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Abstract—Motorcycles, bicycles, and other single-track ve-
hicles are popular but dangerous methods of transportation.
While some are piloted by only a single rider, many powered
two-wheelers are ridden with a passenger, who may also signifi-
cantly influence the vehicle’s dynamics. Because simulations are
a critical component of vehicle safety research, this paper asks
whether a simulated, active “virtual passenger” has stabilizing
or destabilizing effects on a rider-vehicle-passenger system. This
virtual passenger exerts its control effort by moving an inverted
pendulum to simulate the motion of a human passenger’s
torso without explicit knowledge of rider inputs. A battery of
simulations in the nonlinear, multi-body Webots robot simulator
show that the passenger’s control efforts have mixed effects on
both rider effort and vehicle stability over abrupt transitions in
pavement height. This indicates that the inclusion of passenger
motion may be critical when vetting the safety of roadway
designs and/or emerging motorcycle technologies like Advanced
Rider Assist Systems.

Index Terms—Safety Verification and Validation Techniques;
Vulnerable Road User Protection Strategies; Real-World Testing
Methodologies for Safety Systems; motorcycle safety; powered
two-wheeler; single-track vehicles

I. INTRODUCTION

Motorcycles are a popular and common mode of trans-
portation all over the world due to their compact size and
affordability. However, they are also quite dangerous, with
a significant risk of rider injury or death during operation.
According to the National Safety Council, “Although motor-
cycles make up only 3% of all registered vehicles and 0.6% of
all vehicle miles traveled in the United States, motorcyclists
accounted for 14% of all traffic fatalities, 17% of all occupant
fatalities, and 3% of all occupant injuries in 20217 [1]. While
much of this risk comes from motorcycles’ interaction with
other traffic, some is because motorcycles are only open-
loop stable at certain forward velocities. Outside of their
self-stable speed range, they require frequent control inputs
from the rider for stabilization. Even with a skilled rider,
driving over uneven road surfaces, such as curbs, broken
edges, and rutted pavement can excite dynamics that are
difficult to control and may lead to crashes. In addition,
many motorcycles carry passengers, and [2] and [3] found
that passenger motion can have a significant effect on rider
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steering torque. But it’s possible that experienced passengers
may also improve a motorcycle’s stability by active balanc-
ing, and their additional control authority may actually help
motorcycles and their riders navigate disturbances, such as
those common during transitions across uneven pavement.
While dynamic testing of motorcycles poses a significant risk
to human riders, self-driving motorcycles and/or simulations
offer safer alternatives for testing as part of the development
and validation of advanced rider assist systems, policies
related to road geometry or other infrastructure, and even
as surrogates for evaluating the detection of motorcycles by
self-driving cars and trucks. Because motorcycle passengers
may have either adverse or helpful effects on human-ridden
motorcycle dynamics, evaluating how an artificial, virtual
“passenger” might change the closed-loop dynamics of a self-
driving motorcycle could help build better test vehicles for
all of the use cases summarized above.

In [4], Li et al. developed the “Webikes” vehicle simulation
element for the Webots robot simulator [5], and found
that Webots has promise as an open-source platform for
motorcycle safety simulations. However, that study’s control
system for the motorcycle only included a virtual rider, and
had no provisions for studying passenger behavior. Building
on that study to improve the capability of the “Webikes”
simulation element, and to answer questions about how
passenger motion can affect overall vehicle stability and
performance, the present study explores the development
of an “active passenger” that researchers can use when
simulating motorcycles in Webots.

Mimicking the way a human passenger can influence a
motorcycle’s dynamics, our virtual passenger has partial,
inferred knowledge of the motorcycle’s closed-loop roll dy-
namics but can only influence its motion through torso lean.
Like a human passenger, it has no knowledge of rider inputs
or the motion of the motorcycle’s steered, front frame. In
the following sections, we explore whether such a virtual
passenger will improve or erode a self-driving motorcycle’s
stability and/or disturbance rejection capability as it traverses
an uneven pavement edge, such as those common in road
construction zones.

