EUROPEAN COMMISSION
RESEARCH EXECUTIVE AGENCY
MOTORIST
7th FRAMEWORK PROGRAMME
Marie Curie Initial Training Network (ITN)
Grant Agreement 608092

Motorcycle Rider Integrated Safety
Deliverable no D2.5
Rider models with behavioural and postural dynamics

Deliverable no.

D2.5: Rider models with postural dynamics

Dissemination level

Consortium

Work Package

WP2

Author(s)

George Dialynas (TU Delft)

Co-author(s)

Arend Schwab & Riender Happee (TU Delft)

Status (F: final, D: draft)

D (not for distribution outside the consortium)

File Name

D2.5: Rider models with postural dynamics

Project Start Date and
Duration

February 1, 2014 - January 31, 2018

“D2.5: Rider models with postural dynamics”

Executive summary
Within the MOTORIST project, we have developed a fixed base bicycle simulator
(TUD), a moving base PTW simulator (Siemens), an experimental steer by wire
bicycle and a bicycle mock up instrumented with strain gauges (TUD). The simulators
and instrumented two wheelers were used to investigate rider behaviour and develop
rider models with behavioural and postural dynamics. The models can be used to
understand better rider two wheeler interaction create new safety systems and finally
contribute to a safer two wheeler mobility.
This report describes experiments and modelling of rider passive dynamics. The
passive models developed in this report can be used to understand the impact of
(PTW) oscillatory modes (rear wobble or shimmy) on rider control. A Stewart platform
with a bicycle frame on top of it was used to apply lateral translation and roll
perturbations ranging from 0.2-10 Hz. On the frame of the bicycle, strain gauges
were implemented to measure the forces that the test-subject exerted at the saddle,
steer and pedals. Motion sensors on both the bicycle frame and test subject provided
additional information on the behaviour of the bicycle rider. The analysis focused on
the lateral force interaction at the saddle. At low frequencies, the apparent mass in
lateral direction was around 60% of the full body mass and reduced to around 10% at
the characteristic shimmy frequency of 10 Hz.

Glossary
EC

European Commission

PTW

Powered Two Wheelers

POC

Proof Of Concept

IMU

Inertial Measurement Unit

FRF

Frequency Response Functions

FFT

Fast Fourier Transformation

PSD

Power Spectral Density

CSD

Cross Spectral Density

2

“D2.5: Rider models with postural dynamics”

Table of Contents
Introduction .......................................................................................................... 4
1.

Tasks ............................................................................................................ 5

2.1

Passive rider identification ......................................................................... 6

2.2

Experimental setup description ................................................................. 7

2.3

Perturbation signals design ....................................................................... 9

2.4

Experimental procedure ............................................................................11

2.5

Data analysis ..............................................................................................13

3

Results ........................................................................................................15

3.1

Apparent mass and mechanical impedance ............................................15

3.2

Steering impedance vs acceleration of the platform (seat) ....................18

3.3

Riders trunk impedance .............................................................................20

4

Recommendations for future research.....................................................22

Conclusions .........................................................................................................23
ACKNOWLEDGEMENTS .....................................................................................23
References ...........................................................................................................23

3

“D2.5: Rider models with postural dynamics”

Introduction
Volunteer testing of driving behaviour has seen extensive research efforts for
vehicles with 4 or more wheels, for instance published on the “Driving Simulator
Conference” (http://dsc2015.tuebingen.mpg.de/PastProceedings.html and a wide
range of other conferences presenting experiments with real vehicles and driving
simulators.
Rider1 behaviour testing with two-wheelers has seen a more limited range of studies.
Most attention has been given to high-speed behaviour. We are now facing a
growing usage of (powered) two-wheelers in urban conditions. These include small
PTW such as scooters as well as bicycles with electric support (ex. speed pedelecs).
Rider behaviour of such vehicles in urban conditions is seeing increased research
attention, reflected the yearly international cycle safety conferences. An article
published by Oliver Lee et.al shows the importance of haptic feedback on rider
control see: http://www.icsc2015.eu/.
As in cars, two-wheeler testing is performed using:
1. Riding simulators [10].
2. Controlled experiments on instrumented two-wheelers [13].
3. Naturalistic driving using instrumented two-wheelers [11].
MOTORIST D.2.5 focuses on even more basic biomechanical experiments, not
involving a driving task. This report describes experiments and modelling of rider
passive dynamics. The passive models developed in this report can be used to
understand the impact of (PTW) oscillatory modes (rear wobble or shimmy) on rider
control.

