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Abstract 

Electric scooters are gaining popularity as a means of transportation, especially due to their 
extensive usage by dockless rental companies. In the past, the Research Unit of Technical 
Dynamics and Vehicle System Dynamics of TU Wien has been studying the dynamics of 
e-scooters, particularly focusing on vehicle safety, and has identifed signifcant potential for 
improvement, especially for braking manoeuvres. 

Following these studies, it was deemed reasonable to aim for a brake assistance system 
specially confgured for e-scooters, in order to improve their braking performance and braking 
stability. This was the starting point of this thesis, which will be specifcally about the 
practical hardware realization of such a system to enable further research, while the related 
control strategies are the focus of an accompanying thesis. 

Initially, the difculties with braking identifed by previous studies were concluded, followed 
by a careful identifcation of objectives and requirements for the actual assistance system. 
The goal is to create a system capable of assisting any rider, regardless of stature, strength, 
or driving experience, and dynamically adapting to external circumstances, such as road 
grip or the standing position of the rider on the footboard. The system should require only 
a single manual input from the rider, leaving them with the task of basically requesting a 
deceleration, while modulation and distribution of braking force to the front and rear wheel 
of the e-scooter is managed by the system itself to improve braking stability and safety. 

Subsequently, systematic research was conducted to identify diferent possible solutions to 
the identifed tasks, in order to efectively select a well-considered fnal concept. The working 
principles of potential solutions were also thoroughly analyzed from a technical point of view 
to solidly justify decisions during the development process. 

The fnal system is a brake-by-wire system. It detects the operation of a single brake lever 
on the handlebar and after the control unit processes data from surrounding sensors, accord-
ing to the chosen control strategy, activates electric actuators that engage two independent 
hydraulic disc brake systems. This thesis further deals with the practical realization of the 
chosen concept’s prototype, including e-scooter, braking system of the front and rear wheel 
and secondary components such as wheel speed sensors. Equally important is the develop-
ment and implementation of a system capable of determining the rider’s mass and position 
on the footboard, which are crucial parameters for selecting the required total braking force 
as well as the optimal brake distribution. 

Finally, the system ready for testing is presented as a whole, including an analysis of the 
achieved results and prospects for future steps in the project. 
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1 Introduction 

Micro-mobility, involving short-distance urban travel, ofers convenient and sustainable “frst 
and last mile” options. Its attractiveness stems from fexibility, cost-efectiveness, and user-
friendly characteristics [1], and, under the right circumstances, sustainability [2]. E-scooters, 
propelled by the global expansion of dockless e-mobility sharing services, have played a crucial 
role in the recent growth of micro-mobility. Worldwide e-scooter users went from 10 million 
in 2018 to 77 million in 2022, and projections indicate continued growth to 110 million users 
by 2025 [3]. This extensive growth has sparked numerous concerns, prominently focusing on 
problems like irresponsible rider behaviour, vandalism, riding space limitations, and, most 
notably, safety issues [4]. Considering that many riders through micro-mobility rental services 
are very inexperienced, it’s not surprising that the number of accidents has been steadily 
increasing [5] This fact underscores the need for a more in-depth study of these “new” means 
of transportation. 

1.1 Motivation and objectives 

The research unit of Technical Dynamics and Vehicle System Dynamics of the TU Wien has 
been addressing the dynamic behaviour of e-scooters in the past, studying their handling 
characteristics, creating models, and conducting practical tests to validate them. Studies 
especially on stability (in straight-line and steady-state cornering), steering behaviour, as 
well as braking behaviour, were carried out, providing signifcant and interesting results [6, 
7]. While the stability properties were shown to be very similar to those of a bicycle, with 
self-stable behaviour at standard speeds, the emergency braking manoeuvre was shown to be 
critical, especially for inexperienced riders [8]. In other words, braking was identifed as the 
frst and most important aspect to address in order to improve e-scooter safety. 

In the studies mentioned above, it was found that safety issues are not primarily attributed 
to the brake system itself, but rather to the rider’s skills. It was demonstrated that high de-
celeration rates are indeed possible when necessary, but require appropriate body motion 
moving the centre of gravity to the rear and a well-distributed braking force on both wheels, 
to avoid wheel skidding or overturning. However, given that most e-scooter riders are occa-
sional users of e-mobility sharing services, a need for an assistance system that enables also 
inexperienced riders to come to a stop quickly and safely was recognized. 

For these reasons, the research unit of TU Wien decided to develop a brake assistance 
system to address the entire braking difculties with clear objectives in mind. These are the 
ability to adapt to any rider and help limit and distribute the braking force efciently. The 
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1 Introduction 

goal is to have only a single brake lever, allowing the rider to set the desired deceleration, 
while leaving the task of adjusting an appropriate brake distribution to the assistance system, 
to enhance control and safety during the ride. This includes preventing wheel skidding and 
rear wheel lifting, as well as providing the rider with optimal vehicle control at all times. 

A thorough literature research has been conducted to assess existing solutions or potential 
future approaches to improve e-scooter braking safety, but unfortunately, the research had 
limited success. Braking assistance systems like anti-lock braking systems (ABS) or combined 
braking systems (CBS) have been present on motorcycles for decades, but only in recent years 
have they begun to appear on bicycles, especially thanks to the growing popularity of e-bikes 
and s-pedelecs. The presence of big accumulators in these vehicles, a feature shared with 
e-scooters, makes it inherently easier to introduce active braking assistance systems. It is 
not surprising, though, given the limited sources attesting to the study of electric scooter 
dynamics, that these measures have not been implemented on e-scooters yet. 

For this reason, given that assistance brake systems already exist on other vehicles and 
many of their components are already available, it was decided to create a system specifcally 
adapted to electric scooters. The system should be capable of adapting to a wide range 
of driving conditions and detecting the current riding situation through various mounted 
sensors, including current speed and acceleration, road friction coefcient, wheel speed, or 
rider centre of gravity position. 

Developing such a system is a complex and comprehensive process, and this thesis, in par-
ticular, represents several steps towards these goals, which are the development of a working 
prototype of the brake assistance system realized on an actual e-scooter. In parallel and 
subsequent works of TU Wien, control aspects for this system will be addressed. In this 
thesis, the braking problem will be frst analyzed in more detail, and then the process used to 
select the best solution will be explained. Following this, an explanation of how this concept 
was realized in real life and prepared for further studies on e-scooter braking safety will be 
provided. 

Many solutions were analyzed to achieve these goals, and the fnal concept identifed was 
a brake-by-wire system. This system measures the rider’s braking input and converts it into 
an electric signal, which is then processed by the control unit along with data from sensors 
mounted on the vehicle. Depending on the detected driving conditions and the chosen braking 
strategy, the control unit electronically sets the braking torques on each wheel. This enables 
a highly fexible and independent use of both brakes, along with easily customizable brake 
actuation. 

1.2 Thesis structure 

Chapter 2 presents a literature review, where, due to the limited research on e-scooters, 
also works related to bicycles or, in some cases, motorcycles have been considered. The 
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fundamental sources used during this work are listed, ordered by themes, and their role in 
this project are explained. 

Chapter 3 ofers technical analyses and explanations of the physical principles behind the 
functioning of this braking system. In particular, e-scooter braking dynamics were sum-

marized, which was necessary to gain background knowledge about this topic and make 
well-considered decisions during the development phase. The chapter includes detailed cal-
culations of expected braking decelerations, forces and pressures and explanations of the 
working principles of the implemented components. Additionally, considerations based on 
the results obtained are provided to further upgrade understanding. 

Chapter 4 deals with the key step of this work, namely the conceptualization of the fnal 
prototype. The systematic development process, starting from the initial requirements and 
ending with the fnal concept choice, is explained. Examples of alternative solutions evaluated 
and the reasons why they were eventually discarded are discussed here. 

Chapter 5 addresses the realization and implementation of the braking system and the 
other systems necessary to make it work. First, it is explained how the theoretical concept 
developed in the previous chapter is concretely realized, and then the same is done for the 
surrounding systems, such as electronics or measurement systems. An overall picture of the 
vehicle and how all the developed and implemented systems work together is provided. 

Chapter 6 presents concluding remarks of the project, including both personal refections 
and technical refections. Additionally, this chapter provides some predictions and recom-

mendations for future works regarding this topic. 
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2 Literature review 

This chapter provides an overview of the literature sources gathered and utilized throughout 
this master thesis and will be frequently referenced in the upcoming chapters. As of the 
current date, there hasn’t been extensive research on electric scooters, given their relatively 
recent popularity growth. Based on the available fndings, no braking assistance system has 
been developed for e-scooters yet. These are the reasons why this work frequently references 
literature on bicycles or motorcycles. 

2.1 E-scooter braking dynamics 

The little research on this kind of vehicle regards mostly the studies on the vehicle dynamics. 
Until now, only a couple of studies [9, 10] were conducted outside of those already mentioned 
from TU Wien [6–8]. Paudel [10] analyzes the scooter design and dynamics from a safety 
point of view, evaluating self-stability, handling and braking, also giving precious advice for 
future design improvements of the vehicle’s geometry to improve self-stability. Garman [9], 
on the other side, investigates the rider-scooter interaction and its impact on vehicle control, 
coming to similar conclusions as the TU Wien studies regarding the infuence of the rider 
position on braking performance. It was shown that, with the rider being signifcantly heavier 
than the vehicle itself, the riding style and the positioning on the footboard have a drastic 
impact on the stopping distance. 

In this work, a simple model was used to analyze the e-scooter braking behaviour, as done 
by the previous TU Wien studies [6–8]. This simple model is the same as the one used by 
Cossalter [11], which, although initially designed for motorcycles, can be used for e-scooters 
as well and is suitable in describing the optimal brake force distribution between front and 
rear wheel, just taking the main factors, such as tyre–road friction coefcient, rider centre 
of gravity position, and current deceleration into account. Other papers containing simple 
bicycle models are [12] and [13]. 

There are also works that use more complete and complex models, as presented in [14]. This 
study takes into account the drag, lift, and pitch aerodynamic coefcients and longitudinal 
wheel slip, and implements the “magic” formula of [15]. In this research, optimal motorcycle 
braking for racing motorcycles is analyzed, which, like e-scooters, share the characteristic of 
overturning easily. Thanks to this work, all of these factors and their impacts were carefully 
assessed and evaluated to ensure that the assumptions made to simplify the system were 
well-founded. Specifcally, tyre modeling will hold a crucial role in the upcoming projects 
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aimed at optimizing braking strategies, as elaborated in the parallel work of TU Wien by 
Matthias Riedl [16]. Also [17] displays a good example of how to fnd the braking limit of 
a racing motorcycle. A simpler yet interesting braking analysis of bicycles is carried out 
by [13], highlighting the main issues and dangers as wheel skidding and overturning, and 
proposing some potential improvements for vehicle safety, such as less powerful rear brakes 
or an anti-lock brake system. 

2.2 Braking assistance systems 

Braking assistance systems are common in motorized vehicles. However, despite decades of 
development and utilization in the motorcycle industry, their introduction to bicycles had to 
wait considerably, with the frst appearance of commercial e-bike ABS such as those from 
Bosch [18] and Blubrake [19] only in recent years. 

Such systems already exist on lightweight motorcycles, and some were checked to see if 
they could be adapted to e-scooters. The results show two interesting solutions, where two 
prototypes of electro-hydraulic pressure modulators are used. The frst is a simple and com-

pact construction, where the movement of the electric motor can decouple the brake lever 
from the brake caliper and actively modulate the fuid pressure by changing the volume of a 
connected chamber [20]. This way the driver does not feel the pressure modulation on the 
lever blade. The second modulator [21] operates on a very similar principle, but this time 
it incorporates additional valves to re-balance the pressure and safety check valves in the 
event of a power failure. This paper also shows an intelligent brake pressure control logic 
especially developed for this system. An alternative concept to the classical ABS principle 
is [22], which created a compact combined brake system for light scooters with cable brakes 
using a mechanical balance bar with a delay spring. 

Also, several bicycle ABS projects can be found in scientifc literature; the frst one [23] 
is about research conducted in collaboration with Bosch, presenting the results of tests on 
bicycles equipped with an adapted motorcycle ABS. Braking tests are carried out frst un-
manned1 , then with a rider, and fnally compared. The goal of preventing front wheel lockup 
and overturning is ultimately achieved, as extensively explained in the following PhD-thesis 
[24]. This work provides a comprehensive overview of the product’s development phases and 
ofers valuable information on the components and characteristics of hydraulic braking sys-
tems or the sensors used. The second one [25] explains the development of an ABS system 
and focuses mainly on its control strategies. More details about the construction and working 
principle of the systems can be found in the patents that followed this publication [26][27]. 
The system is very compact, with just a front wheel encoder2 , an electronic control unit, and 
an electronic braking actuator (a modifed electrohydrostatic actuator). It is designed to be 
integrated only into the front brake line on any already existing hydraulic braking system, 
as the front wheel plays the most crucial role in hard braking. This research supported by 

1with a dummy instead of the rider and with an electric motor pulling the brake lever 
the above mentioned Bosch model needs also a second one on the rear wheel 
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Blubrake is interesting, especially knowing that in the years following its publication, the 
fnal product is proving to be valid and competitive in the market, especially for e-mountain 
bikes [28]. 

Other sources about bicycle braking assistance systems are experiments that try to prove 
the efectiveness of such systems with the purpose of research. One is from [12], and shows 
the integration of a motorcycle ABS on a bike. This paper is also helpful for the well-
explained modeling of the bike and the control strategy, based upon three diferent pressure 
phases, increase–hold–decrease. An unconventional solution for cable brakes is presented in 
[29], modulating the braking forces by actively changing the length of brake cables with a 
pneumatic cylinder. 

