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Abstract 

The aim of this thesis is to explore the product development opportunities 

for e-bikes. This is done by first presenting the definition and components 

of e-bikes and what product development opportunities they offer in com-

parison to the conventional bike. The battery and head unit were found to 

have a central role in increasing the number of features on the bike. The the-

sis also researched the current trends on the bike market by analysing what 

features different e-bike manufacturers are marketing. The trends were IoT 

and connectivity features, integration and cargo bikes.  

The thesis also includes a case study, which presents the development of an 

intelligent brake light that utilizes an acceleration sensor. Filtering of the raw 

acceleration signal was required; thus, the case study examines different 

types of filtering methods and how they are implemented in coding of the 

microcontroller. Of the different filtering methods, the infinite impulse re-

sponse method yielded the best results in practical testing of the brake light 

function. The conclusion of the case is that it is possible to develop a brake 

light that utilizes an acceleration sensor. However, it is also concluded that 

there are significant advantages in a brake light which is triggered by the 

brake levers or other mechanical input. 
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Sammandrag 

 
Syftet med denna avhandling är att utforska möjligheterna till produktutveckling för elcyklar. Detta 

görs genom att först presentera definitionen och komponenterna i e-cyklar och vilka 

produktutvecklingsmöjligheter de erbjuder i jämförelse med den konventionella cykeln. Batteriet 

och huvudenheten visade sig ha en central roll för att öka antalet funktioner på cykeln. 

Avhandlingen undersökte också de aktuella trenderna på cykelmarknaden genom att analysera vilka 

funktioner olika e-cykeltillverkare marknadsför. Trenderna var IoT och anslutningsfunktioner, 

integration och lastcyklar. 

Avhandlingen innehåller också en fallstudie, som presenterar utvecklingen av ett intelligent 

bromsljus som använder en accelerationssensor. Filtrering av den råa accelerationssignalen 

krävdes; fallstudien undersöker därför olika typer av filtreringsmetoder och hur de implementeras 

i kodning av mikrokontrollern. Av de olika filtreringsmetoderna gav den ”infinite impulse 

response”-filtret de bästa resultaten i praktisk testning av bromsljusfunktionen. Slutsatsen av fallet 

är att det är möjligt att utveckla ett bromsljus som använder en accelerationssensor. Dock dras också 

slutsatsen att det finns betydande fördelar med ett bromsljus som utlöses av bromsspakarna eller 

annan mekanisk inmatning. 
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1 Introduction 
 

Due to the growing concern of climate change great efforts are made to 

electrify the transport sector to reduce the emissions of CO2. Within the 

transport sector, road transport account for 72% of the European union’s to-

tal CO2 emissions [1]. The fastest growing alternatively fueled mode of 

transport is electric bicycles [2], having a global market value of 40.312 mil-

lion in 2019, and it is projected to grow to 118.657 million by 2030 [3]. The 

growth has even been accelerated by the COVID-19 pandemic having a huge 

impact on e-bike sales due to the social distancing guidelines that compel 

commuters to avoid public transport [4]. The bike sales in the United states 

grew by 85% in March 2020, in the start of the pandemic [3]. The growth is 

also rapid in Finland, where the market volume of e-bikes has grown from 

4.4% in 2018 to 15% in 2021 of total bicycle sales [5]. 

Electric bicycles (e-bikes) differ from conventional bicycles due to the fact 

they carry a motor unit and a battery. The purpose of the drive unit is to assist 

the user while pedalling, and the battery powers the drive unit and auxiliary 

systems. The e-bike therefore lowers the threshold for bicycling, since it does 

not require the same amount of effort as conventional bicycling and offers a 

low-carbon alternative to combustion engine cars [6].  

The growth of the e-bike industry and bike industry provide great oppor-

tunities for bicycle component manufacturers like Herrmans Bike Compo-

nents to grow. Herrmans is a company in Pietarsaari that produces bike com-

ponents mainly to bike manufacturers and is the company the master’s thesis 

is conducted for. Some of their products are rimtapes, grips, bicycle lights, 

chain guards and reflectors [7]. The company has an interest to develop their 

product portfolio with a focus on e-bikes, due to the growth in e-bike de-

mand. The electrification of the bicycle industry provides new opportunities 

for innovations that integrate auxiliary components that require more power 

enabled by the onboard battery.  

The master’s thesis starts by focusing on e-bikes, due to their rapid growth, 

and starts by presenting the different components that are used on e-bikes. 

This will highlight the differences between conventional bikes and e-bikes 

and therefore also highlight the unique product development opportunities 

of e-bikes. After presenting the components different e-bike trends will be 

discussed, which aims to give an understanding of where the current focus 

lies in e-bike development and gives a better overview where development is 

headed. Understanding the focus of e-bike manufacturers is an advantage for 

bike component manufacturers like Herrmans to develop products that align 

with the vision of the e-bike manufacturers. A case study will then be con-

ducted which will aim to develop a brake light that utilizes an acceleration 

sensor. Brake lights are widely used for cars to signal to other drivers of de-

celeration or braking. The idea is that this safety feature could also be imple-

mented into bicycles to increase the safety of the cyclist. The case will start 
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by justifying the benefit of brake lights and presenting standards that apply 

to brake lights. The standards that will be presented are mainly going to be 

for European countries and ISO standards, due to Herrmans’ focus being the 

European bicycle market. A brake light that utilizes an acceleration sensor 

will then be developed, resulting in a physical prototype, and different devel-

opment solutions will be discussed. The development of the brake light will 

involve programming, electronics, mechanical design and testing. Thus, the 

master’s thesis aims to answer the following research questions: What are e-

bikes and how do they work? What are the current trends in the e-bike and 

bicycle market? What are the requirements for bicycle brake lights? Is it pos-

sible to utilize an acceleration sensor to create an intelligent brake light and 

how? Proper function entails it activates when the user is braking and does 

not activate due to disturbance caused by curbs or bumps. 
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2 Electric bicycle components 
 
This section will present components that are unique to e-bikes and are not usually 
found on conventional bicycles. The newest e-bike features offered by market lead-
ers will also be presented. The section starts by presenting arguably the most es-

sential components of the e-bike, i.e., the drive unit and the battery.  

