupt data. The following test set up was used:  

 The first test was by using a terminal on the PC to monitor received bytes but also to send 

bytes to the device. The test goal was to make sure that the driver was correctly written for 

the USB module and make sure that bytes could be sent and received. 

 The second test was to send a message including a start, a middle and a stop block and to 

verify and identify the different parts for the receiver. 

 The third test was similar to the second test but included the checksum and verification for 

the receiver. 

 The fourth test was to use all of the predefined packets according to the table and verify that 

the system worked properly.  During this test faulty packages were included such as packages 

without start block, middle block, end block or faulty checksum. 
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Test result 

The result of all of the tests was successful when the device was in parts connected to the 

breadboard. During the final product test there was a problem with the communication caused of 

too much data sent from device.  The cause of the problem could not be identifed but could be 

affected by interference between different parts inside the frame. 

8. Final prototype flow 
This chapter describes how the final product works as a complete system, from registering a patient 

to retrieving and saving the measurement result.  

The initial point of the process was to first connect the device to the PC then start the PCS on the PC. 

The user was then going to input first name, surname as well as the number for the patient and then 

press the “Send Patient”-button. The the device would start automatically (if not already started) and 

display that a patient was received. If the communication was broken the PC software would show 

error messages within the status bar of the communication. See Figure 29 below for a portrait of the 

PC GUI and first step.  

 

Figure 29. Screenshot of the PC-software when user is about to send a patient. 

Next step for the user was to start taking measurements. The user would first choose to “Take 

measure” via the device then choose desired types. In this case an affected left arm was choosen, 

see Figure 30 below for the navigation flow. 
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Figure 30. Images showing the different settings the user choose before a measurement.  

After the last choice (affected) a new screen was displayed. From this screen the user could take a 

measurement by pressing the trigger button or choose to change the initial position starting from 0 

cm. In case the user chose to change the position the measurement value changed to the position 

instead, see Figure 31. To change position the user scrolled using the scroll wheel.  

When the measuring was done the user could choose to either take new measurement, retake the 

currently taken measurement or quit taking measurement. In case the user choosed to the take a 

new measurement the position change for arm to the closest value divideabale with five and for legs 

it changed to the closest value dividable with ten, according to equation (9) below: 

                                                           (9) 

Where x is five or ten. 
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Figure 31. Screenshots of the Esessors screen in measuring mode. 

When the user was done taking the measurements she or he went back to the PC and pressed the 

“Get Patient” data. The result of the measuring would be shown inside the scrollable area of the PC 

software, see Figure 32 below.  



47 
 

 

Figure 32. Image showing a screenshot of the PC-software when patient data has been received. 

The user could now copy the patient data to the clipboard pressing the “Copy Patient Data” and 

paste it into the database. The values could also be saved directly to an excel sheet by pressing the 

“Save Patient Data” button. 

9. Evaluation 

9.1 Conclusions 

The process of the project was strongly affected by the fact that the work had been made close to 

medical staff and patients that were the end users of the device the was being developed. The 

project took a new approach much because a need was discovered among therapists at the hospital 

where the project was based. The access to clinicians and patients was a big advantage when 

designing a medical device since feedback and opinions of professionals was of great value to the 

development process.   

Since the project goal was changed a bit into the project the work before the change may have 

seemed like a waste of time. But to get the insight of a new approach the studies before the change 

were needed and gave a good understanding of lymphedema and the treatment of it.  

The prototype was functional and could make a full circumference measurement and presented it on 

the screen. This had to be considered a great success since this prototype could at least verify the 

concept of the product. The goal from the beginning was to have a functional prototype that could 

measure both circumference and compliance and be a part of a system with the personal computer. 

This was not achieved but all part for this goal are all present but need some fine tuning and further 

development to verify the whole concept.   
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9.2 Further testing 

9.2.1 Compliance measurement 

If the prototype was further developed it could serve as a research device for the compliance 

measurement. Since the compliance measurement was a very new type of measurement it needed 

to be tested and verified against other methods of diagnosing fibrosis and skin stiffness. Raw data 

from the current measurement was needed when pulling a tape around different materials with 

different compliance. This data could then be used to verify the method using the current 

measurement. 

Possible test setup 

When testing the compliance measurement a big amount of data would be preferable since the 

process needed to be investigated over time. The current measurement data would be compared to 

the length measurements which would produce a graph that could show the differences between 

certain materials. 

9.2.2 Final product testing 

The tests that were done on the prototype are component testing and subsystem testing. The 

prototype was assembled but final test had not been made yet. The test methods described in the   
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Requirement specification were therefore going to be a support for when the prototype was ready to 

be tested in a real life situation.  

9.3 Further development 

9.3.1 Cartridge 

The current tape cartridge was not an optimal solution from many points of view. Many of the 

requirements that were set on it are not met in the prototype. This part required a great deal of 

further development before it functioned as specified. 

