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ABSTRACT

This paper provides an overview of recent advancements in the field of bicycle fitting, focusing
on the balance between aerodynamic advantages and physical performance. The importance of
achieving optimal bicycle rider positioning is emphasized, particularly in enhancing
performance and preventing pathology. The historical evolution of bicycle fitting methods, from
subjective preferences to evidence-based approaches, is discussed, along with the role of
technology in facilitating biomechanical analysis and simulation. The paper introduces a
computational methodology (IPS IMMA software) for fitting a racing faired recumbent bicycle,
emphasizing the need to integrate biomechanics and aerodynamics considerations. By aligning
rider posture with biomechanical recommendations and minimizing encumbrance, the proposed
methodology aims to enhance both aerodynamic efficiency and rider comfort. The article
concludes with a presentation of methods and results, highlighting trends and ranges of motion
during the pedalling cycle. Gender-based differences in joint angles are highlighted, thus
underscoring the need for tailored fitting approaches.
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1 INTRODUCTION

In today's society, an increasing number of people are
incorporating regular exercise and sports into their daily
routines to maintain their health and promote well-being at
all ages [1,2]. Among the many possibilities of physical
activity, riding a bicycle represents an effective cyclic
exercise that produces positive effects in terms of fitness
improvement and psychological well-being. Additionally,
cycling can serve as an alternative mode of transportation for
sustainable mobility [3].

A fundamental requirement for an optimal bicycle riding is
to reach an appropriate balance between aerodynamic
advantages and physical performance [4,5].
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Accordingly, one of the primary ways to maximize
performance and comfort while preventing pathology is
represented by bicycle fitting. In detail, it consists in a
structured process based first on the evaluation of the
cyclist’s physical and performance requirements, then on the
identification of the cyclist’s goals and needs, and finally on
the consequent systematic adjustment of the bike also
considering the rider’s anthropometric measures [6].

To obtain the optimal position of each cyclist, it is necessary
to adjust the three interfaces between the human body and
the bicycle: the shoe-cleat-pedal (i.e., cleat adjustment,
horizontal distance between feet and crank arm length, pedal
type), the pelvis-saddle (i.e., saddle height, type, and
setback), and the hands-handlebar (i.e., handlebar model,
length, and height) [6,7].

The first research on the correct positioning of bike elements
for an optimal cyclist posture was not evidenced-based, but
just determined on personal preference and opinion [8].
Subsequently, the advancement of technology allowed
simulating or directly recording cyclists’ 2D and 3D
kinematics during riding. Literature works have already
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approached the exercise of bicycle riding from a
biomechanical and aerodynamical point of view, also
considering the concept of bicycle fitting. Some works
compared different bicycle positions such as upright,
recumbent, and supine, determining the characteristics of
maximum pedalling performance in terms of muscles
strength, joint angles, body centre of mass, limb mechanical
work, operative ranges of propulsive muscles, metabolic and
ventilatory efficiency [9-11]. Moreover, Scoz et al. analysed
riders’ subjective responses in terms of pain level,
discomfort, and fatigue to a standardized ergonomic
adjustment of the bicycle [12]. Focusing on stationary
cycling, the studies of Thorsen et al. [13] and Lu et al. [14]
examined the effects of different horizontal distances
between bike pedals, seat positions, or work rates on the knee
biomechanics during upright and recumbent cycling,
respectively. In addition, Yen et al. examined the recumbent
exercise bicycles by adopting riders' subjective comfort
levels to determine optimal seat positions for riding [1]. In
the work of Momeni et al., the contribution and functioning
of upper and lower leg muscles was evaluated during semi-
reclined cycling at different workloads and constant cadence
[15]. In stationary conditions, motion characteristics were
compared between able-bodied and spinal cord injured
subjects [16].