2.1 Drive units 
 

The purpose of the drive unit is to assist the user while pedaling. The EU di-

rective (EN15194 standard) makes the distinction between e-bikes and low 

powered motorcycles and mopeds. The directive requires that the drive unit 

can only assist the user up to a speed of 25 km/h and with a maximum con-

tinuous power of 250 W. Furthermore, the drive unit should only assist the 

user while pedalling. By conforming to these requirements, the e-bike is con-

sidered a bicycle and not a moped [8]. 

The drive unit can be designed to determine the amount of assistance re-

quired using a cadence sensor or a torque sensor. The torque sensor 

measures the amount of force the user exerts on the pedals and adjusts the 

output power accordingly, higher torque yielding higher power. The cadence 

sensor system outputs a predetermined level of power to the wheels when the 

user is pedaling, which is why cadence sensor-based e-bikes sometimes have 

a throttle [9, 10]. In both cases however, the user must pedal for the motor to 

assist, for the bike to comply to the directive. The drive units are either placed 

in the middle attached to the pedals (crank drive motor) presented in Figure 

1 or at the wheel hub (hub motor) presented in Figure 2. 

 
Figure 1: Koga E-bike with a bosch crank drive motor located at the pedals 

[11]. 
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Figure 2: FitNord ranger 200 with hub motor on the rear wheel [12]. 

 

Crank drive motors typically utilize torque sensors while hub motors typically 

use cadence sensors to determine the level of assistance. There are however 

exceptions for example the FitNord agile +, shown in Figure 3, has a hub mo-

tor that uses a torque sensor instead of a cadence sensor.  

 

 
Figure 3: The FitNord agile + uses a hub motor on the rear wheel [13]. 
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While the continuous power is limited to 250 W, there are no limits in the 

directive on the maximum torque. The torque ratings offered by manufac-

tures range from 35 Nm to 120 Nm. The highest torque ratings are usually 

found in e-mountain bikes enabling them to provide adequate assistance 

even uphill.  
 

2.2 Batteries 
 

The battery works as rechargeable energy storage for the e-bike. It provides 

the drive unit and auxiliary systems with power. The most common cell type 

used in e-bikes is lithium-ion, constituting 90 % of the batteries used in e-

bikes [14]. Preferred due to their high energy efficiency, lack of memory ef-

fect, long cycle life, high energy, and power density [15].  

The batteries are often placed inside of the bike frame in order to maintain 

the silhouette similar to conventional bicycles. Bosch has designed a battery, 

the power tube shown in Figure 4, that is long and slim to blend in better with 

the frame. Internal cable routing is also performed to give the bikes a cleaner 

and less cluttered look.  The frame is often thicker on e-bikes however, to fit  

the cables and battery inside [16, 17]. 

 
Figure 4: The bosch PowerTube 500, designed to be integrated seamlessly 

into the bike frame [18].  
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Figure 5: The Stereo Hybrid 140 uses the bosh power tube. The frame is 

clearly bulkier, compared to conventional bikes, to fit the battery inside of 

the frame [19].  

 

2.3 Displays and head units 
 

The head unit is an optional e-bike component and can be anything from a 

simple display to a sophisticated on-board computer. The simpler head units 

usually just show the velocity, battery level and level of assistance [20, 21]. 

Figure 6 shows two different Yamaha head units.  

 

 
Figure 6: Yamaha head units that are mounted on the handlebar [22]. 
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More sophisticated head units can connect to mobile networks and provide 

additional features for example temperature, weather forecast, route plan-

ning and connectivity features. Thus, making the head unit a component with 

a lot of potential for developing new features for the e-bike user. The bosch 

Nyon is an example of an on-board computer that can provide the mentioned 

features. Additionally, the user can personalize the layout of the device and 

set fitness goals which the Nyon can keep track of [23]. Similar features are 

also provided by Yamaha in their display C, which is one of their high-end 

displays [24]. Figure 7 shows the Bosch Nyon and Figure 8 shows the Yamaha 

display C.  

 

 
Figure 7. Bosch Nyon installed on the handlebar. The on-board computer 

can be personalized in terms of data displayed on the screen and keeping 

track of personal fitness goals [23]. 

 

 
Figure 8. Yamaha’s display C. It has similar features to the Bosch Nyon, 

since it has navigation features and can set-up and track fitness goals [24].  
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3 E-bike trends 
 

3.1 IoT and connectivity features 
 

Analyzing how the leading e-bike and component manufacturers market 

themselves it is apparent that a lot of resources is going to developing differ-

ent features that involve internet of things (IoT) technology. The connectivity 

feature provide access to the internet or to smartphone through different 

types of connection (bluetooth, wireless internet i.e., 4G and 5G) [25]. Bosch 

and Shimano for example, offer the possibility to connect a smartphone to 

the e-bike, allowing the user to use their smartphone as the head unit through 

an application provided by the manufacturer. This provides additional fea-

tures like controlling music, route planning and direct connection to a fitness 

application. They also provide the possibility to personalize the riding expe-

rience by fine tuning the assistance of the drive unit or the automatic gear 

shifting settings [26, 27]. Shimano’s user interface for these features is shown 

in Figure 9. 

