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Abstract
A system for managing diabetes is developed and evaluated in this thesis. The main
focus of evaluation is the EmStat Pico Development Board created by Palmsens. It
is an electrochemical measuring system, and its purpose in this thesis is to measure
the glucose concentration of a liquid sample.
The purpose of this system is to provide electrochemical platform, which could be
modified according to the requirements of the user. The system can implement
sensors and manipulators to see how they function in various test scenarios. Glucose
sensing is one of the main aspects of this thesis. This is essential as the function of
the system is to provide alternative methods for managing diabetes.
The measuring system is connected to a master system, which can be either personal
computer (PC) or Raspberry Pi single board computer (Raspberry Pi 3 Model B).
The master system is also connected to a tool, which could be a insulin pump.
Communication is done by using MethodSCRIPT scripting language, which is
integrated to the potentiostat module on the EmStat Pico Development Board. This
language supports running of electrochemical techniques on the module. The script
is sent with a program created with Python programming language. The Python
program also handles received data and controls the tool connected to the master
system.
The development and implementation of the Python program and the liquid pump
was successful. However, using the provided glucose test strips provided mixed
measurement results. By using glucose syrup, the results were steady. However,
the results were inconclusive when using other samples such as sugary beverages or
orange juice. Using the same method with the provided dummy cell provided steady
results, which indicates the problem being in the test strips.
In the end, EmStat Pico (development kit) did provide an easy way to create and
implement new software to the system.
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Python, Raspberry Pi, Embedded



Aalto-yliopisto, PL 11000, 00076 AALTO
www.aalto.fi

Diplomityön tiivistelmä

Tekijä Santeri Waldemar Qvintus
Työn nimi Sulautettu sähkökemiallinen järjestelmäalusta diabeteksen valvontaan ja

hoitoon
Koulutusohjelma Automaatio ja sähkötekniikka
Pääaine Elektroniset ja digitaaliset järjestelmät Pääaineen koodi ELEC3060
Työn valvoja Dr. Ivan Vujaklija
Työn ohjaaja Dr. Ivan Vujaklija
Päivämäärä 30.12.2022 Sivumäärä 72 Kieli Englanti
Tiivistelmä
Järjestelmä joka on tarkoitettu diabeteksen hoitoon kehitetään ja arvioidaan tässä
lopputyössä. Tärkeimpänä osana arviointia on Palmsensin kehittämä EmStat Pico
kehitysalusta. Se on sähkökemiallinen mittausjärjestelmä ja sen tarkoitus lopputyössä
on mitata glukoosin pitoisuus nestemäisessä näytteessä.
Järjestelmän tavoite on tarjota sähkökemiallinen alusta, jota voitaisiin muuttaa
käyttäjän tarpeisiin nähden. Järjestelmä pystyy implementoimaan sensoreita ja
manipulaattoreita erilaisiin testi skenaarioihin, jotta nähtäisiin miten ne toimivat.
Glukoosin aistiminen on yksi tärkeimmistä opinnäytetyön osista. Tämä on tärkeä,
sillä vaihtoehtoisen menetelmän tarjoaminen diabeteksen hallintaan on järjestelmän
tarkoitus.
Mittausjärjestelmä on yhdistetty pääjärjestelmään, joka voi olla joko tietokone taikka
Raspberry Pi yhden piirin tietokone (Raspberry Pi 3 Malli B). Pääjärjestelmään on
myös yhdistetty työkalu, joka voisi olla esimerkiksi insuliini pumppu.
EmStat Pico kehitysalustan potentiostaatti moduuliin intergroitua MethodSCRIPT
skriptikieltä käytetään kommunikoinnissa. Tämä kieli tukee sähkökemiallisten teknii-
koiden käyttöä moduulissa. Skripti lähetetään moduuliin Python sovelluksen avulla.
Tämä ohjelma käsittelee vastaanotetun datan ja ohjaa pääjärjestelmään liitettyä
työkalua.
Python ohjelman ja nestepumpun kehitys ja implementointi oli onnistunut, mut-
ta käytetyt glukoosi testi liuskat tuottivat sekalaisia tuloksia. Testitulokset olivat
vakaita, kun käytettiin glukoosi siirappia. Toisaalta tulokset olivat epäselviä, kun
näytteenä käytettiin sokeripitoisia virvoitusjuomia taikka appelsiini mehua. Tulokset
olivat vakaita, kun käytettiin samoja metodeja "dummy cell"testi piirillä. Tämä oli
merkki siitä, että ongelma olisi mahdollisesti käytetyissä testiliuskoissa.
Loppujen lopuksi EmStat pico (kehitysalusta) tarjoaa helpon tavan luoda ja imple-
mentoida uutta ohjelmistoa järjestelmään.
Avainsanat Diabetes, Hallinta, EmStat Pico, Glukoosi, Insuliini, Python, Raspberry

Pi, Sulautettu, Sähkökemia
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1 Introduction
Over the last three decades, the increasing rates of diabetes cases in the world, espe-
cially in western countries such as Finland and Canada, have affected an ever-greater
number of people. According to Finnish social and healthcare concern Mehiläinen,
there are about half a million diabetic people in the country [1]. That is a significant
number from total population. Unfortunately, that would mean that diabetes has
become a national disease in Finland.
This chronic disease has become one of the most common global diseases [2] and
treating it requires attention to manage the blood glucose level, also known as blood
sugar, to ensure that it does not exceed normal limit. In addition, lifestyle changes
and medications are needed to maintain balance in the body.
In recent years, there have been some promising research on automated systems that
help people with diabetes manage their blood glucose levels. However, none of them
has replaced the same method of managing diabetes that has been in primarily in
use from the previous century.

While current methods of managing and measuring blood glucose levels work, it does
not mean that there is no room for improvements. The administration of the insulin
is virtually the same as it was during its invention with measuring still requiring
blood to be drawn. Since the 1920s, which was the decade in which insulin was
invented, there have been numerous technological advancements [2]. One of these
new technologies is EmStat Pico, a system that is suitable for prototyping and utilizes
electrochemical measuring [3].
Invented in the 1960s, the cardiac pacemaker is a good example of a technology
implanted into a person to sustain their heartbeat [4]. Systems similar to it have been
researched and created to manage diabetes. Unfortunately, none are yet commercially
available. A significant improvement for peace of mind and ease of living for diabetics
would be a system that would constantly monitor blood glucose levels to help balance
them.

This thesis aims to develop and evaluate an electrochemical system that can be
customized for various diabetes treatments. The sensors should be changeable and
code modifiable according to the needs of the user. The application of the system is
designed for helping diabetics manage their condition.

The specific scope of this thesis is to determine the viability of using the EmStat Pico
electrochemical measuring system for managing diabetes. The system will be created
from a development kit to be capable of measuring blood glucose and utilizing pump
for delivering insulin. Measuring the glucose level of a liquid is required for this
thesis to succeed. In addition, the system should also be able to interact with a
manipulator, such as an insulin pump. The research in this thesis will focus on blood
glucose and insulin as this thesis focuses on managing diabetes.
This thesis does not implement the system for a real-case scenario. Practical use
of the insulin pump is not in the scope of this thesis. Nevertheless, theoretical



9

functionality of the insulin pump is considered to be part of this thesis.

The rest of this thesis is organized as follows. Chapter 2 covers the details about
the disease and its treatment, current methods of managing it, and systems that are
being developed to help manage it. Chapter 3 explains how the thesis was completed.
Chapter 4 goes through the calibration outcome of the system and summarizes the
results achieved during the research. Chapter 5 is reserved for discussion about what
the results mean. Chapter 6 summarizes the work and presents some limitations and
development ideas.
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2 Background
Most illnesses can be categorized in two different categories, acute or chronic [5].
Acute illnesses have immediate or rapidly developing symptoms and are usually
temporary [5]. Chronic illnesses or conditions are long lasting that can develop or
worsen over time [5]. Diabetes is categorized as a chronic disease [5, 2]. Illness is
not necessarily fixed only into one category but can progress into the other. An
acute condition can sometimes become chronic and chronic can present with acute
symptoms [5]. As diabetes is a long term illness, learning to manage it, and learning
to live with it is important.

This chapter presents the details on diabetes, its relation to blood glucose, and how
insulin is used to treat it. Core details about the illness are important in understand-
ing the function of systems designed to help diabetics manage the condition.

In this chapter, 2.1 section will go through the history, description of the illness, and
its effects. Section 2.2 will present what blood glucose is, its effect, and its function
in the body. Section 2.3 explains different ranges for non-diabetics and diabetics,
and ways to measure blood glucose levels. Section 2.4 is about what insulin is and its
administration to the body to manage blood glucose. Section 2.5 presents some of
the closed-loop methods for managing diabetes. Section 2.6 describes electrochemical
measuring system EmStat Pico and displays some of the techniques that the system
is capable of doing.

2.1 What is diabetes
Diabetes mellitus or more commonly known as diabetes has become one of the most
common illnesses in the world [2]. While the number of people with type 2 diabetes
is increasing Finland and around the world. Type 1 diabetes is more common in
Finland than anywhere else in the world with 50,000 cases from the total population
[1]. Type 2 diabetes is becoming a national disease in Finland as from population,
there are about 300,000 [1] to 350,000 [6] known cases of it, while about 100,000 [6] to
150,000 [1] Finns are estimated to unknowingly having the condition. These amounts
mean that there are around half a million diabetics in Finland. When considering
that the population of Finland is only around 5.6 million [7, 8], that would be almost
9% of population being diabetics.
To compare that to the prevalence of diabetes in Canada, country with similar
attributes to Finland without being neighbouring countries. There were almost 3.8
million people with either type 1 or type 2 diabetes diagnosis. Comparing those
numbers to the population of Canada, which is almost 38.4 million people [7]. That
would mean that the diabetes rate in Canada in 2020 is almost 10%. Estimation
of the population of Canada being 40.8 million by 2030 [7]. The amount of people
with diabetes is estimated to reach nearly 4.9 million by 2030 [9]. That would make
the diabetes rate of Canada in 2030 to be about 12%. Both countries are located in
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the northernmost regions of the world. They also have many lifestyles and cultural
values in common with each other, which could explain their similar diabetes rates.