Two of the most influential biomechanical variables
associated with the bike fitting and overuse injuries are the
maximum knee flexion angle and the cyclist’s degree of
trunk flexion [17]. Literature suggests a recommended knee
flexion angle to prevent injuries and optimize cycling
efficiency while avoiding negative effects on trunk and
lower legs [18]. To improve the aerodynamics and
consequently to reduce the forces of resistance opposed to
motion, a greater trunk inclination is guaranteed in the
recumbent bicycle. However, the maintenance of this
position over time can provoke neck and lower back pain,
which can be explained through the viscoelastic structures
and the mechanical creep of the spine due to the constant
load [19]. Accordingly, it is necessary to find a good
compromise among aerodynamics, performance, and health
for the knee flexion and the trunk inclination during cycling.
Faired recumbent bicycles, also known as velomobiles
[20,21], are able to improve the aerodynamic performance
thanks to the fairing. However, especially in racing
prototypes, the space inside the fairing is limited, therefore
finding a compromise between performance, comfort, and
ergonomics is a challenging task.

Even if experimental methods are very effective in
objectively studying and characterizing the movement, they
can also be extremely time and resource consuming. Since
computational methods guarantee the repeatability in ideal
scenarios and the reduction of time and cost [22], they can
be considered a suitable alternative to study the movement
of the human and/or the environment with which human
interacts in several contexts [23-25]. Such methods are
especially relevant at the vehicle design stage, when the
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physical bicycle prototype is not yet available, but having an
estimate of the cyclist interaction with the vehicle is
necessary. Having a cyclist virtual prototype is paramount to
ensure that the vehicle will interact optimally with its source
of power, i.e. the rider, thus guaranteeing optimal
performance. No structured approach for a racing faired
recumbent bicycle is available in the literature. The aim of
the present paper was to approach bicycle fitting of a racing
faired recumbent bicycle through a computational
methodology. The cyclist’s encumbrance was estimated
through a computational method, which allowed to simulate
the riding of a biker with known anthropometric data,
guaranteeing a proper balance between biomechanics and
aerodynamics and hence finding the most effective
ergonomic characteristics of the bicycle. Accordingly,
aerodynamic requirements were here focused on minimizing
the encumbrance of the rider-bike system in both the sagittal
and the frontal planes. On the sagittal plane, this requirement
was fulfilled aligning the head with the toes and the pelvis
with the heels, hence forcing the knee flexion angle to be
inside the range suggested by literature. On the frontal plane,
the variation of joint angles was assumed equal to zero.
Moreover, the head and the hips of the rider were considered
still to maintain the riding position. Two simulations were
conducted selecting a dummy of the 95™ percentile male and
a dummy of the 5™ percentile female. During both
simulations, angles of trunk, hip, knee, and ankle in the
sagittal plane were saved every 5 degrees of the fourth riding
cycling (selected as a steady-state condition).

The article is organized as follows. First, methods are
presented focusing on the description of the IPS IMMA
software, the execution of simulations, and the analysis of
data. Then, the main results related to joint angular trends,
ranges of motion, and minimum values during the pedalling
cycle are presented and discussed.

2 METHODS

2.1 IPS IMMA SOFTWARE

Industrial Path Solutions (IPS) is a software house based on
virtual algorithms to realize products. In detail, IPS tools are
used by factories to verify the feasibility of assembly, to
project flexible components, to optimize robotic tools, and to
simulate procedures of superficial treatments [26].

IPS IMMA (Intelligently Moving Manikin) is a Digital
Human Modelling (DHM) software endowed with advanced
path-planning techniques that allows a digital representation
of the human body and behaviour inside a simulation or a
virtual environment to facilitate the analysis of safety,
performance, and ergonomics [27]. The software can create
a biomechanical model of the human skeleton with 82
segments connected by joints, for a total of 162 degrees of
freedom. Design techniques are exploited to simulate
biomechanically possible, ergonomically reliable, and
collision-free movements of human models [28].
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Figure 1 Lateral view of the 95 percentile male dummy with the global reference system (xyz).

