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Cycling accidents among older adults caused by a loss of balance are a safety concern, particularly at
low speedswhere bicycles are inherently less stable. A Balance Assist system, which provide additional
steering torque to support the rider, have been proposed as a way to improve stability and confidence
for elderly cyclists. However, it remains unclear how different levels of assistance affect riding behavior
and perceived comfort, and whether riders adapt to the system with repeated use.

This thesis investigated how different balance assist levels (High, Low, None) affect motion variability
and perceived comfort, and whether repeated use across three trials leads to familiarization, reflected
in reduced motion variability and increased comfort. Thirty-one older participants rode an instrumented
TU Delft Balance Assist Bicycle, a bicycle developed in collaboration with Royal Dutch Gazelle and
Bosch eBike Systems, without prior knowledge of the assistance system. They rode around a fixed
course under one of the three balance assistance levels. Steering and roll behavior were recorded
using sensors on the bike, and perceived comfort was measured using a questionnaire administered
after each trial.

The results showed that balance assistance levels influenced riding behavior in a context-dependent
way rather than through a general, uniform effect. In particular, higher balance assistance levels were
associated with increased roll variability specifically in curved sections, while steering variability was
primarily driven by riding speed and segment type rather than by the assistance level itself. Perceived
comfort improved significantly across trials for all gain conditions, indicating that riders became more fa-
miliar with the bicycle over time regardless of the level of assistance received. However, this subjective
improvement was not accompanied by significant changes in objective riding behavior, suggesting that
familiarization occurred at the level of perceived comfort without corresponding measurable changes
in motion variability.

These findings suggest that balance assist systems do not simply reduce motion variability across the
board, but instead interact with specific riding contexts such as cornering in ways that require further
investigation. The observed dissociation between subjective and objective adaptation highlights the
importance of considering both perceived and measured outcomes when evaluating assistive cycling
technologies for older adults. Future research involving longer-term use, system activation verifica-
tion, and within-subject designs is recommended to better understand how balance assistance can be
optimized to support safe and comfortable cycling in this population.
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Cycling accidents among the elderly are a major safety concern, particularly when they are caused
by a loss of balance. More than half of all bicycle accidents involving adults aged 65 years and older
are single-bicycle accidents (58%), meaning they occur without a collision with another road user or
an obstacle [1]. Among older age groups, individuals aged 75 to 84 experience the highest rate of
bicycle-related injuries per 100,000 inhabitants. These findings highlight the increased vulnerability of
elderly cyclists and emphasize the importance of developing interventions that improve balance and
reduce the risk of falling while cycling [2]. Although these accidents may be less severe than collisions
involving motor vehicles, their consequences can be substantial and long lasting. Such experiences
may increase cyclistsô fear of traffic situations and, in some cases, lead to reduced cycling participation
or even stopping cycling altogether. Stopping cycling can lead to both physical and mental health
problems [3]. This highlights the importance of improving balance support during cycling, particularly
for the elderly.

To address these risks, balance assist systems for bicycles have been developed, which apply con-
trolled steering torques to help riders maintain stability. One example of such a system is an instru-
mented electric bicycle developed by TU Delft in collaboration with Royal Dutch Gazelle and Bosch
eBike Systems [4]. In this bicycle, a motor integrated into the head tube applies assistive steering
torques with a control system that is only active based on the motion state of the bicycle. Research
has demonstrated that this bicycle can effectively reduce roll and steering motion, particularly at low
speeds where bicycles are less stable [4], [5]. The bicycle and setup are illustrated in Figure 1.1.



Figure 1.1: Balance Assist Bicycle showing the locations of the steering motor and the data
acquisition (DAQ) box. The roll angle is defined as the rotation about the x-axis, while the steering
angle is defined as the rotation about the steering axis. This image is copied from Alizadehsaravi &

Moore [4].