 

 
Figure 9: Shimanos user interface that allows the user to modify the settings 

of the drive unit and shifting [28]. 

 

The connection between smartphone and e-bike is also used to improve the 

security of the e-bike. Belgian e-bike manufacturer Cowboy uses Bluetooth to 

connect to the user’s smartphone to unlock the e-bike when the user is near 

and to lock it when they leave the e-bike. The user can also receive notifica-

tions to their phone if the e-bike is being moved while the user is not close 

by. Similar security measures are also provided by Bosch, where the motor 

will not work unless the user activates the drive unit. This lowers the incen-

tive to steal an e-bike, since the pedaling assistance is disabled on stolen e-

bikes [29]. 
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Increasing the number of sensors and technology on the e-bike allows for 

more features and information gathered during use. A company that has em-

braced this philosophy is Greyp that offers an e-mountain bike including HD-

cameras, pressure sensors, heart rate sensors, 4G internet and a small pro-

cessor that runs a custom Linux operating system. The cameras are used to 

record highlights of the ride that are saved by the push of a button and can 

be uploaded to social media platforms directly from the bike. The heart rate 

sensor can in addition to providing the user with data help adjust the motor 

assistance to maintain a desired heart rate set by the user [30]. The CEO of 

the company states that the bike has “everything it needs” for regular updates 

that will only make the user experience better over time [31]. 

Smart features found in cars are also implemented in e-bikes. One example 

of this is the ABS (Anti-lock braking system), which allows the user to have 

more control during braking by not locking the wheels. This can be useful 

when biking on gravel or on slippery surfaces like ice. The braking system can 

also prevent the rear wheel from lifting, which prevents the user from being 

ejected over the handlebar during aggressive front wheel braking. 

 

These examples of connectivity features from market leaders and emerging 

companies show the strong trend of increasing connectivity and IoT features 

in e-bikes, and it has become the new industry standard for e-bikes [32]. 
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3.2 Cargo bikes 
 

An emerging trend within e-bikes is the e-cargo bike. It is a type of e-bike that 

has storage area that can be used to transport heavier loads. Cargo e-bikes 

therefore offer more storage space and can move more items similarly to the 

trunk of a car. The sale of e-cargo bikes rose in France by 350 % in 2020 to 

11,000 units, according to the French cycle observatory. In Germany 78,000 

units were sold in 2020 and is also projected to grow even more [33].  

 

 
Figure 10 Example of electric cargo bike. The front area is intended to carry 

heavier loads [34]. 

 

The popularity of cargo e-bikes has especially increased for last-mile deliver-

ies in metropolitan areas, where traffic congestions and pollution are causing 

problems. Furthermore, a study has also shown that delivery time using 

cargo e-bikes can potentially be faster than with vans or cars. The deliveries 

in said study where on average 6 minutes faster with cargo e-bikes compared 

to cars on deliveries shorter than 20 km, which makes cargo bikes a viable 

option for last mile deliveries through urban centers. The delivery time dif-

ference is however very context dependent and can vary a lot depending on 

the traffic [35].  

There is also legislation that makes the e-cargo bike attractive alternative to 

combustion engine cars. The ULEZ (Ultra low emission zone) in London, is 

a piece of legislation that only allows low emission vehicles into parts of the 

city giving e-cargo bikes an advantage over combustion engine vehicles [36]. 

This type of legislation that decreases the mobility of combustion engine cars 

is increasing throughout Europe [37]. 
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3.3 Component integration 
 

When examining different e-bikes it is obvious that a great deal of effort has 

gone to integrate components into the bike. The vast majority of e-bikes al-

ready integrate the motor and battery into the frame, to give the e-bike a less 

bulky look [38-40]. There is also an increasing trend to integrate more com-

ponents into the frame that give the e-bike a cleaner and less cluttered look. 

An innovative example of this is the Magura MCi, which hides the hydraulic 

unit of the brakes and the brake lines inside of the handlebar. This gives the 

handlebar a cleaner esthetic. The less cluttered handlebar also gives the user 

the possibility to add components of their own if they so desire [41]. Figure 

11 shows the magura handlebar. 

 

 
Figure 11. Magura handlebar that integrates the hydraulics inside of the han-

dlebar. Thus, giving it a less cluttered look, compared to conventional bike 

brakes [41]. 

 

The front lights and rear lights are also more frequently integrated into the 

bike. This also allows the necessary cables to be hidden within the frame and 

gives the bike a more continuous look. Figure 12 shows the Bianchi e-SUV 

Rally 2020 rear lights that are integrated into the frame in an innovative way, 

which avoids a bulky looking rear light. The same bike also has integrated 

front lights that are shown in Figure 13 [42]. 
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Figure 12. Bianchi e-SUV Rally 2020 with its integrated rear lights. The rear 

lights are seamlessly fitted into seatstay, offering a continuous and modern 

look [42]. 

 

 
Figure 13. The Bianchi e-SUV Rally 2020 with its integrated front light [42]. 

 

The downside of the increased level of integration is the fact that if a compo-

nent malfunctions or breaks it is more difficult to replace the part due to them 

often being integrated into the frame. Component accessibility is also limited 

due to the light often being custom made by subcontractors for the e-bike 

manufacturer. This means that replacement components are not found on 

the shelf in a bikeshop like regular non-integrated components. 