IPS IMMA software offers four main advantages: (i) the
comfort function of the manikin allows a realistic posture
prediction by minimizing the biomechanical load; (ii) the
ability of automatically adapting the movement strategy to
the performed activity makes the dummy adaptive; (iii) the
possibility of building a personalized family of dummies
with different anthropometric measures allows the execution
of the simulation at the same time for the whole family; (iv)
the simple interface allows a non-expert user evaluating the
interaction between the human and the environment [28].
Additionally, IPS IMMA anthropometric module utilizes the
Principal Component Analysis, and multivariate approach to
generate dummies capturing the anthropometric diversity
within a target population. The software exploits two main
databases (IFPS 2007 and ANSUR 1989), with the
possibility of adding anthropometric databases of specific
populations [28,29]. Once the database is selected, the first
step is represented by the definition of the dummy gender,
weight, and height. Then, anthropometric measures of the
dummy are defined based on the standard 1SO 7250 — Basic
human body measurements for technological design.
Subsequently, the software allows to execute simulations of
the desired movement, offering different tools for a real-time
and complete biomechanical and ergonomic evaluation, i.e.
the virtual integration of the human dummy with the
environment, the assessment of segments length, and the
evaluation of joints angles instant by instant.

2.2 SIMULATION

2.2.1 Creation of dummies

In the present study, the IPS IMMA software was exploited
to create two dummies based on the Swedish IFPS database
[30]. To represent most of the population of the database, a
95M percentile male dummy and a 5" percentile female
dummy were selected. Accordingly, they represent the larger
size and the smaller size individuals, respectively. Once the
gender and the percentile were defined, the software derived
through linear interpolation all the anthropometric
measurements according to 7250 standards. The two
dummies were positioned in the space with anatomical axes
coinciding with the axes of a global reference system (xyz),
as shown in Figure 1. Accordingly, the x-axis coincided with
the anterior-posterior direction, the y-axis coincided with the

medio-lateral direction, and the z-axis coincided with the
vertical direction. The visible side on the screen was the left
one for both the dummies. A model composed of the bike
bottom bracket, the cranks, and the pedals was added. The
cranks length was equal to 155 mm. Two attach points
groups were defined: (i) the Driving Seat allowed the dummy
to assume a seated position; (ii) the Driving Feet allowed the
dummy feet to reach the cranks. In detail, the Driving Seat
was rotated of 30 degrees clockwise on the sagittal plane and
associated to the dummy. The Driving Feet was associated
to the cranks, imposing a translation constraint of 10 mm
along the three axes and infinite rotational freedom. Hence,
the feet followed the rotational movements of the cranks.

2.2.2 Definition of dummies optimal posture
The following check points were identified in both dummies:
e Top of Head as the highest point of the head
Right Shoulder Joint as the right shoulder centre
Left Shoulder Joint as the left shoulder centre
Right Hand as the centre of the right hand palm
Left Hand as the centre of the left hand palm
Right Hip as the centre of the right hip
Left Hip as the centre of the left hip
Right Knee as the centre of the right knee
Left Knee as the centre of the left knee
Right Ankle as the centre of the right ankle
Left Ankle as the centre of the left ankle
Right Toe Tip as the right toe point
o Left Toe Tip as the left toes point
Subsequently, four cubic graphical objects (20 x 20 x 20
mm) were created and positioned at the same medio-lateral
coordinate (y-axis) in correspondence of specific dummies
segments: Head, Gluteus, Knee, and Heel. Moreover, the
Knee object was positioned in the same vertical coordinate
(z-axis) of the Head object. The Heel object was positioned
in the same vertical coordinate (z-axis) of the Head and Knee
objects, and in the same anterior-posterior coordinate (x-
axis) of the Gluteus object. Starting from these four graphical
objects, three segments were defined (Head-Knee, Knee-
Heel, and Heel-Gluteus) through the Linear Measurements
tool, hence providing indications about the dummies’
encumbrance on the sagittal plane.
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Figure 3 The 5™ percentile female dummy with the encumbrance dimensions in the sagittal plane.