During 1917, before the invention of insulin in 1922, Frederick Banting stated that
the life expectancy of childhood diabetes was matter of months [2]. While insulin
does not cure the condition, it has lifesaving importance to people with diabetes.
Type 1 diabetics are unable to live without it and type 2 diabetics use insulin to
treat the condition as needed [10].
Before the invention of insulin, mainly different diets were prescribed to treat the
condition [2]. Diets such as "blood pudding" or "fat and rancid meat" were prescribed
to the patients [2]. Starvation diet was also used as first line treatment. It consisted
of only 500 calories per day and would endanger the patient’s life. However, it was
reported to reduce the mortality rate by about 20%. [2]
In December of 1921 Frederick Banting, John James Rickard Macleod, Charles
Herbert Best and James Bertram Collip finished developing a method to precipitate
pure insulin by using different concentrations of acidic alcohol on bovine pancreases
[2]. The extract was ready to be tested on humans after ten months of experimenting
[2]. The look for potential test subject would begin and they would not need to
wait for long [2]. On January 11th, 1922, the first injection of insulin was injected
to Leonard Thompson, fourteen-year-old boy who was diagnosed with diabetes two
years earlier [2]. The parents consented the insulin injection in desperate effort to
save him [2]. The injection would drop his blood glucose levels by 25% but did not
clear his urine of glucose [2]. Improvements were made to make stronger formulation
while giving daily injections [2]. Eventually the stronger injections did drop his blood
glucose levels and clear his urine of glucose on 25th of January [2]. That would mark
the first ever human injection of insulin, and from then on, the production of insulin
would increase to supply this life-saving medicine for those in need [2].

Diabetes is a group of metabolic disorders which are characterised by long-term
elevated blood glucose level or hyperglycemia [1]. The condition is caused by dys-
function in the pancreatic production of insulin or weakened effect of insulin [1, 8].
Normally the food is broken down into sugars and released in the bloodstream [11].
This increase in blood glucose signals the pancreas to release insulin, which is then
used to let the blood glucose into the body’s cells to be used as energy [11]. With
the illness, the body is unable to make enough of insulin or is unable to use it as it
should [11]. When the cells in the body are unable to turn glucose into energy, the
cells use fat and protein, which is reason for some of the symptoms of diabetes [12].
Because the cells are unable to turn glucose into energy, The glucose remains in the
blood and causes the high blood glucose count [11].
Over the long term, high blood glucose level is associated with damage to the body
and various organs and tissues [13]. People being in higher risk of developing the
illness include people with diabetics their family, those who smoke, those with el-
evated blood pressure, those who are overweight and those who already has some
type of metabolic syndrome [1].
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Figure 1: The difference on how diabetes affects the cells between non-diabetics,
type 1 and type 2 diabetics. Non-diabetics cell is able use glucose for energy by
pumping it from the bloodstream with help of insulin. Without treatment, cell of
type 1 diabetic is unable to pump glucose inside due to lack of insulin. Too much
insulin in the bloodstream of type 2 diabetic causes the cells to not function properly
due to overstimulation.

The sugar is broken down from such things as bread, rice, potatoes, and other high
carbohydrate types of foods. This sugar ends up in the bloodstream through the
intestines and increases the blood glucose level. Glucose is then used as an energy
source for the entire body, from muscles to the brain [12]. Both main types of
diabetes have high blood glucose levels without treatment. The specific reason for
the high blood glucose level is different. Type 1 diabetics are unable to produce
insulin, which acts as the key that enables the cell to take glucose from the blood
[12, 14]. Type 2 diabetics can produce insulin. Either not enough or too much is
produced. Producing too much causes the cells to become desensitised to insulin,
also known as becoming insulin resistant [12, 15, 16].

As depicted in the middle of figure 1 above, type 1 diabetics blood vessels are avoid
of insulin and therefore cells are unable to use blood glucose as energy [14]. With
type 2 diabetes, the cells may not react to insulin at all or only partially [16]. This
is depicted in the right side of figure 1. The way the cells are supposed to use insulin
and glucose is depicted in the left side of the figure 1.

As mentioned before, diabetes is often placed into two categories, type 1 and type 2.
However, there are additional types of diabetes. The following list describes some of
the diabetes types:
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– Type 1 diabetes: Can develop at any age, but often affects children and
adolescents, which is the reason why it is sometimes called juvenile diabetes.
This type is considered to be unpreventable [8]. With this type of diabetes,
the body needs daily insulin injections to control blood glucose levels and the
cause of this is from a pancreatic failure to produce insulin [1, 11, 13]. Type 1
is considered to be caused by an autoimmune reaction, where the body attacks
itself [11, 15].

– Type 2 diabetes: More common in adults and accounts for most of the cases
(90% to 95%) [11, 13]. Sometimes called adult onset or non-insulin dependent
diabetes. With this type of diabetes, the body is unable to make good use of
the insulin it produces. This can be treated with healthy lifestyle such as good
diet and regular physical activity. However, over time medicine and/or insulin
is required to control the blood glucose levels [1, 6, 8, 11, 13]. This type of
diabetes is caused by the body becoming more resistant to the effects of insulin
and eventually leads to the excess production of insulin by the pancreatic cells
[15].

– Gestational diabetes (GDM): GDM occurs during pregnancy and is as-
sociated with complications to both mother and child [1, 11]. It is caused by
a glucose metabolism dysfunction occurring during the pregnancy [1]. This
type of diabetes usually goes away after the pregnancy. However, the child
is at increased risk of developing type 2 diabetes later in life [1, 11, 13]. The
way GDM differs from the other types, is that during pregnancy, the mother’s
body has increased need of blood glucose and therefore the insulin requirements
grow. If the body is unable to produce enough insulin, the blood glucose level
is higher similarly as in diabetes [12]. However, there seems to be no increased
insulin resistance. Unlike in type 2 diabetes, when the body makes too much
insulin, in GDM the body is not making enough of insulin relative to the blood
glucose level.

– Maturity-Onset Diabetes of the Young (MODY): This rare diabetes
type affects only 1 out of 100 diabetics [12]. MODY is considered to be more
of a collection of different forms of diabetes that often develop before early
adulthood [17]. MODY is monogenic disease, which means that it is caused
by single gene mutation and therefore can be diagnosed with a genetic test
[12, 17]. There is no way of preventing or curing it, but it can be predicted
and managed [17].

However, considering recent finding and research, the diabetes ranges from wide
spectrum of forms. The condition level is placed somewhere between type 1 and type
2 diabetes depending on its characteristics [1].
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Prediabetes is a health condition where blood glucose level is higher than normal,
but not yet enough to be diagnosed as type 2 diabetes [18, 19]. Prediabetes does
not always show symptoms, but sometimes symptoms appear [18, 19]. Prediabetes
developing to type 2 diabetes can be prevented if lifestyle changes are implemented
early enough [18, 19].

Typical symptoms of diabetes ranges from variety of common symptoms such as
tiredness, increased thirst and amount of urine, weight loss and recurring infections
such as fungal infections in the skin [1].
Type 1 and 2 diabetes have same or similar symptoms. However, in type 1 they are
stronger and with type 2 some symptoms can be mild or absent [13]. Type 2 diabetes
usually starts without or with little symptoms and that is why it often comes as a
surprise to the patient [1]. On average, it takes five years to be diagnosed since the
start of illness and often the diagnosis is done during regular health check-ups [1]. In
type 1 diabetes, the symptoms develop faster and requires faster diagnosis as if not
addressed in time, the patient develops ketoacidosis [1].

Diabetes is known by its high blood glucose levels. However, there are many other
complications linked to it. Most usually they are due to the increased blood glucose
level, but not always. All but one of the following complications can be managed by
keeping good lifestyle and managing the blood glucose level to be in good range.

– Cardiovascular disease (CVD): As the illness affects heart and blood vessels,
diabetics are in higher risk of heart attacks or strokes [1, 13, 12]. Diabetics
should regularly visit doctor to screen for kidney disease, eye damage and
foot problems. Blood pressure and cholesterol levels should also be checked
[1, 13, 12].

– Eye disease: Most diabetics develop some form of eye disease, also known as
diabetic retinopathy [13, 12]. The veins in the eye can be damaged and as a
result it causes reduced vision and even blindness [13, 12]. Eye retinopathy
can be managed with keeping blood glucose and lipid levels at normal ranges
and going to regular eye checks [13, 12].

– Kidney disease: Managing blood glucose and pressure levels greatly reduces
the danger of kidney disease [13, 12]. However, diabetics are much more at risk
of developing kidney disease or diabetic nephropathy [13, 12]. This can result
in kidneys becoming less efficient or failing completely [13, 12].

– Nerve disease: High blood glucose and pressure levels causes damage to the
nerves in the body and this leads to variety of problems such as digestion issues
and erectile dysfunctions [13]. Nerve disease or diabetic neuropathy greatly
affects the extremities, feet in particular [13]. Pain, tingling and loss of feeling
are dangerous as it can lead to injury to go unnoticed and develop into more
serious infections that can result even into amputations [13]. Diabetics are
recommended to examine their feet [13] in particular. Injuries in the hand are
perhaps easier to notice since they are used and visible thorough the day.
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– Oral complications: Blood glucose also greatly affects the gums of the mouth.
If blood glucose level is not properly managed, inflammation of the gums or
periodontitis can occur [13]. Periodontitis causes tooth loss and is associated
with further risks of CVD [13]. Annual visits are recommended to check for
symptoms of gum diseases [13].

– Depression: The mental health of diabetic is also affected by the illness [12].
It can feel difficult at times as the illness can cause fear and worrying [12].
The person might even stop managing the illness because of the depression
[12]. One out of five diabetics suffer from depression [12]. However, this is not
caused directly by diabetes or increased blood glucose levels, rather the cause
is the burden of having to be constantly vigilant because of the illness.

– Skin irritation: While not directly caused by diabetes or the resulting increased
blood glucose level, lancing to deliver insulin to the bloodstream can cause
irritation to the skin as a result of piercing the skin [12]. This one is the only
listed item not dependent on lifestyle or blood glucose level management and
could be prevented by checking the blood glucose concentration in other way
than lancing.

Diabetes related pregnancy complications can also occur during pregnancy for women
with diabetes [13]. Managing the condition is essential to prevent possible organ
damage to the fetus [13]. In addition to organ damage, the child is also at risk of
developing diabetes in the future if exposed to high blood glucose levels in the womb
for too long [13]. As with pregnancy, typical tasks can become more difficult and
especially woman who develops GDM during the pregnancy. Carefully managing the
condition is essential as they might not have any experience with diabetes before the
pregnancy.

2.2 Implications of blood glucose
Blood glucose, also known as blood sugar, is the main source of energy of the body
[20, 21]. It is carried in the blood all over the body’s cells to be used [20, 21]. High
blood glucose is typical for diabetics and overtime it can cause severe problems and
health issues [20, 21]. It is good to remember, that high blood glucose can happen
even without having diabetes [20].