The remainder of this paper is organized as follows.
Section II reviews related work, and Section III outlines
the closed loop rider-vehicle model and the model for the
active passenger. Section IV outlines the design of the Linear
Quadratic Regulator (LQR) controller used to control the
balancer in simulation. Section V outlines the design of



a battery of simulations in the Webots multi-body robot
simulation software [5] to test the passenger balance model
when subjected to a spread of road geometry configurations
similar to those studies in [4]. Sections VI and VII discuss the
results of the simulations conducted, along with limitations
and next steps for future work.

II. RELATED WORK
A. Dynamic Models of Motorcycle and Rider Behavior

In the interest of understanding two-wheeled vehicle sta-
bility and control, canonical linear models have emerged,
such as those in [6], [7] that capture their dynamics in
varying levels of detail. One of the oldest and most influential
models is the Whipple Model [6], a 4th-order, linear model
of bicycle dynamics. Since the development of the Whipple
Model, similar models that consider driver steer angle [8],
[9] and/or driver torque at the handlebars [7]-[10] have
become common. Some maintain the Whipple model’s no-
slip tire assumption [11], and others use a tire model allowing
a linear [12] or non-linear [13] relationship between tire
slip and tire force. Many research groups have determined
either experimentally, analytically, or through simulation that
autonomous motorcycles can be actively stabilized using
actuation about the steering axis only [14]-[20].

In an attempt to represent rider inputs from both rider torso
motion and steering action, some researchers have simulated
virtual riders that use torque about both the steering axis and
the roll axis for stabilization [7]-[9], [21], [22], even building
and testing robotic two-wheeler prototypes [10], [23], [24]
that use a combination of steer control and lean torque to
stabilize. The literature indicates that including the rider-
lean-torque as a system input improves a vehicle’s ability
to stabilize at various speeds [10]. Additionally, rider lean
torque alone can allow a single-track vehicle to stabilize
itself at low speeds and even while completely stationary
[10], [23]. Therefore, including a mechanical approximation
of rider torque in addition to steering torque as inputs allows
an autonomous single-track vehicle to stabilize at all speeds
and perform complex maneuvers. In modeling the lean torque
of a motorcycle rider, there is a bifurcation in how “rider
torque” is represented, with some researchers using flywheels
[23]-[25] and others using an inverted pendulum [10].

In studies where both lean and steer action are used to
model a human rider, such as in [10] and [11], the motorcycle
controller uses all states of the combined vehicle/driver
system. However, real motorcycles may be subject to control
inputs from a passenger’s body motion as well as the rider’s
body motion.

B. Motorcycle Passengers

Passengers on real, human-driven motorcycles are unique
in that they are not directly aware of the rider inputs that
stabilize the vehicle. The information they do have access to
is limited to vehicle rear frame motion (e.g., roll and roll
rate), along with measurements of their own ego motion
relative to the rear frame. In [2] and [3], Koizumi et al.
found that in certain instances while traveling on smooth, flat

ground, disturbance inputs from a passenger’s lean required
increased driver steer torque input to stabilize the system.
However, passengers have an interest in maintaining vehicle
stability, which means that they may also be attempting to
correct unexpected vehicle motion by using their torso. While
[2] and [3] investigated how passenger motion might require
more corrective action by a motorcycle pilot, it is unclear
from the literature whether a passenger whose “goal” is to
improve vehicle disturbance rejection might actually improve
the total vehicle-rider-passenger system’s performance when
encountering an unexpected road feature such as a change
in pavement height. Prior work on motorcycle passengers
is scarce, and to the authors’ knowledge, no prior study has
been conducted that investigates the development of a virtual
passenger with the limitations described here (in regards to
limited vehicle state feedback and limited knowledge of the
rider’s actions).

Our work intends to address this current gap in research
by developing a virtual passenger that can simulate the
behavior of a human passenger with limited knowledge of
the motorcycle system in a realistic manner.