18 

 

4 Case bike brake light 
 

Rear lights and rear reflectors are used on bikes to increase the visibility of 

the cyclist in the dark. The increased visibility prevents accidents and there-

fore increase the safety of the cyclist. The rear lights on cars are required to 

increase their intensity during braking to catch the attention of other drivers 

approaching from behind, thus giving them more time to react to the change 

of velocity of the vehicle in front. This type of light, a brake light, could argu-

ably also increase the safety of cyclist, since rear-end collisions account for 

almost 50 % of all fatal accidents involving bicyclist [43]. Thus, the purpose 

of this case would be to explore the possibility of developing a brake light and 

the possibility to integrate them in e-bikes and conventional bikes. Offering 

this feature to customers light could prove valuable and it has been requested 

by several Herrmans customers.  

There are products on the market that already provide the feature of increas-

ing intensity of the rear light during braking. Most of the products utilize ac-

celeration sensors inside of the light. The reviews from users are mixed and 

some state that this feature is not the most reliable. The price of the lights 

ranges from 20 € to 50 €, while rear lights without the brake light feature are 

cheaper starting at 8 € [44-47]. 

The case starts by presenting laws and standards related to the brake light. 

After that the development of the light is executed in compliance with the 

researched standards. The development is divided into subsections that aim 

to solve challenges by addressing them separately. Starting with signal pro-

cessing and control to ensure the intensity increase occurs in compliance 

with the standards. 
 

4.1 Regulation and standards 
 
 

The brake light needs to comply to certain standards for it to be sold, these 

standards define the maximum and minimum luminous intensity and when 

the brake light should activate. Standards that mention brake lights are the 

German 67. Road Traffic Licensing Regulations (StVZO) and the interna-

tional standard ISO 6742-1. The German regulation states that break lights 

need to comply with No. 50 of the United Nations Economic Commission for 

Europe (UNECE) regulation [48]. The UNECE No. 50 specifies the maxi-

mum and minimum luminous intensity emitted by the light. However, the 

regulation does not specify when the brake light should increase its intensity 

[49]. The ISO standard also specifies the minimum and maximum luminous 

intensity for the light and additionally specifies that the brake light can be 

controlled in two ways. The first is by electrical switches connected to the 
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braking system (method 1) the other is by detecting deceleration larger than 

0.6 ± 0.4 m/s^2 (method 2). This means that for the method 2, the sensor is 

not allowed to be too sensitive. It also means that it does not matter if the 

user is braking or not, only if the deceleration exceeds the limit [50]. Using 

method 2 in a scenario where a user is riding downhill and braking to main-

tain constant speed the light should not increase its intensity even though the 

user is braking. 

There are also some disadvantages with method 2 compared to method 1. 

One being that if the deceleration detection is achieved with an acceleration 

sensor it can be either be too slow or too sensitive. Method 1 does not have 

these problems and has the added advantage of being able to signal that the 

user is considering braking, since the user can squeeze the brake handle 

lightly to activate the light. Despite this there has been more interest from 

Herrmans customers regarding a brake light that uses method 2 instead of 

method 1. The reason for this is that bike manufacturers do not want to in-

crease the number of cables on the bikes, especially e-bikes where there is 

already several cables. Due to the interest from customers being mainly in 

wireless brake lights the case will focus on the development of a light using 

method 2. Furthermore, the goal is that the light complies to the ISO stand-

ard. 
 

4.2 Components and equipment 
 

4.2.1 Light unit 

 

The light unit used for the prototype is from an existing Herrmans product 

and it has pads that are dedicated to a microcontroller. The board also has 4 

LED lights, that can be turned on and off. There is no microcontroller on the 

board used for the prototype, however the pulse width modulation (PWM) 

pin can still be used on the PCB. If the PWM is set to logic level low, all 4 LED 

lights are on. By setting the PWM pin to logic level high, the 3 out of the 4 

LEDs on the PCB turn off. These two different states can be used as the non-

braking and braking state. Figure 14 shows the PCB of the light unit and the 

PWM pad.  
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Figure 14: The PCB used for the prototype and testing. The red arrow shows 

the PWM pin. A digital pin from the external microcontroller is soldered to this 

pin, allowing the microcontroller to change intensity of the light depending on 

if the digital pin is set to high (5V) or low (0V) voltage. 

 

Figure 15 shows the other side of the PCB where the LED lights are. The hous-

ing and lens are also reused from the old product and have not been devel-

oped for this case, instead focus is on integrating an acceleration sensor and 

the software that activates the light based on acceleration sensor data. 

 

 
Figure 15: The 4 LED-lights annotated by the arrows, on the PCB inside the 

housing. 

 

4.2.2 Acceleration sensor 

 

The 3-axis acceleration sensor used in the case is the LIS3DH. It is a micro 

electro mechanical system (MEMS) sensor [51]. The sensor contains a sili-

cone structure that is attached to the substrate of the sensor. The silicone 

structure is allowed to move in three directions, which corresponds to the 

three axes. When the sensor is accelerated the inertia of the silicone structure 
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will keep it in place, which causes a change in its position relative to the sub-

strate. The movement causes an imbalance in the capacitive half bridge in the 

sensor. This imbalance changes the capacitance of the half bridge which is 

then measured to determine the magnitude of the acceleration [52].  