Foods containing high amounts of glucose sugar are rather filling [22]. It is due to
glucose raising blood glucose levels quickly after being absorbed in the small intestine
[22]. Blood sugar is often referred to blood glucose since its the glucose that provides
energy to the cells [22].
Fructose on the other hand appears not to impact insulin levels. Fructose is mostly
metabolized by the liver, and its over consumption can cause visceral fat around
essential organs, such as the liver. [22]
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Glucose is not the only sugar humans regularly consume in their diet. Regular table
sugar is a carbohydrate that is made from both glucose and fructose [22]. These
two sugars are processed differently in the body [22]. it is also important to note,
that the sensors used in this thesis are glucose sensors, that is they do not detect
fructose. Many product labels indicate the amount of sugar in a amount of the
product, usually in 100 ml in liquids, but they often do not reveal on the amounts of
glucose and fructose in the sugar.
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Non-diabetics body is able to use glucose as it’s supposed to. Pancreas has two
different kinds of cells that produce hormones insulin and glucagon. Alpha cells
produce glucagon and beta cells insulin [12]. The glucose is used as a vital energy
source for the cells, but fat can be used with amino acids for energy as well [12, 21].
Few hours after eating the body’s blood glucose level have decreased and pancreas
stops releasing insulin [21]. Alpha cells begin releasing glucagon which signal the
liver to start breaking stored glycogen and turn it to glucose [21]. The process of
using glucose and glucagon is depicted in the figure 2 flowchart.

Figure 2: How glucose is processed in the body of non-diabetic person. When
glucose is released into the bloodstream, the increase in glucose increases the insulin
production in the pancreas. The glucose is used from the bloodstream due to the
release of the insulin and pancreas starts producing glucagon to keep the glucose
level from dropping too much. Flowchart inspired by similar flowchart in [12].
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Figure 3: How consuming glucose containing food and beverages affects type 1
diabetics. Due to lack of insulin, blood glucose in the bloodstream is not utilized for
energy by the cells. Fat is used instead of glucose for energy by the cells and this
leads to weight loss and acid poisoning if not treated. The kidneys produce urine
to lower the glucose from the body. However, this also removes water. Flowchart
inspired by similar flowchart in [12].

With type 1 diabetes, if body is unable to use the glucose as energy, the blood
glucose level can become too high and diabetic ketoacidosis (DKA) can occur [10].
As depicted in the figure 3 flowchart, the high level of glucose in the body causes
variety of symptoms such as lack of energy, dryness and blackouts. Without glucose
as an energy source, fat and protein is used, which causes the risk of DKA [12].
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Figure 4: How consuming glucose containing food and beverages affects type 2
diabetics. Although cells are able to utilize some of the glucose for energy, it is not
enough. Some fat can be burned to get more energy, which leads to weight loss and
can even damage the body. In similar way as with type 1 diabetes, the kidneys
produce urine to lower the glucose from the body. Flowchart inspired by similar
flowchart in [12].

The body of person who has type 2 diabetes either produces insufficient amount of
insulin or the cells are resistant to insulin [12].
How the body processes glucose released from processing carbohydrate containing
food or beverages is shown in the figure 4 flowchart. In many ways it is similar to
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type 1 diabetes, but with type 2, the body is able to use some of the glucose released
to the bloodstream [12]. The processing of glucose can be helped with medication,
pills that boost insulin or slows the breaking of carbohydrates during digestion [12].
Insulin shots can also be administered if necessary [12].
The way MODY diabetes affects the body’s ability to use glucose is similar to type 2
diabetes. With MODY, there is no risk of insulin resistance, so the cells are able to
use glucose, but there might be not enough insulin [12].
With GDM, the body might be affected similarly to work like type 1 or type 2
diabetes [12]. Usually the body returns to normal after giving birth [12].

Glucose concentration is commonly measured in millimoles per liter (mmol/L) and
sometimes in other variations of metric scale (grams per liter or milligrams per
deciliter). A mole is one of the seven base units of International System of Units and
it is used to measure the amount of substance [23]. The definition of a mole currently
is the Avogadro’s number of particles. Its equation can be seen in the equation 1
[23]. Unit mmol, which is commonly used to measuring blood glucose concentration,
stands for one thousandth of a mole.

6.02214076 ∗ 1023 (1)

Checking the glucose concentration level in blood is important for diabetics since
the illness prevents the body regulating it as it should. Blood glucose concentration
taken before breakfast are usually regularly over 7.0 mmol/L with diabetes, and 6.1 -
6.9 mmol/L often indicates pre-diabetes [6, 8, 24].
Non-diabetics blood glucose concentration levels range from 4.0 to 5.9 mmol/L before
breakfast [24]. Two hours after eating a meal, non-diabetics blood glucose level can
reach up to 7.8 mmol/L, up to 9 mmol/L with type 1 diabetes and 8.5 mmol/L with
type 2 diabetes [24].
The ideal blood glucose range is 4 to 7 mmol/L with all different types of diabetes [12].

The buildup of glucose in the bloodstream is the cause of hyperglycemia, also com-
monly called high blood sugar. With diabetes, this is a severe problem as the body
is unable to remove it [26]. Early symptoms include increased thirst, blurred vision,
weakness or tiredness and frequent urination [25]. Later symptoms of hyperglycemia
include dry mouth, fruity-smelling breath, abdominal pain, nausea, confusion and
loss of consciousness [25]. The symptoms appear usually when the glucose levels are
severe, higher than 10 mmol/L, and can develop slowly over several days or even
weeks [25]. Type 1 diabetic’s blood glucose level can even exceed 27.8 mmol/L if not
treated [26].
The opposite of hyperglycemia is hypoglycemia, which is commonly called low blood
sugar [26]. This is often a side effect of medications which treat high blood sugar
[26]. If hypoglycemia occurs, it is good to eat or drink something that contains high
amount of carbohydrates such as fruit juice, regular glucose containing soft drink,
hard candy or honey [27]. Eating again after 15 minutes until blood glucose level is
within normal range is a good way to treat hypoglycemia [27]. Symptoms include
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Figure 5: Green colored section is the normal blood glucose level. Top red section
above 7.8 mmol/L marks the range for hyperglycemia, which is high blood glucose.
Lower red section under 3.3 mmol/L marks the range for hypoglycemia, which is low
blood glucose. Adopted from [26].

cold sweats, headaches, hunger, shivering, restlessness, confusion and racing pulse [26].

Type 2 diabetics may not need to use any kinds of medications [12]. However,
checking the blood glucose concentration level is still essential to understand how
different foods and drinks affect them personally [12]. It should also be noted that
eating habits and exercise also affects the blood glucose level and their effect should
be understood as well [12].

2.3 Blood glucose measurement
Common type of blood glucose monitor is a blood analyser. The user needs to draw
blood for an example, piercing the tip of the finger with a needle (lancing) and then
measuring it [28]. The sample is applied to a test-strip and then analysed. The blood
glucose concentration is measured with either photometric sensor, which changes in
color depending on the level of glucose, or an electrochemical sensor, which measures
the changes in electrical currents [8]. There also exists non-invasive or minimally
invasive methods of checking blood glucose levels. Such as sensor that is located
under the skin layer [8]. This type of sensor could be used to continuously check the
blood glucose levels and send the results to for an example a phone.
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The current blood glucose measuring methods offered to be used by individuals are
perhaps not as accurate as the ones used in laboratories [28]. However, they help
keep managing good blood glucose levels and provide ease of mind [28].

In addition to the regular blood glucose concentration testing the individual does
themselves, an HbA1c-test should also be done 2 to 3 times a year [12, 29, 30]. It is
a test to measure the glycated hemoglobin values [12, 29, 30]. HbA1c value is the
build-up amount of glucose that sticks to the red blood cells [12, 29, 30]. Red blood
cells last for about 2 to 3 months, which is why HbA1c-test gives good estimate of
the average blood glucose level for up to 8 weeks [12, 29, 30]. One of these times

Figure 6: Taking blood glucose measurement with a glucometer. 1. A glucose test
strip is inserted into the device. 2. Skin is pierced with a lancer to draw blood.
3. Blood is applied onto the test strip. 4. The device displays the results of the
measurement. It is recommended to clean the lancing spot with alcohol or washing
both hands before drawing blood to prevent harmful bacteria from getting into the
wound. Picture adopted from [31].
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(a) Contour next blood glucose
meter. Adopted from [32]

(b) Accu-chek instant blood
glucose meter. Adapted
from [33]

(c) Accu-
chek softclix
lancer pen.
Adapted
from [34]

Figure 7: Two glucose meters, which utilize glucose test strips, are presented in
figures 7a and 7b. Figure 7c presents type of lancing pen that can be used to draw
blood by piercing the skin.

could be done during regular health check-ups [12]. Corrections to the medication
or lifestyle changes starts to affect the HbA1c value after 10 to 20 days [30]. The
target value for non-diabetics is from 20 to 42 mmol/mol, and for diabetics value
lower than 53 mmol/mol is usually a suitable target value [30].

From the different blood analysers, electrochemical sensors are the majority of the
biosensors used to detect glucose level due to them being low cost, easy to maintain,
reproducible and them being accurate [35]. This method is used in this thesis
to develop the blood glucose monitor. This type of sensors is divided into three
different categories: potentiometric, amperometric and conductometric [35]. From
the commercially available glucose sensors, amperometric type is the most common
[35]. These types of sensors monitor currents generated when electrons are exchanged
between the sample and an electrode. [35] These glucose sensors generally use glucose
oxidase (GOX) as the standard enzyme but can also use hexokinase or glucose-1-
dehydrogenase (GDH) enzymes [35]. The usual strategies for electrochemical sensors
to detect the amount of glucose is by measuring oxygen consumption, amount of
hydrogen peroxide produced or measuring the electrons transferred from the GOX
to the electrode [35].
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2.4 Insulin administration
Insulin is a hormone that helps the body use the blood glucose for energy [13]. The
pancreas normally makes insulin. However, with diabetes it does not make enough
of it or not as it should [10, 11, 13].
With type 1 diabetes, taking insulin is essential and living is impossible without it
[10]. The blood glucose level can become too high and risk of developing DKA grows
[10]. This can be life threatening if left untreated [10].
With type 2 diabetes, insulin is used to treat the condition and should be used as
prescribed. If insulin is avoided, blood glucose levels can become too high, and illness
may occur [10]. Insulin cannot be administered with pills since the body’s digestive
system breaks the insulin hormone [12].

Most common insulin administration type is the a disposable syringe [36]. They are
used to administer insulin usually to the layer of fat just under the skin [36]. Other
similar administration type is an insulin pen. They have a replaceable reservoir of
insulin and replaceable needle to puncture the skin [36]. These pens have a dial
to choose the insulin dose and a mechanical pumping or releasing mechanism [36].
Continuous subcutaneous insulin infusion device, also known as insulin pumps, are
more sophisticated form of insulin delivery [36]. These small devices are programmed
to deliver insulin under the skin [36]. These are durable, lasts for years and require
only reservoir, tubing and infusion set to be changed every few days [36].
There exist five different types of administrable insulins that work slightly differently
from each other:

– Rapid-acting: Taken shortly before or after a meal [10, 15]. Works quickly,
in minutes, and is usually used alongside intermediate-acting or long-acting
insulin [10, 15].