The implemented Balance Assist system relies on the principle that stability can be improved by steering
in the direction of an observed fall [6]. This is achieved through a motor mounted at the head tube
of the bicycle, which generates corrective steering torques in response to the measured state of the
bicycle. The input of the system is based on the measured roll rate _�, which is obtained using an
inertial measurement unit (IMU) integrated into the data acquisition (DAQ) system. Forward velocity is
measured using a sensor mounted on the rear wheel. The resulting steering torque T� applied by the
motor is then computed according to:

T� =


�Kv

vmax � vmin

vmin
vmeasured

_� vmeasured < vmin

�Kv(vmax � vmeasured) _� vmin � vmeasured � vmax

Kc(vmeasured � vmax) _� vmeasured > vmax

(1.1)

The controller parameterKc is set toKc = �0:7, with threshold velocities vmin = 1:5m/s and vmax = 4:7
m/s. The gain Kv is selected within the range of 3:3 to 6:3, with a step size of 0.3. This gain determines
the scaling between the measured bicycle state and the resulting steering torque command. So, the
gain determines the systemsô responsiveness by scaling the relationship between input and output
signals. The motor is active only at low speeds, where continuous rider input is required to maintain
stability. As the bicycle speed increases, the gain smoothly decreases to zero, reflecting the fact that
the bicycle becomes self-stable at higher speeds.

The speed dependent behavior of the bicycle can be understood by considering the eigenvalues of
the linearized Carvallo-Whipple bicycle model [7]. The bicycle-rider system is characterized by four
eigenvalues, each describing a different aspect of its lateral motion. The real part (solid lines) of an
eigenvalue determines whether disturbances decay or grow over time. A negative real part indicates
a stable mode, whereas a positive real part indicates an unstable mode. Consequently, the bicycle is
asymptotically stable only when all eigenvalues have negative real parts.



Figure 1.2: Eigenvalue trajectories of the linearized Carvallo-Whipple benchmark bicycle as a
function of forward speed, adapted from Meijaard et al. [7]. Solid lines denote the real parts of the

eigenvalues and dashed lines their imaginary parts. The bicycle is asymptotically stable when all real
parts are negative, which occurs between the weave speed (vw) and the capsize speed (vc).

Figure 1.2 shows the eigenvalue trajectories of the benchmark bicycle as a function of forward speed,
adapted from Meijaard et al. [7]. At very low speeds, the bicycle is unstable because the weave mode
has a positive real eigenvalue. As the forward speed increases, this eigenvalue crosses the imaginary
axis at the weave speed (vw � 4:3 m/s), after which all eigenvalues have negative real parts and
the bicycle becomes self-stable. At higher speeds, the capsize mode becomes unstable when its
eigenvalue crosses back into the positive real half-plane at the capsize speed (vc � 6:0 m/s).

Despite the effectiveness of balance assist systems, previous research has identified an important
limitation: riders perceived the Balance Assisted Bicycle as less natural compared to conventional
cycling [8]. An unnatural riding experience may negatively affect perceived comfort of the rider. Human
comfort has an impact on acceptance of technology but also on the efficiency of manufacturing [9].
Because comfort influences the acceptance of technology [9], it is important to understand which factors
contribute to this perception. In the context of the Balance Assisted Bicycle, this raises the question of
whether perceived discomfort indicates that the system requires further optimization or whether riders
simply need time to adapt to the altered steering behavior.

From the perspective of haptic interaction, cyclists continuously rely on force feedback from the bicycle
to perceive its dynamic state and coordinate their movements accordingly, allowing them to maintain
balance [10]. When external steering torques are introduced by a Balance Assistant system, the haptic
feedback no longer fully corresponds to the riderôs expected steering response. This mismatch can be
seen as a conflict and may reduce the perceived comfort [11].

This reduced perceived comfort may negatively affect user acceptance and willingness to adopt the
technology. A key factor contributing to this perceived comfort is the magnitude of the applied torque,
represented by the gain Kv (see Equation (1.1)). A higher gain results in larger applied steering torques
from the bicycle, thereby providing stronger balance assistancewhile also increasing the extent to which
the system influences the riderôs natural steering behavior. This creates a fundamental conflict because



stronger assistance may improve stability but at the cost of perceived comfort and natural feeling, while
weaker balance assistance retains the natural feeling but may be less effective for vulnerable users.
Understanding how different gain levels affect rider behavior is therefore essential for designing sys-
tems that are both effective and acceptable. This motivates further research into the effects of varying
balance assistance levels.