One last project is considered here, which describes a hydraulic brake proportioning system 
[30]. This solution, very diferent from the ones listed above, shows the possibility of splitting 
the braking lines of a single brake lever and proportioning the pressure between the front and 
the rear in order to improve braking performance. The key component is an automotive 
proportional valve, which, starting from a settable pressure, adjusts the pressure in the 
front and rear brakes according to a fxed proportionality factor. This setup demonstrates 
signifcant potential to enhance braking performance, allowing higher braking forces on the 
more critical front wheel and lower forces on the rear wheel, avoiding unnecessary rear lock-
ups. However, no anti-lock or anti-overturning solutions are presented in this work. 

2.3 Brake-by-wire systems 

The fnal concept for the project is a brake-by-wire system, which is the reason why several 
existing examples are examined and considered. Very helpful is the review [31] to understand 
the current state of the art of brake-by-wire systems, as well as the most relevant ongoing 
research about the topic, listing the newest and most relevant research papers from ABS to 
brake-by-wire solutions. Also [32] provides a comprehensive and general overview of electronic 
braking systems. 

An excellent example to understand the basic functioning of brake-by-wire systems for 
motorcycles is presented in [33], see Figure 2.1. Here, the main components and operating 
principles are shown. The system, specifcally, uses an adaptive non-linear cascade architec-
ture, meaning there are two loops (the inner for the position and the outer for the pressure) 
with a model identifcation for each loop. Using these models, the pressure controller tries to 
invert the nonlinear piston position-–brake pressure relationship and an estimation algorithm 
guesses the temperature and brake pad wear, factors that infuence heavily the non-linearities. 
Further details about this research can be found in a prior paper, [34]. Here the research 
focuses on the modeling of the electric and mechanical system, on the actuator friction iden-
tifcation and compensation, on the open-loop identifcation of the linear behaviour of the 
braking system as well as on the pressure control. 
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Figure 2.1: Schematic representation of the brake-by-wire system from Todeschini [33] 

A similar system with a hybrid force- and position-control strategy was proposed and devel-
oped in [35], showing an interesting method of combining the advantages of these two control 
methods. The way this kind of control deals with the system’s non-linearity is explained in 
[36]. Additional contributions to this topic are [37] and [38]. 

A further similar example is presented by [39], but this time for a passenger car. Here 
a motion control architecture with cascaded force, speed, and current control loops is im-

plemented. The process of dealing with the non-linearities of the system with a cascaded 
control is well documented and suggestions for future improvements, such as a feed-forward 
compensation of the load-dependent friction force based on an accurate friction model are 
made. Another relevant research in the automotive feld is [40]. In this paper, analogue to 
the sources mentioned above, the mechanical confguration is shown at frst, and then the 
pressure control becomes the main topic of the research. The research goes very deep into de-
tail, containing interesting inputs about the brake pressure–piston position curve estimation 
and various control algorithms to obtain a better dynamic performance. 

A signifcant question in the development phase of the actual thesis is the pressure control 
in the brake lines. The work [41] is very helpful in the matter because it thoroughly compares 
position- and force-control in a hydraulic cylinder. Although the paper does not specifcally 
address braking systems, many insights from it can still be applied to this thesis. An example 
for the estimation of the brake clamping force and a way to control it with an electric motor 
is available in [42]. 

2.4 Estimation of rider mass and centre of gravity position 

As explained in [11], to fnd the optimal brake balance, knowing the vertical loads on the 
front and rear tyres is essential. However, since directly measuring these loads is complex 
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and requires additional sensors (see Section 3.4), this task can be replaced by an estimation 
of mass and total centre of mass position. This is an efective solution because it requires 
less hardware to be implemented on vehicles (compared to the solution presented in 5.4) and 
could therefore be also suitable for large-scale applications. The following sources will provide 
basic examples of how this estimation algorithm is supposed to work. 

A good example of how a rider’s mass can be estimated without directly measuring the 
weight can be seen in [43], where black and grey box approaches are demonstrated. For the 
grey box approach, the mass estimation occurs every time the rider demands full power with 
the throttle. To detect the full power request, an additional end-of-stroke sensor is needed. 
From the known maximum power of the motors and the measured acceleration and speed, 
one can directly compute the rider’s mass by rearranging the longitudinal power balance 
equation. As for the black box approach presented, even fewer sensors are needed. The 
prediction relies on an analysis of the vertical acceleration. This has the advantage of being 
able to predict the mass in real-time but is not as accurate, as it can only reliably provide a 
range for the rider’s mass. 

Since the brake assistance system will also require, besides the mass, the (potentially) time-

varying rider’s position, an approach where the two quantities are simultaneously estimated 
has to be considered. This topic is explained in [44], where the mass (a constant quantity) of 
a heavy-duty vehicle is simultaneously estimated with the road grade (a dynamic quantity). 
The entire process is well illustrated, from justifying the model-based approach (instead of 
sensor-based) to the modeling and followed by the main part, the estimation. A recursive 
least square method with forgetting is used. Multiple forgetting, instead of single forgetting, 
is shown to work better, considering the diferent change rates of mass and road grade. 
However, no proof of convergence is provided. 

A comparable study on simultaneous mass and grade estimation is presented in [45], where 
two algorithms are proposed. The frst employs an observer, while the second utilizes a 
recursive least-square method with forgetting vectors, similar to the example above. 

As will be explained in the following chapters (further details in Sections 3.4 and 5.4), no 
estimation will be employed at the project’s outset. Instead, a force-sensing mechanism was 
developed to provide this data, while this type of algorithm will be developed and refned in 
a future work within this project. 

2.5 Brake system dimensioning 

A challenging aspect of the design phase in this thesis is correctly sizing the brake system, 
particularly given the limited space available on the electric scooter. For this reason, reference 
has been made to numerous publications on bicycle brake dimensioning, due to the absence 
of specifc literature for e-scooters. 

One of the most delicate tasks is creating a realistic model of the hydraulic disc braking 
system. In this instance, the research articles [13], [46], and [47] prove helpful, with the latter 
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also providing a detailed description of all main components of bicycle hydraulic disc brake 
systems. Additionally, the research by [48] is noteworthy, as it worked on a simulation model 
of a hydraulic braking system of a passenger car to identify crucial design parameters. 

Estimating the physical force exerted by the human rider’s inputs and the physical limits 
of common hydraulic bicycle brake systems has also proven to be a demanding task, and the 
related information can be found in [46], [24], and [49]. In particular, the paper [50] has been 
used for the fnal calculations as it provides precise measurements of all the components of 
the Magura MT4 braking system – the same system utilized in this project. It also ofers 
good and concrete examples of the interdependence of brake pressure and volume absorption 
and a comparison between real-life and simulated data. The articles [51] and [52] also provide 
interesting insights into the most common mountain-bike hydraulic disc braking systems. 

2.6 Further literature 

A book that will be referenced multiple times and addresses various topics related to vehicle 
braking is [53]. Even though it focuses on braking systems for automobiles, it contains much 
knowledge and useful information that can be also applied to this subject. Additionally, 
research on the modeling and development of hydraulic components for braking systems 
is well covered in [54]. During the development phases, the study [55], which deals with 
bicycle braking analysis, has also been consulted. Various braking manoeuvres in diferent 
situations, alternating between front and rear wheel braking, are analyzed for performance. 
The conclusions drawn from this research can be highly benefcial in interpreting data and 
adapting results to the feld of e-scooters. 

Another key paper that helped improve the ergonomics, rider friendliness, and safety of the 
fnal vehicle is [56]. This is mainly a safety analysis of commonly used rental e-scooters with 
a few decisive conclusions that have been incorporated into this project’s designs. A major 
example is the placement of the brake lever in the optimal position for the most natural, 
instinctive, and fast actuation possible. 

Before entering the design phase, to ensure a more systematic, rational, and efcient ap-
proach, reference was made to the standard VDI 2221 [57, 58]. It covers all phases and ofers 
numerous examples of product design processes that can be used as inspiration or directly 
adapted to almost any product–or prototype in this case–design project. 
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This chapter does not aim to explain braking and vehicle dynamics characteristics of e-
scooters but rather focuses on analyzing the technical aspects that turned out to be crucial 
for the development phase of the brake assistance system. A more exhaustive and in-depth 
analysis of electric scooter dynamics will be found in the parallel work by Matthias Riedl 
[16]. His work is centred on developing a multi-body model of the vehicle, tyre modeling, 
and formulating (optimal) braking strategies for implementation on the e-scooter once this 
thesis is concluded. 

3.1 E-scooter model for braking dynamics 

First, one needs to understand the fundamentals of the vehicle’s behaviour during braking 
manoeuvres. For this purpose, the model utilized in prior projects by Klinger [6], which is 
based on Cossalter [11], was utilized and slightly extended for this project’s needs, including 
also a model to compute the forces acting within of the braking system. 

Multiple assumptions and simplifcations make this model suitable in this regard. The 
primary assumption is only considering straight-line driving manoeuvres. This allows the use 
of a much simpler planar model, neglecting all lateral forces and motions. Furthermore, the 
road gradient is also disregarded, as most e-scooters are predominantly used in urban areas 

Figure 3.1: Model of the combination e-scooter–rider and the forces acting on the braked 
wheel. Forces normal to the shown plane as the clamping forces are not depicted 
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where roads tend to be relatively fat. 
The tyre–road contact is intentionally simplifed: the longitudinal and normal contact 

forces are assumed to be known, and the ratio between the two has to be below the maximal 
tyre–road friction coefcient. The same principle is applied to the interaction between brake 
pads and brake discs, utilizing experimental values for the friction coefcient while neglecting 
the size and shape of the contact patch and the infuence of temperature changes. Finally, 
the infuence of rolling and aerodynamic resistance is disregarded. 

The combined vehicle-rider system is simplifed and reduced to a single ideal rigid body, 
with the rotational efects of the (small) wheels neglected. To predict and model the rider, 
prior works utilized a Hanavan model [59], a mathematical representation of the human 
body. It was useful to fnd out the mass and centre of gravity position of the three exemplary 
riders’ physiques to be considered in the computations. The smallest and lightest rider was 
identifed as the 5th percentile, the average rider as the 50th and the biggest and heaviest as 
the 95th percentile. This, combined with geometric data of the scooter Xiaomi MI M365 taken 
from [7], enabled the determination of the total mass and centre of gravity of the combined 
vehicle–rider system. All the data is available in Table 3.1. 

Rider and e-scooter parameters Abbrev. Value Dim. 
Combined mass with 5th perc. M5 76, 43 kg 
Combined cog height with 5th perc. h5 923, 64 mm 
Combined mass with 50th perc. M50 89, 76 kg 
Combined cog height with 50th perc. h50 999, 52 mm 
Combined mass with 95th perc. M95 106, 41 kg 
Combined cog height with 95th perc. h95 1078, 55 mm 
Wheelbase L 830 mm 
Friction coefcient brake pad-brake disc [50] µd 0, 51 -

Radius Wheel R 108 mm 
Radius Brake disc r 47 mm 

Variables Abbrev. Range Dim. 
Combined cog horizontal position b 173 ≤ b ≤ 613 mm 
Brake balance ρ 0 ≤ ρ ≤ 1 -

Friction coefcient tyre–road µr 0, 4 ≤ µr ≤ 1 -

Table 3.1: The parameters used in the computations in the design phase 

3.1.1 Equations of motion 

As one can see in Table 3.1 and Figure 3.1, the essential parameters include geometric pa-
rameters such as wheelbase (L = a + b), the centre of gravity position (h and b), and total 
mass (M). During the design phase, the centre of gravity position was identifed as the most 
critical parameter and was varied to identify critical scenarios, as thoroughly explained in 
Section 3.3. Additionally, brake balance ρ was introduced as a variable to enable the model’s 
utilization in examining the efects of various braking strategies on the system. Furthermore, 
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the friction coefcient between the road and the tyre was varied between the highest and 
lowest values used in [6], to analyze the behaviour under high and low grip conditions. To 
ensure the braking system’s performance for all riders, computations were also conducted 
for individuals of smaller (5th percentile) and larger (95th percentile) statures, thanks to the 
Hanavan model. All parameters and variables used in the computations are summarized in 
Table 3.11 . 

The general approach is similar to Cossalter’s, involving the computation of the normal 
forces on the tyres during a deceleration process. Assuming the rider is applying brake force 
to both wheels and the vehicle is not overturning, one can look at the equation of motion 
and also derive a formulation for each normal force: 

Mẍ = S1 + S2 , 
b h 

N1 = Mg + Mẍ , (3.1)a + b a + b 
a h 

N2 = Mg − Mẍ . 
a + b a + b 

From this formulation, the load shifts towards the front wheel during braking manoeuvres 
can be clearly explained. Additionally, the point at which the rear wheel starts to lift can be 
computed by determining the acceleration at which N2 becomes zero: 

a 
ẍ lift = g . (3.2)

h 

This represents the frst physical limit that cannot be exceeded. Another signifcant one is 
the point at which the wheels start to lock up. This is primarily dependent on two factors: 
the normal force between the tyre and the ground and the current deceleration. The limit 
is defned as the tyre-road friction coefcient µr,max, while the actual ratio is called braking 
force coefcient, as illustrated in the following equation: 

S1 
µ1 = < µr,max ,

N1 (3.3)
S2 

µ2 = < µr,max . 
N2 

An important variable intentionally introduced to study the behaviour of e-scooters in 
various confgurations and with diferent braking strategies is the brake balance. This is 
simply the ratio between the rear longitudinal tyre force and the sum of the total front and 
rear frorce, meaning ρ = 0 if only the front brake is active and ρ = 1 if only the rear is active. 

S2 S2
ρ = = (3.4)

S1 + S2 Mẍ 

From Equations 3.3, one can observe that the maximum longitudinal braking force is 
constrained by the road grip (assumed constant) and the normal force on each wheel, which 

1All data without notation is from the works of Klinger [6] and Vögl [7] 
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can vary with the mass and position of the driver and the deceleration rate (see Equations 
3.1). Consequently, the maximum longitudinal brake force that can be exerted on each wheel 
is also afected by these parameters. Therefore, one must acknowledge that the full range of 
brake balance cannot always be physically achieved without the wheels skidding. 