– Short-acting: Similarly, to rapid-acting insulin, but is slightly slower [10, 15].
Needs to be taken around 25 to 30 minutes before eating [10, 15].

– Long-acting: Unlike rapid-acting or short-acting, this is slowest type of insulin
[10, 15]. This one is similar in how your body processes. Usually taken once a
day and functions for 24 hours [10, 15].

– Mixed: mixture of short-acting and long-acting [10]. Still taken before meals,
but then background insulin is not required [10].

– Background/intermediate-acting: Works throughout the day [10, 15].
Taken once or twice a day and takes from 2 to 4 hours to function [10, 15].

It is important to not risk overdosing on insulin as it can lead to hypoglycemia
[10]. To prevent hypoglycemia from overdose, the correct insulin dose needs to be
known and used [10]. Under dosing the insulin amount leads to hyperglycemia, or
elevated blood sugar, which then requires more insulin to be injected into the blood [1].



25

(a) Insulin pen and its different parts.
The insulin cartridge and the needle can
be changed between uses. Protective caps
protect the pen from damage and contam-
inants. Adopted from [37].

(b) Various injection sites for insulin have
been marked with blue color onto the
body. Adopted from [37].

Figure 8: Both the insulin pen and possible sites for injection are visible on the
figures above. Figure 8a displays a pen that can be used to deliver insulin into the
bloodstream and figure 8b presents different sites to use a pen to.
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Injecting insulin to the blood takes some steps to do it safely. These steps include
ensuring clean needle, taking correct insulin type and checking that it is usable,
making sure there are no bubbles in the insulin bottle or syringe, and when two
different types of insulins are injected, some additional steps are required and done
in right order [38, 39].
From 30% to 50% of the daily insulin dose should be given to replace insulin overnight
as long-acting or basal insulin replacement and the other half of it from 50% to 70%
is for food and high blood sugar corrections, also known as bolus insulin replacement
[15, 40]. To calculate the total daily insulin (TDI) dose, the body weight in kilograms
(WIKG) is used and multiplied by 0.55 to get the TDI [15] as seen in the formula (2).

TDI = WIKG ∗ 0.55 (2)

TDI = WIP

4 (3)

If weight in pounds (WIP) is used, the weight needs to be divided by 4 to get the
TDI as seen in the formula (3). To make corrections to high blood sugar level, a
correction dose (CD) must be administered. To calculate the amount of insulin
needed to be injected, the difference between actual blood glucose (ABG) and target
blood glucose (TBG) must be divided by a correction factor (CF) [40] as in the
following formula (4), in the formula, it is assumed that ABG is lower than TBG as
the blood glucose level in the body is too high.

CD = (ABG − TBG)
CF

(4)

Assuming that 1 unit of insulin will drop blood glucose by 50 mg/dl, meaning that
the high blood glucose correction factor is 50. The pre-meal TBG is 120 mg/dl and
the ABG is 220 mg/dl. The result would be 2 units of (rapid acting) insulin to level
the blood glucose near the TBG [40] as shown in the figure (5). If mmol/L is used,
the mg/dl value needs to me divided by 18 to convert it to mmol/L. Formula (6)
represents the calculation when mmol/L is used. To convert mmol/L to mg/dl, the
mmol/L value needs to be multiplied by 18 [41].

(220mg/dl − 120mg/dl)/50mg/dl = 2units (5)

(12.22mmol/L − 6.67mmol/L)/2.78mmol/L = 2units (6)

Tampere University Hospital recommends diabetics that are admitted to care in the
hospital to have their blood glucose concentration to be checked from 4 to 6 times
each day before every meal [42]. If required, the glucose concentration could also
be checked during the night [42]. The insulin treatment should be started when
glucose levels are more than 10 mmol/L or 180 mg/dl repeatedly [42]. UK based
global diabetes community Diabetes.co.UK however, considers 11.1 mmol/L or 200
mg/dl to be the blood glucose values for diagnosing diabetes when testing at random
times [24]. Tampere University Hospital additionally recommends that the total



27

dose of insulin is to be from 0.3 to 0.6 units per kilogram for each day, and that
the basal-bolus insulin ratio should be about 50% - 50% [42]. The insulin doses and
ratios are patient dependent variables and should be discussed with a doctor to find
the best treatment for each individual.

Blood glucose
mmol/L

High insulin sen-
sitivity

Regular insulin
sensitivity

High insulin re-
sistance

8 – 11 1 unit 1 unit 2 units
11 – 13 2 units 3 units 4 units
13 – 15 3 units 5 units 7 units
15 – 17 4 units 7 units 10 units
> 17 5 units 8 units 12 units

Table 1: The insulin doses depending on insulin resistance and blood glucose level.
Values from Tampere University Hospital [42].

As the table 1 demonstrates, the blood glucose levels above 8 mmol/L should be
treated with insulin. The insulin doses depend on how high the blood glucose level is
and the insulin sensitivity of the patient. These units of insulin are correction insulin
doses, which are rapid acting insulin.
Tampere University Hospital considers blood glucose level from 5 to 8 mmol/L to be
suitable if the patient is clinically stable and that the blood glucose level has been
previously stable [42].

Insulin resistance is when the cells in the body become more resistant to the insulin
hormone [43]. It is not possible to determine whenever person is more resistance to
insulin just by looking as it does not show symptoms [43]. The more resistance cells
have the larger doses needs to be administered to lower blood glucose levels as seen
in the table 1.
Reducing insulin resistance, or increasing insulin sensitivity, is possible [43]. Physical
activity and weight loss are the key lifestyle changes for this [43]. Getting enough
sleep and reducing stress are also important as this increase overall health [43].
Reducing insulin resistance is done with good lifestyle changes [43]. The earlier they
are done the better, preferably even without diabetes diagnosis. [43]

2.5 Current closed-loop systems for managing diabetes
In a study on automated portable glucose control system [44], a closed-loop system
was used to maintain mean glucose level overnight [44]. The results from this study
were positive as it turned out to be safe and effective system in achieving overnight
glucose level in patients with type 1 diabetes [44]. In the study, two Enlite glucose
sensors were used to transmit the data to a blackberry phone via Bluetooth [44].
The phone would communicate with a Paradigm Veo Insulin pump and would also
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transmit data to remote monitor via cellular network [44]. Eight participants were
monitored for 16 overnight studies [44]. However, intervention was required during 7
nights of the study due to calibration requests, hypoglycemia, and loss of Bluetooth
connection [44].

Research published by Niklas Jonatan Wallenius concluded that while many some
invasive blood glucose meters did meet the requirements for being commercially
viable, almost all of the non-invasive blood glucose measurement technologies were
not commercially viable [8]. While there are some innovative technologies being
developed, no system has yet to emerge as the new solution for managing diabetes
the way insulin did in the 1920s.

Research article about bioimpedance, also known as bioelectrical impedance (BIA),
technique for blood glucose measurement was published [45]. It presented promising
research of non-invasive BIA method for measuring not only blood glucose, but other
bio signals such as heartbeat, blood pressure and even cancer detection [45].
new development of watch strap technology implementing BIA sensor had an article
published [46]. The Aura strap uses BIA to detect the body composition to get
information such as hydration level and lean mass [46]. However, this technology
was not meant to detect glucose concentration in blood and the accuracy of glucose
detection is unknown.

Various systems for automated insulin delivery via insulin pumps have been devel-
oped and tried [47]. MiniMed 670G pump combined with Guardian 3 sensor was
the first hybrid closed-loop system licensed by the FDA in 2017 and approved in
2018 [47]. This system is intended for type 1 diabetics and is used to reduce the
incidence of nocturnal hypoglycemia [47]. Another closed-loop system, called DBLG1,
started clinical trials in 2019 and is used to manage diabetes with periodical glucose
measurements, and scheduled and adjustable basal deliveries [47].

Recent research that has been published has also given positive results [48]. Sensor
developed by Lifecare company coupled with insulin administer has been tested on
pigs and given good results [48]. This sensor could be implanted under the skin to send
data with wireless signal [48]. Although this has not yet been tested on humans, the
animal tests have given positive results and testing on people have possibly already
started [48]. Completing these tests successfully would be a huge step forward in
developing systems to aid people with diabetes in managing their blood glucose levels.

Freestyle Libre systems are used for glucose monitoring and their goal is to provide
alternative way of sampling blood from lancing finger [49]. The sensor is round and
thin (35mm x 5mm) plate with a strand that is supposed to go under the skin [49].
The system allows users to exercise, take bath and even go swimming with the sensor
implanted [49]. It sends data to a phone and provides glucose value of the blood,
trendline and historical values [49].
it is recommended that 4 to 12 year old’s are supervised by an adult caretaker (at
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Figure 9: Palmsens EmStat Pico Development Kit. Picture adopted from [3].

least 18-year old) when using the system [50]. The sensor needs to be replaced every
two weeks for reliable readings [50].

All the previous advancements have or can potentially help a lot of people. They
do assist diabetics by giving feedback, invent new ways and methods to measure
and theoretically even manage the blood glucose levels. However, none has yet to
revolutionize the way diabetics manage their condition. In this thesis, potentially a
new alternative system is researched to be used to manage blood glucose levels. The
system needs to be at least equally accurate as the current methods in measuring
glucose as downgrading the level of care given by the current methods should not
happen. It is important to learn from the previous breakthroughs and research to
strive to further improve them.

2.6 EmStat Pico as glucose measurement system
An EmStat Pico Development Kit is a platform that can be used to measure variety
of substances, such as glucose concentrations. The platform supports variety of
voltametric techniques and techniques which use function of time. [3]
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2.6.1 System information

The development kit is advertised to not require any programming skills to use [3].
However, this applies to the free-to-use software PSTrace [3]. Creating a program
that communicates with the kit by sending MethdodSCRIPT and then processing
the results do require programming with one of several supported languages.

The module has variety of uses, such as research and educational. One research
example of the module is an electrochemical wristwatch sensing device for detecting
glucose and lactate from the sweat of the user [51]. The wristwatch device was
capable of detecting whenever the user had diabetes from their sweat [51].
The EmStat Pico system can also be used in educational purposes both in engineering
and medical. Project using this system could be a good way to introduce students
to programming, hardware, and medicine.

Emstat Pico have been used for detecting other substances as well. Research on
a stress monitoring sensor was researched with the module [52]. Electrochemical
impedance spectroscopy (EIS) was used to detect Neuropeptide Y and cortisol from
sweat samples [52].

The kit is powered by either through USB (Micro-USB port) or 2xAAA batteries [3].
Connections can be made with either Bluetooth or through the USB cable [3]. For
storage, the kit uses Micro SD card (8 GB) [3]. The kit comes with Dummy cell for
test evaluations that can be used to try the script [3].