 

 
Figure 16: Showing a typical MEMS sensor. The green mass in the middle 

will move relative to the structure. The change in distance between the 

combs causes a change in the capacitance which is measured to obtain the 

acceleration [53].  

 

The sensor can measure in four different ranges:  ±2g, ±4g, ±8g, ±16g. Out 

of these ranges the ±2g range was chosen, since acceleration is unlikely to 

exceed 2g. Furthermore, even if the acceleration exceeds 2g it does not matter 

since if deceleration exceeds the threshold of 0.6 ± 0.4 m/s^2 the brake light 

should activate. This range also allows for the best resolution, due to the ±2g 

range being the smallest range over the same number of bits as the other 

ranges. According to the datasheet the resolution is then 1 thousandth of the 

gravitational acceleration, which is approximately 0.00981 m/s^2 [52]. 

 

4.2.3 Single-board microcontroller 

 

The single-board microcontroller used for the prototype is an Arduino Every, 

shown in Figure 17. The function of the single-board microcontroller is to 

read the acceleration sensor and to set the PWM pin of the light unit to high 

or low depending on the readings. It is also responsible for ensuring that the 

light is not too sensitive to small changes that are likely due to vibrations, 

wind or change of surface. This is done by utilizing digital filters explained in 

greater detail in future sections of the thesis. 
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Figure 17: The Arduino Every single-board microcontroller that controls the 

states of the PWM pin and thus activates or deactivates the brake light [54]. 

 

 

4.2.4 Test jig 
 

The purpose of the test jig is to hold the electronics and the light on the han-

dlebar. With the jig installed on the handlebar the tester can easily check if 

the brake light activates at appropriate times. It is not an exact method to 

determine the deceleration of the brake light function, but it is an adequate 

start for testing. Once the light passes the non-exact, or subjective testing, 

more accurate testing methods can be developed based on the ISO standard 

requirements. 

The test platform has a mounting hole underneath it and one of Herrmans 

handlebar brackets are used to hold it on the handlebar. The test jig also has 

holes so that the light can be mounted with screws. The test jig platform is 

shown in Figure 18. 
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Figure 18: The test jig platform. The mounting holes for the light unit are an-

notated with arrows. 
 

 

Figure 19: The underside of the platform, showing the mounting hole for the 

handlebar bracket. 
 

The breadboard is mounted onto the test platform with double sided tape and 

the light unit is attached to the platform with screws. Figure 20 shows the 

underside of the light that interfaces with the test platform. Figure 21 shows 

the breadboard and light unit installed on the test platform. Figure 22 shows 

the test jig mounted onto the bike handlebar. 
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Figure 20: Light unit with mounting holes that are used to attach it to the 

test platform. 

 

 

Figure 21: The test platform with the breadboard and light installed. The 

sensor (left) and the single board microcontroller (right) are attached to the 

breadboard. 
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Figure 22: Test jig including light, breadboard, microcontroller board, accel-

eration sensor and battery. 

 

4.3 First version 
 

To achieve the change in intensity during braking, the light must detect de-

celeration that exceeds 0.6 ± 0.4 m/s^2 in the direction of travel, the LIS3DH 

is used for this purpose. The main challenge in this case is to ensure that the 

light activates at the appropriate time and is not too sensitive to disturbances. 

This will be achieved by programming the single-board microcontroller to 

include appropriate filter. The first version utilizes a running average filter.  

 

The code must activate the brake light when the deceleration exceeds a cer-

tain limit along the axis of travel. For this case it is the y-axis. Furthermore, 

the contribution from gravity must be suppressed. Otherwise, gravity can 

contribute to the y-axis readings when riding up an incline or down a decline. 

A low pass filter is used on the sensor readings to isolate the contribution 

from gravity. The output of the filter can be derived from the transfer func-

tion of the first order lowpass filter shown in equation (1). 

 
 

𝐻(𝑠) =
𝑦(𝑠)

𝑢(𝑠)
=

1

𝑇𝑓𝑠 + 1
 (1) 
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Where Tf is the time-constant, u is the acceleration sensor input and y is the 

output of the filter. Cross-multiplying and writing out the expression yields 

equation (2). 
 𝑇𝑓𝑠𝑦(𝑠) + 𝑦(𝑠) = 𝑢(𝑠) (2) 

The laplace transform is performed to get the equation in the time domain: 

  
 𝑇𝑓�̇�(𝑡𝑛) + 𝑦(𝑡𝑛) = 𝑢(𝑡𝑛) (3) 

�̇�(𝑡) can be approximated as: 

 
 

�̇�(𝑡) ≈
𝑦(𝑡𝑛) − 𝑦(𝑡𝑛−1)

ℎ
 (4) 

 

Where h is the time step between two readings. Substitution of equation 4 

into equation 3 and solving for 𝑦(𝑡𝑛) yields: 

 
 

𝑦(𝑡𝑘) =
𝑇𝑓

𝑇𝑓 + ℎ
𝑦(𝑡𝑛−1) +

ℎ

𝑇𝑓 + ℎ
𝑢(𝑡𝑛) (5) 

 

By defining 𝛼 =
ℎ

𝑇𝑓+ℎ
 Equation 5 can be written as: 

 
 𝑦(𝑡𝑘) = (1 − 𝛼)𝑦(𝑡𝑛−1) + 𝛼𝑢(𝑡𝑛) (6) 

   

Where alpha (𝛼) is the filter parameter and depends on filter time-constant 

Tf, and time between readings h. The time between the readings is 10 milli-

seconds and the time constant needs to be at least five times larger than the 

time step for the filter to behave properly [55]. Therefore, the initial value of 

the time will be 0.1 s or 100 milliseconds. Alpha can thus be calculated: 
 

𝛼 =
𝑇𝑓

𝑇𝑓 + ℎ
=

100 𝑚𝑠

100𝑚𝑠 + 10𝑚𝑠
≈ 0.91 (7) 

The output of the filter will be the low frequency contribution of gravity. The 

output value can then be subtracted from the sensor readings and thus elim-

inate the contribution of gravity. The code is shown in Figure 23. 
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Figure 23: The filter in the Arduino code. g_yms is the output, event.accel-

eration.y is the current reading of the acceleration sensor in y direction. 