Cossalter also identifes the ideal braking maneuver, as one that evenly distributes longi-
tudinal forces relative to the corresponding normal forces. This ensures that residual friction 
can be equally utilized to generate lateral forces on both wheels. Another advantage of this 
approach is that it enables both tires to reach their friction limit simultaneously, allowing the 
vehicle to achieve the maximum theoretical deceleration. In other words, the braking force 
coefcients µ1 and µ2 shown in Equation 3.3 should be equal. Assuming this, and that the 
friction limit is the same for both wheels, one can express the brake balance ρ considering 
this condition as follows: 

ẍ a − h 
ρideal = g 

. (3.5) 
a + b 

From this equation one can see that the ideal brake balance can range from the weight 
adistribution itself a+b with no deceleration, towards zero with increasing deceleration. This 

means the required braking force on the front has to increase with increasing deceleration. 
This can also be seen in Figure 3.2, where the ideal brake force distribution is visualized in 
three cases, difering the standing position of the rider. To to plot this non-linear curves the 
longitudinal brake forces of front and rear wheel are computed by rearranging Equation 3.4 
with respect of the condition of the ideal brake force distribution 3.5. 

Mg · b + h · Mẍ ẍ 
S1,ideal = · 

a + b g 
(3.6)

Mg · a − h · Mẍ ẍ 
S2,ideal = · 

a + b g 

Furthermore, in Figure 3.2, the braking forces and decelerations were normalized. In this 
plot, the maximum tire–ground friction coefcient µr,max is assumed to be sufciently high 
to prevent wheel skidding. If this was not the case, as deceleration increases, wheel skidding 
would occur before reaching the stoppie condition (ρideal = 0), limiting the possibility of 
achieving higher decelerations. It’s in these cases, that the rear brake plays an important 
role, as the rear normal force is still greater than zero, allowing the rear brake to contribute 
to stopping the vehicle. 

Figure 3.2 and the corresponding Equation 3.6 demonstrate the complexity and sensitivity 
of a rider’s task to maintain optimal braking force on each wheel, as these forces are diferent 
in every manoeuvre and continually change depending on current deceleration and standing 
position. More about the behavior of the brake system itself during such manoeuvres can be 
found in Section 3.3.1. 
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Figure 3.2: Ideal brake force distribution of diferent standing positions of the rider [60] 

To fully describe the vehicle braking and dimension the brake system correctly, one must 
also look at the forces acting inside the brake system. This is the reason why the required 
brake force on the brake disc to achieve the desired deceleration with a specifc driver mass, 
driver position, and brake balance were determined. The model used for this purpose can 
be seen in Figure 3.1 (right side), and the relationship between the longitudinal force on the 
tyre and the clamping force2 on the brake disc of each wheel is: 

1 R 1 
Fi,clamp = · Si · (3.7)

2 r µd 

3.1.2 Relevant braking scenarios 

With this model and these formulations, the braking of e-scooters can be comprehensively 
described taking the main factors into account. First, one can understand what level of 
deceleration is achievable, taking all the above-mentioned constraints into consideration. The 
maximal theoretical deceleration that can be reached with the heaviest and tallest driver (the 
95th percentile) turns out to be 5.98 m/s2 , with the rider standing all the way to the back 
(b = 173 mm) and assuming high grip levels (µr,max = 1). In this scenario, the limiting 
factor is the rear wheel lifting rather than the skidding of the wheels, which only occurs 
at much higher deceleration rates or at lower grip levels. However, under the exact same 
circumstances, if the driver moves to the centre of the footboard (b = 392 mm), the highest 
achievable deceleration before overturning is only 3.98 m/s2 , highlighting once again the 
signifcant infuence of the standing position on these vehicles. 

Looking at the literature, these computed decelerations seem higher than the most exper-
imental results. For example, [61] found that the average deceleration of an e-scooter during 
an emergency braking manoeuvre is between 2.4 and 3.8 m/s2 . For reference, the bicycle 
regulation in Austria defnes 4 m/s2 on a dry surface starting from 20 km/h as the minimal 

2The clamping force is acting from both sides on the disc normal to the shown plane in the same point where 
the tangential braking force acts on the brake disc. 
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deceleration for a vehicle to be allowed to drive on public roads [62]. But Klinger in [60] 
showed that, with appropriate body motion and good brake force application, higher decel-
erations (even slightly over 6 m/s2) can be reached if the road conditions allow it. Based on 
these fndings, it can be deduced that a deceleration of around 6 m/s2 represents a signifcant 
but still realistic magnitude, which, if reliably reachable with the brake assistance system, 
would confrm the system’s efectiveness. This deceleration was therefore taken as a target 
in the design phase to prove the system’s benefts. 

In this scenario, the driver is on the brink of overturning and can only brake with the front 
wheel (ρ = 0) as a result. The front brake of the vehicle must therefore be powerful enough 
to exert sufcient force to bring the whole vehicle and the rider, whose weight and size are 
above average, (being the 95th percentile) to a stop. Using the equations explained above, 
one can see that in this case, the clamping force must reach a magnitude of 1455 N. 

There are many e-scooters that rely on electric motor brakes to stop. However, knowing 
the decelerations that these vehicles should reach, one can easily rule out the use of just this 
kind of brake on common e-scooters. This is because if a scooter has to start braking from 
its maximum allowed speed of 25 km/h with its maximum allowed power of 600 W [63], it 
would only be able to achieve a deceleration of ẍ = 0.96 m/s2 for a 50th percentile driver, 
which is way too low to be considered safe. This explains why mechanical brakes were chosen 
for both wheels. 

3.2 Brake system forces 

3.2.1 Mechanical and hydraulic brakes 

Mechanical or cable-actuated brakes have been the standard for bicycles for a very long time. 
The brake lever on the handle pulls a steel cable that brings the brake pads in contact with 
the braking surface, which is usually either the wheel rim or a brake disc. E-scooters have 
much smaller wheels than bikes, which is why cable-actuated brakes are typically either in 
the form of drum brakes or disc brakes. Among these options, disc brakes represent a system 
more suitable for this project because of their high power and responsiveness. 

In disc brakes, the moving cable rotates a shaft that pushes the brake pads by turning its 
wedge-shaped end against sphere bearings in the housing. By taking the measurements of 
a common brake model3 , the ratio between the cable tension and the brake pads’ clamping 
force could be determined, which is around i = 24. This means that the clamping force 
acting on the brake disc is 24 times higher than the force needed by the rider to pull the lever 
blade. Additionally, since a common brake lever blade on the handlebar provides an extra 
mechanical advantage of around 3, the cable tension needed in such a brake system to achieve 
the target deceleration of 6 m/s2 is around 8 times smaller than the required clamping force, 
resulting in 180 N of cable tensile force and 60 N of grip force. 

3Model: Zoom DB680 
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Hydraulic brakes are commonly considered more efective and responsive than cable brakes 
and have the added advantage of being compatible with existing e-bike ABS systems. In this 
case, the mechanical advantage of the system doesn’t only come from the brake lever itself, 
but also from the advantageous ratio of areas of the actuated piston and brake caliper piston. 
This ratio is 4.07, while the mechanical advantage of the lever blade is 5.78 (see [50]), resulting 
in a total mechanical advantage of 23.5. Consequently, the rider needs to apply a force of 
61.5 N on the lever blade, while the force on the actuated caliper is 355 N, corresponding to 
42 bar of pressure in the system. 

3.2.2 Rider braking force 

One of the project’s goals is to make the vehicle suitable for a wide range of riders. The 
assistance system is required to assist everyone, including riders with smaller hands and 
lower grip forces, that are usually not able to operate the brakes with ease, but also very 
strong riders that can easily overbrake the vehicle. Some of the developed concepts, for the 
latter case, include the idea of having a system that works against excessive force applied by 
the rider. Quantifying the magnitude of the driver’s forces is thus necessary to dimension the 
system correctly. 

Literature sources found are about bicycle braking, which is appropriate since the braking 
system components of the two vehicles are often identical. In multiple emergency braking 
tests with diferent hydraulic braking systems performed by Kühnen et al. [51], it was ob-
served that the average grip force of a grown rider during a hard braking manoeuvre, while 
still maintaining control of the vehicle, is around 120 − 130 N. This order of magnitude is 
further supported by Maier’s research [50], where the maximal force that can be exerted in 
emergency situations is assumed to be 160 N. It’s worth noting that this force might be 
slightly higher because it assumes an emergency situation with a strong rider pulling the 
lever blade spontaneously with full force. Additionally, in Maier’s PhD-thesis [24], there is 
further evidence supporting this, demonstrating that hydraulic bicycle braking systems can 
achieve pressures up to 100 bar in emergency situations, corresponding to a grip force of 
around 150 N. 

3.2.3 Comparison and observations 

With grip forces on the order of magnitude of 150 N acting on the mechanical braking system 
of an e-scooter, it becomes evident that the cable tension exceeds the actually required level. 
Considering the mechanical advantage of the lever blade mentioned above, 150 N of grip 
force corresponds to 450 N on the cable, which signifcantly surpasses the necessary 180 N as 
calculated earlier. Similarly, for hydraulic braking systems, as mentioned previously, pressures 
up to 100 bar can be reached in emergency situations, indicating pressures that are more 
than twice the necessary value, as in Section 3.2 was calculated that 42 bar are theoretically 
sufcient for the signifcant target deceleration of 6 m/s2 . 
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However, there is a key diference between bicycles and e-scooters that cannot be forgotten: 
the ratio between the wheel and brake disc diameters. Brake discs for e-scooters are not much 
smaller than their bicycle counterparts, while the wheel sizes difer signifcantly. This means 
that e-scooters, with a R/r ratio (see Figure 3.1) approximately double to that of a bike, 
require only half the clamping force on the brake disc to achieve the same longitudinal force 
on the tyres (see Equation 3.7). This explains the sizing of the brake systems for bicycles. On 
the other hand, e-scooters are twice as sensitive due to the wheel size diference alone. This 
implies that the same magnitude of brake lever force on an e-scooter would lead to inevitable 
wheel locking or overturning. This highlights another reason why braking with e-scooters 
can be very delicate and requires a signifcant amount of skill and experience to operate at 
the limit. Consequently, the development of an assistance system capable of limiting braking 
force makes even more sense in light of this observation. 

This analysis reveals a signifcant diference between the strictly necessary braking force 
and the force a rider can exert on the system, with the latter being more than twice as large. 
Therefore, one can see that if a braking system is designed to compensate the entire force 
that a rider can apply4 , then it must be considerably more powerful than a system that only 
needs to generate the strictly required braking force (such as a brake-by-wire system). 

3.3 Braking system dynamics 

3.3.1 Ideal braking manoeuvre 

To design an efcient and efective braking system, one requires the understanding of the 
braking dynamics of the vehicle and rider as a whole, but also of the functionalities and 
dynamics of the braking system itself. To ensure that the fnal product can perform and 
deliver as intended, it is essential to comprehend the working principles of each component 
as well, in order to be able to design each one carefully. 

The reference braking scenario analyzed for this task was once again derived from the work 
of Cossalter and integrated with some insights from Lie [13], as shown in Section 3.1.1. 

The strategy is based on maintaining a constant braking force coefcient (see Equation 3.3) 
for the front and rear wheels. In other words, the ratio of the tyre’s normal forces between 
the front and rear determines the magnitude of the longitudinal forces acting on each tyre, 
which are proportional to the clamping force required on each brake disc. 

The efects of rider mass and standing position are shown in Figure 3.3. This fgure 
illustrates the change in braking pressure with increasing deceleration, clearly demonstrating 
the efects of load shift. The axes in the plots depict the corresponding braking pressure 
within the hydraulic braking system, computed as explained in Section 3.2.1, assuming the 
use of Magura MT4 hydraulic disc brakes. The left plot compares two diferent drivers – the 
lightest (5th percentile) and the heaviest (95th percentile) – both standing at the centre of 
4In a later stage of the design process it was decided that the widest possible range of brake balance has to 
be achievable at all times. 
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(a) Centre standing position, diferent riders (b) 50th percentile rider, varying standing position 

Figure 3.3: Brake force magnitude and distribution to keep the braking force coefcient of 
both wheels constant with increasing deceleration, µr = 1 

the footboard. On the other side, the right plot considers the average size of the Hanavan 
model (50th percentile) and compares three diferent standing positions: rider standing at 
the rear, in the centre, and at the front of the deck. 

It’s important to note that these plots were not used for system sizing (see Section 3.2 for 
that); they serve only to illustrate the basic mechanics of the braking manoeuvres and the 
braking system itself that will be encountered during the design process. 

Looking at both cases, the noticeable load shift towards the front has the clear efect of 
making the driver rely much more on the front brake with increasing deceleration, up to 
the critical point identifed as the highest-deceleration scenario in Section 3.1.2, where only 
the front brake can be used due to the rear wheel lift limit. It’s important to note that 
the diferent stature of the riders doesn’t afect the required brake pressure as much as the 
varying longitudinal standing position does. 

3.3.2 Technical requirements for the braking system 

This study underlines the importance of fnding a way to compute the mass and center of 
gravity position to realize this braking strategy. Various options will be compared in Section 
5.4, with the chosen solution being a force-sensing footboard capable of measuring the position 
of the rider standing on the deck. 