The module used by the dev kit is the EmStat Pico: Electrochemical Interface Mod-
ule [53]. It is already calibrated dual-channel potentiostat [53] and is the smallest
potentiostat module available on the market globally in 2022 [53].
There are 4 different types of versions available for the module [53]. The modules
have different techniques available for them [53]. However, the default version of the
module has all techniques available to it such as cyclic voltammetry (CV), linear
sweep voltammetry (LSV), EIS and open circuit potentiometry (OCP) [53]. The pin
layout of the module can be seen in the figure 10. All of the logic levels run at 3.3V [53].

2.6.2 Technique demonstrations with the dummy cell

Testing different techniques can be done with PSTrace, software created by Palmsens.
The Dummy Cell can be used to test for predictable results by connecting the cable
leads in the same way as in the figure 11a and figure 11b. Plastic bags are used to
insulate the bottom side of the boards to minimize risk of interference or damaging
the boards. Green cable is kept away from touching any metallic part of the boards
to not accidentally conduct anything.

CV and LSV techniques are based on voltammetry, which is the study of current
response of a sample under an applied potential difference [54]. It has variety of
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Figure 10: EmStat Pico module and it’s pin layout. Picture adapted from [53].

methods that can measure the kinetics and thermodynamics of electron addition and
loss [54]. It can also be used to test for electroactive substances in the samples [54].
The potential difference (between two potentials) is varied at constant rate in CV
[54]. When reaching a limiting potential, the direction of the potential change is
reversed [54]. The starting potential is often 0 V, but can be any potential [54]. It
is also possible to set the potential sweep between more than two values [55]. An
example plot of measurement taken with EmStat Pico and Palmsens Dummy Cell is
shown in figure 12a.
Advantages of CV is its easy interpretation of results and large potential ranges [54].
It is used to measure several electrochemical properties of material. [54]

LSV is similar to CV, but instead of reversing the direction of the potential change,
it involves only a single linear sweep from lower to the upper potential limit [56].
Using this technique, key parameters can be measured such as the peak current,
peak current potential and half-peak current potential [54, 56]. Measurement taken
with EmStat Pico and Palmsens Dummy Cell is shown in figure 12b.

EIS is one of the most complex electrochemical methods, but it can be used to
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(a) EmStat Pico Development
Kit connected to the Palmsens
Dummy Cell with a sensor cable
+ croc clips.

(b) Close up of the Palmsens Dummy Cell that was included
in the Development Kit with the sensor cable connected to
it with croc clips.

Figure 11: Figure 11a displays the Development Kit being connected to the Dummy
Cell through the LEMO-connector. Figure 11b shows closeup of the dummy cell and
the croc clip connectors. Croc clips are connected in the following way: red: WE C,
blue: RE, black: CE, and green is not connected to any connector.
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(a) CV Measurement with Dummy Cell (b) LSV Measurement with Dummy Cell

Figure 12: Two voltammetric measurement plots created by using Palmsens software
"PSTrace 5.9".



34

(a) EIS measurement with Dummy Cell (Resistances).
(b) EIS measurement with Dummy
Cell (Frequency-Resistance-Phase).

Figure 13: Two EIS measurement plots created by using Palmsens software "PSTrace
5.9".

quantitative and qualitative detections of pathogens, DNA, cancer biomarkers and
more [57]. While this technique is more complex, it is easier to be miniaturized when
compared to other analytical methods [57].
EIS provides possibility of using wide range of applied frequencies, such as from
1 mHz to greater than 1 MHz by using working stations available commercially
[57]. Example plots of measurement created with the PSTrace program while using
Dummy Cell is shown in figure 13.

Alternatively, a SPE-Adapter (seen on figure 14a) can be inserted into the screw ter-
minal on EmStat Pico Development Board. There are two channels available for these
adapters (channel 0 and 1). In this thesis, the adapter is placed in CE_CHANNEL_0,
WE_CHANNEL_0, and RE_CHANNEL_0 slots, which is channel 0. The terminal
slots are shown in figure 14b. Channel 0 leads to pin positions 16, 17 and 18 on the
EmStat Pico Module while channel 1 leads to pins 12, 13 and 14. This can be seen
in the Module Pin layout figure 10.

Glucose test strips based on electrochemical measurements are based on the electric
current created by the chemicals in the strip reacting with glucose [58]. Meters deter-
mine the concentration of the sample based on the amount of generated electricity [58].

After the glucose test strip has been inserted into the SPE-Adapter, it can be used
by starting the measurement and adding enough of the sample liquid to cover the
round middle point. In addition, the pads of CE and RE channels should also be
sufficiently covered. If the sample does not sufficiently cover all three of the pads,
the current could be lower than it should be.
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(a) SPE-Adapter for using glucose test
strips with the EmStat Pico.

(b) The screw terminal on the EmStat Pico Devel-
opment Board. Includes 2 different channels and 2
ground connectors.

Figure 14: The SPE-Adapter can be attached to the screw terminal on the EmStat
Pico Development board. It should be connected to single channel (0 or 1). The two
ground connectors are in the middle of the terminal.
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Figure 15: A Glucose test strip that can be placed into the SPE-Adapter. The labels
for the channels are visible of the left side of figure. In the figure, the right side of
the strip is the place to add the sample solution.

Test strips use 3 different connectors as previously stated. WE is the working elec-
trode and is the potentiostat 0 current measurement [59]. RE is the 0 high impedance
reference input for the potentiostat and is the reference electrode connection in elec-
trochemical measurements. [59]. CE is the 0 output in potentiostat and is connected
to counter electrode [59]. The different channel connections are labeled in the figure
15. When inserting test strips to the SPE-adapter, it is important to ensure that the
strips is inserted sufficiently into the adapter and that the connectors are touching
each other.

2.6.3 Test strip demonstration with samples

Example values for glucose measurement was done with the SPE-Adapter and glucose
test strip. At first Pepsi Max, a sugarless version of Pepsi, was placed as an test sample
onto the strip. Figure 16 shows a photo taken from this moment. Pepsi Max gives
the base value for sugarless Pepsi without any glucose in it. After approximately 200
seconds, regular sugar containing Pepsi was added onto the strip. This measurement
was done by following a tutorial created by Lutz Stratmann, an electrochemist at
Palmsens, a link to the video can be found in the reference [60].
Parameters set for glucose measurement were set same as in the tutorial and were
the following:

– Technique: Chronoamperometry.

– Current ranges: From 2µA to 1mA.

– Equilibration: 5 seconds. This setting sets a delay for the board to wait
before starting measurements.

– DC (Direct current): 0.65V. The electrical charge (one directional).

– Interval: 0.5 seconds. Time between measurements.
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– Run: 600 seconds. The length of measurement.

Plot seen in the figure 17 presents the plot created from the glucose measurements
done with the glucose test strip and Pepsi. First spike right from the beginning is
from the capacitive current that decays in time [60]. After the current has steadied
into equilibrium, around 200 second timestamp, the first addition of regular Pepsi is
added to Pepsi Max, which creates the first spike that reaches almost 0.4µA. After
the current has steadied back into equilibrium, another addition of Pepsi is added
before 300 second timestamp. Second spike in current is from that addition. No
more of regular Pepsi is added for the rest of the measurement.
Both sample volumes of Pepsi’s had their carbonic acids removed by shaking to avoid
its effect on the results and were applied to cover all three metal conductors on the
test strip.

The MethodSCRIPT (MS) scripting language is designed for the potentiostat modules
created by Palmsens. It allows programming of the script directly to the module with
a serial connection (TTL). It also allows all supported electrochemical techniques to
be used. [61]
The PSTrace program allows generating of MS-scripts, but they can also be created
without the program as the language is designed to be human-readable [61]. Ability
to generate ready-to-send scripts ensures that there is no problems in the script itself.
It does not however, eliminate the setting of incorrect parameters such as incorrect
current range or voltages.
The correct values and technique need to be entered and additional options can be
applied such as time data addition and data pretreatment. The script can be either
copied to clipboard or saved as a file. The program automatically saves the script as
.txt file. The file extension can be changed to .mscr to change them into MS-files.

Figure 16: Measuring glucose with a test strip attached to the SPE-Adapter. Few
drops of Pepsi Max on the strip visible in the photo.
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Figure 17: Resulting plot taken from PSTrace when measuring glucose from Pepsi
max and regular Pepsi. Pepsi max does not contain glucose thus it provides the 0
glucose value for current. Two spikes between 200 and 300 seconds show the addition
of glucose containing regular Pepsi onto Pepsi max.

3 Methods and used materials
The planned system for managing diabetes has 3 components, the master system,
the glucose measurement system, and the insulin pump.
The master system can be a platform that can run Python code and is capable of
connecting to the other systems. Such platform could be a personal computer (PC)
or a Raspberry Pi single board computer.

Glucose measurement system will be the previously mentioned EmStat Pico (De-
velopment Kit). Its purpose is to receive instructions from the master system,
which decide what type of measurement is done and its parameters. After taking
the measurement, the results are sent back to the master system for further processing.

For the insulin pump, a servo using a syringe works as the pump. The servo will
be connected to the master system to receive instructions based on the measured
glucose concentration. Servo motors, also known as rotary actuator, is a type of
electric motor with position feedback to control its speed and position [62]. Servo
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motors can be controlled with 3 connectors: power, ground, and signal. They are
used instead of for an example DC motor due to its capability to know its position.
Typically, DC motors do not have feedback of their location and rotate continuously
while servo motors are usually limited on how much they can rotate, for an example
180 degrees.

With the implementation, this system shall be able to measure glucose concentration
from a liquid sample, from blood for an example, and then it should be able to use
that data for an example to activate a pump to release insulin.

3.1 Master system
A PC running Microsoft Windows 10 Education (Version 10.0.19044) operating
system is used as the main development setup that will also act as master system to
communicate with the EmStat Pico. Raspberry Pi, the single board computer, can
also be used as the master system instead of a PC. The parts used in the PC can
be seen in the list below. These parts are not required to develop programs for the
EmStat Pico Development kit. This PC is used in the thesis because it is ready to
use and accessible, not because its processing power.

– Motherboard: MPG Z390 Gaming pro carbon AC (MS-7B17).

– Processor: Intel core i7-8700K CPU @ 3.70GHz, 6 Cores.

– GPU: AMD Radeon RX 5700 XT.

– RAM: 16 GB, 2133 MHz DDR4.

