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Abstract. By applying Axiomatic Design, a Smart Medical Cast was developed
to provide patients, who are suffering from forearm fractures, with a personalized
healing process. The device monitors the overall healing status and three com-
plications, which are: Muscle Atrophy, Compartment Syndrome, and Deep Vein
Thrombosis. In the conceptual phase, desk research has been performed to find
biomarkers that correlate with the monitored processes. Per biomarker, a measur-
ing principle has been designed and these combined formed the design of the smart
medical cast. Following the design phase, two tests were performed on healthy
individuals to measure the robustness in a real application. The first test focused
on correctly measuring the biomarkers and further specifying the sensor specifi-
cations. For the second test, a new prototype was used to determine correlations
between the measured data and the monitored process and the impact of applica-
tion during the casting process. The test results show that the measuring system
can measure the biomarkers within the expected range, except for bone density.
No significant impact on the casting process was measured. The Smart Medical
Cast has only been evaluated in situations without a fracture, the next step will be
to test the measurables in an environment with a fracture.

Keywords: Axiomatic Design - Information Axiom - Smart Medical Cast

1 Introduction

This paper describes the application of axiomatic design in the design process of the
Smart Medical Cast (SMC). The SMC is a device that will be implemented into an
orthopaedic cast to measure the healing process of fractured bones. This information
can be used to help a physician make an informed decision on removing the orthopaedic
cast. Besides the healing status, the SMC also measures biomarkers that are correlated to
the most occurring complications. When these biomarkers approach worrisome values,
the physician and patient will be informed and advised to make an appointment or go to
the hospital immediately, depending on the severity of the case.
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The SMC is designed according to the guidelines of Axiomatic Design. Tools such
as functional decompositions and design matrices are used to minimize coupling within
the system. To minimize information, the device is thoroughly tested, evaluated and
revised based on test results.

1.1 Axiomatic Design

Axiomatic design is a system engineering methodology that exists of two axioms,
explained below, that help guide a project to create the best possible solutions for the
desired functions [1].

Independence Axiom

In axiom one, the independence of the problem is considered. Every sub-problem or
requirement should have a dedicated solution to prevent coupling. Coupling is when one
solution satisfies two functional requirements. This is not desired because this creates
limited capability to adapt to changes.

Information Axiom

In axiom two, the information content of the design is reduced to a minimum. The
objective is to apply the intended solution in one way only. This is also referred to as
increasing robustness.

1.2 Current Situation

The current medical process for healing a fractured bone is built on the knowledge of
a medical team. Through the experience of different bone fractures and patient groups,
a treatment plan is personalized as much as possible. Depending on this healing plan,
several x-rays are made to monitor the process [2]. Between these measurements and
visits to the hospital, there is no further insight into the healing process and the possibility
of complications occurring [3].

The above-mentioned situation can be divided into two sections. Firstly, the necessary
hospital capacity to properly take care of patients and extra check-ups. With the expected
medical personnel shortage in the health sector [4], reducing the number of hospital visits
will have a positive impact on this issue.

Secondly, is the lack of insight into the process which results in uncertainties for
patients and physicians whether the process is going well, or complications are starting
to arise. Complications due to immobilization are often noticed too late. This results in
unnecessary large consequences for the rehabilitation time [5, 6].

2 Objectives of this Research

This chapter describes the desired outcome of the project and what is currently to be
developed (research gap).
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2.1 Ideal Situation

With growing knowledge in the field of biomedical engineering, more possibilities
emerge every day on combining technology with biological processes inside the human
body. By having insight into these processes, physicians can monitor the healing pro-
cess and complications very closely. These insights can be obtained by adding specific
sensors inside the cast, that measure biomarkers, correlated to bone healing and the
common complications. These sensors should be non-invasive and non-interruptive for
the current healing process.

Then through the integration of Artificial Intelligence (Al), this process could even be
automated. Physicians only need to take a closer look when biomarkers are not within
expected ranges. This results in a very optimized and controlled process with fewer
unknowns for both patients and physicians.

Besides getting data out of the biomarkers, the cast can be even more personalized,
e.g., 3D printed with the added benefit of lower weight and higher breathability of the
cast. Research has shown a positive effect of having a lighter and more breathable cast
on the healing and complications [7].
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Fig. 1. Patient reading healing data from his smartphone. Data is collected by the SMC and
transmitted wirelessly for analysis.