The tool Angular Measurements was used to define the
flexion angle of the left knee as the angle between the two
segments connecting the check points of Left Hip, Left Knee,
and Left Ankle. Moving the Top of Head, Right Hand, Left
Hand, and Driving Seat, the trunk of the dummies was
inclined to reduce the frontal encumbrance of the cyclist as
much as possible. In detail, the length of the segment
between the Knee and the Heel was progressively reduced.
Moreover, a particular attention was given to two positions
of the crank, the Bottom Dead Centre (BDC) and the Top
Dead Centre (TDC). In the case of a traditional bike, the
BDC is the crank position when the leg is fully extended,
whereas the TDC is the crank position when the foot is at the
top of the pedal stroke [31]. If the bicycle is recumbent as in
this study, the rider body is rotated of 90 degrees clockwise
(Figure 2): the point in which the leg is fully extended occurs
at the Anterior Dead Centre (ADC), whereas the point
corresponding to the foot at the top of the pedal stroke occurs
at the Posterior Dead Centre (PDC).

TDC
270 deg

&

ADC
0 deg

~ PDC
180 deg

£\

¥

BDC
90 deg

Figure 2 Pedalling cycle of a recumbent bicycle. The arrow
identifies the counterclockwise rotation of the wheel.

In BDC, the segment between the Gluteus and the Heel was
exploited to verify that the left heel of the dummy was not
under the level of the gluteus along the vertical direction (z-
axis). With a crank angle equal to 180 degrees, the segment
between the Head and the Knee was used to verify that the
left knee was not over the level of the head along the vertical
direction (z-axis). Moreover, moving the cranks in the x-z
plane, a flexion angle of 145 degrees was guaranteed in
correspondence of a crank angle equal to O degrees. Finally,
other two conditions were verified: (i) both knees did not
overcome the segment defined by Head and Knee; (ii) both
heels did not be below the Gluteus. Accordingly, the
encumbrance of both dummies (Table I) was optimized
(Figure 3). Actually, the only important segment for the
encumbrance in the sagittal plane was the one from Knee to
Heel, while the other two segments were just graphically
derived.

Table | — Segments (mm) of encumbrance in the sagittal
plane for both dummies

95" percentile | 5™ percentile
male female
Head-Knee 1275.9 943.9
Knee-Heel 608.0 593.9
Heel-Gluteus 1891.0 1390.0

2.2.3 Execution of simulation and data analysis

Once the optimal posture was reached, the Angular
Measurements tool was also exploited to visualize the
flexion angles of dummies hip, knee, and ankle from the
segments formed by the corresponding check points. To
evaluate the inclination of the trunk with respect to the
vertical direction, a new graphical object was inserted with
the same anterior-posterior (x-axis) and medio-lateral (y-
axis) coordinates of the Left Hip check point. Then, the angle
was defined as the angle between the segments formed by
this object with the Left Hip and the Left Shoulder. Angles
were evaluated as shown in Figure 4. The cranks were
rotated counterclockwise starting from the left crank
positioned at 0 degrees and hence the values of trunk, hip,
knee, and ankle angles were saved every five degrees.
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Figure 4 The estimated joint angles: the trunk inclination (T1) is formed by the trunk with respect to the vertical direction;
the hip flexion (HF) is formed by the thigh with respect to the trunk; the knee flexion (KF) is formed by the shank with
respect to the thigh; the ankle flexion (AF) is formed by the foot with respect to the shank.
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Figure 5 An exemplificative screen of IPS IMMA software functioning with the main available tools.

Since the software needs an ergonomic equilibrium, these
values were saved after reaching a steady-state condition, i.e.
after 3 complete rounds. During the simulation, Top of Head,
Left Hand, Right Hand, Left Hip, and Right Hip points were
blocked assuming them still. Figure 5 shows IPS IMMA
software functioning.