Another gap in the existing literature is that previous studies did not investigate the effect of familiar-
ization [4], [5]. In contrast, Ronn® et al. (2025) [12] investigated how quickly participants adapt to a
bicycle with altered and highly unstable dynamics, focusing on the learning process required to main-
tain balance. The results showed that workload decreased over time, suggesting that participants
gradually adapted to the bicycle and became more familiar with its dynamics. These findings suggest
that similar adaptation effects may also occur in the Balance Assist Bicycle, which motivates examining
performance changes across repeated trials to capture potential adaptation over time.

This thesis investigates how different balance assist levels affect steering behavior and whether adap-
tation occurs across sessions. Specifically, the following research question is addressed:

How do different levels of balance assistance affect motion variability and perceived comfort, and does
repeated use of the balance assist result in familiarization, leading to reduced motion variability and
increased comfort?

It is hypothesized that perceived comfort will increase across repeated sessions as riders become
more familiar with the balance assistance system, but decrease with increasing balance assist levels.
Furthermore, it is hypothesized that higher balance assist levels will result in lower motion variability,
with the highest level producing the lowest motion variability. Motion variability is also expected to
decrease across repeated sessions as riders adapt to the bicycle.

This thesis consists of six chapters, each of which contributes to answering the main research ques-
tion. Chapter 2 describes the experimental setup, including the protocol and data collection method.
Chapter 3 shows the steps that are taken in the data analysis, which includes both data preparation
and statistical analysis. Chapter 4 presents the results that came from the data analysis, presented
separately for objective and subjective data. Chapter 5 critically discusses the results of the research
against reality to arrive at a conclusion that is ultimately presented in Chapter 6.



This chapter describes the experimental design used to investigate the effects of familiarization and
balance assistance level on cycling behavior and perceived comfort in elderly cyclists. Elderly were
selected as participants because they represent the primary target group of the Balance Assist Bicycle.
The experiment was designed to evaluate two factors: the effect of familiarization with the bicycle over
time and the effect of different levels of balance assistance on cycling performance and perceived
comfort.

This chapter provides a detailed description of the research design, including the equipment and testing
environment used during the experiments. Furthermore, the chapter outlines the characteristics of the
participants involved in the study, such as relevant demographic information and selection criteria. The
experimental protocol is explained step by step, describing the procedures followed throughout the
sessions. Finally, the methods used for data collection and recording are presented, providing the
foundation for the analysis and interpretation of the results discussed in the following chapters.

During the experiment, participants rode the Balance Assist Bicycle (Figure 1.1), developed by TU
Delft in collaboration with Royal Dutch Gazelle and Bosch eBike Systems. The bicycle is based on a
modified Gazelle Grenoble C8 HMB electric bicycle and is equipped with a custom direct-drive steering
motor integrated into the head tube to provide balance assistance.

The participants rode the bicycle under one of three balance assistance levels for the whole experiment:
a high gain condition (Kv = 6), a low gain condition (Kv = 3:9), or a control condition without balance
assistance (Kv = 0), as illustrated in Figure 2.1. The different gain settingsmodify the bicycleôs dynamic
stability by altering the eigenvalue characteristics of the controlled system.

Figure 2.1: Illustration of the three controller gain conditions used during the experiment: Kv = 0,
Kv = 3:9, and Kv = 6. The arrow at the head tube represents the relative magnitude of the steering

torque applied by the balance assistance system.



Figure 2.2 illustrates these differences by showing the eigenvalue trajectories as a function of forward
speed for each gain setting. The shaded region denotes the speed range in which all eigenvalues
have negative real parts, indicating a dynamically stable bicycle. As Kv increases, the stable region
becomes larger, extending to lower forward speeds. This illustrates how the balance assistance system
increases the bicycleôs inherent stability by applying corrective steering torques.

(a) None Gain: Kv = 0 (b) Low Gain: Kv = 3:9 (c) High Gain: Kv = 6

Figure 2.2: Real and imaginary parts of the system eigenvalues as a function of speed (v) for the
three gain conditions (Kv = 0, Kv = 3.9, Kv = 6). Solid lines represent the real parts of the

eigenvalues, dashed lines represent the imaginary parts. Modes M1-M4 correspond to the four
eigenvalues of the linearized Carvallo-Whipple bicycle model with feedback control. The shaded
region indicates the speed range in which all eigenvalues have negative real parts, meaning the

system is stable. With increasing gain, the stable speed region shifts [7].