1 In this report we use the term “rider” to represent operators of two-wheeled vehicles, and use
driver for operators of all vehicle types excluding two-wheelers.
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1.

Tasks

The main rider tasks studied in the MOTORIST project to create the rider models are:



Rider behaviour during roll and sway perturbations to investigate “passive
rider dynamics”.
Rider behaviour during steering and balancing to investigate “active dynamic
control”.

This report focuses on passive rider dynamics. Active rider testing and models have
been already been explored in Schwab et. al [9] and summarized in MOTORIST
deliverable D2.2.
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2.1 Passive rider identification
The modal and stability analysis of two wheelers gives important information about
riding safety, handling capabilities and riding comfort. This is the main reason of the
large research effort made over the last 40 years to investigate the modes of two
wheelers. The first systematic work on power two-wheeled vehicle stability dates
back from 1971 [1], it underlines the presence of three typical out-of-plane modes of
vibration: weave, wobble, and capsize. In particular, weave mode basically consists
of yaw, roll and lateral oscillations of the rear assembly, wobble mode is dominated
by the oscillation of the front assembly around the steering axis, and capsize involves
a roll motion combined with a lateral displacement. To understand these oscillatory
modes different models have been developed. The most famous model used
nowadays for bicycle research is the Whipple bicycle model [2]. A detailed review of
the existing papers is available in references [3] and [4], however many authors
consider neither the frame compliance nor rider joint mobility. Bike frames are
modelled as rigid bodies and the human body is modelled as a mass rigidly
connected to the bike. A detailed experimental study on rider’s properties was made
in [5]: the authors measured the natural frequencies and damping ratios of the body
lateral motion and upper body leaning for several riders. The effect of the rider’s
interaction with the handlebar very rarely is dealt with in literature, probably owing to
the lack of experimental data. In 2004 the coupled handlebar and rider’s torso
dynamics were taken into account by means of two spring-damper systems
connecting the upper rider’s torso with the handlebar and the rear frame [6]. The
parameters were derived from a recent study on neuromuscular dynamics carried out
on a car simulator [7]. In the current work we aim to identify the biomechanical
properties of the human body from laboratory test, realized in a controlled
environment. The response of the rider’s body subjected to roll and sway
perturbations are identified. Similar studies were conducted in the past to identify the
biodynamic responses of the seated human body when subjected to vibrations. Fairly
and Griffin in 1988 [15] identified the apparent mass and the frequency response
functions of the seated human body in fore-and-aft and lateral directions using
random vibration in the frequency range 0.25-20 Hz. Mansfield et.al [16] identified
non-linearities in apparent mass and transmissibility during exposure to whole-body
vertical vibration in order to understand the causes of low back pain associated with
prolonged exposure to whole-body vibration.
In our study the participant will not act as an active rider (trying to control his
response to the different stimuli), but as a passive rider (responding unconsciously to
the stimuli), during the different behaviour modes of the vehicle (wobble, weave and
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capsize). For this reason, we will be focusing on designing, building and
instrumenting a mock-up bicycle mounted on top of a Stewart platform in order to
determine the forces the rider applies to the interaction interfaces (handlebars, foot
pegs and seat), the velocities and accelerations of the trunk of the participant during
roll and sway perturbations. In addition, the relative position of the upper body of the
rider to the platform. This way, we will be able to identify the transfer function of the
rider. The response of the rider’s body will be represented in the frequency domain
by means of frequency response functions (FRF). The FRF will describe the motion
of the rider’s trunk and upper torso relative to the platform, and the mechanical
impedance of the rider body. All of this will be described by non-parametric system
identification methods. The force frequency response functions can be further used
from other researchers to identify the parameters of lumped mass biomechanical
models, suited to integration with the multi-body model of the bicycle.