 

The initial value of g_yms is 0, this will however change quickly to the 

correct value. 

This filtered acceleration value cannot be used on its own to determine 

braking. This is because the filter will remove all low frequency acceleration 

in the y-axis directions. Thus, the filter will only detect the initial deceleration 

and filter out any subsequent constant deceleration, which can occur if the 

rider is braking with constant force. Therefore, a running average of the raw 

acceleration sensor readings are also used. The raw acceleration sensor aver-

age is used to see if the acceleration is continuing after the initial change. 

Thus, the filtered acceleration detects fast changes, and the raw sensor aver-

age examines whether the deceleration is continuing. This is meant to enable 

for the angle of the sensor or the bike to change without triggering the brake 

light, since the acceleration is filtered out. This is programmed into the code 

using an if condition which is true if the average of the filtered values is larger 

than a certain value, meaning that an initial quick deceleration is detected. 

Inside of the if statement there is a while loop which is true while the running 

average of the raw sensor readings exceed a certain limit. This will distin-

guish actual deceleration from quick decelerations like going up a curb, rid-

ing down a small slope etc.  
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Figure 24: Arduino code that uses the filtered and unfiltered values to-

gether. This way the brake light is not as sensitive to changes caused by 

the direction of the sensor. The direction can change due to incline or de-

cline. 

 

There is one potential issue that needs to be tested. Will the acceleration 

while riding down a slope offset the acceleration caused by gravity? Since the 

rider will accelerate downhill, unless they brake, that acceleration will coun-

teract the pull of gravity on the sensor. This can be demonstrated by looking 

at the outputs of an acceleration sensor when dropping it, while it is falling 

all values will be zero. 

In the case that the acceleration caused by gravity cancelled, if the rider is 

going down a hill the if statement will not be true unless the rider brakes, 

since it will filter out the low frequency acceleration caused by gravity. How-

ever, braking during the decent will cause a quick change in the sensor read-

ings and therefore the program will enter the if loop. And inside the while 

loop the acceleration will always exceed the limit due to gravity and thus the 

brake light would stay on. 

 

4.3.1 Testing of the first version 

 

The first version was tested by riding the bike with the test jig attached to the 

handlebar. The bike was ridden around, and the user would brake occasion-

ally to ensure that the brake light activates at appropriate moments. The ex-

act value of the deceleration was not measured; thus, the test did not deter-

mine if the light activated at correct values of deceleration. The idea is that 

when the light passes this type of subjective testing more exact testing can be 

performed afterward. 

The brake light did manage to activate when the user was braking. However, 

there were plenty of false positives, meaning that the brake light activated 

when no braking or deceleration was occurring. These false positives were 
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caused by small hills, bumps and even cracks in the road. Thus, the brake 

light code and filtering methods need to be refined with more advanced 

methods than the moving average. Furthermore, the acceleration that occurs 

while riding down the hill will not counteract the sensor reading caused by 

gravity. Thus, the brake light stayed on while riding down the hill. 

The problem with the first version is that the gravity component is subtracted 

from the raw reading. The raw reading will spike when going up a curb or due 

to small hills. Therefore, the filter designed in the next section will address 

this issue by creating a filter that suppresses short impulses that curbs can 

cause on the sensor reading. 
 

4.4 Second version 
 

4.4.1 Digital filter design 

 

The purpose of a digital filter is to get rid of unwanted information (noise) 

and to keep the information of interest. In the case of an acceleration sensor, 

vibration of the bike can be considered noise, since it is not relevant for the 

brake light and can cause the brake light to activate at inappropriate times. 

In order to design a high-quality digital filter, the frequencies the acceleration 

sensor is subject to need to be determined [56]. This can be done by riding 

the bike and recording measurements of the acceleration sensor and then 

performing a frequency decomposition of the recorded data. This will show 

the underlying frequencies of the measurements and give insight on how the 

filter should be designed. The data is measured for the y-axis (in the direction 

of travel) and the z-axis (vertical axis). 

The gathered data is recorded with a sampling frequency of 120 Hz and the 

values are saved to a text file. Matlab is then used to load the text file and to 

perform the signal decomposition using the fast Fourier transform function. 

The fast Fourier transform function performs Fourier analysis on the signal. 

The Fourier analysis decomposes the signal into individual frequency com-

ponents and plots the amplitude of these individual frequency signals versus 

the frequency. Thus, Fourier analysis shows the underlying frequency com-

ponents of the signal [57].  

Figure 25 shows the accelerometer readings along the y-axis vs. time. It is 

obvious from the figure that there is a lot of high frequency noise in the signal 

that need to be filtered out. Figure 26 shows the single-sided amplitude spec-

trum of the readings. The low frequency signals are the ones with the largest 

amplitude. Thus, the filter should be designed to pass these low frequency 

signals and to eliminate the high frequency noise. 