Another crucial aspect to determine to ensure optimal braking performance is the friction 
coefcient between the road and the tyres. Since it cannot be directly measured, utilizing 
longitudinal wheel slip is a potential solution that could be explored in the future. For this 
reason, wheel speed sensors will be implemented, as described in Section 5.6. An alternative 
approach that will be considered is the use of a wetness sensor, capable of detecting water 
on the road surface, which might lead to a reduced friction coefcient. 
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Another interesting observation from Figure 3.3 is that with this braking strategy, the 
brake balance ρ rarely exceeds 0.5, occurring only with low decelerations and when the rider 
is positioned all the way to the rear. Consequently, proportioning valves or proportioning 
elements will always be placed on the rear brake line in the developed concepts of Chapter 
4. Additionally, it’s important to observe the common range of the brake balance for typical 
braking manoeuvres, which fall around 0 to 0.5. However, due to the research nature of the 
project, having as much fexibility as possible in setting the brake balance, even outside the 
usual ranges, will be a signifcant decision factor. 

The fnal lesson that can be drawn from this analysis, for example looking at Figure 3.3, 
is that the range of pressure to be set for diferent situations varies signifcantly. The brake 
system will need to operate with adequate precision under diverse circumstances, so it will 
be crucial to select an actuator that can be equally efectively controlled under both high and 
low-load conditions. 

3.4 Rider mass and position determination 

For reasons that will be explained in Section 5.4, a footboard with force sensors placed beneath 
will be used to determine the mass and position of the rider. This mechanism consists of a 
plate with four vertically guided legs in the corners, each of which has a sensor beneath that 
provides information about the force acting on it, as shown in Figure 3.4b. To determine the 
mass of the rider mR, considering no vertical acceleration, the four forces simply need to be 
added together. The mass of the e-scooter mS is assumed to be known, so the total mass of 
the rider-vehicle combination mT OT is the sum of the two. 

To fnd the longitudinal position of the total centre of gravity, the position of the rider on 
the footboard must be determined frst. For this task, and to compensate for the fact that 
the spacial system is statically indeterminate, the two front and two rear forces are added, 
reducing the spacial problem to a planar problem. This can be done because the lateral 
position of the rider is of no interest here. The longitudinal position of the rider on the 
footboard can then be computed as a function of the measured vertical forces on the front 
and rear (neglecting the vertical acceleration from the road): 

F2 
xR = l · , with F1 = F1R + F1L and F2 = F2R + F2L . (3.8)

F1 + F2 

This position indicates only the longitudinal position of the rider, with the reference starting 
position at the rear of the footboard (horizontal distance x0 from the rear wheel hub), as 
shown in Figure 3.4a. To compute the longitudinal centre of mass position of the rider–e-
scooter system, one can use the following equation, which incorporates the centre of mass of 
the e-scooter as well: 

(x0 + xR) · mR + xS · mS (x0 + xR) · mR + xS · mS 
xT OT = = . (3.9) 

mR + mS mT OT 
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(a) Global and partial centre of masses (b) The rider position on the footboard 

Knowing this, Equations 3.1 can be updated, with the normal forces on both wheels now 
dependent on the current rider mass and position. However, this method only applies to 
the longitudinal position, when the height of the centre of gravity of the rider needs to be 
accounted for as well. The actual solution is to estimate it from the Hanavan model, from 
which the correlation between the height and mass of people can be used. 

Another aspect that will be taken into account in future is the fact that, as shown by [9], 
also the load exerted by the rider on the handlebar can be considerable in some cases. 

3.5 Stepper motors 

A signifcant aspect of the design phase involves selecting the appropriate type of actuator to 
operate the front and rear brake. The requirements for the motors in this project are rather 
unusual. The behaviour of a disc brake requires rapid overcoming of the air gap between 
pads and discs for immediate brake actuation in the frst phase. During this movement, 
there is minimal resistance, which contrasts with the second stage of this process. Once the 
pads are in contact with the discs, only minimal movement occurs (due to the elasticity of 
the components and compression of the brake fuid in the case of hydraulic brakes. But the 
clamping force magnitude changes considerably in this case, needing to rise and adapt quickly 
and precisely . High pressure-setting precision is required during this phase, along with the 
ability to maintain a static torque at a specifc level if needed. This nature of braking systems 
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must be considered for every concept involving an actuator during the design process. 

Stepper motors were chosen for this application, mainly due to their precise control capa-
bilities [64]. They can hold a specifc torque with accuracy even in a static position, which is 
ideal for ensuring precise, reliable, and consistent braking force while the brake pad pushes 
against the disc. Their high resolution, thanks to microstepping, is also a signifcant beneft 
for such an application [65]. 

However, it’s important to note that stepper motors are usually position-controlled, which 
can make it challenging to set a specifc brake force during the second braking stage, as 
explained earlier. Setting a precise pressure by just adjusting position will require an accurate 
model for the nonlinear relationship between pressure changes and volume displacement, as 
explained in [41]. 

The solution to this problem was found in Nanotec stepper motor controllers [66], that have 
torque-control capabilities in addition to the common position-control. With this product, 
advantages of both these control modes can be utilized in the diferent phases of the braking 
manoeuvre. More about the motor model choice can be found in Section 5.3. 

For reference, to understand the order of magnitude of these movements, one can consider 
the data from the Magura MT4 hydraulic brakes. The relationship between piston movement 
and pressure change can be modeled by considering fuid compression. Assuming a total brake 
fuid volume of V = 40 ml with a bulk modulus of K = 1.4 · 104 bar, the piston (with an 
area of Apist = 85 mm2) movement required to achieve a pressure change of ∆p = 1 bar is as 
follows: 

∆p · V 
∆xpiston = (3.10)

K · Apist 

resulting in a piston movement of 34 µm to increase the pressure by 1 bar. This movement, 
in reality, may be slightly higher due to the elasticity of the system, but it remains very 
small. This characteristic allows the high-resolution stepper motors to operate comfortably 
and efectively without the need for a considerably large transmission system, unlike other 
motor types. 

3.6 Analysis of existing brake assist systems 

3.6.1 Anti-lock braking systems 

Throughout the development process, many existing brake assist systems were analyzed based 
on related scientifc publications, requiring a frst understanding of their functionality to 
determine if they could be adapted to e-scooters or if they could be replicated and built from 
scratch. One of the most common and oldest brake assistance systems is the ABS (Anti-lock 
Braking System). This system is specifcally designed for hydraulic braking systems and 
aims to maintain wheel slip within the optimal range to achieve maximum circumferential 
tyre forces possible. 
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This is done by adjusting the brake pressure set by the driver, which can be achieved in 
two primary ways. The frst method involves temporarily redirecting part of the brake fuid 
to a brake fuid accumulator and then redistributing it to the system with the assistance of 
an electric pump or an electronically actuated piston. This solution is commonly used in 
passenger cars or motorcycles. However, e-bikes and e-scooters face challenges due to their 
smaller size and lack of a big power source like an engine. Therefore, a similar behaviour 
can be achieved by incorporating a single component called pressure modulator in line with 
the brakes. This modulator typically consists of a double-acting cylinder that counteracts 
pressure build-up by being moved against it by an electric motor, as explained in [67]. While 
there are variations in design that use diferent valve confgurations, the working principle 
remains consistent. Although the performance of this second type of ABS may be slightly 
more limited compared to the frst one, its relatively simple structure and compact size make 
it suitable for smaller and less powerful vehicles. 

3.6.2 Proportioning valve 

One method of assisting riders to efciently distribute the braking force that was thoroughly 
analyzed during the design process is the use of proportional valves. These passive compo-

nents are typically installed on the rear brake line and work to reduce the pressure on the 
rear brakes compared to the front, thereby preventing rear wheel skidding and improving 
braking stability overall. There are several variations of these valves, with the most relevant 
ones being fxed-setting pressure regulating valves and load-dependent proportioning valves 
[53]. It’s important to note the diference to pressure-limiting valves. Proportioning valves 
can only change the ratio of pressure before and after the valve, while pressure-limiting valves 
limit the absolute pressure value and are commonly used in systems like CBS, see Section 
2.2. 

Figure 3.5: Working principle of proportioning valves [30] 
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Among the two types of proportioning valves, the load-dependent one was considered. As 
illustrated in Figure 3.5, the valve contains a piston that remains inactive under normal 
conditions. However, once a specifc pressure threshold is reached, the piston partially locks 
and begins to set a specifc pressure ratio defned by the areas on the two sides of the 
piston. This changeover pressure can be adjusted by varying the pre-compression of the 
spring connected to the piston, usually accomplished by turning a knob placed on top. 
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4.1 Prototype design approach 

As previously explained, solutions for e-scooter brake assistance systems have not yet been 
developed. However, brake assistance systems are not new; numerous similar systems have 
been designed for comparable vehicles, as outlined in Chapter 2. Each of these systems pos-
sesses distinct properties and is, of course, optimized only for its specifc use case. Therefore, 
it is unlikely that among these systems, one will perfectly align with the needs of this project. 
Nevertheless, these solutions contain numerous interesting ideas and approaches that could 
prove benefcial. It’s natural, however, that with every new project, there are unique and 
unprecedented challenges to overcome, requiring problem-solving capabilities and creative 
approaches. Hence, developing a fnal design that fully meets the project’s requirements 
should involve a combination of innovative solutions and smart utilization of others’ similar 
experiences. 

Finding the optimal design when there are diferent ways to solve an issue is challenging, 
and a systematic approach is the way chosen to handle this situation. To make this process 
as efcient as possible, reference was made to the VDI 2221 [57, 58], from which examples 
and inspiration were drawn and used as a basis to develop a method specifc to the needs of 
the project. There is no universal scheme because each project requires diferent steps and 
procedures, so the approach will vary slightly every time. This project, for example, does 
not aim to create a fnished product ready for small-scale production; instead, it aims to 
efciently and systematically compare diferent solutions without the need to develop any of 
them extensively. The goal is to develop a prototype that meets the initially set requirements 
but also leaves the possibilities for adaptions and tuning of specifc parameters. 

A schematic of the development process approach specifcally created for this project can 
be seen in Figure 4.1. 

The key aspect of the process discussed above is the big efort in clarifying the task 
by clearly formulating objectives and requirements. These objectives must be realistic and 
based on the current knowledge of the feld, as well as comprehensive background research. 
The calculations outlined in Chapter 3 have primarily served this purpose, aiding in precisely 
identifying objectives and requirements. The more restrictive and precise the formulation, 
the narrower the research scope will be even before the start. Importantly, these objectives 
are not meant to stay static throughout the development process; they can also change and 
be adapted during the process, infuenced by contextual factors or insights gained during the 
research. 
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Figure 4.1: The approach used to converge to the fnal concept 

After establishing the objectives and requirements, the search for solutions including 
a comprehensive analysis of the situation can be initiated to explore and assess diferent 
problem-solving approaches. The identifed variations are then elaborated, but care has to 
be taken to avoid excessive and unnecessary detailing of each variant. The aim was is refne 
them only to the point where they could be meaningfully compared. 

The assessment and selection approach evolves with the progression of the process. During 
this initial stages, selection predominantly relies on an elimination principle. Given the 
multitude of possibilities, narrowing down the options is necessary to converge to the best 
designs. Naturally, the requirements set at the beginning also play a crucial role here. 

Once the feld is narrowed down, the objectives and requirements are reformulated 
more strictly based on the new insights gained up to this point. This shift marks a transition 
from the goal of convergence to design refnement. The designs left have to be reviewed 
more thoroughly to ensure they meet the now more strict demands. 

After this refnement, which requires further considerable research and signifcant expansion 
of background knowledge, the fnal design can be chosen out of the remaining concepts. 

This approach ensures careful consideration of various concepts and their thorough evalu-
ation while avoiding wasting time on later unrealized concepts. It should minimize the risk 
of future implementation issues through a rational and systematic analysis of the situation, 
ranging from the system’s overall view to its specifc details. 

4.2 Clarifcation of task 

The initial objectives were based on the fndings of the previous research on scooter dy-
namics conducted by TU Wien. As highlighted in the introduction, a signifcant potential 
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for improvement in braking safety and efciency was identifed. Based on these facts, pri-
mary objectives were formulated, indicating a direction to follow. These objectives can be 
summarized into four main categories: 

• From a vehicle dynamics perspective: To assist the rider to optimize the braking 
manoeuvre within the limitation of the vehicle. Vehicle control and stability must thus 
be enhanced under normal and emergency driving conditions, particularly addressing 
issues such as skidding and rear wheel lifting. 

• From a vehicle control perspective: To ensure consistent and reliable performance 
under all driving conditions, the system must adapt dynamically the actual road con-
dition and rider mass and standing position. 

• From an ergonomic perspective: To assist the rider most efectively, the braking 
action must happen intuitively and naturally and with appropriate operating forces. To 
further facilitate the brake actuation, the rider should be provided with a single input 
to set the braking request, leaving the complex task of optimizing the braking force 
modulation and distribution to the system. 

• From a research perspective: To create a prototype to test diferent control strate-
gies, test strategies of adaption to the circumstances and test acceptance of the system 
for various riders. 

These objectives are naturally very general in this initial stage and will only serve to guide 
and narrow down the feld of possible solutions. Additionally, to streamline the path toward 
the best solutions, further project-specifc requirements need to be established, and each 
concept needs to meet them before undergoing a more detailed analysis. 

4.3 Search for solutions 

Once the goals are clarifed and a distinct work direction is set, the search for the solution can 
be approached. The analysis of similar existing assistance systems discussed in Chapter 2 is 
helpful in identifying diferent categories and patterns to initiate the search in a systematic, 
structured, and comprehensive way. 