2.2 Experimental setup description
For the measured forces to be considered valid and consistent, the frame needs to
be sufficiently rigid and the geometry must be close to a real bicycle. The rider
interfaces must allow a small deformation in order for the strain gauges to work
properly. The frame structure is constructed from steel tubes and clamps provided
from RK Rose Krieger. The frame consists of 3 subassemblies. The front
subassembly which holds the handlebar in place, the rear subassembly which
mounts the seatpost and seat to the construction and the foot assembly. As seen in
fig.1 the mock up is mounted on the top of a hexapod which is used to generate the
perturbations motions needed for the experiments.
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Fig.1 Bicycle mock up mounted on the top of a hexapod

Fig.2 Bicycle mock equipped with strain gauges
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The bicycle mock up is equipped with more than 40 strain gauges distributed
along the rider interfaces forming in total 13 Wheatstone bridges. The data from the
strain gauges are amplified and sampled at 100 Hz using a data acquisition unit from
LabVIEW. As can be seen in figure 2, two inertial measurement units (IMU’s) were
used to measure the rotation angles in space (roll, pitch, sway) and acceleration in x,
y, and z-direction. One IMU was placed 13 cm below the top surface of the seat on
the rear sub-assembly and was fastened by cable ties along with some velcro.
Another IMU was placed on the chest of the test subjects, in front of their sternum. By
using a band of neoprene with a hooks-and-fasteners method, the band was secured
around the body, to which the IMU could be attached (not shown in above picture).
The data of the IMU’s is read out by the program MT Manager from Xsens.

2.3 Perturbation signals design
Perturbation signals were initially designed to perturb the rider in both sway and
roll [8]. To investigate the effect of band-width on trunk stabilization, three
disturbances with different band- widths were designed containing frequencies
between 0.2 Hz and 1, 3, or 10 Hz (B1, B3 and B10, respectively). However, only two
signals (B1, B10) were finally used in the experiments mainly because the B23 signal
showed a non-linear response and a low coherence value around (0.2-0.3). The
perturbations P(t) were random-appearing multi-sine signals of 20-s duration (Fig. 3).
Each experimental trial had a duration of 80-s consisting of a 10-s fade-in period,
three repetitions of the same perturbation signal P(t), and a 10-s fade-out period. The
fade-in and fade-out period were applied to minimize transient behaviour and prevent
abrupt platform motions. The excited frequencies consisted of pairs of two adjacent
frequency points, which were linearly (<1 Hz) and logarithmically (>1 Hz) spaced. To
reduce modulation due to high-frequency perturbations, the perturbation power was
reduced to 60% (>1 Hz) and 40% (<4 Hz), with flat power in angular velocity in these
three bands [17]. To create a similar perturbation amplitude, perturbations for the
three perturbation bandwidths were scaled to have equal maximal power in the
angular acceleration, equivalent to perturbation force. For the safety and comfort of
the subjects, the maximum angular accelerations were kept < 0.85 rad/s2.
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Fig.3 Perturbation signals used for sway and roll perturbations as time series (left)
and power spectrum (right) for the perturbation bandwidths B1 (blue), B3 (green),
and B10 (red). The perturbation signal is shown as position (top), angular velocity
(middle), and angular acceleration (bottom) signal, from [8].
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2.4 Experimental procedure
Before starting the experiments the participants were asked to fill out a
questionnaire and a few anthropometric measurements were taken. The results can
be found in table I below.

These questions and measurements provided information that could later be used
to potentially clarify any abnormalities in the acquired output data. The questions and
measurements were used to acquire data such as age, gender, weight, standing
height, torso height, number of hours of bicycle riding per week and number of hours
of exercise per week. The reason for the question of age, is to be able to take in
account their body development in terms of muscle strength. The same goes for the
question considering gender. The weight, standing height and torso height
measurements were performed as they were expected to be main factors for the
behaviour of the human body in reaction context. Lastly, the hours per week spent on
riding a bicycle and exercising could be of interest, to be able to assess the
experience a test subject has riding a bicycle and give an impression of what the
muscle strength of the participant could be. After the questions were answered and
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measurements taken, the participants put on a body harness, which was then to be
attached using a carabiner to a safety cord. The safety cord was suspended above
the seat of the rider by a crane. This way, the participants would be safely held up by
the cord and crane in the unlikely event of an incident of any sort. As can be seen in
figure 4 above, the subjects were instructed to sit still on the bicycle mock-up and
keep their arms slightly bent. This is a natural position on a bicycle and gives optimal
stability. While the subjects were sitting, the instruction was to keep their eyes locked
on the wall in front of them to not be distracted by any inputs of their surroundings. To
aid the subjects in their feat to not be distracted, a set of noise-cancelling
headphones, playing white noise, was supplied to them. Another reason for the
subjects to look at the wall in front of them is to clearly have a reference point to
which they could stabilize and have a clear sense of the horizon. The final instruction
that was given to the participants was to give their best effort to keep their spine
aligned with the seat post, and in doing so, moving with the bike instead of trying to
predict its movements and moving prematurely.