30 

 

 
Figure 25: Y-axis acceleration readings vs. time. 

 
Figure 26: The y-axis acceleration amplitude spectrum. The amplitude of 

the underlying signals is plotted vs. the frequency. The signals of largest 

amplitude in the signal are of lower frequencies close to zero. This is ex-

pected since the accelerations caused by braking and gravity are of low fre-

quency. 
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The Fourier analysis outputted the amplitude spectrum of the signal. With 

this information a filter can be designed to remove the noise and keep the 

essential information. The most important frequencies are of low frequency, 

since the acceleration of interest is caused by braking which is a low fre-

quency signal. Thus, the Filter that should be designed needs to be a low-pass 

filter. 

There are two types of digital filters, finite impulse response (FIR) and infi-

nite impulse response (IIR) filter. The infinite impulse response is chosen for 

its efficiency and because they can meet a given specification with a lower 

order, meaning that less filter coefficients are needed for the IIR filter. Equa-

tion 8 is the recursive algorithm that defines the IIR filter, this equation is 

used in the Arduino code. 

 

 
 

𝑦(𝑛) = − ∑ 𝑎(𝑘)𝑦(𝑛 − 𝑘)

𝑁

𝑘=1

+ ∑ 𝑏(𝑘)𝑥(𝑛 − 𝑘)

𝑀

𝑘=0

 (8) 

 

y(n) is the output, a(k) and b(k) are coefficients x(n-k) is the input. In the 

code y(n) will be the filtered value and x(n-k) will be the acceleration sensor 

reading that will be filtered.  

The coefficients are determined using MATLAB’s filter designer. The values 

that the filter designer requires is the sampling frequency, passband and cut-

off frequency. The passband frequency is the frequency for which the ampli-

tude is reduced by 1 dB. The cutoff frequency is the frequency for which the 

amplitude is reduced by 40 dB. The inputs that were given to MatLab are 

shown in Figure 27.  

 

 
Figure 27: The values that were entered into the Matlab filter designer. 
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The filter order is set to minimum order to minimize the number of coeffi-

cients needed. The cutoff frequency was chosen to be 3 Hz, since the fre-

quency of braking is small which was shown by the signal decomposition. 

Figure 28 shows the magnitude vs. frequency response of the filter, the mag-

nitude is -1 dB for 0.8 Hz and -40 dB for 3 Hz, which was given as inputs to 

the filter designer. Figure 29 shows the amplitude of the output signal when 

an impulse is given as an input to the filter. The impulse response is a relevant 

characteristic since riding up or down a curb can be thought as an impulse, 

upon which the input (sensor reading) changes quickly for a brief moment. 

The impulse input function is shown in equation 9 [58]. 
 𝛿(𝑛) = {

1, 𝑛 = 0
0, 𝑛 ≠ 0

 
(9) 

Figure 30 shows the filter response to a step input. The step input is a rele-

vant characteristic of the filter since the sensor output caused by braking is 

similar to a step input. Since the deceleration increases quickly when braking 

and is nonzero until the desired velocity is reached. It is important that the 

filter responds fast enough to a step input, since if the brake light activates 

too slowly its safety benefits are diminished. The expression for a step input 

is shown in equation 10. 
 

𝑦(𝑛) = {
0, 𝑛 = 0
1, 𝑛 > 0

 

 

(10) 

 

 
Figure 28: Magnitude response of the designed filter. The filter reduces the 

output of higher frequency signals. 
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Figure 29: The impulse response of the filter. The amplitude of the input is 1 

and the maximum amplitude of the response is under 0.012. Thus, fast im-

pulses like riding over a curb should not trigger the brake light when the de-

signed filter is applied. 

 

 
Figure 30: The filter response to a step input. It takes the filter approximately 

0.75 seconds to reach an amplitude of 1. 

 

It is important to note that there are some features of the filter that are mu-

tually exclusive. For example, the step response cannot be fast if the ampli-

tude of the impulse response needs to be small. The initial values presented 

will therefore be used and testing will be conducted to determine if the pa-

rameters need to be changed. Matlab gives the coefficients a and b values for 

the presented filter. These are the coefficients that will be used in the Arduino 

code. 
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4.4.2 Filter implementation 

 

The code of the second version is similar to that of the first. The only major 

changes is to the filtering of the sensor readings. Also, the sensor readings 

are now in units of the gravitational constant g. This was done by turning the 

sensor so that the x- and z-axis output 0 and the gravity is only acting on the 

y-axis. The mean was then calculated of the outputted variables over 10 sec-

onds. The sensor outputs are then divided by the mean value so that when 

the ratio is 1, the acceleration is 1 g or 9.81 m/s^2. The coefficients produced 

by the matlab filter designer are stored in two different arrays. 

 

 
Figure 31: The coefficients generated by the Matlab filter designer are stored 

into arrays. 

 

These arrays are used in order to calculate the filtered output. The section of 

code that performs the filtering of the sensor values and calculations of the 

forward acceleration (y-axis) are shown in Figure 32. 

 
Figure 32: The section of code that performs the filtering and calculates the 

forward acceleration. The event.acceleration variable is divided by the 

mean output of the sensor when the sensor is subjected to 1 g along the y-

axis. 
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4.4.3 Simulation of the second version 

 

The second version was tested with a different method than the first version. 

The microcontroller was used to gather raw acceleration data from the accel-

eration sensor. This data was then transferred to matlab where the discrete 

time samples were used in a matlab versions of the Arduino code. This allows 

for better visualization of the effects of the filter and allows the filter param-

eters to be changed quicker. The gravity low-pass filter was also changed to a 

low-pass filter generated by matlab, making the adjusting of the cutoff fre-

quency more intuitive. 