3 RESULTS

Table 1l contains mean and standard deviation values of
trunk, hip, knee, and ankle angles (deg). Table Il contains
ranges of motion (ROM) of hip, knee, and ankle angles
(deg). These values were estimated for both the 95%
percentile male and the 5™ percentile female considering the
whole fourth pedalling cycle of the simulation, which was
selected as a steady-state condition. Trends of hip, knee, and
ankle angles during the crank cycle are reported in Figures
from 6 to 8 for both the 95" percentile male (blue curves)
and the 5" percentile female (red curves). Asterisks
composing these curves are related to angular values saved

every 5 degrees of the fourth pedalling cycle. The vertical
black dashed lines identify the key points of the pedalling
cycle: 90 degrees = BDC, 180 degrees, and 270 degrees =
TDC. Considering the crank angle values of 0, 90, 180, and
270 degrees, corresponding hip, knee, and ankle angles are
reported in Tables from 1V to VI from both the 95" percentile
male and the 5" percentile female dummies. Finally, Table
VII contains minimum hip and knee angles estimated over
the whole pedalling cycle and their corresponding values of
the crank angle.

Table Il — Mean + standard deviation joint angles (deg)
estimated over the pedalling cycle

95" percentile | 5™ percentile
male female
Trunk inclination 725+0.1 67.6£0.0
Hip flexion 1145+ 15.1 109.7 + 16.3
Knee flexion 109.7 + 23.3 106.4 + 26.1
Ankle flexion 1322+1.2 1240+2.2
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Hip kinematics on the sagittal plane
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Figure 6 Hip flexion angle with respect to the crank angle
for both dummies.

Knee kinematics on the sagittal plane
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Figure 7 Knee flexion angle with respect to the crank angle
for both dummies.

Ankle kinematics on the sagittal plane
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Figure 8 Ankle flexion angle with respect to the crank
angle for both dummies.
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Table 111 - ROM of joint angles (deg) estimated over the

edalling cycle
95" percentile | 5™ percentile
male female
Hip flexion 42.5 46.9
Knee flexion 66.1 73.9
Ankle flexion 3.6 7.1

Table IV — Hip flexion angles (deg) at specific values of the

edalling cycle
95™ percentile | 5™ percentile
Crank angle (deg) male female
0 135.4 131.1
90 121.7 117.6
180 95.4 88.5
270 105.0 100.0

Table V — Knee flexion angles (deg) at specific values of
the pedalling cycle

Crank angle (deg) 95" percentile | 5™ percentile
male female
0 144.2 144.6
90 105.3 98.4
180 78.7 71.7
270 109.0 109.0

Table VI — Ankle flexion angles (deg) at specific values of
the pedalling cycle

95t percentile | 5™ percentile
Crank angle (deg) male female
0 133.4 124.0
90 132.6 125.4
180 132.9 126.5
270 130.0 120.7

Table VII — Minimum hip and knee flexion angles (deg)
and corresponding values of the crank angle

Crank Minimum

angle (deg) | angle (deg)
Hip 95" percentile male 205 92.9
5™ percentile female 205 85.7
Knee 95™ percentile male 175 78.7
5% percentile female 175 71.1

4 DISCUSSIONS

The aim of the present study was to exploit a computational
method to prepare for the bicycle fitting of a recumbent
bicycle, estimating the cyclist’s encumbrance to optimize the
performance. The angular trends of trunk, hip, knee, and
ankle of both a 95" percentile male and a 5" percentile
female were obtained in the sagittal plane during the
pedalling cycle. The main imposed condition influencing all
the posture and the encumbrance is the one on the knee
flexion angle when the crank angle is equal to 0 degrees. This
condition can be considered correct comparing the value
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imposed with the software in the present work (145 degrees)
with the one recommended in [17]. Since in this study the
knee flexion angle was considered as the angle between the
shank and the thigh segments while in [17] it was considered
with respect to the extension of the thigh segment, the sum
of the two values should be 180 degrees. Indeed, the present
study imposed an angle equal to 145 degrees, while literature
suggests an angle between 30 and 40 degrees. This aspect is
confirmed in [18], which also estimates the knee flexion
angle with respect to the extension of the thigh segment and
hence, when the leg is fully extended, it recommends a range
of the knee flexion angle between 30 and 40 degrees. This
range adds up to 180 degrees with the angle imposed in the
present simulation. This value allows preventing injuries
while optimizing the cycling efficiency. Indeed, a greater
knee flexion has a negative effect on the trunk comfort,
provoking higher levels of fatigue and pain perception in the
anterior part of the thigh and knee.