III. VEHICLE-RIDER-PASSENGER MODEL
A. Vehicle-Rider Model

Our approach was to allow our virtual active passenger
(in contrast to a rigidly attached, nonmoving passenger) to
“ride” a motorcycle that is already equipped with a separate
virtual rider. The virtual rider is responsible for primary
vehicle stabilization using steering action, and the virtual
active passenger is responsible for relatively naive additional
stabilization and disturbance rejection efforts using torso lean
alone. This is in contrast to studies such as [10], where a
rider with knowledge of all vehicle states combines lean
and steering. Our virtual rider is based on the standard
“Webikes” rider outlined in [4]. It was designed using a
Whipple Bicycle Model [6] for the vehicle, which we used
to synthesize an LQR with steering input at 11.2m/s. The
LQR design assumed that the total vehicle mass and mass
center location were inclusive of both the rider and a “rigidly
attached” passenger, representing an implicit assumption that
the rider would move with the rear frame of the motorcycle.
The dynamics of the closed loop vehicle-rider-rigid passenger
system are shown in Fig. 1, along with a fit for a second-
order transfer function in standard form that represents the
passenger’s “internal model” of the closed loop vehicle-rider
system. Based on that transfer function, the virtual passenger
conceptualizes the closed-loop vehicle-rider system as a
torsional spring-mass-damper in the synthesis of its own
controller design. This is intended to represent the fact that
a human passenger can learn how the motorcycle behaves
under direction of the rider in closed loop over time, but has
no direct access to the motorcycle’s front frame motion or to
the rider’s brain.

B. Passenger Model

The virtual active passenger’s model of the vehicle-rider-
passenger system was based on the well-known Acrobot [26]
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Fig. 1: Initial condition response of the vehicle-rider-rigid
passenger system under closed loop steering control in We-
bots.

model, which consists of two rigid links pinned together in a
hinge-link-hinge-link configuration, with one link pinned to
the ground, and a motor actuating the hinge connecting link 1
to link 2. However, we modified the Acrobot model to include
a “virtual spring” K, and a “virtual damper” B,, at the ground
hinge to create an approximation of the rider’s stabilization
of the vehicle about the roll axis. The configuration of the
modified Acrobot model is shown in Fig. 2a.

Virtual spring and damping constants K, and B, were
found by fitting a second-order model to the vehicle’s closed-
loop behavior while the passenger’s torso was “locked” in
place as if riding while holding on rigidly to the rider. The
fit of the closed-loop vehicle-rider-rigid passenger behavior
is shown in Fig. 1. The low-order model used to approximate
the vehicle’s nominal closed-loop behavior as a torsional
spring-mass-damper system rotating about the ground contact
line, as shown in Fig. 2b, is given in (1).

Td = (mllzl —+ mo (lcl —+ l2)2 + Il —+ IQ) 91 (1)
+ B,61 + (Kv — (m1 + mg) (ll + l2) g) 01

In (1), T} is a fictitious disturbance torque, while K, and B,

represent stabilization efforts by the rider.

With K, and B, fit to data from Webots obtained using a
rider piloting a vehicle with a rigid passenger (See Fig. 2b),
the open-loop model for the active passenger (Fig. 2a) was
developed using generalized coordinates ¢ = [91 92] T Re-
deriving the Acrobot’s equations of motion inclusive of K,
and B, and linearizing about 61,60, = 0 yields a set of two
coupled mass-spring-damper equations that can be written
in the form of (2). Individual terms in the M, D, and K
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Fig. 2: Model of the rider-vehicle-passenger system with (a)
active passenger and (b) rigid passenger

TABLE I: Model Parameters

Symbol Parameter Value
le1 vehicle-rider CoM 0.44 m
l1 hinge height 0.69 m
l2 hinge to passenger CoM 0.5 m
mi vehicle-rider mass 39.2 kg
ma passenger mass 15 kg
I vehicle-rider MOI 7.6 kg-m
I passenger MOI 21.1 kg-m
By rider “virtual damper” 89.3 Nms/rad
Ky rider “virtual spring” 448.1 Nm/rad

Mll = mllfl —+ mgl% —+ m2l32 —+ 2mglllcg —+ Il —+ IQ
My = mql2, + 2malile + I
May = mqlZ + 2malile + I
Moy = mql?, + I
22 = Miley 2 3)
D13 = Dg1 = Doy =0
Dll = Bv