Fig.4 Test subject on test setup wearing safety harness and IMU on his chest
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2.5 Data analysis
The total amount of data acquired is a number of interaction forces on each of the
riders interfaces and the rotations and accelerations of the platform and test subject.
All this data is acquired over a duration of 80 seconds. Since not everything can be
concluded from looking at the results in the time domain, this data has to be
transformed to the frequency domain as well to get a more complete picture of the
results. This is done by using the Fourier transform. This method samples signals
over a period of time, and subsequently divides the signal into its frequency
components. The analytical formula for transforming a signal in time domain to
frequency domain using the Fourier transform is as follows [14]:

Matlab makes use of the fast Fourier transform, the FFT, which is an algorithm
based on this formula. This algorithm is able to compute the Fourier transform in a
fast and efficient way.
The transfer function is a very useful tool to analyse the results that were obtained
from the tests. The transfer function is a mathematical equation relating the output of
a system to its input. Both the output and input converted to the frequency domain by
using the FFT. For example, it is possible to use the roll angle of the bicycle as input
for the transfer function and the steering torque as output. This transfer function
provides information on whether the bicycle rider keeps his balance by exerting a
moment around the steering axis when the bicycle is subjected to perturbations in the
roll-angle.
Part of analysing the transfer function is analysing the phase of the system. The
phase is a measure of how much the output signal is delayed compared to the input
signal. This might be different for low and high frequencies and could give valuable
insights as to how direct the bicycle rider is able to respond to the perturbations.
Plotting the magnitude and the phase of the transfer function together, the so called
bode plot, should give a complete picture of the behaviour of the system.
To compute the transfer function, first the spectral densities of the input and
output are calculated by using the following formulas, where the asterisk (*-symbol)
indicates the complex conjugate. The power spectral density (PSD) of signal A,
where A is the FFT of a, can be seen below:
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The cross-spectral density (CSD) between signals A and B is formulated in a
similar way:

Using these spectral densities, the transfer function can be defined as follows:

The input given is the data from the IMU located on the platform as this can be
seen as the movement of the bike. The output is the data from either the IMU located
at the rider's chest or the strain gauge assemblies (seat, handlebars or foot pegs).
To see if the results that are obtained are meaningful, the coherence of the results
should be considered. Coherence is a value between 0 and 1: the closer the
coherence is to 1, the greater the correlation between the input and output data.
Thus the coherence is a good indicator for the reliability of the test results. The
coherence can be calculated using the spectral densities, earlier obtained when
formulating the transfer function, using the following formula:
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3 Results
3.1 Apparent mass and mechanical impedance
When observing the apparent mass plots, as can be seen in figures 5 and 6 for
both roll and sway, the apparent mass seems to climb from 0.2 Hz to a peak at
around 0.7 Hz. When reaching higher frequencies, closer to shimmy frequencies, the
apparent mass goes down for both the roll and the sway experiments. Eventually for
both the perturbations a normalized apparent mass of around 0.1 kilograms per
kilogram of bodyweight is reached. The coherence of the apparent mass is close to
one for the whole frequency range from 0.2 to 9.9 Hz. However, there seem to be
some random drops in coherence differing per person.

Fig.5 Average and median apparent masses for high frequency sway
perturbations (B10 signal)
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The apparent mass of the translational and rotational signals both follow a very
similar trend when compared for the frequency range from 0.15 Hz to 9.95 Hz. The
only difference that can be found is in the initial peak at 0.7 Hz, which is considerably
larger for the rotational signal. After the initial peak, both apparent mass plots quickly
reach a plateau around the value of 15 kilograms, before slowly dropping to 8
kilograms.