Participants were randomly assigned to one of these conditions and were not informed about the pres-
ence or level of balance assistance. Prior to each experiment, the bicycle was adjusted individually to
ensure a safe and comfortable riding position. Saddle height was determined according to the partici-
pantôs preferences and physical needs, with particular emphasis on safe mounting and dismounting of
the bicycle. Participants were required to wear a helmet throughout the experiment.

The experiment was conducted in a parking lot of an industrial company in Dordrecht, the Netherlands.
The location was selected because it provided a controlled test environment while still exposing partici-
pants to realistic traffic situations. The course that was used for the test trials consisted of a predefined
rectangular course, as shown in Figure 2.3a. It had a rectangular shape with long sides of 25 meter and
short sides of 8 meter. The course was clearly marked using eight wooden planks, each one meter in
length, placed on the ground to indicate the route. Participants were instructed to ride over the planks,
which served as segment markers to distinguish straight sections from corners during data process-
ing. The same course was used for all test trials to ensure consistency. To ensure consistency across
participants, the locations of the planks were marked on the ground using tape. For the training route
between the test trials, participants were required to complete a course around the industrial estate of
approximately 2.5 kilometers. The purpose of this route was to familiarize participants with the bicycle
and included everyday cycling situations such as curves, intersections, and traffic lights. An overview
of the training route is presented in Figure 2.3b. To ensure safety, the researcher cycled alongside
each participant during all trials, keeping interaction to a minimum to reduce potential influences on the
participantôs natural cycling behavior.



(a) The predefined rectangular course, including
dimensions and directions. The wooden planks are
indicated, as well as the direction in which the cyclist

rode.
(b) Training session route during the experiment. Map

data É 2026 Google.

Figure 2.3: Overview of the experimental environment. (a) Predefined rectangular cycling course
used during the experimental trials. (b) Route followed during the familiarisation session.

After each test trial, a questionnaire was administered. The questionnaire aimed to assess participantsô
perceived comfort, stability, and overall cycling experience. There is no established gold standard
for comfort measurement in the literature, and the concept of comfort is inconsistently defined and
evaluated [13]. The questions are therefore based on the actions performed while cycling. Participants
were asked to reflect on their experience during the trial and respond accordingly. The questionnaire
opened with a yes/no question: Did the instrumented bicycle you rode feel different from the bicycle
that you are used to?. This was followed by up to six questions rated on a 7-point Likert scale (1 =
strongly disagree, 7 = strongly agree) [14]. Item 6 was only administered in trials 2 and 3, as it reflects
on the experience of the prior trial. The questions are shown in Table 2.1.

Likert scale items
1. I felt comfortable cycling during this test.
2. I felt confident cycling during this test.
3. I was able to steer the bike well during this test.
4. I had the bike under control when taking the turns.
5. The bike felt natural during this test.
6. Cycling felt more natural compared to the previous test.∗
∗Administered in trials 2 and 3 only.

Table 2.1: Questionnaire items administered after each test trial. The Dutch version used during the
experiment is included in Appendix A.

A total of 31 elderly participants were recruited to take part in this study. Prior to participation, a small
questionnaire was administered to collect demographic information including age, height, weight, and
cycling information. The participants had a mean age of 76.2 � 4.0 (SD) years and included thirteen
males and eighteen females. The mean height of the participants was 171.5 � 8.2 cm (SD). The
participants were recruited through face-to-face advertisements and were included if they were able
to cycle independently and could safely complete the experimental procedure. Participants who could
not get on and off the bicycle independently were excluded, as were participants with a known balance
disorder. All participants reported being active cyclists for the last month. They reported an average
of 5.2 � 3.3 (SD) cycling hours per week. Participantôs experience with electric bicycles ranged from
none to more than 10 years, categorized as: no experience (n = 4), less than 1 year (n = 4), 2 ï 5
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