Raspberry Pi 3 Model B, seen in figure 18, can be used instead of the PC as the
master system. While it has far less processing power than the larger and more
expensive PC, it has plenty of processing power to run as the master system. Its
Broadcom BCM2837 Quad-core processor [63] is capable of running Linux based OS
with graphical user interface.
There is newer and more powerful Raspberry Pi 4, which has variety of advancements
such as better processor and up to 8 GB of RAM [64] (Raspberry Pi Model 3 has 1
GB [63]). However, the earlier 3rd model is sufficient for the purposes of this thesis.
The Raspberry Pi platform also has an advantage of easily accessible General-Purpose
input/output (GPIO) pins, which are presented in figure 19. GPIO pins can be used
to control variety of different manipulators as an output pin and read sensor data as
input pins.

The pump can be controlled with GPIO. Raspberry Pi can be used as the master
system without needing to attach additional hardware. A GPIO interface can be
connected to PC to be able to control the servo. Such interfaces can be connected
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Figure 18: Raspberry Pi 3 Model B. This small singe board computer can be installed
with variety of operating system. Typically, is installed with Linux based operating
system "Raspberry Pi OS", which is specifically created for this platform. Different
parts of it are labeled such as the power input, USB ports and GPIO pins. Adopted
from [63].

with a USB or use a type of peripheral component interconnect (PCI) slot. Using
Raspberry Pi as the master system has many advantages over the PC, such as price,
size, and functionality out of the box.

3.2 Software development
Microsoft’s Visual studio code (VSC) is used in writing the Python program. It is a
lightweight, yet capable editor. It can run variety of languages with built-in support
and can install extensions for other languages, one of these being Python [65]. VSC
is the standalone editor of the more comprehensive integrated development environ-
ment (IDE) Visual studio [66]. VSC was chosen for this thesis due to its lightweight,
familiarity, and development tools. It can be downloaded from their homepage’s
download section https://code.visualstudio.com/Download for chosen OS.

https://code.visualstudio.com/Download
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For developing the program for the master system, Python (version 3.9.13) is
used. It can be downloaded from their homepage’s download section: https:
//www.python.org/downloads/. The organization behind the language is non-
profit corporation Python Software Foundation [67]. Older version of the language
(Python 2) can also be installed, but only the newer version of Python is used for
this thesis.
Python has variety of uses such as web, scientific, education and business applications
[68]. Its ease of use and familiarity made it easy choice of programming language
for this thesis. The same language can be used in Linux environment in case for
further development in systems such as Raspberry Pi, which favors its own Linux
based operating system (OS) "Raspberry Pi OS" [69].

Additional libraries and steps are required to get the Python program to run. Es-
pecially libraries provided by Palmsens are required for communicating with the
EmStat Pico. For the Raspberry Pi, Python 3 and its preinstalled libraries should
be updated. Depending on the installed OS version, these might be outdated. The
following list contains the libraries that were downloaded for Windows environment.

– Palmsens Python libraries for communicating with the EmStat Pico. Files "in-
strument.py", "mscript.py" and "serial.py" can be found from the following link:

Figure 19: The pin layout of Raspberry Pi 3 Model B. The platform offers several
locations for ground, 3.3V and 5V DC power pins. Rest of the pins are specific pins
that are not connected to each other. Adopted from [70].

https://www.python.org/downloads/
https://www.python.org/downloads/


42

https://github.com/PalmSens/MethodSCRIPT_Examples/tree/master/MethodSCRIPTExample_
Python/MethodSCRIPTExample_Python/palmsens.

– Package for scientific computing called Numpy were installed through the
terminal by inserting commands ”pip install numpy”. Numpy homepage can
be found here https://numpy.org/.

– For visualizing data in Python, a plotting library called Matplotlib were installed
with terminal commands ”pip install matplotlib”. Matplotlib homepage can be
found here https://matplotlib.org/.

In the Raspberry Pi OS, the default Python version is set to Python 2 since it
comes with both of them installed. The default Python version can be changed or
alternatively specifying the terminal commands. Commands such as "pip install"
can be run as "pip3 install" to specify it as Python 3. This was not required in the
Windows OS as only the version 3 was installed.

Figure 20: Installing python packages and libraries can be done in VSC with the
included terminal. Commands "pip install numpy" for installing numpy package is
presented in the figure.

The Python program saves the data into comma-separated values (CSV) file after the
measurements are taken. CSV files can be opened by spreadsheet programs such as
Microsoft Excel (homepage: https://www.microsoft.com/en-us/microsoft-365/
excel). CSV data is saved in the same way as the program handles the data. The
unit type is the first element of data from these lists. CSV were chosen for its
simplicity and for its easy importing capabilities. Creating plot in excel is easy
with the saved file. Selecting the first rows and then inserting new plot from the
recommended charts. Other plot types can be chosen as well, but they may require
some further steps.

Initialization of the Python program sets the file paths for the location of the MS-file
and paths for data files which are to be saved. Additionally, initialization sets the
variables to be used in the program, the port which will be used by the measuring
device, and a logger, which logs information on what the program is doing and prints
it to the terminal, is set up.

Measuring with the EmStat Pico is done by using libraries provided by Palmsens.
Function is called, where the connecting and measuring will be executed. After
connecting to the device, the program checks the system information and prints

https://github.com/PalmSens/MethodSCRIPT_Examples/tree/master/MethodSCRIPTExample_Python/MethodSCRIPTExample_Python/palmsens
https://github.com/PalmSens/MethodSCRIPT_Examples/tree/master/MethodSCRIPTExample_Python/MethodSCRIPTExample_Python/palmsens
https://numpy.org/
https://matplotlib.org/
https://www.microsoft.com/en-us/microsoft-365/excel
https://www.microsoft.com/en-us/microsoft-365/excel
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them to the terminal with the logger. After that, the program sends the MS with
the parameters of the measurement. EmStat Pico will start responding measuring
data, which will be parsed and saved by the program into 3 different arrays (results,
time and current). Results array contains all the lines received from the EmStat
Pico. time array contains the time data from the measurement. Current array has
the values which was measured by using the glucose test strip.

The data is saved into CSV-file. If required, the program can be set to save the
complete lines sent by the EmStat Pico into a text file. CSV-file is saved using the
time of the measurement as the name.

Calculating the glucose concentration takes two steps. First the specific current value
from the array is obtained by finding the index of the maximum value in the array
and then jumping indexes forward based on when the calibration values were taken.
If calibration was done by taking the 10 second mark after the spike (maximum
value), then jumping 20 indexes (1 index = 0.5 seconds) forward from the maximum
value gives the correct current value.
The second step is using that value to calculate the glucose concentration in the
sample based on the values calculated from calibration. Equation for slope-intercept,
which is used to calculate the glucose from current, is presented in the equation 8 in
the calibration section.

To pump liquid with the syringe, a servo is used push the liquid out. It can be
controlled with the GPIO pins using Pulse Width Modulation (PWM). PWM can
be used to control analog devices with digital output. It creates analog-like signal
by applying power in pulses of regulated voltage, which can be seen in the figure 22
[71]. In the program, the PWM works by changing the duty cycle, which the GPIO
outputs. Desired cycle is set, and the program incrementally increases the duty cycle
until that value is reached. After the final position has been reached, the servo is
moved back to its original position.
To note, Raspberry Pi 3 Model B has two channels for PWM (PWM0 and PWM1).
These channels are connected to GPIO12, GPIO13, GPIO18, and GPIO19 [72]. The
signal wire of the servo needs to be connected to one of these pins.

3.3 Mobile master system
For developing the Android application, Asus Zenfone 8 running Android operating
system would be used. It is thesis author’s personal phone and therefore available. it
is running Android 12 as of spring 2022. Since the phone uses USB-C type port and
the cables available are USB-C/USB-C or USB-A/USB-C, an adapter for converting
USB-C to Micro-USB is required. Android studio, a free-to-use program, is required
for developing applications for Android operating system. The program can be
downloaded from their website. [75]
Developer options needs to be enabled to enable installation of custom apps to the
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phone. For Asus Android phones, this can be done by pressing "build number" rapidly.
This can be found in the settings/System/About phone/Software information. The
location of enabling developer options vary from different manufacturers and Android
OS types, but usually follow same or similar paths.

The first attempt to create a program to communicate with the EmStat Pico was
with the Android environment. PalmSens instructions and examples [76] were looked
at in order to get the basics to function. However, the problems started quite quickly
after noticing that the Android environment has been modified drastically since the
creation of the instructions. The folder and file locations had been changed and it
seemed that the solutions presented in the examples were not applicable with the
current Android environment.

If the Android studio version would be installed to fit the version used when the
instructions and examples were made, it could perhaps be made to work with following
the instructions. It was stated in the
"GettingStarted_MethodSCRIPT_Example_Android.pdf" document [76], that the
minimum Android to target the API level is 16 or Android 4.1. Reverting back the
Android studio version and the environment version could change the file and folder
paths to the same ones as instructed in the instructions.

3.4 Glucose sensor calibration
Reference values are needed to calculate the calibration values to be able to turn
current values from measurement into glucose concentration values. These values
can be obtained by measuring samples with known glucose concentration. Accuracy
of the calibration values calculated from these samples determine the system’s ability
to get precise measurements. Without calibration, the system would assume that
the system functions in identical way as when the reference values were obtained. It
is important to redo the calibration, especially if changes were made to the system.

During the measuring of the test samples, the current values spike when the glucose
containing liquid is added onto the test strip. Because the reactant is converted
on the electrode surface, the values start decreasing as its average concentration is
decreasing in the vicinity of the electrode [73]. This reaction is seen in the constantly
decaying values shown for an example in figure 24a.
Cottrell equation can be used to calculate how glucose concentration affect current
in chronoamperometry [73].
Creating a plot from the data makes it easier to calculate the calibration values,
which are the values used in slope-intercept equation. The equation 7 is used to
find the slope-intercept, where y is current, x is glucose, m is the slope and b is the
intercept point. However, current is known, rather the glucose needs to be calculated,
which can be done with the equation 8. Slope (m) is presented in equation 9. Value
for intercept (b) is the y value when x is 0 as shown in equation 10.
Intercept is the value of current when glucose is as close to zero as possible. Distilled
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water as a sample can be used to measure the current value for the intercept. There
should be a sample on the test strip when measuring the current as it would be zero
if done without.

y = mx + b (7)

x = (y − b)
m

(8)

m = (y2 − y1)
(x2 − x1) (9)

b = (0, y) (10)

It is important to keep in mind that while a label may provide the amount of sugar
in the product, it may not only be glucose, but can contain other sugars as well such
as fructose. To get accurate calibration for glucose, the glucose content needs to be
known for the solutions. Calibrations done with carbonated sugary drinks such as
Pepsi or Coca cola are not suitable for calibration, as the glucose content from total
sugar is unknown.