K11 = Ky, —milaig — malig — maleag
K2 = K1 = Koz = —malcag

In (3), g is the gravitational acceleration constant. 7;, g,
represents additional input torque exerted about the ground
hinge (assumed 0), and 7;,6, is the torque exerted by
the passenger about the hinge connecting it to the vehicle.
Inertias /; and I> are moments of inertia of the motorcycle-
rider system and passenger, respectively, about the mass
center of each. Lengths [.; and [; refer to the distance from
the ground to the mass center of the motorcycle-rider system
and the distance from the ground hinge to the passenger
hinge, respectively. Length [5 refers to the distance from the
passenger’s hinge point to its mass center. Masses m; and
mgo refer to the mass of the motorcycle-rider system and
passenger, respectively. The parameters used for the virtual
passenger’s model are shown in Table 1.

By rearranging the passenger’s model of the vehicle-rider-
passenger system given in (2), the model can be written in
state space form for use in controller design. Using a state



vector ¥ = [(j‘ (j’] T, the state space form of the model can
be written as in (4).

91 91
d (02| [ O2x2 Lo 02 n O2x2 | |Tin,0,
dt |61 T |-M"'K —-M~'D 01 M-F Tin,0s
02 A 02 B @
“4)

IV. CONTROLLER DESIGN

The virtual passenger uses an LQR controller to attempt to
stabilize the bike in the upright, “straight running” condition
([(ha qQ,qla QQ] = [07 03 Oa 0]) llSiIlg Only torque Tin,0 - To
implement a controller that uses T;, g, only, the state space
form in (4) was modified to use By = B [0 1]" and a single
input us = Tin,6,. The LQR controller is based on the state
space equation given in (5).

7= A% + Bouo (@)

To synthesize the LQR controller, we used the cost function
given in (6).

J :/ (ZTQZT + ul Rug)dt (6)
0
In (6), individual weight matrices are given by (7)
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The resulting controller, synthesized using the “Iqr” function
in the Python “control” library, imparts a torque about the
passenger-vehicle hinge given by (9).

u=—KZ

©))

The weights for the control effort and state error given
by (7) were chosen to prioritize low-effort on the part of
the passenger while still helping to stabilize the closed-loop
vehicle-rider-passenger system.

V. SIMULATION SETUP

To assess the performance of both vehicle-rider-passenger
systems (with and without an active passenger) in the face
of disturbances from uneven terrain, we used a series of
simulations in Webots [5] using the WeBikes add-on [4].
The simulation timestep in all simulations was 1ms, and
tire-ground coulomb friction was set to a coefficient of 1.0.
The vehicle model in Webots consisted of a front and rear
frame connected by a revolute joint representing the steering
axis. The two wheels were connected to the vehicle’s front
and rear frames using a second revolute joint, along with
joints that represent the vehicle’s suspension. The passenger
was represented as an additional rigid body connected by a
revolute joint to the vehicle’s rear frame. Parameters of the

(a) (b)

Fig. 3: Model of motorcycle (a) and annotated test scenario
(b) in Webots

vehicle and passenger were created to match the parameters
in Table I. In each simulation, the vehicle navigated an
abrupt change in pavement height, Ah,., at a speed of 11.2
m/s (roughly 25 mph) while maintaining a goal roll angle
of 0°. The test vehicle, experimental setup, and associated
nomenclature are summarized in Fig. 3b. We ran simulations
of this type for values of Ah, from 0.125 inches to 3 inches
in 0.125-inch increments. Vehicle approach angles « varied
from 2° to 20° in 1° increments [4]. For each combination
of Ah, and «, the vehicle was tested with both the rigid
passenger and the active passenger.

The simulation configurations and ranges of a and Ah,.
were selected to subject the vehicle to realistic environment-
related disturbances that a vehicle might encounter while
performing a lane change over uneven pavement, especially
on a road that might be under construction. For example,
o > 20° are unlikely to be experienced during a normal
lane change maneuver at speed. The results of the high-
fidelity simulations performed for this range of conditions
were intended to shed light on the relative capability of
the vehicle equipped with either a rigid passenger or an
active passenger in addition to a rider stabilizing the vehicle
using steering control. Data collected during each simulation
included driver steer torque 7Ty, passenger lean angle 5, and
vehicle roll angle 6;.