 

The data was gathered on an asphalt road with occasional bumps. The raw 

data gathered is shown in Figure 33 for the y-axis and in Figure 34 for the z-

axis. The initial acceleration is non-zero, which is cause by the starting posi-

tion of the sensor, which was not level with the road. The filter should how-

ever be able to recognize this fact and take the tilt into account and eliminate 

the acceleration caused by the gravity from the final value. 

 

 
Figure 33. The raw data, acceleration (in gs) vs. sample number. 
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Figure 34. Raw acceleration data for the z-axis vs. sample number.  

 

 

The filtering of the random noise was successful using the two filters and the 

resulting output is shown in Figure 35.  However, the gravity component is 

not removed from the start. This means that if a value for the y-deceleration 

would be set the brake light would activate in the start due to the gravity com-

ponent even though the accelerometer is at rest initially. However, this only 

occurs during the first few seconds after the brake light is turned on. The so-

lution for this problem was not solved in this thesis and thus the brake light 

might have some false positives in the start. 

 

 
Figure 35. The filtered output. The gravity component is removed from the y-

axis sensor readings. The distinct peaks are due to braking. 

 

 

4.4.4 Testing of the second version 

 

 

The testing of the second version after the optimization of the filter parame-

ters yielded the best results thus far. The brake light did not activate due to 

cracks or bumps in the road and was sensitive enough to detect actual 
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braking. Thus, it is concluded that the brake light has reached adequate per-

formance for the scope of this thesis. However, the brake light needs to com-

ply to country specific standards before being sold. These tests need to be 

more scientific and a machine that can apply an exact deceleration needs to 

be built. However, the development of such a test machine is beyond the 

scope of the thesis. 
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5 Discussion 
 

This thesis started by presenting the rapidly growing segment of the bicycle 

industry, the e-bike. The definition, regulation and components were pre-

sented. The components that were presented were the drive unit, battery and 

the head unit. In the next section the different e-bike trends were analysed. 

The focus on e-bike trends gave a picture of what is expected from e-bikes 

and e-bike components. It is apparent that there is a strong focus on provid-

ing features that use IoT technology and integration of sensors. Cargo bikes 

is also a growing segment of the e-bike industry, which addresses the chal-

lenge of transporting various heavy loads which is not possible with conven-

tional bicycles. Furthermore, some research indicated that deliveries per-

formed in densely populated urban areas were faster with cargo bikes than 

that of deliveries by cars. There is also new legislation in multiple European 

cities that does not allow combustion engine vehicles in the certain areas, 

which makes cargo bikes an attractive alternative.  The e-bike manufacturers 

are also focusing on integrating components into the e-bike to maintain the 

conventional bicycle profile, despite having more components. Typical com-

ponents that were integrated into the bike were batteries, drive units and 

lights.  

 

The master’s thesis also included a case study, which goal was to determine 

if it is possible to develop a brake light that utilizes an acceleration sensor 

instead of mechanical input.  The purpose of the brake light is to increase the 

safety of the cyclist by avoiding accidents. The brake light used an accelera-

tion sensor, that detected the deceleration of the bike, and a microcontroller 

that controlled the electronics. A test platform that held the light and the 

electronics was developed and attached to the handlebar of the bike, this en-

abled the tester to observe when the brake light activated and determine if 

the system is too sensitive to small impulses or if it was not sensitive enough 

and not detecting actual braking. 

The development was an iterative process which produced two different ver-

sions. The first version did not contain any sophisticated filtering and thus 

was not able to reject impulses caused by bumps in the road or curbs. Thus, 

more advanced digital filtering was utilized for the second version. The sec-

ond version used an infinite impulse filter which was generated in matlab for 

the frequencies that were detected in the signal decomposition that was per-

formed. The filter behaviour was also analysed in matlab before practical 

testing, which simplified the selection of filter parameters and thus reduced 

actual testing time significantly compared to the first version. The second 

version also had greater success in isolating the gravity of the earth from the 

readings, and thus, was not disturbed by incline of the road as much as the 

first version. The thesis did not evaluate how mechanical filtering (shock ab-

sorbers and suspension) would affect the brake light function. Most likely 
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better mechanical filtering would yield better function of the brake light and 

should be considered in the future. There were however some trade-offs 

when developing a digital filter that rejects the impulses of bumps and curbs. 

For example, if the user were to brake in an impulse like manner, only tap-

ping the brakes, the system would not detect this as the user braking. Despite 

this, it can be concluded that most braking scenarios can be detected by the 

light and thus the overall safety of the cyclist can be improved by utilizing the 

code and filters developed in this master’s thesis. Thus, the conclusion of the 

research question is that it is possible to develop a brake light that utilizes an 

acceleration sensor.  

 

The version utilizing an acceleration sensor can however never compete with 

a mechanical input in terms of function. This is because of the mechanical 

version being able to also signal intent to brake and impulses. The mechani-

cal version also inherently ignores disturbances like bumps and change in 

incline. However, to develop this type of system the brake lever would have 

to be involved in one way or another. This is currently out of Herrmans bike 

components area of expertise and a mechanical system was therefore not de-

veloped in this thesis. The mechanical system is however undoubtedly the 

superior method in terms of function, and therefore a cheap brake lever in-

tegrated system would have huge potential and should be the subject of fur-

ther research on the brake light topic. 
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