Figure 1 shows a visionary outcome for a new type of medical cast. The patient uses
the mobile app to connect to the cast and sees that his healing process is according to
plan.

The SMC is focusing on gathering data during the healing process. Therefore, a
redesign of the cast itself, and the addition of Al to process the data are not part of the
scope of this project.

Focusing on obtaining data, previous research has been conducted that mostly focuses
on one specific biomarker and often invasively. Therefore, the goal of this research is to
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combine multiple measurables, through non-invasive measuring, which gives insight into
both the healing process and complications that can occur. By providing this information
to both patient and physician, a more personalized process can be realized (Table 1).

Table 1. Performed research on the topic of measuring biomarkers correlated to bone healing and
bone healing complications.

Issues Considered Addressed By Related Work
Methods for improving a cast to improve | Different cast iterations and [7-11]
the healing process of a fracture improvements for reducing

complication risk and improving
healing time

Methods for measuring bone healing to | Changing properties, measurables | [12-27]
improve the healing process of a fracture | and methods for measuring bone
healing

Methods for monitoring complications | Changing biomarkers on the [5,6,28-32]
to improve the healing process of a occurrence of Muscle Atrophy
fracture

Changing biomarkers on the [12-27]
occurrence of Compartment
Syndrome

Changing biomarkers on the [33-36]
occurrence of Deep Vein
Thrombosis

2.2 The key limitations

The higher goal (get more insight into the healing process of a fractured bone) is split
into three key limitations:

— limited monitoring of the healing process of a fractured bone;
— no monitoring of complications during the immobilization phase;
— providing healing data for the patient and physician.

2.3 The Scope of the Project

With these key limitations specified, the project scope is created, starting with the main
question:

How should the SMC be designed to improve the healing process of a fractured bone,
through non-invasive data collection and analysis, to reduce the rehabilitation time after
immobilization?

For the healing status, the aim is to include as many fractures as possible with similar
bone structures. Therefore, the forearm and lower leg are chosen, these bones make up for
24 per cent of all fractures in the Netherlands [37]. This paper focuses on the application
of the SMC on the forearm, but the lower leg is considered when choices are made. The
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SMC monitors three complications. The first monitored complication is compartment
syndrome. When treatment of a lower extremity compartment syndrome case is delayed
for more than twelve hours, the chance of amputation increases to almost 50% [38].
There is even a chance of mortality if the case is not treated early enough [39]. The
second monitored complication is deep vein thrombosis due to its unpredictable nature
[40]. The third complication that will be monitored is muscle atrophy. This was chosen
because it occurs in all patients after one week [41], is a source of other complications,
and contributes greatly to the rehabilitation time [42] (Fig. 2).
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Fig. 2. Most fractured bones in the Netherlands in 2012. Source: [43]

3 Methodology

In this paper, Axiomatic design is applied to address the key limitations as stated in
Sect. 2.2.

3.1 Projects Key Limitations

To get a better sense of the most important areas within the scope of this project, three
key limitations are described.

Limited Monitoring of the Healing Process of a Fractured Bone

The conventional method of assessing the status of a bone fracture is by making an X-ray
or MRI. For this, patients need to come to the hospital where these procedure costs can
be €50, - for an X-ray, or €350 for an MRI scan [44]. Between appointments, the patient
does not know how the healing is progressing, and if immobilization could be shortened.



Application of Axiomatic Design in Engineering 239

Through testing, where an SMC prototype is worn, decisions can be made on the
necessity for each sensor, how often to measure (influences battery capacity), and which
sensor version is the best option.

No Monitoring of the Complications During the Immobilization Phase
When complications are detected, it is often too late to avert them. Therefore, preventing
complications is acting on biomarkers in an early stage which would be beneficial for
the patient.

Through testing, where an SMC prototype is worn, decisions can be made on the
necessity for each sensor, how often to measure (influences battery capacity), and which
version of the sensor is the best option.

Providing Healing Data for the Patient and Physician

It is essential to process the data and provide that correct data to the physician and
patient. The most important are the trends of the individual complications, as with that,
it should be easier to predict whether a complication is about to occur and what stage
the healing process is in. The values are expected to be different for everyone though, it
fairly depends on the health status of the patient. This way the correct treatment decision
can be made by the physician.