Fig.5 Average and median apparent masses for high frequency roll perturbations
(B10 signal)
In conclusion, almost every test subject seemed to have a peak in apparent mass
at a resonance frequency of 0.7 Hz for both roll and sway perturbations. The same
resonance frequency for sway and fore-aft perturbations is also indicated by Fairly
et.al [15]. Gains in figures 4 & 5 are rather similar to [15] but our phase results show
large jumps, which vary greatly between subjects (not shown). Fairly shows phase to
be quite consistent between subjects and range from 0 to 135 degrees, while our
figures show a much larger range. Phase is also quite consistent in the publication
from which the perturbations were derived [8]. Hence, all phase results in this report
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require further verification. Rider posture might have affected the aforementioned
results. The bicycle mock up is designed with a stack and reach dimensions equal to
780 mm and 680 mm respectively, this gives an upper torso inclination of around 32
degrees when sited. However, on Griffin et.al [15] the participants seemed to seat
with their upper torso in a vertical position and their hands are not attached to any
kind of grasp or handlebars.
At the resonance frequency of 0.7 Hz the apparent mass was around 60% of the
full body mass. Shimmy however occurs at higher frequencies up to 10 Hz. The
apparent mass for the shimmy frequencies is around 8 kilograms or 0.1 kilograms per
kilogram of bodyweight. The coherence for the apparent mass is close to 1, bicycle
frame designers can roughly presume the apparent mass of the human body to be
between 6 and 10 kilograms when experiencing shimmy. The apparent mass of the
bicycle rider for the roll and sway signals show a lot of resemblance except for the
initial peak before the peak at the resonance frequency. This is not surprising
because rotating the bicycle with low frequencies and thus with bigger amplitudes,
results in the saddle having to lift the mass of the bicycle rider at high roll angles. This
lets the body weight have a bigger component in the resultant force, and thereby
apparent mass. As for the translational signal, the apparent mass vector stays
parallel to the seat post.
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3.2 Steering impedance vs acceleration of the
platform (seat)
The results of the steering torque set out against the acceleration of the saddle
can be seen in figures 6 and 7.

Fig.6 Average and median gain and phase of apparent inertia around handlebars
for high frequency sway perturbations (B3 signal) vs lateral accelerations measured
from IMU under seat.
It may be noted that the steering torque plots for both the translational and the roll
signal in high frequency domain show similar behaviour. Although the gain for the
T02 signal first is much higher, they both show the same characteristics. The gain is
high for low frequencies, but for frequencies higher than 2 Hz, the gain approaches a
value of 0 db. The coherence for both the signals is comparable too and has a value
of around 0.5 for all frequencies, a small peak at around 0.7 Hz excluded. The phase
seems to hover around 0 degrees for the two signals.
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Fig.7 Average and median gain and phase of apparent inertia around handlebars
for high frequency roll perturbations (B10 signal) vs rotational accelerations
measured from IMU under seat.
The fact that the average gain of the T02 and R01 signal quickly converges to 0,
indicates that the bicycle rider exerts little to no excessive reaction torque as a
reaction to the perturbations with frequencies higher than 2 Hz. So mostly during
perturbations with low frequencies the bicycle rider tends to use steering torque to
keep his balance. This would indicate that for shimmy, the human body is not able to
nullify the oscillation by using steering torque. This however does not mean a steerby-wire would not be able to nullify the effects of shimmy in the front wheel. These
results indicate that the human body is not capable of reacting to these high
frequencies. While the average gain has a very stable behaviour, the average phase
seems to have a more fluctuant demeanour as it fluctuates around 0. This means
that even though some frequencies experience some type of delay between the input
and output, the overall delay is generally non-existent.

19

“D2.5: Rider models with postural dynamics”

3.3 Riders trunk impedance
When looking at figure 8 the gain of both the average and median signals show
similar climbing behaviour. After R01 has surpassed the frequency of 1 Hz, it starts
an immediate decline from 10 to just below 5 at 4 Hz. The gain seems to be declining
slowly for the rest of the frequencies, only to show a stumpy peak around 7.6 Hz
which reaches a value of around 6 db. The phase of both the signals seem to be in
agreement with each other, being just above 0 degrees to 1 Hz. After which the
phase steadily drops to its minimum at around 4.5 Hz, where after the phase
approaches 0 for higher frequencies. The coherence for both the signals are close to
1 for the whole frequency range apart from a small decline at around 0.25 Hz in the
R01 signal.