VI. RESULTS

Figure 4 shows the maximum absolute value of vehicle
roll angle, |6,],,,, recorded during each simulation for both
the rigid passenger and the active passenger. Figure 5 shows
the maximum absolute value of rider steering torque, |75/, ...
recorded during each simulation for both the rigid passenger
and the active passenger. Unsurprisingly, Fig. 4 shows that
larger values of |61],,,, occur when Ah, is large (around
3 inches) and when « is at the lower and upper ends of
the range simulated. The trend shown in Fig. 5 is similar,
with the greatest values of |T|, .. occurring in simulations
with large Ah, and with both small and large values of
«. While the simulation results show a highly non-linear
picture of the vehicle’s disturbance rejection performance as
« and Ah, vary, visual inspection of Figs 4 and 5 shows
interesting differences between the two controller schemes.
The vehicle successfully navigated the step in pavement



height in all simulations, and both controllers were able
to maintain the vehicle in an upright configuration with
only small changes in vehicle roll angle. This implies that
while the passenger never truly “destabilized” the system
in its attempts to improve performance, its limited system
knowledge does have measurable effects on how the vehicle
moves during the maneuver, and how the virtual rider must
react.
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Fig. 4: Maximum roll angle magnitude for vehicle-rider-
passenger system with rigid passenger and active passenger
during abrupt pavement height transition.
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Fig. 5: Maximum rider steer torque magnitude for vehicle-
rider-passenger system with rigid passenger and active pas-
senger during abrupt pavement height transition.

If the controller with active passenger represented a unilat-
eral improvement over the vehicle with the rigid passenger,
we would have expected lower |64],,,.and |T5|, .. values
from the controller with active passenger. Surprisingly, the
two controllers appear to perform differently as the environ-

mental conditions change, indicating that neither approach

has a universal advantage. Fig. 6 shows the difference be-
tween |61],,,. produced by the steering controller with active
passenger and |6;,,,. produced by the steering controller
with rigid passenger for each simulation. Fig. 7 shows the dif-
ference between |75/, . produced by the steering controller
with active passenger and |75, ... produced by the steering
controller with rigid passenger for each simulation. Green
cells represent positive differences (i.e. that the simulation
with active passenger resulted in a larger value than the
controller with rigid passenger). Cells that are red therefore
represent simulations where the magnitude of either |75/, ..
or |01],,,., Was greater with the rigid passenger than with the
active passenger. Figures 6 and 7 show that for most small
pavement height changes and small approach angles, the
difference in max roll angle and max steer torque between the
two controller schemes is small. As pavement height changes
and approach angle increases, however, more significant
differences emerge.

In simulations with the largest Ah, and « values, |64],,,,,
and |Tj|,,,. are significantly smaller with the active pas-
senger, indicating that the active passenger may represent
an improvement in overall vehicle disturbance rejection for
those simulation conditions.

Conversely, there are also configurations where the rigid
passenger has significantly smaller |6,],,,, and |Ts|,,,..
values. These configurations appear in an arc shape starting
from a 3-inch Ah, and 9° « and ending at a 1.375-inch Ah,,
and 20° «. Over this range of environment configurations,
the controller with rigid passenger outperformed the active
passenger.

The heterogeneity of the results shown in Figures 6 and 7
could be unique to this vehicle or controller combination, or
to the type of disturbance applied. However, they do indicate
that a virtual passenger’s influence on the overall non-linear
vehicle-rider-passenger system behavior is complex and im-
portant. As researchers work to develop safer infrastructure
for motorcycles, and/or advanced safety technologies for
motorcycles, it will be critical to include some model of
passenger motion in order to get a complete picture of how
a new technology or road feature design could affect the
dynamics of the vehicle-rider-passenger system.

While Figs. 6 and 7 give an overview of the difference
in performance between the two control approaches, un-
derstanding how and why the results vary over simulation
configurations is difficult when only looking at maximum
absolute values of roll angle and steer torque. To examine
two cases where the controllers provide the most disparate
disturbance rejection, Fig. 8 and Fig. 9 show time-series data
from individual tests.