Using glucose syrup (Dan Sukker’s Glukoosisiirappi) provides better sample solutions.
It consists of glucose, maltose and long chained sugars, but does not contain fructose
[74]. According to the products label, 1 dl of syrup weights 140 grams and in 100
grams of syrup, there is 23 grams of sugar. For the calibration, 5 solutions of diluted
syrup will be created to be measured and 1 solution of 0 no syrup (no glucose). These
will be marked from C0 to C5, C1 being the most diluted solution and C0 being the
0-glucose solution. Distilled water shall be used to dilute the syrup instead of tap
water to reduce the effect of impurities.

The current range were switched to 4µA, 8µA and 16µA. The feedback from the
EmStat Pico contains a warning "Current underload" if the current range is set to
too low or "Current overload" if its set too high. Measurements taken with underload
will provide lower resolution of measurements and that is why the proper range of
current range should be applied.

3.5 System implementation validation
System validating is important process in development. Checking that the different
parts function as intended ensures that the results are not screwed by a faulty part or
process. One way to check system validity is to compare its function and results to a
program that already is validated. For an example, comparing the results from the
Python program and PSTrace, the program created by Palmsens for the EmStat Pico.
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Dummy cell was used to validate that the implementation of the Python program
does not affect the results. Both PSTrace and Python programs were used to send
the same MS instructions to the EmStat Pico and then saving the results. Compar-
ison of these results is presented in the figure 23. The comparison results provide
confirmation that the Python program does not receive or alter the results from the
measurement.

The same experiment presented in the earlier chapter 2.6.3 with utilizing the Python
program, SPE-Adapter and glucose test strip was done to generate the plot 24a.
Carbon dioxide free Pepsi and Pepsi max was used as test samples. The same
measurement parameters were used as in the glucose experiment done earlier with
the PSTrace. Before starting the measurement, a couple of drops of Pepsi max were
placed onto the test strip. Around the time of 200 seconds, few drops of Pepsi were
added to the test strip, adding glucose into the sample. Another dose of Pepsi was
added around the time of 300 seconds. As the program saves the data into CSV-File,
it can be imported to other programs such as Microsoft Excel. Plot created with the
CSV-Data and Excel is presented in figure 24b.

3.6 Evaluation
Complete system evaluation is to determine the viability of using a EmStat Pico
electrochemical measuring system for managing diabetes. It shall be able to perform
the core task of measuring glucose concentration of a sample, such as blood. In
addition, it should also be modifiable to fit different requirements, such as utilizing
a tool and possibility of using alternative sensors. The tool does not need to be
attached to the EmStat Pico, since its sole purpose is to communicate with the
master system and to measure the sample. Rather the purpose of the master system
is to communicate and control with the different parts of the whole system.

The system, which can be seen in figure 25, was built successfully into a proof-of-
concept type system. The master system (Raspberry Pi 3 Model B) is connected to
the measurement system (EmStat Pico Development Kit) with a USB cable, and to
the servo with the GPIO pins (by using jumper wires). The master system sends
the measurement instructions forward and then reads the results. After the glucose
concentration of the sample is calculated and saved, the servo is initialized and used
to push content from the syringe. The program ends after the servo returns to its
original position. The program can be made to save additional measurement data,
and to create a plot figure from the measurement values.

The Python program should be as easy to be modified as possible. The different
tasks set for the program are done by calling functions (the tasks can be seen in the
figure 21). When programmed this way, it is easy to determine on what information
the task requires and what it returns. Commenting the code is also important as it
makes it easier to understand the code. This helps not only new, but also returning
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programmers in making modifications in the code.
Making the structure of the program in a way where tasks are done one by one, makes
it easier to make modifications without causing unexpected errors to occur. After all,
changing the way data is saved should not affect on how the servo works. There are
exceptions to this, mainly how the current values are saved into arrays from the sensor
readings. If the variable type is switched to other type of variable, then changes should
be made on how the functions use the received values as they are stored in different
way. The variable type could also be switched back to arrays before or in the function.

3.6.1 Sensing

The core functionality of the system is the glucose concentration measuring. It
should be accurate to detect whenever the concentration is within normal levels or
has it gone over (or under) the healthy range. The result of this measurement is
mostly based on the data received from the EmStat Pico system and how well the
concentration can be calculated from there. In this, calibration is a key factor.
The possibility of using the EmStat Pico module (not the development kit) should
also be considered as a possibility. Using only the module requires more elaborate
setup. For an example, the module cannot be connected to the master system
with just an USB cable, rather the connections need to be made with using the
pins. Although it should be possible to make a USB port for the module. This
port then could be used to connect the master system and the EmStat Pico mod-
ule. The development kit is the module with extended functionality with the platform.

The way to the experiments will be done, is to run either program (Python or
PSTrace) for the measurements. Batteries will be inserted into the EmStat Pico
Development kit for power and communication is done through USB-cable. A new
glucose test strip will be placed into the SPE-adapter. The pads on the test strip
should not be touched with hand and to prevent contaminating the pads, latex gloves
will be used. Samples will be applied before starting the measurement with a clean
pipette. Each measurement will run for 60 seconds, and the 30 seconds mark will
be used to get current values. After the measurement is completed, the test strip is
wiped clean and removed. Each solution will be measured 5 times.
When the calibration for sensing the glucose concentration with the test strips has
been done, the concentration of sample liquids can be determined with the calculated
values. The accuracy of the end result depends on the accuracy of the system and
the calibration. Accuracy of the system can be determined by sampling liquids with
known glucose content. Measuring the sample with the system and comparing the
outcome to the real glucose concentration. In this thesis, product labels are used to
estimate the real glucose concentration.
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The following solutions will be used.

– C0: 0g/100ml

– C1: 3.5g/100ml

– C2: 7g/100ml

– C3: 10.5g/100ml

– C4: 14g/100ml

– C5: 28g/100ml

3.6.2 Delivery

Functionality of the insulin pump is done with a servo-controlled syringe. Since the
main focus is on the glucose measurement, the insulin delivery part of the system
will only provide a demonstrative example of a pump. It is nevertheless important
to implement a system ready to work with a manipulator, such as pump, to present
the complete functionality of the system.
The system should be able to adjust the amount of liquid to be released to correctly
balance the blood glucose levels. Demonstrating the delivery system will be done
by putting distilled water into the syringe and then applying sample solution onto
the test strip. The sample shall be measured before and after diluting it with the
syringe.
Next chapter presents the results of the projects, its calibration and resulting outcome.
Conclusions about the projects are presented after the results.
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Figure 21: Flowchart of the Python program. The first step is to begin the program
by initializing logger, setting variables and the port number where EmStat Pico is
connected to. After that the measurement can begin. Connection to the EmStat Pico
is established, information about it received and then the measurement instructions
are sent. Measurement of the sample will begin, and the data is parsed as data
is received. When it has been completed, glucose concentration of the sample is
calculated based on the calibration values and the current measured. If required,
liquid (insulin) can be pumped by using a servo connected to the master system.
After that, the program ends.
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Figure 22: PWM signal duty cycles from 0% to 100%. The higher the duty cycle, the
higher the average voltage. When 100% duty cycle is reached, the average voltage is
the maximum voltage. Black line represents the duty cycle and red is the average
voltage [71]. Adopted from [71].
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Figure 23: Comparison of results obtained from the dummy cell with PSTrace and
Python program (in both PC and Raspberry Pi). Blue dotted line presents the
values received with PSTrace, orange line is the results from PC running the Python
program and green is the same program but using Raspberry Pi as the master system.
All lines are steady in range of 61.32 to 61.49 current (mcA).
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(a) Plot created with the Python program. (b) Plot created with the data saved in the
CSV-File in Microsoft Excel.

Figure 24: Using data from similar experiment as done in chapter 2.6.3, which
followed the steps of Palmsens example. Figure 24a presents a plot that the Python
program creates after completing a measurement. Figure 24b presents the same data,
but created with Microsoft Excel and the data saved in the CSV-File by the Python
program.
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Figure 25: The complete system. Raspberry Pi 3 Model B is in the top left corner of
the picture. It is connected to a power source (Asus phone charger). USB-C to Micro
USB adapter is used as the Raspberry Pi 3 does not use USB-C port as its power
source. The black USB to Micro USB cable is used to connect the EmStat Pico to
the Raspberry Pi. On the glucose test strip, sample of Coca cola is used. The servo
controlling the syringe is connected to the Raspberry Pi in the following way: Black
to ground, white to the GPIO output, and red/orange is connected to the 5V power.
Servo rotates clockwise and pushes the handle of the syringe with 1.5 mm steel wire
(galvanized). The syringe handle is pulled back to its original position after pushing
it. A simple plank of wood is used as the mounting bed as the syringe-servo part.
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4 Results

4.1 Calibration outcome
The calibration values were taken with the PSTrace program. This is to ensure
that the Python program does not get different values than the program provided
by Palmsens. Using one program to get calibration values and the other one to
calculate the glucose concentration ensures that the end results from both programs
are the same. To check that the glucose concentration is correct, a sample with
known glucose concentration should be tested.

During experimenting with different methods of taking measurements for the cali-
bration, it was noted that the results were more accurate when placing the sample
liquid onto the glucose test strip before starting the measurement. This method of
adding the sample was used instead of starting the measurement and then applying
the sample onto the strip. Figure 26 presents the difference in the applying methods.

In addition to changing the sample applying method, the parameters for the measure-
ment were also updated based on the results of previous experiments. The following
parameters were used in the calibration measurements.

– Technique: Chronoamperometry.

– Current ranges: From 4µA to 16µA.

– Equilibration: 5 seconds.

– DC (Direct current): 1.5V.

– Interval: 0.5 seconds

– Run: 60 seconds.

The results from the sensing evaluation experiment from chapter 3.6.1 can be seen in
the figure 27. Even when 5 measurements were taken for each solution, the average
values trendline is not linear. Most variation in the measurements results are in the
3.5 g/100ml glucose concentration. Two of the measurements had the highest values
from any of the solutions. The trendline would follow a more proper path if there
would be less of deviancy between the results. Calculating calibration values from
these is possible, but the accuracy suffers from the variation in the results.

4.2 Testing results
A experiment was done to calculate the glucose content of further test samples such as
Coca cola and Rainbow Appelsiini (Orange soda) beverage drinks. The results of the
measurements were inconclusive. The current values received from using soda as the
glucose source instead of glucose syrup. In addition to far higher current ranges, the
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Figure 26: Comparison of the sample applying methods. Delayed applying method
is where the sample liquid is added onto the glucose test strip after the system has
started measuring, for an example 20 seconds. Preliminary method is where the
sample is already applied onto the strip before the measurement is started. The
difference between these two applying methods are displayed by the current values
presented in this graph. In the delayed method, the higher glucose concentration
gives less current than the previous ones, which is very bad in terms of the reliability
of the measurement results.

values did not follow a proper trend. The current values should increase as the con-
centration of glucose increases. Figure 28 presents the results from the measurements.