Fig.8 Average and median gain and phase of high frequency roll perturbations
(B10 signal). Rider’s upper torso roll rate vs roll rate of bicycle mock up measured
with IMU located under the seat and IMU located at rider’s chest.
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Fig.9 Average and median gain and phase of low frequency roll perturbations (B1
signal). Rider’s upper torso roll rate vs roll rate of bicycle mock up measured with
IMU located under the seat and IMU located at rider’s chest.
The gain of the rider angle versus the platform angle is higher at low frequencies.
The test subjects are told to move naturally with the bicycle, but still there seems to
be a lot of discrepancy between individual reactions to the input angle of the bicycle.
The decline of the gain at higher frequencies can be explained by the fact that the
bicycle rider does not have enough time to fully react to the input signal. The rider
tries to keep his balance mostly by attempting to keep his body vertical at higher
frequencies. However the gain does not drop a lot, indicating that the bicycle rider is
not able to keep its body completely vertical when exposed to roll angles by his
bicycle.
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4 Recommendations for future research
During the conduction of the experiments and data analysis, some issues were
encountered. One of the problems was the fact that the IMU’s measured the angular
orientations in the initial frame that they were programmed in. It was not possible to
effectively null the orientation of the IMU’s in the orientation of the bicycle. Thus,
rotation matrices had to be used, which were not necessarily an accurate method of
isolating the roll of the test subjects and the mock-up.
Not only were the IMU’s not always particularly simple in their application, their
purpose could be fulfilled by more qualified methods, providing a more accurate
description of the movement of both the test subjects and the mock-up. An example
of a method that could be adopted, is motion-tracking by camera or motion-tracking
by infrared equipment.
Another issue that was encountered, considered the data acquisition. When
conducting the experiments, multiple software programs had to be run
simultaneously, while performing multiple actions within them. For example, when a
test was started, the input signal for the platform had to be activated, while also
quickly activating the recording of all sensors, which were recorded by two separate
programs. Due to the dependency on the internal clock of the computer on which one
of the programs ran, there could be a delay between each time step, due to an
overclocking of the CPU capacity. It would be desirable to have a single program,
which bundles all the necessary software. Another solution would be to make sure
that all the software depended on a single external clock to guarantee that all
recordings are in sync.
Most of the phase plots that were discussed in this report seem to have large
fluctuations. This might indicate the method to calculate the phases is suboptimal. In
this research the phases of the transfer functions are calculated using a Matlab
function. This function however might not take into account the noise between the
signal frequencies, adding unwanted data to the phase plots. It is recommended is to
use a different way to formulate the phase between the in- and output.
Another issue that was encountered, considering data analysis, was the difficulty
of drawing conclusions about results near the edge of the frequency range of
particularly the lower frequency range. As the frequency range was cut off at 0.75 Hz,
one could not further examine any developments just past that point. It would be
recommended to use a third, intermediate frequency range that gives insight in a
frequency range between 0.75 Hz and 9.95 Hz.
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Lastly, during the experiments it was noticed that the test subjects were relatively
quickly distracted by external factors, although pre-emptive measures were taken to
minimalize this. The recommendation would be to completely isolate the participants
from any type of external visual input by employing a curtain of some sort.

Conclusions
The apparent mass for both rotational and translational perturbations at
frequencies resembling shimmy is 8 kilograms or 0.1 kilograms per kilogram of body
mass. As this apparent mass may be rather specific for this particular setup, one may
assume that apparent mass for a more general case may range from 6 to 10
kilograms. This conclusion is substantiated by the fact that the coherence of the
apparent mass is 1 for almost all frequencies, including 9.95 Hz, which approaches
the characteristic shimmy frequency. The main recommendations for any future
research would be to use more suitable sensory equipment. This would simplify the
data acquisition, while also providing more reliable data measurement. Also, a
different approach to formulate the phase would be desirable.
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