This classifcation begins by identifying the diferent types of braking systems available 
on the market at the time of writing. According to [56], there are no standardized brak-
ing systems for e-scooters, with signifcant diferences between models from technical and 
ergonomic perspectives. The most common ones are mechanical braking systems (also called 
cable braking systems), in the form of drum or disc brakes, followed by hydraulic systems. 
While the former are popular for their simplicity and afordability, the latter are typically 
found only in more expensive, powerful, and sporty e-scooters. This is because they ofer su-
perior performance and precision, but at a higher cost and complexity in terms of purchasing 
and maintenance. 
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Figure 4.2: Overview and categorization of the main designs considered 

As this brake type is gradually disappearing, another type is gaining popularity, which is 
the regenerative motor brake. Given that their use also results in increased driving range, 
this method proves to be widely adopted, though in varying quantities and modalities. While 
specifc braking strategies diverge signifcantly, a consistent aspect is the limited recuperation 
power utilized, always leaving mechanical or hydraulic brakes to handle the more demanding 
manoeuvres. This is because, as concluded in Chapter 3, the very high power needed to 
suddenly stop a heavier vehicle at higher speeds cannot be entirely handled by the current 
road-legal vehicles. For this reason, motor brakes were ruled out for this project and not 
further considered. 

A second category was then identifed, namely with the way the braking force is applied. 
The hydraulic brake pressure or the cable tension is usually directly built up by the driver 
by pulling a brake lever on the handlebar, meaning an assistance system must be able to 
intervene and modify the input between the actuated lever and the brakes. An alternative 
to this common method is represented by brake-by-wire systems, where the braking force is 
exerted from mechanically uncoupled actuators. 

To gain an overview of all possible solutions, a functional architecture was mapped, clas-
sifying the concepts with respect to the categories mentioned above. Some of these were 
just adaptations while others were new approaches. Figure 4.2 shows the fve main types of 
solutions taken into consideration and structured by their functionalities. 

4.3.1 Brake force from rider 

The most common principle of safety system for rider-actuated brakes are hydraulic ABS 
systems. These systems, as explained in Chapter 3, are able to balance out the hydraulic 
pressure and have proven themselves also in the e-bike market, with Blubrake [28] and Bosch 
[68] being the most popular and advanced ones. 

A simple and direct implementation of such systems on an e-scooter was considered (v1 in 
Figure 4.2), by taking advantage of the similarities between bicycle- and e-scooter hydraulic 
braking systems. However, simply implementing it would not meet the requirements, because 
the system, already equipped with its own sensors and logic, works independently and cannot 
be infuenced in any way. Additionally, it was noted that ABS systems are active only 
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during emergency situations, while the project goal was to improve braking under every 
circumstance, not only emergency braking. This implies that for the ABS to be integrated 
and still have a system that meets the requirements, it would need to be extended with further 
functionality. This means implementing a brake balance setting system capable of fne-tuning 
the brake balance at all times, while the ABS would take care of avoiding excessive slip and 
overturning. 

An alternative to controlling the brake balance while also incorporating an anti-lockup and 
anti-rear wheel lift device is to develop a hydraulic ABS system from scratch (v2 in Figure 
4.2). The design of the brake pressure modulator proposed by [20] appeared to be the only 
feasible option, given its compact and simple construction. The system should be mounted 
on both the front and rear braking lines, and by independently limiting the pressure on the 
two wheels, the brake force modulation could be adjusted. 

CBS systems, popular safety features for motorcycles’ hydraulic brakes, were also consid-
ered but were quickly ruled out because they don’t allow dynamic adjustments. However, 
this system has signifcant potential, as confrmed by the upcoming launch (in 2024) of the 
frst commercial bicycle version by Magura [69]. 

The same principle of limiting the braking force set by the rider to avoid blocking and 
overturning can also be applied to mechanical braking systems (v4 in Figure 4.2), meaning it 
must be possible to reduce the tension of the cable if needed. While replicating the pneumatic 
system proposed by [29] seemed unrealistic for a small vehicle like an e-scooter, compensating 
the cable force by using an electric motor working against it appeared to be a more feasible 
solution. The previously addressed issue of the very high forces a grown rider can exert on 
a brake in emergency situations (see Section 3.2) can be addressed by choosing the right 
combination of levers to gain enough mechanical advantage to counteract them. To have a 
complete solution, this setup should be extended with a further mechanism to make the brake 
balance adjustable. This matter could be addressed by implementing a brake bias bar, a very 
common feature of go-karts and race cars [70], to the already existing lever mechanism, to 
move the cables’ attachment points relative to each other. 

A challenge of the systems with the brake force coming from the rider is the task of 
working consistently while having to adjust to unpredictable and unique styles of braking. A 
simple solution of this problem can be ofered by systems where the brake force is exerted by 
actuators. 

4.3.2 Brake force from actuators 

Brake-by-wire systems (v3 and v5 in Figure 4.2) bypass the issue of dealing with the rider’s 
grip force completely by building up the braking force independently from the actual force 
the driver exerts on the lever blade, giving the system a higher level of freedom and repeata-
bility. Such systems work by converting and processing the driver’s braking request into an 
electric signal, which drives actuators that engage the brakes independently from each other, 
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making it very easy to manage brake distribution. Anti-lockup and anti-overturn features are 
naturally incorporated, since not only the relative distribution between front and rear can be 
set, but also the force’s absolute value, making a force-limiting feature redundant. 

Not having to account for the forces exerted by the rider on the brake lever presents both 
advantages and disadvantages. On the positive side, it allows for a high degree of freedom 
regarding the ergonomics of the brake lever actuation. Especially to accommodate riders 
with small hands or low grip strength, it’s simple with these systems to adapt the shape and 
hardness of the lever, since they are not critical for determining braking force. 

However, this freedom brings along a problem: even though one can try to emulate it, it 
will be impossible to recreate the haptic feedback from the braking system to which we are 
all accustomed. 

4.4 Converge to the best designs 

Once it was ensured that all the considered designs respected the general requirements, a 
frst screening could be conducted. Designing and implementing an ABS from scratch (as 
for v2), for example, would make the project diverge from the research objectives that were 
clearly set at the beginning. The focus should remain on developing a system for research 
purposes and investing a lot of efort in building such a product from scratch without prior 
experience and guarantees of efective functioning makes this potential solution unsuitable 
for this specifc case. 

To further narrow down the number of feasible solutions, a comparison between hydraulic 
and mechanical brake systems was carried out. In particular, the features relevant to the 
previously formulated objectives were analyzed. One of these is ergonomics, specifcally 
the requirement that the system’s usage must be suitable for all users. A characteristic of 
cable braking systems, for example, is the constant presence of friction among all mechanical 
components, especially the steel cable with the bowden tube, which can make operating the 
brake lever more challenging and inconsistent. 

From a system control perspective, another unique issue with mechanical systems is the 
complexity of measuring braking force. In this case, it would mean measuring the tension 
of the cable, a very small component subject to large forces and continuous movement. In 
comparison, measuring the same quantity in a hydraulic system is simple, it is sufcient to 
install a pressure sensor and convert it to braking force by knowing the cross-sectional area 
of the piston. For these reasons, the mechanical ABS (v4) was not further considered. 

A similar analysis was carried out for the brake-by-wire system. In this instance, both 
hydraulic (v3) and mechanical (v5) systems were evaluated and compared. Although both 
systems share similarities, utilizing the same type of actuator and demonstrating comparable 
behaviour, the reduced friction of hydraulic systems is considered advantageous to mechanical 
systems. Another minor advantage of the hydraulic system is that, even though it would be 
redundant, it would still provide the possibility to conduct tests with an integrated ABS. 
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Therefore, considering these factors and the simple method of measuring braking force, it 
was decided to proceed exclusively with hydraulic braking systems, either by extending an 
existing ABS (v1) or by implementing a hydraulic brake-by-wire system (v3). 

4.5 Reformulation of objectives and requirements 

From this initial analysis, certain points that need to be considered for the continuation 
of development have been identifed. First and probably most important is the realization 
that a driver force-reducing system, such as an ABS, was not the only way of solving the 
issues faced. Of course, implementing an already working e-bike ABS and adapting it to an 
e-scooter would have many advantages, but so would a brake-by-wire system. 

To converge to a fnal design, stricter requirements are needed, based on the fndings from 
the non-stop parallel background research and the analysis of many possible solutions. Only 
fnding designs with functionalities that meet the general requirements is not enough anymore; 
a concrete and more detailed version of them has to be developed to ensure that the fnal 
decision is based on solid and objective facts. 

The potential of some of the evaluated concepts, for example, shows that it is possible to 
gain complete control over the brake distribution (see Equations 3.6), enabling a full range of 
ρ between 0 and 1. This ability is considered useful for future studies on braking strategies 
and was therefore set as a new requirement from this point on. 

It was also decided that the most efective way to achieve maximum braking control is to 
have two disc brakes on the scooter, introducing the next new requirement. These brakes are 
powerful, already available on many models, and would allow identical force application on 
both wheels, which would make the whole system simple to design and manufacture. 

Before choosing the fnal concept, one also has to ensure there is a concrete way of realizing 
and implementing the chosen design, checking for the size and availability of the crucial 
components. Also, the ergonomic point of view cannot be neglected, as both remaining 
concepts should allow universal use for people with diferent size (especially regarding the 
hands) and grip strength and ofer a clear improvement compared to traditional braking 
systems. 

With also these further two additional requirements defned, concerning feasibility and 
ergonomics, the target for the refning process of the last two remaining concepts (v1 and v3) 
was set. 

4.6 Design refnement 

4.6.1 Hydraulic proportioning mechanism (v1) 

The frst design to be analyzed more deeply was the implementation of an e-bike ABS with the 
added function of setting the brake balance. Proportioning valves are a simple and popular 
solution to adjust the brake distribution in hydraulic systems. These valves are typically found 
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in cars with dual-circuit braking systems, specifcally on the rear brake line with the purpose 
of reducing the braking pressure to prevent the rear wheels from skidding (see Section 3.6). 
Research by Michael D. Machado [30] demonstrated that this system can also be efectively 
implemented on a bicycle, showing some potential for improvement in braking performance. 
It also confrmed the initial idea of combining an adaptable proportioning functionality with 
an ABS, stating that “the ideal system for minimum stopping distances would include a 
weight-sensing proportioning valve, an anti-tip-over valve, and a front wheel anti-lock-braking 
system”. Automotive proportioning valves are readily available on the market, and their 
pressure rating is sufcient to withstand 100 bar or more, which can be reached during an 
emergency braking manoeuvre (as analyzed in Section 3.2). An electric motor could be used 
to turn the knob of the valve and adjust the changeover point. 

However, a signifcant limitation was identifed in these systems. The proportionality factor 
that these systems can achieve is a fxed factor, determined only by the ratio of the two frontal 
areas of the piston inside the valve. This ratio, corresponding to the reduction factor once 
the changeover pressure is reached, cannot be changed and typically ranges around 43% for 
the most common models [71]. This means that, depending on the pre-loading of the spring 
in the valve and the current pressure, the range of brake distribution is only 0.3 < ρ < 0.5 
(see Figure 3.3b for reference). Since the proportioning is constant, achieving a larger range 
would necessitate the addition of more valves to the system. For instance, adding a valve 
on the front line could increase the range to 0.3 < ρ < 0.7 and allow for higher pressures 
on the rear brake if needed. However, one can not easily achieve a much bigger range with 
this specifc type of valve by connecting them in series; it would not be particularly efective 
because the proportioning efect of each added valve diminishes relative to the previous one. 
Furthermore, using more valves would signifcantly increase the complexity of the system, as 
each valve would need to be separately driven and controlled by a motor. Thus, the system’s 
limitation of allowing only small adjustments can only be partially improved by using more 
valves. As the new conditions required the full brake distribution range, this version was 
discarded. 

The working principle of such proportioning valves, as thoroughly explained in Section 
3.6, afects the pressure in a braking line by essentially utilizing a small inline double-acting 
hydraulic cylinder with a specifc ratio of its two frontal areas. However, it was observed that 
the pressure diferential before and after this cylinder could also be infuenced by an external 
force acting on this cylider. This new alternative approach was then further explored due to 
the promising advantages it showed. The specifc idea was to place a common double-acting 
hydraulic cylinder on the rear braking line and adjust the front-rear distribution of brake 
pressure by exerting a variable force on the piston (see Figure 4.3). 

The control of the distribution would be constantly adapted by the piston, allowing it to 
always set the desired distribution as required throughout its whole spectrum. The only 
limiting factor to allow the use of the complete range is the driving motor power. This must 
indeed be enough to counteract the pressure exerted by the rider to allow, for example, the 
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Figure 4.3: Schematic of the hydraulic proportioning solutions 

use of only the front brake. The single input of braking pressure would always come from 
the rider, who by acting directly on the brake lever would also receive haptic feedback to feel 
the infuencing action of the system. 

In addition to this, the system behaviour would be benefcial even when not active. With 
the piston free to move even with the engine not electrifed, a preset reduction by the ratio of 
the two frontal areas of the piston1 would reduce the pressure on the rear by default, acting as 
a fxed proportioning valve. If energized, the system would, therefore, optimize the braking 
dynamics in normal driving situations, with only relatively small forces exerted on the system 
necessary, since the action would be double, with a simultaneous increase in pressure on one 
side and reduction on the other. 

To increase braking efectiveness in emergency situations, the piston could shift the pressure 
to the more efective front brake if the force exerted by the pilot on the lever was not deemed 
sufcient. If the pressure exerted by the pilot instead was too high, the single ABS system, 
placed on the front, would reduce it. The system, in fact, would make the implementation 
of a second ABS on the rear unnecessary, having the possibility, if desired, to avoid skidding 
even there, shifting the excessive pressure to the front where the ABS system would reduce 
it as usual. 

Furthermore, the system proves to be interesting because it would be very efective even 
without the use of an ABS system. While the braking distribution setting would work in a 
similar way to the system just explained above, when the pilot’s pressure becomes excessive, 
the appropriate action of the piston would decrease the longitudinal force on the front wheel 
1The piston to be used would be a simple commercial double-acting cylindrical piston; therefore, the area of 
the piston head on the rod side would necessarily be smaller than the section of the cylinder. 
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until just below the skidding limit, shifting the remaining pressure to the rear. This would 
then bring the rear wheel to lock up always before the much more critical front, which could 
be, for example, avoided by introducing a pressure limiting valve on the rear line. This way, 
vehicle safety would still be considerably increased, being able to actively adapt the brake 
distribution and avoid wheel lock-ups without needing a complex hydraulic system like an 
ABS. The type of motor to be used in this case has been identifed as a stepper motor, for 
the reasons explained in Section 3.5. 