In addition to sampling the soda beverages, orange juice was also tested. Tropicana
pressed orange with pulp (original) was sampled and the glucose content were shown
to be even higher. The product label of the orange juice presents that the juice has
not added sugars (100% pressed orange), with total of 8g/100ml of sugars. These
sugars are not purely glucose, however. For an example, Navel oranges sugar content
consists of 23% glucose, 27% of fructose, and the other half of the sugar is from
sucrose [77].
The results of this measurement can be seen in the figure 29. The higher current
readings could be due to the higher acid amounts in the juice, which the glucose test
strips might not be designed to handle. The data sheets for the test strips were not
available, which means that this could not be confirmed.
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Figure 27: Glucose syrup samples from 3.5 g/100ml to 28 g/100ml, and a sample of
pure distilled water (0 g/100ml). All solutions were sampled 5 times with identical
parameters. Individual measurements are marked with orange dots, and the average
current (µA) values are marked with blue line. Blue dotted line displays the trend
calculated from the average values. The current values at 30 seconds into the
measurements were used.

Dose amount 1.0 ml 1.1 ml 2.0 ml
Measurement start 10 (± 0.85) seconds
Servo start 35.615 (± 0.01) seconds
Program end 42.22 seconds 42.42 seconds 45.025 seconds

Table 2: Runtime results from several experiments ran with the Raspberry Pi and
the Python program. Measurement length was set to 30 seconds. This table includes
runtime results for 1.0-, 1.1-, and 2.0-ml dose amounts. Measurement starts and
servo starts are the same for all the dose amounts, only the program end time (when
the servo has finished moving) changes in these experiments. The seconds displayed
in the table are the runtime of the program at the time of starting or ending a task.
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Figure 28: Measurement results from samples of Coca cola. 4 different solutions
of Coca cola were created to measure different concentrations. The labels shown
in the bottom of the graph present the grams in 100ml ratio of sugar. Green line
(with 9g/100ml) is another beverage used in the measurements for example purposes.
The results of the measurements are inconclusive as the trend should be highest
concentration of glucose at the top and the lowest in the bottom. PSTrace program
was used to take these measurements. The sugar values in the plot are based on the
sugar amount in the product label.
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Figure 29: Results from measuring orange juice. The current recorded was more than
twice higher than Coca cola, which should have more sugar in it (based on the product
labels). This result could be due to the higher acid levels in the juice. The current
measured from the pure orange juice was more than twice the current measured from
Coca cola. Red marker line marks the 30 seconds point of the measurement.
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The response time of the system (with Raspberry Pi) is about 11 seconds + mea-
surement time + servo movement time. The initialization time before sending and
receiving measurement results consists of EmStat module getting ready and equili-
bration time parameter (5 seconds in the experiments ran for runtime experiments).
After initialization, the measurement time determines how long it takes before glucose
concentration is calculated and if required, the servo is activated.
The time it takes for the servo to pump the dose depends on what the target is set
to be. For 1 ml dose it takes about 6.6 seconds to pump and for 2 ml its around 8.41
seconds. Runtime results are presented in table 2. Program end times (rounded to
two decimals) were steady for all three of the dose amounts.
Runtime tests provided good results as the system worked in steady manner. The
largest portion of time variation is during the measurement initialization, which is
about 0.85 seconds longer or shorter than the average of 10 seconds.

The pump system correctly added 2 ml of diluted water into the sample solution
(of 2 ml) that was applied onto the glucose test strip. There was a drop of about
0.157 µA after Coca cola was diluted. The measurement results are presented in the
figures 30a and 30b.



60

(a) Measurement results of the Coca cola before being diluted.

(b) Measurement results of diluted Coca cola.

Figure 30: These graphs present the results of the pump system functionality. Coca
cola was measured and then diluted with distilled water with the use of the pump
(syringe). Figure 30a displays the results from measuring the non-diluted Coca cola
and figure 30b the diluted solution. Red line marker marks the 30 seconds point in
the measurement, and the black dotted line presents the average value. Diluted Coca
cola has about 0.157 µA lower average value in the 30 second mark than non-diluted
Coca cola.
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5 Discussion
The solutions of glucose syrup were measured, which provided a trendline with correct
correlation with glucose concentration. Using the data would not give the correct
glucose concentration results even when using the current values from which the
calibration values were calculated from. This was caused by the deviation between
measurement results. The trendline is most accurate at 10.5 g/100ml concentration
and above.
When using glucose syrup, there was a proper trendline upwards depending on how
concentrated the samples were. The results were far less predictable when using
other glucose sources. When using Coca cola, the results varied too much as the
results did not follow a proper trend.

The reason why the measured current was higher when measuring Coca cola instead
of syrup solution could be due to using glucose test strips not working correctly with
samples with acids in them. Unfortunately, results wary even when using syrup as
the glucose source.
The problem is unlikely to be caused by the EmStat Pico (development kit) or the
programs as they were tested in figure 23. In that experiment, the dummy cell
provided less than 0.3% accuracy error. The measurement accuracy errors occurs
when the glucose test strips were taken into use (with the SPE-adapter).

The results from personal glucose meters should not deviate more than 15% from the
results of professionally used laboratory equipment in at least 95% of cases [78, 79, 80].
This rule applies in Finland [78], Canada [79], and in United States [80]. The rule
should apply with blood glucose levels larger than 4.2 mmol/L as it does in Canada
[79].
As stated earlier, the ideal blood glucose range is from 4 to 7 mmol/L with diabetes
[12]. The solutions used in the experiments (C0 to C5) ranges from 0 to 28 g/100ml.
Each gram of glucose in 100ml counts for about 55.56 mmol/L, which makes the
ranges of C1 (3.5 g/100ml) to C5 (28 g/100ml) to be 194.44 mmol/L to 1555.56
mmol/L. The solutions used in the thesis were chosen based on the samples used in
Palmsens instructions and the limits of available measuring equipment.

The pump, which was the servo-syringe attached to a plank of wood, worked as it
was intended to. Depending on the target servo pulse width range, it administered a
correct amount of liquid. Some motion on the syringe were noticed due to it being
attached to the plank with zip ties. However, it did not affect the dose quantity
enough to be noticed. The servo-syringe function was observed from the movement
of the black seal.
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The steel wire did not show signs of bending from pushing the syringe. The servo
was placed somewhat offset from the centre to compensate the movement of the
servo handle.
Servo used in the thesis was SM-S2309S and it worked as intended with a 10ml
syringe. No signs of power deficiencies were noticed in the servo as it could handle
the use of the syringe as required.

As stated before, the system successfully diluted the sample solution presented onto
the glucose test strip. There was change in the average current measured by the
system after diluting the sample. While the change was relatively small, it still
shows that the system operated as it was designed. When measuring the diluted
sample, there was 1 measurement with significantly higher values than the other
diluted measurements (or even non-diluted), which raised the average values higher.
However, even with having the highest measurement values, the average values were
still lower than the non-diluted Coca cola.
No errors or malfunctions in the system appeared during the experiments, other than
the system measuring varying current from the glucose test strip. The system ran
well according to the parameters it was programmed with. Altering these values will
allow the system to target different glucose goal.
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6 Conclusions
Using another type of test strips could increase the accuracy of the results. For
demonstrative purposes the strips work well enough as long as suitable sample is
used. However, implementation of more applicable glucose sensing is required if this
system is to reliably detect the glucose concentration amount. There exist various
different kinds of glucose test strips from different brands. The compatibility and
accuracy of the test strips could be tested to find a suitable one.

Common method for blood glucose sensing is still testing it by taking a blood sample.
While the modern technology advancements have provided mobile and fast testing of
the blood, there still could be further improvements to ease testing glucose levels.
Several methods are being researched to create an alternative way for measuring
glucose. An open-source system could be used to experiment and deploy whenever a
new way of measuring is found.
If for an example, new sensor which can measure glucose level accurately from sweat
is invented, open-source system such as this could provide a quick way to deploy it
for testing, whenever it is in lab or field.

Currently the system sets the measurement for a specific time instead of continuous
sensing. The test strips are meant to be used as a single use glucose measurement.
If modifying the system to continuously measure glucose, a different glucose sensing
needs to be implemented. This would provide constant feedback on the glucose levels.
Systems which sense the glucose level through sweat exists and could be useful if
implemented. The accuracy of sweat based glucose sensing might not be as quick and
accurate as blood based. However, researching whenever this is the case and if its
severe enough to prevent sweat being used in the glucose sensing could be worthwhile.

Finding an alternative way of managing diabetes to replace the current method of
lancing the finger and sampling the blood could provide peace of mind for diabetics.
Young children who have been diagnosed with for an example diabetes type 1 can
have difficulties learning to take the measurements by themselves. Open-source
systems such as the one created in this thesis could provide a way to create a diabetes
management tool, which can be modified according to their personal needs.
This could also be all-in-one solution for diabetes management as the system can be
modified to even include a way to administer a proper amount of insulin according
to the glucose concentration.

Developing the Python program was relatively easy due to the EmStat Pico being
capable of using the MS scripting language to receive commands. In addition of ease
of communications with the module, the tutorials or examples made by Palmsens
proved to be excellent start. The imported libraries worked well and were easy to
implement into the code.
Python was chosen due to personal experience with the programming language and
its compatibility to work well with Raspberry Pi. Nevertheless, other languages are



64

supported by Palmsens such as C, C# and Arduino systems.

Main advantages of the system is the possibility to modify its according to the
requirements of the user. Open source programs can be created and implemented to
use EmStat Pico for various different purposes. The module, which is used by the
development kit, can be implemented to custom made circuits to make specific type
of device if required.
Possibility of implementing sophisticated algorithms to work with the systems can
also be programmed as well. After the MS is sent and results received, the algorithm
could then process the data.

There were no available instructions or information about the glucose test strips,
which meant that the parameters used in this thesis were result of experimenting
with them until proper results were received. This meant that numerous test strips
were used in order to get the basic measurement results. As the number of available
test strips were limited and receiving more of them took more time than expected, it
led to delays in development and especially calibration.
it was planned to present the results for various sugary beverages and juices. However,
the data from the measurements provided unexpected results. To ensure that it was
not the fault of Raspberry Pi as the master system or the Python program, these
tests were ran with Palmsens provided PSTrace, which unfortunately provided the
same type of results.

Other types of techniques are supported by the EmStat Pico such as different types of
voltametric, pulsed, potentiometric and amperometric (chronoamperometry belongs
to this type) techniques. Chronoamperometry was chosen due to its prevalence in
glucose sensing.

Open-source systems provide good grounds for improving existing functionalities
and adding new ones. There is no need to build a separate program that inter-
acts with software provided by external sources. A custom program can be made
faster when the basic functionalities are already made. Specialized features such as
algorithms or even artificial intelligence can be implemented into the existing program.
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