Disposability 

On the prototype the cartridge could be removed from the device but not in a simple way. Since the 

therapists should be able to change it between every patient this solution was nowhere near the 

final one. As it is written in the requirement section inspiration could be taken from an audio 

cassette.  

Support wheel 

The current support wheel made the tape roll in and out fairly well without help. But since the 

calculation of the length was dependant of a consistent roll up of the tape this section needed 

further development. The roll up of the tape was the largest source of error in the length 

measurement. Test with the support wheel showed that a light and consistent pressure was 

sufficient to make the support wheel push and pull the tape. The current wheel gave too much 

pressure when there was much tape on the roll and too little when there was less tape. The pressure 

could be the same regardless of how much tape there was on the tape. If the pressure was too high 

the support wheel generated too much torque which lowered the capacity of the motor. If the 

pressure was too low the support wheel would slip and the tape would tangle. 

There are a number of solutions to create this pressure. The solutions would have to be simple and 

cheap as it was located inside the cartridge that should be disposable. The current support wheel 

used a springy material to create pressure on different levels of tape. Instead a more sophisticated 

solution where a high friction wheel mounted on a spring could be used. This solution would give the 

required pressure on the tape wheel. 

Measuring tape 

The measuring tape was also a part that needed further development and consideration. The tape 

width was one property that was discussed. A wide tape required a strong motor when measuring 

compliance while a thin tape could hurt the patient and create discomfort. Another property of the 

tape could be that the tape would break at a certain tension which would be a safety feature if the 

device malfunctions and pulled to hard.  
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Appendix 1.  
Evaluation table sent to the clinicians (Filled out by Danielle Schlomann) 

  

Concept Evaluation Automated tape measure Handheld scanner Stationary scanner Automatic caliper Measurement wheel

Portability 5 5 3 5 5

Ease of use 5 5 4 5 3

Adaptable to current enviroments 5 4 4 4 4

Adaptable to current system 5 2 3 3 4

Patient comfort 4 5 4 4 4

Additional comments on each 

concept

How large of legs  

would not be 

compatible with 

this?  Most of our 

lower extremity 

patients  have prettty 

large legs .

I  don't rea l ly get how 

this  can be 

compared to 

ci rcumference.  

This  seems l ike i t 

would be di fficul t to be 

accurate with.

Overall comment

Instructions: Please rank each concept from the word document Concept.docx in the different categories. Use the scale 1-5, 5 being the best concept. You 

can also write additional comments for each concept and/or an overall comment for all of the concepts. We are happy for all your opinions!
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Appendix 2. 
Comparison evaluation table filled out by the project members. 

  

Concept Evaluation Weighted factor Automated tape measure

Weighted Weighted Weighted Weighted

Portability 1 0 0 0 -1 -1 0 0 0 0

Ease of use 1 0 0 0 -1 -1 -1 -1 -1 -1

Adaptable to current enviroments 2 0 0 0 -1 -2 0 0 0 0

Adaptable to current system\protocol 3 0 0 0 0 0 -1 -3 0 0

Measurement accuracy 2 0 1 2 1 2 -1 -2 -1 -2

Compliance measurement 3 0 -1 -3 -1 -3 1 3 -1 -3

Size independent 2 0 -1 -2 1 2 0 0 1 2

Estimated costs 1 0 -1 -1 -1 -1 0 0 1 1

Clinians choice 2 0 0 0 0 0 0 0 0 0

Time consumption 1 0 1 1 1 1 0 0 -1 -1

Project outcome 1 0 -1 -1 -1 -1 0 0 0 0

Patient comfort 2 0 1 2 1 2 0 0 0 0

Sum 0 -1 -2 -2 -2 -2 -3 -2 -4

Handheld scanner Stationary scanner Automatic caliper Measurement wheel
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Appendix 3. 
The full schematics of the circuit board. 
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Appendix 4. 
A flow chart of the microcontroller software. 



56 
 

Appendix 5. 
Component list. 

Component Amount Image 

TB6612FNG Dual Motor 
Driver Carrier 

1 

 

100:1 Micro Metal 
Gearmotor HP 

1 

 

Micro Metal 
Gearmotor Bracket 

2 

 

Axis Adapter 1 

 

Rotary encoder 
AMT102-V 

1 

 
 

Color LCD - Breakout 
Board 

1 
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Breakout Board for 
FT232RL USB to Serial 

1 

 

Game Controller 
Triggers 

1 

 

Scrollwheel Encoder 1 

(Similar) 

 

Scrollwheel Button 1 
 

INA138 - High-Side 
Measurement Current 
Shunt Monitor, Current 
Output 
 (Current measurement 
circuit) 

1 

 

Battery 1 

 
 

Battery Connectors 2 
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Top housing 1 

 

Bottom housing 1 

 

Battery lid 1 

 

Cartridge 1  

 

Cartridge lid 1 

 

Cartridge wheel 1 

 

Tape support wheel 1 

 

 