To ensure the feasibility of this concept, the existence and availability of a simple double-
acting cylinder capable of withstanding pressures up to 100 bar was confrmed. One factor 
to pay attention to is the method by which the cylinder is actuated. As mentioned earlier, 
for the braking system to operate even without the motor being turned on, the piston must 
be able to move freely. This necessitates implementing a way to disengage the motor on 
command, as a clutch or a brake that is active only when energized, to release the piston 
from the inertia of the motor. 

4.6.2 Brake-by-wire system (v3) 

On the other hand, there were fewer details to investigate for the second concept in question, 
the brake-by-wire system. After all, the system is conceptually quite simple, and there is no 
need for a deep investigation from the working principle point of view. However, the details 
to be reviewed concern the new, more restrictive requirements that have been defned. 

One of these concerns is ergonomics and the aim of making the braking command as 
simple and intuitive as possible for the pilot. Unlike the previous system, which relied on 
the classic use of the brake lever physically connected to the assistance system to provide 
haptic feedback on the degree of actuation, the brake-by-wire system does not have this 
advantage. To achieve the necessary requirements, simply adding a button, like the throttle 
potentiometer, would not be enough. Instead, the classic brake lever, like that of a bicycle, 
would still be used. A mechanism has to be developed to measure the rider’s input, capable 
of adapting the feedback of the actuation to emulate the feeling of brake pad compression. 
In addition to this, it should also be possible to implement a stopping feature that gives an 
intuitive sensation of reaching the end of the stroke, indicating to the rider that the system 
is about to try to stop the vehicle as quickly as possible. Combining all these functionalities 
has proved to be achievable, reusing a common lever blade of a mechanical bike brake to 
maintain the actuation mode to which everyone is accustomed, and measuring the cable 
movement to determine the desired deceleration. To give a realistic and natural braking 
feeling to the driver, the cable is attached to a linear guided element and supported by a 
spring with specifc stifness, carefully chosen for this purpose, as shown in Figure 4.4. This 
element needs to have a travel stopping spot at a precise point to indicate to the rider the 
achievement of maximum braking power. If well-built, this system would also allow the rider 
to adjust the lever hardness as desired depending on his/her preferences and physical strength 
by changing the pre-loading of the spring. 
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Figure 4.4: The working principle of the rider input measuring device, to detect the desired 
deceleration and still give a natural and adjustable feel to the rider 

As previously discussed (see Section 3.5), reliance would be placed on stepper motors as 
driving units. They can actuate the piston of a cylinder of an existing hydraulic bicycle brake 
system, allowing the system to be realized using mostly existing and reliable components. 
This version would also simplify the piston thrust mechanism, making the construction of 
a complicated mechanism with brakes/clutches and gear and racks unnecessary, as in the 
previous case. 

Of course, it is clear that the system is not able to work in the absence of electricity, making 
it extremely vulnerable and unlikely for future large-scale implementation. A simple solution 
for the lack of a backup brake can be the addition of a classic footbrake, very popular on 
classic non-motorized scooters. However, this factor does not have a huge relevance in this 
project, which, as already mentioned several times, has mostly research purposes. 

4.7 Final design 

Both concepts underwent extensive development and refnement to ensure they met all re-
quirements. They diverge signifcantly in many aspects, resulting in distinct advantages and 
weak points. On one hand, a system capable of assisting the rider, enhancing existing ABS 
functionalities and improving performance even when unpowered. On the other hand, a 
highly adaptable and efective system, that ofers high fexibility in braking strategies. Its 
standout feature is its ability to almost entirely relieve riders of traditional braking tasks, 
leaving him/her only the job of requesting a specifc deceleration while managing all other 
aspects autonomously. 

Ultimately, the brake-by-wire concept was selected for its unparalleled freedom. It ofers 
direct control not only over brake distribution but also the brake force modulation, providing 
a level of versatility unmatched by the alternative concept. 

The control for this braking system is to be managed by a central control unit onboard 
(a Speedgoat Unit). All sensors and control strategies are intended to be processed by the 
Speedgoat, where MATLAB and Simulink models can be directly implemented, serving as 
the computing controller for the entire e-scooter. 
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This chapter demonstrates the realization of the carefully chosen braking assistance system 
concept. Practical solutions are shown to maintain the idealized working principles defned 
in the previous chapter within its physical limitations. The process of designing or selecting 
the most suitable components for this task is the main focus of this chapter. Subsequently, 
the assembly and implementation of the diferent elements will be reviewed and evaluated as 
well. 

5.1 General concept 

For the selected brake assist system concept to operate efectively, the surrounding envi-
ronment must be adequately designed to enable its full potential utilization. This includes 
choosing a suitable vehicle, providing the necessary signals for the controls, strategically po-
sitioning all necessary components for an undisturbed ride, and enabling easy tuning and 
maintenance of the system for future research purposes. 

5.1.1 Choice of an e-scooter for a brake-by-wire system 

The Research Unit of Technical Dynamics and Vehicle System Dynamics, as mentioned, 
already possesses an e-scooter (Xiaomi MI M365) equipped with sensors and measurement 
technology, which was utilized for previous research on e-scooter dynamics. The geometry 
of this e-scooter was also referenced in Chapter 3 for the dimensioning of the brake system. 
However, for this project, a new vehicle was selected to fnd a more suitable one while keeping 
the old one intact and ready for use. Throughout the prototype design process, the most 
important characteristics of the ideal vehicle have already emerged, as well as the less critical 
qualities. Key requirements for the new brake-by-wire-e-scooter are the following: 

1. Dual disc brakes: The most efcient way of bringing the vehicle to a stop was iden-
tifed as disc brakes. For simplicity and consistency reasons, it was decided that the 
front and rear brakes should be two identical systems. 

2. Ordinary model: For the research to be relevant to most of the currently available 
e-scooters, an exemplary model with typical geometry and wheels was needed. 

3. Space for measuring and actuation equipment: The vehicle must physically allow 
the implementation of various components such as electric components, brake assist 
system, and various sensors. 
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4. Power: For research purposes, a vehicle that can comfortably reach and exceed the 
common speed limit of 25 km/h should be used. This is to test the limits of the system 
itself and to ensure proper functioning at these speeds by designing it for a slightly 
wider operating window. Ideally, the vehicle has a road-legal and “open”-mode with 
no speed limiting that can be selected. 

With these main requirements, the choice is already narrowed down signifcantly, but there 
are still many other distinct characteristics that diferentiate the models from each other. 
The following (secondary) aspects were also evaluated and used to restrict the fnal choice to 
one single model: 

• Wheels and tyres: The maximum wheel size allowed was decided to be 10”. Larger 
wheels would feel unrealistic and deviate too much from the model used in the com-

putations. Air-infated tyres were preferred over solid ones, while there was not much 
relevance identifed between tube and tubeless models. 

• Motors: Ideally, a front wheel motor would be advantageous for this project to leave 
the possibility open for efective use of regenerative braking as a supplementary help. 
However, since the desired motor power was slightly above average, most models in this 
category had either rear-wheel or dual-wheel drive, with the latter being considerably 
more expensive. 

• Brakes: Hydraulic disc brakes on the e-scooter are preferable, but mechanical disc 
brakes are acceptable as well if they can be removed and switched to a hydraulic system. 

• Suspensions: While suspensions provide a very comfortable ride, they were not desired 
for this project because they add additional degrees of freedom that make the system 
less predictable. This would require, for example, a multibody model that is more 
complex than the one planned for use in the braking strategy control. In case the 
model has springs or dampers, these could be replaced with stif rods. 

The fnal choice was made selecting the Rapido Serie Oro model from the company MV 
Agusta [72], shown in Figure 5.1. This scooter appeared to be the best compromise when 
comparing all factors, meeting all fundamental requirements, and ofering several nice-to-
haves to facilitate the development of an efcient braking system. 

The e-scooter has two 10” wheels with tubeless tyres, and two mechanical disc brakes with 
120 mm rotors1 that have the standard size of mountain bike brakes. This will allow a free 
choice of a specifc and project-ftting hydraulic brake system model to be quickly and easily 
swapped for the original one. 

The frame of the vehicle includes a very spacious deck, which is very comfortable but has 
the small issue of being slightly inclined, probably for ergonomic or aesthetic reasons. The 
fact that it is not perfectly fat will be addressed later on in Section 5.4. The vehicle has many 
1They are actually semi-hydraulic brakes, a mechanical-hydraulic hybrid, with a normal cable running to the 
brakes, where it actuates a hydraulic brake cylinder (model: ZOOM HB 100 XTech) 
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Figure 5.1: The chosen Vehicle for the project, a MV Agusta Rapido Serie Oro 

details mounted on the main frame (some sort of wings on the front, fenders, and a number 
plate holder on the rear), which ofer very useful mounting points if they are disassembled. 
The frame is specifcally developed for this model and is made out of a magnesium alloy 
to make the scooter relatively light for its size and, in our case, allow processing if some 
modifcations have to be made. 

The brushless DC motor is placed on the rear and has a nominal power of 500 W but 
with peaks up to 1000 W. This vehicle is supposed to be road-legal and therefore it cuts the 
power as soon as the 25 km/h mark is reached. However, the producing company ofers an 
additional ”Power Key” that unlocks the usage of the full power (hence making it not road-
legal anymore). This is supposed to be used only in private, protected environments, and 
allows reaching speeds of up to 38 km/h. This is a very good trade for the project because the 
scooter itself is going to have all the characteristics of a common, road-legal city e-scooter, 
while for testing purposes, braking even at higher speeds can be tested. The motor on the 
rear has a round and fat housing, very useful for the mounting of a wheel-speed slotted disc 
on the rear (more in Section 5.6). 

The accumulator is a lithium-ion battery pack, with 48 V and 10.4 Ah (486.72 Wh), 
ensuring a decent range. It sits as usual under the deck and can be easily accessed by 
removing the cover of the latter. It is connected and managed by a brushless DC motor 
controller, rated for up to 10 A, and with a cutof voltage of 40 V. Most of the data from 
the controller can be accessed by the driver on the dashboard on the handlebar or on the 
Bluetooth-connected app. Very useful for future tests are the four diferent speed modes, 
restricting the speed to 6, 15, 20, or 25 km/h, meaning these speeds can be easily maintained 
consistently for a longer period if desired. Alternatively, the scooter ofers a cruise control 
option, which could also prove useful in the future for the same reasons. 
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5.1.2 Overall design 

With the brake assist system conceptualized and an e-scooter chosen, a general design for 
the complete vehicle had to be developed. The diferent macro-functionalities that the brake 
assist system should ofer were analyzed and identifed. Basically, for the brake system to 
work, an electric signal proportional to the driver’s input has to be created. Then, together 
with the data about the current riding conditions, it is processed and the two brakes are 
actuated accordingly. In more precise terms, the main functions identifed are: 

• Measure the rider input and ensure adequate braking ergonomics. 

• Measure the current rider position and mass. 

• Measure the external factors required for the braking, such as friction coefcient, wheel 
speed, vehicle speed and acceleration. 

• Collect this data, process it according to the chosen braking strategy and convert it 
into control signals for the brake actuators. 

• Build up braking pressure in the system and actuate each brake according to the re-
quested brake force magnitude and distribution. 

For each of these functions, a mechanism or device has to be developed or acquired. A 
graphic representation of the expected packaging and size of these components can be seen in 
Figure 5.2. The placement of the components was also planned throughout, with the shown 
confguration that optimizes maintenance, wiring, and tries to minimize the impact on the 
e-scooter’s handling. In the following sections, all of these components will be discussed, 
showing their requirements frst and then explaining how their functionalities were achieved 
and implemented. 

Figure 5.2: The planned vehicle packaging and functionality of each component 
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5.2 Rider input measuring device 

Already during the initial development phase, one requirement was clearly stated: the braking 
system should be suitable for a wide range of riders. Keeping this in mind, ensuring a natural 
and instinctive braking feeling was one of the main requirements of this component. 

As previously mentioned, this is a distinctive feature of brake-by-wire systems. Unlike 
common hydraulic or mechanical brake systems where the driver must apply the necessary 
brake force to stop the vehicle, in brake-by-wire systems, the system is capable of converting 
diferent force inputs – for example from a strong and a weak rider – into the same brake 
force, thanks to the lack of a direct mechanical connection. However, there is a drawback: the 
brake actuation feeling will be diferent from what we are all accustomed to with bicycles. The 
system does not naturally provide a haptic feedback or response, thus removing a valuable 
piece of information about the braking manoeuvre from the rider. 

The frst phase of the design consisted of choosing the actuation method and its packaging 
to maximize comfort and efciency. Based on research [56], it was clear that positioning the 
single brake lever on the left side of the handlebar was the best choice. Since the classic 
thumb throttle is placed on the right in the current vehicle, this arrangement ensures each 
hand only one task: either pushing the throttle or pulling the brakes. This setup helps to 
limit the risk of overwhelming an inexperienced driver. The original mechanical brake lever 
blade mechanism was kept on purpose. This was done to ensure a more natural and familiar 
application of the brake, as we are all accustomed to it from riding bikes and bicycles. This 
setup is particularly useful in sudden danger situations, where a rider’s instinctive reaction 
is to immediately grip the lever and squeeze it. This intuitive response would not apply, for 
example, to a rotational potentiometer like the one used for the throttle. 