3.2 How Axiomatic Design is Used to Address the Key-Limitations

Once specifications are analysed, customer attributes (CAs) are then translated into
Functional Requirements (FRs) and lay the foundation of the design for the project and
product. Every FR is addressed with Design parameters (DPs), which are based on both
scientific research and creative design [45]. The lowest level, process variables (PVs),
are only partially considered, depending on the measurable.

During the conceptual design, the independence of the DPs is assessed using a design
matrix. With this tool, the design is checked for coupling, which can be resolved after-
wards and therefore increase robustness. The robustness of the design can be increased
further by performing the correct tests with the prototype. With output data from the
prototype, the amount of information from the SMC can be assessed and possibly
reduced.

4 Application of Axiomatic Design

Because of the application of Axiomatic Design, a quick overview of the independence
axiom is shown to review the foundation for the information axiom.

4.1 Independence Axiom

With a clear direction for the project, customer attributes are shown in Table 2. The CAs
are divided into 10 sections which are of added value for the SMC.

A total of 10 CAs are translated into FRs. The decomposition of high-level FRs is
shown in Fig. 3(A). For every FR, a specific DP is selected. The selection procedure
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Table 2. Customer Attributes (CAs)

Customer attribute Description
1 Health The SMC should benefit the health of the
patient
2 Compeatibility The SMC should be compatible with the
current medical process
3 Usability The physicians should get the information to
judge the healing process
4 Reliability The SMC should give sophisticated
information from multiple variables
Economics The business case should be feasible
Implementation The SMC should be easy to implement within
the medical cast
7 Safety The SMC should not harm the patient
8 Performance The SMC should be better performing than the
current process
9 Efficiency The SMC should work throughout the whole
immobilization process
10 Ergonomics The SMC should not interfere with the
ergonomics of the cast

has been done through a creative session. In the end, three concepts were defined. These
three concepts were assessed individually to meet the CAs as closely as possible. This
resulted in the concept that is shown in Fig. 4.

Next, every FR\DP combination is referenced to the required CAs. This way it is
ensured that all the CAs are properly addressed. This is shown in Table 3.

Every monitored process is divided into biomarkers that change over time during
the specified process. These measurables are shown in Table 4. The changes over time,
which represent a trend, are more useful than the absolute values. These trends can be
monitored and reviewed, and absolute values can differ per patient which would result
in false-positives and negatives.

Table 3. Mapping FRs to CAs

FR CAs Addressed

FR1.1 Determine healing status CA1 CA2 CA3 CA4 CA6 CA7 CA9 CA10
FR1.2 Check complications CA1 CA2 CA3 CA4 CA6 CA7 CA9 CAIL0
FR1.3 Process data CA4 CA7 CA9 CA2 CA3 CA9 CA1CAS
FR2 Inform on process CA1 CA5 CA8
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Table 4. The development of the biomarkers over time, which are correlated to the processes.
Arrows indicate the change of value. For example, | shows a decrease in value for that measurable.
The processes occur in chronological order from left to right. White boxes are not included in the
conceptual design.

FR11 Determine healing status

Time -
Bone healing
Blood flow Blood flow Bois dten | Qe e
sity els
N T T T
FR12 Check complications
Muscle atrophy
Musc!e activ- Muscle Blood flow
ity strength
N N v
Deep vein thrombosis
LS et Blood flow Blood clots | D100d Pres-
ity sure
N N T T
Compartment syndrome
Blood flow Cast pressure | Blood flow LIRS LU S
sure ture
T T N N N

The independence of the high-level FR is addressed in the design matrix in Table 5.
FR11, FR12, and FR13 directly represent key limitations 1, 2, and 3. Within the current
phase of the project, these are the focus areas of the design. Although informing on
the process is included in the conceptual design, this is not in scope for decreasing
information.

The design matrix shows a decoupled design. Processing of the data is influenced
by both the measurements of the healing status and the complications.