As Table Il shows, the trunk inclination has very small
standard deviation values because both the head and the hips
were kept fixed during the pedalling gesture. Considering the
mean values of trunk inclination, results are in line with
literature. Indeed, Telli et al. estimated the torso angle as the
one formed by the hip-shoulder segment and the horizontal
line passing through the hip joint [9]. In the present study,
the trunk inclination was estimated with respect to the
vertical direction passing through the hip joint centre and
hence it is almost complementary (between 68 and 73
degrees) to the one imposed by Telli et al. (around 30
degrees). Considering the mean values of hip and heels
(Table 1), the values provided by the software (around 115
degrees for the hip and 110 degrees for the knee) are in line
with previous results found in literature [11].

As shown in Table 11, the same consideration can be made
for hip and knee ROM (around 45 degrees for the hip and 70
degrees for the knee), which are similar to the ones reported
in the study of Kato et al. (around 50 degrees for the hip and
80 degrees for the knee) [11] and the one of Trumbower et
al. (around 40 degrees for the hip and 60 degrees for the
knee) [16]. Considering the mean values of ankle angle
reported in Table Il (around 130 degrees), it is similar to one
found by Holliday et al. (around 110 degrees) [32], but the
gap between the two results can be due to the different
inclination of the bicycle (traditional vs recumbent).
Moreover, both the small standard deviation values (between
1 and 2 degrees) reported in Table Il and the small ROM
(from 3 to 7 degrees) reported in Table 111 of the ankle angle
are in line with literature, especially considering the ROM
values provided in [16].

Focusing on the hip angular trend reported in Figure 6, it
starts with a wvalue of around 135 degrees in
correspondence of a crank angle of O degrees. Then, the
value decreases until reaching a flexion peak occurring at
a crank angle of around 205 degrees for both dummies
(Table VII). This peak occurs after 180 degrees because
of the recumbent configuration of the bike, which inclines
the trunk axis of around 20 degrees with respect to the
horizontal direction. After this flexion peak, the angle
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increases again until the initial value. Considering the
angular trend of the knee (Figure 7), the imposed initial
value is around 145 degrees. Subsequently, there is a
flexion peak occurring at a crank angle of around 180
degrees for both dummies (Table VII) and then the angle
rises again. The flexion of the ankle (Figure 8) slightly
oscillates around a mean value of 130 degrees (Table II).
Even if the angular trends are the same for both dummies,
the 95 percentile male is characterized by values of joint
angles greater (of around 5%) than the 5" percentile
female ones. Considering the hip and the knee, this
difference is more appreciable around a crank angle of
180 degrees. This aspect can be justified considering that
the crank length is the same for both dummies, whereas
the male has a longer leg than the female. Accordingly,
the female is forced to flex the knee more than the male
and hence female ROM are greater than male ones (of at
least 10%).

5 CONCLUSIONS

Overall, results provided by the present study confirm the
suitability of computational methods in the process of bike
fitting. In detail, the IPS IMMA software represents a useful
tool to estimate the cyclist’s encumbrance in both the sagittal
and the frontal plane, to evaluate the joint angular trends
during the pedalling cycle, and hence to optimize the
performance. By analysing the angular trends of the trunk,
hip, knee, and ankle in both a 95" percentile male and a 5%
percentile female during the pedalling cycle, insights were
gained into the optimal positioning required to prevent
injuries and optimize cycling efficiency. The study
confirmed that maintaining a knee flexion angle within the
recommended range of 30 to 40 degrees (or around 145
degrees if calculated with respect to the thigh segment and
not with respect to its extension) is crucial for preventing
injuries while optimizing cycling efficiency. Additionally,
trunk inclination and joint ranges of motion were found to be
consistent with previous literature, indicating the validity of
the computational methodology. The study also highlighted
differences between the male and female dummies, with the
male exhibiting greater joint angles due to differences in
their height and hence in their leg length. Overall, the
findings contribute to our understanding of optimal bicycle
fitting and provide valuable insights for designing recumbent
bicycles that optimize both performance and comfort for
cyclists of varying anthropometric characteristics.
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