After ensuring the maximum possible ergonomic advantages with this confguration, the 
brake feeling had to be addressed. With the original mechanical brake lever still intact, the 
method chosen for measuring the lever blade travel was the measurement of the movement 
of the cable itself. This allowed for fexible positioning of the measuring device, utilizing the 
original bowden cable to guide the steel cable to the optimal position. A rendering of the 
fnal design can be seen in Figure 5.3 and the augmented reality 3D Model can be viewed 
with the QR code in 6.1. 

Figure 5.3: Compontents of the rider input measuring device 
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The cable pulled by the rider is attached to a 3D-printed extension of a long bolt (DIN 
931 M6x100), which slides inside two pillow block bearings2 . The cable is pressed and held 
in position by a small bolt that also allows easy adjustment of the cable length. Behind 
the two bearings, a compression spring is placed over the bolt and squeezed into position 
by the casing’s walls and a nut, whose purpose is to adjust the spring’s pre-compression. 
The movement of the bolt is now purely linear because of the bushings, and thanks to the 
spring, it will follow the cable’s movement in both directions. With this mechanism, a linear 
potentiometer3 can be used to measure the brake lever movement. To choose an appropriate 
potentiometer, the travel had to be estimated frst, settling between 15 mm and 25 mm for 
the used model, depending on the rider’s preferences. It was important to ensure that the 
chosen model’s mechanical travel range was as close as possible to the real one to achieve 
the highest possible resolution. The chosen model had exactly this feature4 , combined with 
a compact size and an internal compression spring to ensure steady contact with the moving 
bolt, proving the choice appropriate. A useful design choice was the use of 3D printing5 . This 
allowed for a geometrically complex construction to ft as many features as possible into this 
relatively small part. 

The chosen design stands out because of its signifcant tuning potential, allowing for dif-
ferent force–stroke confgurations to modify the brake feel and behaviour: 

1. Spring: The spring and bolt can be changed, with a range of the latter between 80 and 
100 mm, which requires the disassembly of the whole mechanism. When changing the 
length of springs or bolts, the linear potentiometer can also be moved from one slot to 
another to provide some reserve movement of the mechanical travel, reducing the risk 
of damage. 

2. Spring pre-compression: By turning the nut at the end of the bolt, the pre-compression 
of the spring can be adjusted, making it possible to tune it directly with a wrench. This 
change doesn’t afect the movement or travel of the bolt, only the force required for the 
movement of the lever. 

3. Travel-stop: There is the possibility and space to insert diferent travel stops between 
the bolt head and the point where the cable enters the box. Diferent thicknesses can be 
used, and the material can be tuned to provide the driver with a distinct and recogniz-
able feeling when reaching the end of the travel and requesting maximum deceleration 
from the brake system. The travel stop is positioned in the front part of the casing on 
purpose, to make this part the only heavily stressed region of the construction, allowing 
the rest of the housing to be slimmer and reducing the risk of mechanical failures. Only 
this front part of the casing is made thicker and stronger, as the entire cable force, 
which is over 300 N in emergency cases according to [50], compresses this region. 

2Igus igubal® pillow block bearing ESTM-06-SL, see datasheet in the appendix 
3Model: Variohm KTP-10-L, see datasheet in the appendix 
4Tests revealed an output voltage range between 0.3 and 3 V with a 5 V supply voltage over a lever blade 
travel of 17 mm 

5Material: Zortrax Z-Ultrat, an ABS plastic blend, see datasheet in the appendix 
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4. Bowden cable adjuster: As usual for cable brakes, there is the possibility to elongate 
or shorten the bowden cable with adjustable hollow nuts at both ends, usually meant 
to compensate for the wear of brake pads. This feature was, of course, kept to fne-tune 
the travel without needing to disassemble or even open the lid. 

5.3 Brake-by-wire system 

The heart of the project is, of course, the braking system. The way it was conceptualized 
and sized has already been discussed in Chapters 3 and 4. This part deals with the concrete 
realization of the fnal prototype, addressing the practical task of fnding or manufacturing 
the necessary and suitable components to put the developed theoretical working principles 
into practice. The frst major task was to fnd the optimal way of building up the clamping 
force on the disc brakes in the system starting from the rotational movement of the stepper 
motor, chosen to actuate the brakes (see Section 3.5 for more details). The ideal system is 
required to have the following features: 

• Performance: Performance requirements were drafted from the vehicle dynamics mod-

els (see Chapter 3) and from literature. For example, Maier [50] explains that the actu-
ation speed of common bicycle brake lever blades in case of emergency braking occurs 
with a speed of v = 400 mm/s, corresponding to 69 mm/s for the actuated brake piston, 
resulting in pressure rising rates of ṗ = 1000 bar/s. 

• Compact size: Even though the chosen e-scooter ofers more room than usual to place 
components, the space is still limited, and rideability and handling performance need 
to be kept as close as possible to the original. 

• Reliability: The system has to work reliably and consistently to ensure steady perfor-
mance for the prototype use cases. 

• Feasibility: At this stage of the development process, the availability of the compo-

nents and their capabilities must be ultimately confrmed. If not, the parts must be 
producible using the available in-house manufacturing methods. 

With these requirements, three ways of building up the pressures were taken into consid-
eration, as shown in Figure 5.4. The actuation system is to be put in the brake-by-wire box 
located on the rear of the e-scooter as shown in Figure 5.2. 

The frst method considered was to maintain the usual brake lever–brake caliper confgu-
ration unchanged, remove it from the handlebar and place it into the appropriate actuation 
box. Inside the box, a winch mechanism would pull the brake lever blade with a cable to 
operate the brakes the same way as a rider would manually do. However, this concept has the 
main issue of combining the already mentioned reliability and elasticity problems of mechan-

ical cable systems, essentially nullifying the advantages of using a hydraulic brake system. 
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Figure 5.4: Three evaluated ways of converting the rotational movement of the motor in 
pressure increase in the hydraulic braking system 

Additionally, the considerable size of this solution is not ideal, as it has to be repeated twice, 
once for the front and once for the rear. 

An interesting alternative would be to use a cam mechanism to push the brake piston. 
This solution would not require the use of the lever blade, resulting in much more compact 
packaging. The use of a cam with a variable and customized pressure angle and size would 
allow specialized speed/force profles. For example, it could increase the speed during the 
air gap overcoming and then increase the leverage for better force resolution when higher 
pressures are needed. This additional adjustability would naturally enhance performance. 
The cam could either be machined out of metal or 3D printed using a wear-resistant and 
low-friction plastic material. However, an issue identifed with this design was the difculty 
in synchronizing the cam profle with the movement of the piston. As mentioned in Section 
2.3, the non-linearity between brake caliper position and pressure inside the brake system 
is challenging to model. This makes it difcult to ensure the same actuation profle under 
diferent circumstances, such as brake pad wear, friction in the system, or fuctuations in 
brake fuid temperature. 

The last and fnal solution was identifed as the simplest of the systems. Removing the brake 
lever blade for a compact design and simplifying the actuation mechanism as much as possible, 
a suitable solution was found in a linear actuator directly pushing the brake piston. This 
considerably simplifes the design, but it can only work properly with appropriate components 
that allow the realization of the very unusual brake system behaviour, as mentioned in Section 
3.5. 

After thorough research, the solution was identifed as a stepper motor in a captive linear 
actuator confguration, combined with a controller capable of running the motor in torque-
control mode (or force-control mode in our case)6 . The force-control mode, as mentioned 
earlier, was crucial to have at disposal as it allows bypassing the common issue of modeling 
the uncertain relationship between piston position and brake pressure by directly setting a 
6Actuator model: Nanotec LGA561S20-B-TSGA-019, controller model: Nanotec CL4-E-1-12-5VDI, see 
datasheets in the appendix 
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Figure 5.5: The Magura MT4 Model with the accessible brake piston head. 

force acting on the system, regardless of the current conditions. To gain more information 
about the behaviour of the designed system, brake pressure sensors on both the front and 
rear braking lines were added. 

The linear movement of the actuator is achieved with a lead screw, selected with a very 
high pitch to enable high speeds (up to 100 mm/s) while overcoming the air gap and ensuring 
no self-locking, allowing for precise pressure reductions when operated in force-control mode. 
With this low reduction ratio, a high-torque motor had to be chosen to ensure that the 
maximum required pressure of 42 bar (estimated in Section 3.2) could be achieved. With the 
fnal model, forces up to 476 bar can be exerted, corresponding to a satisfactory pressure of 
56 bar in the braking system. 

As for the brake caliper, the ideal model was identifed as the Magura MT4, a popular MTB 
hydraulic brake model. In addition to the renowned quality and reliability of the product, a 
very useful feature was found in the removable brake lever blade, originally meant to allow 
for easy switching and customization of the lever itself. By removing the lever blade, the 
head of the actuation brake piston is revealed and easily accessible, allowing the tip of the 
linear actuator to directly push it without the need for any special connection mechanism 
(see Figure 5.5). Additionally, the fip-fop design of the Magura MT brakes, which allows 
for the use of the brake caliper regardless of its orientation, provided considerable fexibility 
for the packaging task. 

The position and confguration of this system were decided as shown in Figure 5.6 or in 
the 3D model accessible from 6.1. The frst thing to consider was ensuring that the brake 
calipers with the compensating reservoir were placed higher than the brakes themselves. 

For secure and stable assembly, the original mounting points of the scooter’s mudguard and 
license plate holder have been utilized, onto which a structure of aluminium profles serves 
as a solid anchoring base. On this structure, the housing base, a 5mm aluminium plate, can 
be easily mounted, onto which milled brake caliper mounts and linear actuators are securely 
attached, see Figure 5.6a. The orientation of the actuator-brake caliper combination was 
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chosen to use the least amount of room while providing enough space for the brake pressure 
to be included in the same housing. On the aluminium base plate, the housing walls are 
bolted and made removable to facilitate access and maintenance to the actuators. These 
walls are 3D printed7 and specifcally strengthened in the rear right part, as it is planned to 
mount a relatively bulky and heavy non-contact optical sensor8 on that side at some point 
during the testing phases. This way, quick and clean assembly of this sensor is possible, with 
no need for additional strengthening structures to ensure a stable mounting point. A thick 
(8 mm), transparent, laser-cut acrylic glass plate tops the walls with diferent purposes, see 
Figure 5.6b. First, being securely bolted to the walls, it adds further stability to the box. 
Secondly, it allows observation of the movement of the actuators below, and lastly, it ofers 
easily accessible room for the motor controllers and the wiring. To keep the wiring tidy 
and facilitate maintenance, the placement and mounting of all components were carefully 
studied, for example, by including all of each of the controllers’ accessories into a single 3D 
printed housing or using Wago splicing connectors for all cables needing to be often replaced 
or disconnected. Since testing in wet conditions is going to be an important part of future 
research, a lid and cable glands for all cables and braking lines were used to fully enclose and 
protect all mentioned components from external agents. 

(a) Magura MT4 brake calipers and Nanotec actu-
ators mountings and orientation 

(b) Upper part of the brake-by-wire system with 
the protective lid removed 

Figure 5.6: The assembled brake-by-wire system. Wiring and controllers are on top, actuators 
and brake calipers are under the acrylic glass. The optical sensor mounts are on 
the right side of the box, while the cable glands are on the left. 

7As with the housing of the rider input measuring device, the material used was the ABS plastic blend 
Zortrax Z-Ultrat 

8Model: Kistler Correvit S-Motion 
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5.4 Force-sensing footboard 

The key diference between e-scooters and other two-wheeled vehicles such as motorcycles or 
bicycles is the variable longitudinal position of the rider. The relevance and impact of this 
quantity on the optimal brake balance have been thoroughly analyzed in Chapter 3, with 
the clear conclusion that knowledge about the longitudinal centre of gravity position of the 
vehicle–rider system is crucial. 

This quantity determines the best braking strategy and there are diferent ways to de-
termine it. The theoretically simplest and most direct way is to place some force-sensing 
mechanism inside the wheel hubs, measuring the vertical tyre forces directly. However, this 
poses some practical issues, with very limited space available on this kind of vehicle and the 
need to probably interfere with the bearings and axles. 

A mathematical alternative to using sensors for direct measurements is to develop a rider 
mass and position estimator. As shown, for example, in the work of Leoni et al. [43], an 
accurate real-time estimation of an e-scooter rider’s mass is possible and can be accomplished 
without the need for special hardware. The mass can be estimated from the driving power 
of the vehicle and its current acceleration. The frst is already measured by most motor con-
trollers and is often also displayed on dashboards, while the second can be simply determined 
with an IMU (Inertial Measurement Unit), which is already part of the e-scooter testing 
equipment. In addition to the mass, the rider centre of gravity position must be simultane-

ously estimated. This is a tricky but possible task, as shown in the work of Vahidi et al. [45]. 
The main challenge to overcome here is the fact that the changing rate of the two quantities 
is very diferent, with the mass remaining constant throughout the ride and the rider position 
possibly changing within braking manoeuvre. It was decided that this mathematical method 
may be a later solution in this project. 

Until that point, a force-sensing footboard placed over the original deck is used. This 
system can be used to directly measure the rider’s real-time longitudinal centre of gravity 
position in the frst place, but also for validation once the mathematical method explained 
above will be introduced. The basic idea is to place four force-measuring sensors under the 
four edges of a stif plate to sense the weight distribution of the rider under each corner. 
The total rider mass will be computed from the sum of the four measured forces, while the 
position along the board will be proportional to the ratio between the two front and two rear 
sensed values. More details about the computation method can be found in Section 3.4. 

To ensure reliable and realistic results, a few precautions have to be taken. First, the board 
construction has to be as low as possible to minimize the deviation from the original system. 
Second, it’s necessary to ensure that the sensors beneath the four legs only sense the vertical 
load. To achieve this, movements in planar and vertical directions have to be decoupled, 
allowing only the latter. This means guiding the four legs vertically with a mechanism 
capable of absorbing longitudinal and transversal forces. This should ensure a sturdy and 
stable mounting while allowing near-frictionless vertical movement to minimize interference 
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with the vertical loads. The footboard should also include anti-lift protection to stop the 
vertical movement of the board at some point. Lastly, no structural modifcations to the 
vehicle should be made, and easy disassembly should be possible. 