5 Reduction of Information Content

The SMC is a data-driven device. Therefore, the main purpose is collecting correct data.
The focus of the information content is therefore to enhance the quality of this data and
to verify if the sensors can measure with the required accuracy. Two iterative tests were
executed and are described in this paper.
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DPO: Reduce
unnecessary
immobilization

A FRO: Reduce B
rehablitation time

_FR1: Monitor || £p). Inform on DPI: Data DP2: Delivering
individual healing . .
process collection and healing
process analysis information

|
¢¢¢¢|¢¢

DP12: Measuring DP13: Perform

complication .
Pl analysis on data
activities

FR11: Determine FR12: Check FR13: Process DP11: Measuring
healing status complications data healing activities

Fig. 3. High-level FRs (A) and DPs (B). Full decompensation given in Appendix A

Table 5. Design matrix of the concept as proposed in Fig. 4. The FRs that directly represent one
of the key limitations are marked. The overall design shows a decoupled character.

DP12: Measure complications level
DP13: Perform analysis of data

DP11: Measure healing activities
DP2: Delivering healing information

>~ | DPO: Reduce unnecessary immobilization
DP1: Data collection and analysis

FRO: Reduce rehabilitation time

FR1: Monitor individual healing process
Key limita- FR11: Determine healing
tion status
Key limita- FR12: Check complications
tion
Key limita- FR13: Process data
tion

FR2: Inform on process
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5.1 First Test: Protocast 1.0

The first test, with a complete measuring system, is conducted with Protocast 1.0
(prototype cast); as shown in Fig. 4. The following sensors are included in this test:

PT100 temperature sensor

PPG heart rate sensor and BPT IC
— FSR cast pressure sensor

FSR muscle activity sensor

All data is processed by an Atmega2560 development board and stored on an SD
card. For power, a 10000 mAh power bank is used.

Fig. 4. Protocast 1.0 test setup. A. Power bank, B. Processing unit, C. PT100 temperature sensor,
D. Heart rate monitoring sensor, E. FSR pressure sensor, Muscle activity sensor is not shown in
the image.

The cast was applied at the UMC Utrecht by an orthopaedic technician. This way,
incorrect installation of the cast was prevented which could influence the data. The
sensors were placed on the lower arm and fixed in place with physiotherapeutic stretch
tape.

Objectives of the First Test
The Protocast 1.0 test took a total of eight days. This is the first duration testing with all
sensors. The following goals for this test were set:

— Evaluating the wearing experience from both sensors and the added weight of the
SMC.

— Feasibility of the sensors and how this represents the measurables.

— Validating if the data in the current setup is sufficient to give information on
biomarkers.
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Results of the First Test

Wearing Experience

In a normal casting process, the first layer that is applied is a cotton stocking. This is to
prevent any skin irritation from any of the following layers. With this test, the sensors
were directly attached to the skin which caused skin irritation as can be seen in Fig. 5.

Fig. 5. Skin irritation caused by the PT100 is visible after removal of the SMC.

In addition to the PT100 irritating the skin through direct contact, the FSR sensors
also collected moisture which was not able to vaporize. This was due to the large area
of plastic material that contacted and covered a patch of the skin.

Software

Due to software problems, the SMC could not measure for longer periods. It was, how-
ever, not clear from outside the cast, if the sensors and processing unit were properly
working. Therefore, it often occurred that no data was recorded. Because of this, it was
not possible to properly compare data.

Sensor Feasibility and Data Validation
For every sensor, the measuring range was defined by comparing it to with the validation
data. The measured values during testing were compared to the actual sensor range. This
determines if the sensors were correctly specified and if the measured data was useful.
These results are shown in Table 6.

Two sensors stand out from this table. These are both the FSR sensors used for cast
pressure and muscle activity. The cast pressure only used a limited range of the complete
sensor. The muscle activity sensor didn’t show any real results, besides temperature drift.
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Table 6. Measured values compared to sensor range.

245

Measured Sensor range Ok
Min Max Res.
PT100 28 37 0,03 —100-200 Yes
Systolic blood pressure 110 130 1 - Yes
Diastolic blood pressure 69 90 1 - Yes
FSR cast pressure 0 480 1 0-24000 Yes
FSR muscle activity 130 151 1 0-24000 No

Figure 6 and Fig. 7 respectively show the cast pressure and muscle activity output.
The cast pressure does not give clear results over time. As mentioned, the data was not
recorded sufficiently and thus, cannot be used properly. Looking at the muscle activity,
almost no change is recorded. After further testing, there was not a real change when
the muscle was contracting and expanding. Appendix B shows all the results from the

first test.