Both time-series data plots demonstrate that when using
the steer controller with an active passenger, the bike is
more oscillatory leading up to, during, and after traversing
the change in pavement height than with a rigid passenger.
This behavior is expected, as the active passenger’s indepen-
dent motion makes the vehicle-rider-active passenger system
higher order than the rigid passenger system. The active
passenger’s imperfect model of the vehicle’s motion is also a



a (degrees)
10 11 12 14 15 16 17 18 19 20

—-0.008 —0.006 —0.004 —0.002 0.000 0.002 0.004

0.006
Steer Control w/Active Passenger |81|max - Steer Control w/Rigid Passenger |61 |max (rad)

Fig. 6: Heatmap of the difference between the max roll angle
recorded for each environment configuration (Steer Control
w/Active Passenger - Steer Control w/Rigid Passenger).

a (degrees)
10 11 12

0.125
0.25
0375

0.625
0.75
0.875

1125
1.25

1375 ]

1.625
1.75
1.875

2125
225
2375

Ah, (inches)

2.625

2.75
2.875
3.0

Steer Control w/Active Passenger |Ts|max - Steer Control w/Rigid Passenger Te|max (Nm)

Fig. 7: Heatmap of the difference between the max steer
torque recorded for each environment configuration (Steer
Control w/Active Passenger - Steer Control w/Rigid Passen-
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likely contributor to the increase in oscillatory behavior, even
though the passenger’s control action is optimal with respect
to its internal model of the vehicle’s motion.

As the vehicle traverses the change in pavement height,
the active passenger attempts to suppress the deviation in
roll angle, with varying levels of success. Fig. 8 shows that
when Ah, = 3 inches and @ = 20°, the steer controller with
an active passenger was better able to suppress the deviation
in roll angle with a smaller maximum steer torque applied.
However, when Ah, is the same but @ = 8° (Fig. 9), the
active passenger significantly exacerbates the deviation in
roll angle which results in a greater maximum steer torque
applied by the steer controller in its attempt to maintain
vehicle stability.
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Fig. 8: Time-series plot of vehicle roll angle and rider steer
torque with Ah, = 3 in, a = 20°.
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Fig. 9: Time-series plot of vehicle roll angle and rider steer
torque for Ah, = 3 in, o = 8°.

VII. CONCLUSION

In this paper, we found that a virtual “active passenger,’
who has partial, inferred knowledge of the motorcycle’s
closed-loop roll dynamics but can only influence its motion
through torso lean, has mixed effects on a motorcycle’s
disturbance rejection capability in the face of an uneven
pavement feature. At large Ah, and « values, it was clear
that an active passenger improved disturbance rejection and
reduced the maximum control input by the rider. However,
intermediate values of Ah,. and « resulted showed mixed re-
sults, with some configurations favoring the active passenger,
and some favoring the passenger who stays still and moves
with the vehicle’s rear frame.

This study is not without limitations that warrant future
investigations on how passenger motion influences both



roadway design and active safety technology design. Human
passengers will not behave exactly like either the rigid or
active passengers simulated in this study. Motorcycle, rider,
passenger, and road parameters vary widely, and the present
study only investigates one parameter set and one maneuver.
More developed models of both rider and passenger are also
possible, and experimental data validating any model of rider
or passenger motion is warranted. Extensions to the present
work in all of these categories are out of scope for the present
paper but are planned as future steps.

However, the results in this study support conclusions from
prior work on passenger motion in [2], [3], which indicated
that passenger motion can require increased rider effort. We
have shown that for a simple road safety simulation study,
the relative benefits and disadvantages of passenger motion
are complicated. By employing an optimal control strategy
for passenger motion, we showed that a passenger acting “in
the best interest” of the vehicle-rider-passenger system but
with an imperfect model and incomplete state information
can either help or hinder rider efforts to stabilize and steer the
vehicle. This means that as researchers use simulations and/or
self-driving surrogate vehicles to develop and evaluate new
technology for motorcycle safety, considerations of passenger
motion are vital.
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