Figure 5.7: Section of one of the force-sensing footboard leg construction 

The developed design that fulfls all of these requirements is shown in Figures 5.7 and 5.8. 
The mechanism’s base is a rectangular frame of aluminium profles mounted on spacer blocks 
at the four attachment points of the original deck. The thickness of these three milled blocks 
(one for the front and two for the rear) is chosen such that the structure is in a horizontal 
position. This is necessary since the original deck is slightly inclined forward. It wouldn’t 
strictly be necessary for the force-measuring footboard to be horizontal, as the incline could 
be taken into consideration in the computation, but for simplifcation, this design choice was 
made. By inserting thin washers under the anchoring points, it’s also possible to fne-tune 
the height for perfect levelling. As shown in Figure 5.7, under the front and rear frame ends, 
two plates are mounted, which serve as support bases for the four legs of the footboard and 
on which the four force sensors9 are fxed. These thin-flm sensors (thickness: 0.2 mm), 
suitable for a vast range of applications, are a key component to keep the height of the whole 
construction as low as possible. Right at these four corners and over the sensors, plastic pillow 
block bearings10 are mounted, tasked with vertically guiding the plate. They are made of 
a plastic material11 with high wear resistance and low friction characteristics, making them 
very suitable for the purpose at hand. Additionally, their spherical bearing automatically 
compensates for small alignment errors. The legs are custom-turned steel components with 
a large heel on the bottom to prevent excessive lifting and a fne thread on the opposite part. 
These are then screwed directly into the footboard itself (which has the corresponding thread 
in the four corners) so that the length of all four legs can be manually adjusted by turning 
them into the board. The basic idea is to be able to level the construction when removed 
from the scooter, and once the length of each leg has been chosen, it can be secured with an 

9Sensor model: Tekscan A302, see datasheet in the appendix 
10Model: igubal® pillow block bearings ESTM-12, see datasheet in the appendix 
11material: iglide® J 
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underlying lock nut. However, if needed, the milled slot on top of each leg allows for height 
adjustments even with the system mounted. 

Figure 5.8: The fnal force-sensing footboard construction 

5.5 Electronics and further sensors 

To efciently and realistically operate the brake system with a suitable strategy, an electronic 
control unit capable of collecting and processing extensive data is essential. 

Some of the collected data has already been mentioned and explained, such as the rider’s 
brake input or the rider’s weight and position from the force-sensing footboard. Additionally, 
brake fuid pressure is measured directly after the brake calipers, providing useful information 
about the current status of the brake system. Furthermore, some other sensors are used to 
determine riding conditions. Similar to older e-scooters from TU Wien, a GPS sensor and an 
IMU are positioned next to the control unit. 

The control strategies developed by Matthias Riedl [16] need to be run on this unit to derive 
optimal braking forces and their distribution in real-time. For this purpose, a Speedgoat Unit, 
a real-time target machine is utilized. This unit allows the direct implementation of self-
developed MATLAB and Simulink models onboard, providing the necessary input signals for 
the actuators. Before being processed by the Speedgoat Unit, signals from the sensors placed 
on the vehicle (analogue, digital, and CAN) are collected and fltered by a separate module. 
This module features a custom-developed PCB to support the Speedgoat Unit, containing an 
STM32 microcontroller for the pre-processing of the data and a DC-DC converter for power 
supply. 

These two components are integrated into a single modular unit designed to be easily 
detachable from the vehicle, facilitating their use in other projects. Therefore, they are 
planned to be separately mounted on the front part of the vehicle, also ensuring homogeneous 
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weight distribution of the testing equipment. 

5.6 Road friction determination and wheel speed measuring 

A critical variable to know before initiating a braking manoeuvre is, of course, the road grip. 
Unfortunately, this quantity cannot be measured directly, so alternative methods of estima-

tion must be utilized. One approach is the implementation of a wetness sensor, typically 
positioned behind a vehicle’s wheel. This sensor detects water splashes raised by the tyre to 
determine if the road surface is wet or dry. While not providing the exact friction coefcient, 
it still ofers valuable information to adjust the range of the expected grip. 

A potentially more precise approach is to determine the current road grip relying on cal-
culating the actual wheel slip during acceleration or deceleration manoeuvres. Assuming the 
knowledge of the actual tyre forces and the use of an accurate tyre model, an estimation of 
the friction coefcient between the tyre and the road surface can be achieved during these 
driving phases. 

To derive wheel slip, there are two quantities to be measured: the translational velocity of 
the wheels (obtainable with the Correvit optical sensor or the GPS) and the actual rotational 
speed of the wheels. To determine the latter, Hall efect sensors12 were chosen and imple-

mented on both the front and rear wheel. These sensors react to changes in the magnetic 
feld created by a rotating metal slotted disc and are commonly used for this purpose. 

Designing these discs is a delicate task because it determines the resolution and reliability 
of the measurement. There are several aspects that must be considered before choosing the 
size of the disc and the width and number of slots. Regarding the diameter of the disc, it 
is limited by the e-scooter’s wheel geometry. Especially the rear wheel, which contains the 
motor, has a fat motor cap on the right side, allowing easy mounting of such a disc. The 
disc cannot be larger than this housing because the tyre infation valve must still be easily 
accessible. For this reason, the maximum diameter on the outside was set to 120 mm. This 
only applies to the rear wheel, but for simplicity and maintenance reasons, both front and 
rear discs were designed equally. 

The dimensions and number of slots had to be chosen to maximize the resolution. This 
means having as many slots as possible (making them very thin). Two limits needed consid-
eration: the maximum sampling frequency of the STM32 microchip used for this task, which 
is 2 kHz, and the minimum required width of the gaps and teeth by the manufacturer, set at 
2 mm. The initial design featured 64 slots, each with an average width of 2 mm. If consider-
ing only the passing of one tooth fank, this results in a frequency of approximately 850 Hz 
at the maximal predicted speed of 38 km/h. Taking the Nyquist frequency into account to 
avoid aliasing efects, the sampling frequency of the utilized microchip is confrmed to be high 
enough to reliably measure even the highest expected speeds, given that it is larger than the 
crucial factor of 2. 
12Model: Variohm EURO-WS-M10, see datasheet in the appendix 
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However, during the laser-cutting process, overheating issues were encountered. As a result, 
they had to be redesigned with slightly wider slots to allow for better heat dissipation and 
cleaner cuts. This adjustment resulted in a small loss of resolution, as the number of slots 
had to be reduced from 64 to 54. 

To ensure that these discs lay on a fat surface and to avoid disturbance from the metallic 
parts of the wheels, laser-cut acrylic glass discs were used as spacers and mounting surfaces. 
The rear plastic disc was glued to the fat motor cap, while the front one was clamped to the 
wheel spokes with custom-designed 3D-printed counterparts. Threaded inserts were melted 
into these acrylic glass spacers, allowing the steel discs to be easily removed or centred. Since 
the left side of the front wheel, which was once free, is now covered with these discs, an 
infating valve extension had to be mounted to allow easy pumping of the tyre. The sensors 
were held in place with an arm that allows adjustment of the position in the radial direction 
and the air gap between the sensors and discs. 

Figure 5.9: The hall efect sensors and the metallic slotted discs used to determine the actual 
rear and front wheel speed. 
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6 Conclusions 

6.1 Final prototype and project continuation 

The fnal prototype is depicted in Figure 6.1 and can also be viewed using augmented reality 
via the provided QR code. As illustrated, the components outlined in the previous chapter 
have been manufactured and implemented, with their functionality tested to a certain extent, 
showing positive results overall. As anticipated, the developed system is nearly ready for 
testing and use as a research tool. The only component not yet realized at the time of 
writing is the electronic control unit, primarily due to delays in component shipments. 

The conducted brief tests involved the movement of a linear actuator initiated by inputs 
from the rider’s brake lever. These tests were performed without a Simulink model; instead, 
a linear relationship between the brake lever’s movement and the motor’s was maintained 
for this proof of concept. The activation of the brakes was verifed by examining the values 
returned by the brake pressure sensor. Additionally, the hall efect sensors and the force 
sensors under the footboard were checked, both providing values consistent with expectations. 

From this stage onward, the initialization and activation phase of the scooter’s components 
will begin, which is not further addressed in this thesis. This phase will involve calibrating 
all sensors and testing and validating Simulink models. Some enhancements are anticipated, 
as is normal when integrating various newly developed systems. As explained, systems like 

Figure 6.1: Final prototype with all the implemented components 
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the rider input measurement system or the force-measuring footboard have been purposely 
designed for extensive fne-tuning, given the challenge of precisely quantifying and predicting 
certain behaviours. Another critical task will be determining the best-suited method for the 
linear actuators to accomplish braking processes. This will involve comparing and potentially 
combining force and position control modes until satisfactory outcomes are reached. 

6.2 General considerations 

Although some practical tests have already been conducted, it is still too early to draw 
fnal conclusions on most aspects. However, during the manufacturing and implementation 
phases, minor potential improvements for the future have already been noted. Additionally, 
numerous lessons have been learned during development and production, which are discussed 
in the following to assist future projects. Similarly, positive aspects noticed during this 
project will also be mentioned, along with an explanation of why they have been particularly 
benefcial. 

Starting with the latter, the systematic and structured approach inspired by the VDI2221 
standard has proven to be an efective choice. While identifying the ideal method by adapting 
examples and teachings from this standard was challenging and required signifcant efort, 
once established, it was very useful. It has been relatively easy to identify potentially appro-
priate solutions, and until the current stage, there have been no regrets about the choices 
made. Regarding the implementation, the careful study of many aspects infuencing the 
designed system has allowed for very efcient and fast realization, without encountering 
signifcant issues that caused sudden changes to the original plan. The only problem that 
required slight revision of the plans was the previously mentioned laser cutting issues of the 
thin slots in the wheel speed slotted discs, which can be attributed to limited experience 
with this manufacturing method. Overall, I believe that this methodology was suitable for 
the project, especially considering the positive results, but it was also made possible by some 
external factors that need mentioning. For example, since most of the time (about two-thirds 
of the total) was spent on research and development, the time for implementation and real-
ization was very limited. Therefore, good organization and planning for this fnal phase were 
necessary, and the manufacturing process had to be very rapid and efcient to fnish in time. 

However, one last positive consideration about the chosen approach was the close collabo-
ration with the in-house manufacturing facilities. Thanks to physical proximity and repeated 
meetings, communication proved to be excellent and efcient, without encountering any prob-
lems of misunderstandings. 

6.3 Technical considerations 

Rider input measuring device 
This system has already demonstrated its adaptability and the ability to experiment with 

various methods to enhance the braking feel. These can be tested ”on road” as soon as 
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the electric scooter is capable of braking, ensuring a seamless integration between the input 
system and the braking system. However, once the correct method to provide the desired 
feeling is identifed, an even more compact system could be aimed for. One option is to 
maintain the same linear confguration and to hide it within the frame next to the battery, 
or to convert it into a rotational measurement system and directly integrate it into the brake 
lever. However, even with the optimization of this component, it doesn’t change the fact 
that the measurement is based on the movement of the lever and not on the force exerted by 
the rider. In future prototypes, for example, the clamping force could be directly measured 
by placing a dummy brake disc into a brake caliper and measuring the compression again 
with ultra-thin force sensors. This way, the desired braking force from the rider could be 
directly measured and replicated by the actuators, amplifying it with a constant value for 
weaker riders. Furthermore, the braking sensation, including overcoming the air gap and the 
increasing pressure, would be exactly the same as what we are accustomed to. 

Rider mass and position determination 
As previously mentioned, a system directly measuring the forces exerted on the wheel hubs 

would be optimal for utilizing certain braking strategies, but attempting to develop such a 
system could be a challenging solution. In addition to this, there may be a need to work on 
systems to accurately identify the height of the centre of gravity of rider as well, in order to 
have all available data needed to precisely calculate the overall centre of gravity. If any of 
these systems were proven to be functional, another possible upgrade would be to develop 
a system that instructs riders (especially inexperienced ones) in positioning themselves opti-
mally on the deck. This could be achieved using visual systems (e.g. LEDs) or through vocal 
instructions. 

Regenerative braking 
A braking method that holds signifcant potential is the utilization of electric drive motors. 

It has been clearly established that they do not possess sufcient power to be used alone during 
heavy braking; however, this does not negate the possibility of implementing them as braking 
support in the future or also alone in less demanding manoeuvres. Their utilization would 
be advantageous since their control can be quite precise, and this braking method doesn’t 
cause any wearing of the components involved. Particularly in the developed brake-by-wire 
system, integrating regenerative braking would be pretty straightforward, as the brakes are 
already fully managed by the onboard control unit. With appropriate control that ensures 
the rider a comfortable braking feeling, they could always be activated frst, with the more 
powerful mechanical system coming to aid in case their braking power is insufcient. This 
approach would maximize the kinetic energy recovery, thereby enhancing the efciency and 
range of the scooter. Additionally, it would enable future braking systems to be designed 
with smaller dimensions, given the supplementary support provided by these motors. 
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A Appendix 

Hall efect sensors for wheel speed computation 
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A Appendix 

igubal® pillow block bearing used in the rider input measuring device 
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A Appendix 

igubal® pillow block bearing used for the force-sensing footboard 
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A Appendix 

Linear potentiometer in the rider input measuring device 
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3D printing material 
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A Appendix 

Linear actuator for the brakes 

For the technical manual and datasheet of the controller, see: https://de.nanotec.com/ 
produkte/2694-cl4-e-1-12-5vdi 
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