16

Force (Analoge values)

........
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'''''
.....
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Fig. 6. Average daily cast pressure over 8 testing days. Moving average indicated by the dotted

line.
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Fig. 7. Average hourly muscle activity over one day

Conclusions on the First Test
The direct contact between the skin, sensors, and cables caused skin irritation. Therefore,
a new constraint is set that there may not be any direct contact with the skin.

The cast pressure sensor should be more optimised for the available measuring range.
Since the sensitivity can be adjusted with the same sensor, this is an optimisation that
can easily be implemented. However, the FSR used for the muscle activity, cannot be
adjusted and thus needs to be replaced.

With the current dataset, it is hard to determine any trends in the biomarkers. From
the measured data, it became clear that the average data between days should not be
compared, but rather the trends during the day. Some biomarkers are influenced by
activity. To eliminate any daily rituals the patient may have, changing data points should
be compared to data points at the same time on a different day.

Finally, to know for sure that the SMC is measuring correctly, the status should be
visible to the user. This is an additional FR.

5.2 Second Test: Protocast 2.0

With the findings from the first testing, changes were implemented, resulting in Protocast
2.0. This includes a display for visual feedback, optimised wearability by using a sensor
mat above the stocking, and a new muscle activity sensor. To test the new Protocast, the
following objectives were defined:

— Test how the application of the Protocast affects the current casting process.
— Asses the wearing experience, such as sensor placement and skin irritation.
— Determine how the measured data correlates to the monitored process.

Test Expectations

The purpose of this test is to verify that the prototype can monitor the measurables
correctly, despite the design changes. The first major change was applying one cotton
layer on the skin before the sensors were applied. Therefore, the proper functionality of
the sensors had to be tested again. Besides this, the cast wearing experience and the usage
of a Quick start guide (QSG) were tested. This was done so the orthopaedic technicians
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will know how to implement the SMC in the cast and to test how big of an impact the
added steps have on the current casting procedure (Fig. 8).

Fig. 8. Prototype of the SMC installed on the left lower arm.

Test Results

Implementation

During the application of Protocast 2.0, the orthopaedic technician only used the QSG,
which can be found in Appendix D. A normal casting procedure takes around 10 to 15
min. With Protocast 2.0 and the QSG as a guide, it took an extra time of one and a half
minute. This translates to a 10-to-15% time increase.

Wearing Experience
With the new sensor mat and placement above the cotton stocking, no more skin irritation
occurred at the sensor location after longer periods, as can be seen in Fig. 9.

Measurements

The aim of the new data collection method is the ability to compare measurements at
different periods of the day. As stated earlier, activity during the day has an impact on
the data.

Comparing data from the temperature sensor in Fig. 10 with data from the cast
pressure in Fig. 11, the pressure readings show more fluctuations during the day due
to activity. The temperature readings are more stable but known to change due to the
influence of outside temperature.
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Fig. 9. No sign of skin irritation after removing Protocast 2.0
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Fig. 10. The average hourly temperature during the day. The moving average is indicated by the
dotted line. Data compared per day.

When looking at the cast pressure in Fig. 11, there are a lot more changes in values
during the day. At first sight, the peak on January the 20™ around 18:00 looks like
compartment syndrome, but during that time, the temperature rises in the cast, and the
peak disappears fast.
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Fig. 11. Average hourly cast pressure during the day. The moving average is indicated by the
dotted line. Data compared per day.

During testing with Protocast 1.0, the muscle activity sensor did not respond to
muscle activity. Figure 12 shows the average values from the muscle activity sensor
which shows that the sensor is working correctly.
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Fig. 12. Average hourly muscle activity during the day. The moving average is indicated by the
dotted line. Data compared per day.
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The complete overview of measurement data is shown in Appendix C.

Testing of the Manual

The application of the SMC in this test was done through the QSG. The physician did
not receive any input from the research team. The application of the full cast with SMC
took roughly 12 min, which is comparable with the standard casting procedure. The
QSG did therefore provide the right amount of information for applying the SMC.

5.3 Results of the Second Test

The QSG helped with applying the SMC during the casting procedure. During testing
with the prototype, only 10 to 15% of application time was added, which will be optimised
in the future.

There was a significant decrease in skin irritation due to the implementation of the
sensor mat and moving the sensors on top of the cotton stocking. Simultaneously, this
did not influence the measurements.

The data showed that all the included measurables are now detected within the correct
measuring ranges and thus, useful. Finally, the muscle activity sensor worked in this test.

6 Discussion

The SMC was thoroughly tested on a healthy person and the key limitations, stated in
Sect. 2.2, are addressed as follows. The SMC shows promising results in the measurement
of biomarkers associated with the complications during the fracture healing process. Due
to the inability to test on a patient with a fracture, the monitoring of the healing process
has only been tested in theory on a healthy person. The gathered information can be used
to provide the physician with sufficient information to make informed decisions on the
course of the healing process, as well as inform the patients.

Applying the Axiomatic Design approach clarified the process of mapping CAs,
FRs, DPs and their mutual relations. Specifically, the decoupled setup of measurables
and therefore ability to monitor each biomarker separately resulted in uncoupled data.
This also reduced the information of the system since every biomarker was monitored
independently.

The application time of the SMC showed to have little impact on the casting pro-
cedure, as tested during the casting process. Though, this time might change, when
Protocast 3.0 is implemented.
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The SMC can collect lots of data. This data can be used to create an Al algorithm
that can make predictions on the monitored processes. Besides this, the data can be used
for fracture-related research, but also other medical research. The design of the SMC is
independent of the cast it is implemented into. Therefore, it can be implemented into
different kinds of casts, splints and perhaps even future cast types like 3D printed casts.

The effect of internal (and mechanical external) fixation on a fractured bone is not
researched. When a bone is stabilised with a surgically inserted pin, the measurables
might be heavily impacted. However, within this group of patients, complications are
more likely to arise. Therefore, the implementation of the SMC might be beneficial.

Also, the monitored processes can be made more specific. For an athlete, muscle
atrophy has a higher impact on life after immobilisation. With diabetic people, overall
monitoring of the complications is most important since they have an increased chance
of complications [46].

No data has been collected on a patient with an actual fracture. Therefore, it is cur-
rently not possible to verify the correlation between the researched measurable trends and
actual changes in biomarkers, during the fracture healing process. This is a recommended
next step.

7 Conclusion

The goal of the project was to design a product that could monitor the healing status
of a fractured bone and three complications. As discussed, the measurables have all
reached a certain level of robustness. None of the measurables, and therefore none of
the monitored processes, reached the final level. However, no restrictions were found
during testing to prevent this from being realised in the future.

On a lower level, it is already shown that the SMC can be implemented in the current
medical process without too much interference for the patient. Since the design is even
more optimised after testing, this will only improve further.

From a medical standpoint, the SMC would be a very interesting addition to fracture
healing. Possible research can be done with this device to gain knowledge and collect
new data throughout the healing process.
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The value of Axiomatic Design showed its strength in the strong foundation formed
by the independence axiom. The correct formulation of FRs made sure that the correct
measurables were applied, allowing a substantiated sensor selection. The testing of the
SMC from part- to system-level made it possible to quickly evaluate results and adjust the
design were necessary. This resulted in narrowed specifications for the sensors, which
ended up being used.
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Appendix B — Measurements Test One
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Appendix C — Measurements Test Two
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Appendix D - Quick Start Guide

Smart Medical Cast - Quick Start Manual

The Smart Medical Cast is a device that will be intergrated into the orthopeadic cast to measure the healing status of the fracture and check
for the most common complications.

In this quick start manual the example is given on a forearm with a distal Ulna fracture, but the Smart Medical Cast can be used on most
body parts

i Spray the pre-tape on the three sensor
l mats to complete the preperation

Place sensor mat 1, with the blue stripes

across the fractured bone, on either side

of the fracture and fold the rest of the mat
over the body part

Place stocking on the body part

Locate indicated-artery according to the [ place sensor mat 2 with the blue dot on the Locate the idicated muscle with the table
table on the back of the quick start manual indicated artery through the hole on the back of the quick start manual and
and cut a hole through the stocking with a ’ place sensor mat 3 on the specified

diameter of at least 0.5 centimeter muscle

Continue casting Attach the connector of the sensors to the
main box and attach the main box to the
ortopeadic cast using the provided velcro

N g
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