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Abstract 13 
This paper introduces WeBikes, an open-source simulation element for the Webots robot simulation software 14 
that allows users to easily simulate the dynamics of bicycles and motorcycles. WeBikes allows users to 15 
configure the dimensional, inertial, and visual properties of a two-wheeled vehicle. Open-loop comparisons 16 
between the WeBikes vehicle’s behavior and a canonical linear model of single-track vehicle dynamics show 17 
that WeBikes captures the self-stabilization behavior of two wheeled vehicles as predicted by the linear model. 18 
Additionally, the WeBikes add-on includes a simple virtual rider that stabilizes the vehicle using optimal linear 19 
feedback control. Comparisons between the closed-loop behavior of the WeBikes vehicle and the linear model 20 
show strong agreement, which indicates that under the direction of a virtual rider, the WeBikes vehicle can be 21 
used to simulate a vehicle-rider system navigating a roadway. Finally, a simple case study demonstrates how 22 
WeBikes can be used in a road safety simulation context. The case study explores how a motorcycle-rider 23 
system behaves when performing a lane change between lanes of disparate heights, illustrating how WeBikes 24 
can provide insight into the interaction between single-track vehicle behavior and geometric roadway design. 25 
 26 
Keywords – Vulnerable Road Users, Single-Track Vehicles, Powered Two-Wheelers, Vehicle Dynamics, 27 
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 29 
 30 
1. Introduction 31 

The Insurance Information Institute (III) reports that in 2021, there were 9,881,414 road 32 
registered motorcycles in the United States, and that motorcycles were involved in 5,932 traffic 33 
fatalities and 82,686 traffic injuries [19]. The number of road-going bicycles is more difficult to 34 
estimate, but the III reports an estimated 41,615 bicycle injuries and 966 fatalities [18]. Given these 35 
statistics, there’s a visible need to improve single-track vehicle safety on public roads. One way to 36 
accomplish this is with high-fidelity simulations of single-track vehicle dynamics and their 37 
interactions with both the roadway itself and with other road users. For single-track vehicles 38 
specifically, simulation software options include the capable and popular “BikeSim,” a commercial 39 
vehicle dynamics analysis and simulation software for two-wheeled vehicles [2,4,5,6,17]. 40 
BikeSim’s uses in safety research range widely, from the development of technology to 41 
optimization of vehicle design [3] to analysis of rider comfort on varying road surfaces [16]. 42 
However, BikeSim’s capability and versatility comes with a high monetary cost, and its closed-43 
source, proprietary nature somewhat limits the customizability of vehicles and certain aspects of 44 
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their environments. An open-source alternative with similar capability would allow better 45 
replicability of results and better access to bicycle and motorcycle safety simulations for 46 
researchers. 47 

Webots [20] is a free, open-source, and multi-platform desktop application suitable for the 48 
simulation of vehicles including cars [7,8,10,12]. Users can modify nearly every aspect of a 49 
simulated vehicle, the behavior of other road-users, and properties of the environment. 50 
Additionally, users can equip simulated vehicles with a variety of fully customizable sensors [14]. 51 
Despite evidence that Webots is a capable tool for automobile simulation (e.g. [1,7]), studies that 52 
use Webots to simulate single-track vehicle dynamics are scarce. 53 

While the official Webots software releases feature a standard basic two-wheeled vehicle for 54 
users to include in their simulations, this built-in model does not accurately reflect the complex 55 
dynamics of bicycles, motorcycles, or other Powered Two-Wheelers (PTWs). Developing models 56 
of PTWs from scratch is possible in the Webots software by manually connecting appropriate rigid 57 
bodes with joints, sensors and actuators. However, this is both time-consuming and complex, 58 
requiring a high degree of familiarity with the software. To address this limitation, we have 59 
developed the “WeBikes” add-on [21] that offers easy customization and accurately represents the 60 
dynamics of single-track vehicles.  61 

This add-on consists of a Webots “PROTO,” or configurable drop-in simulation element, that 62 
can be modified to represent a bicycle or PTW. This PROTO is accompanied by a nominal 63 
“controller” element written in Python that is capable of stabilizing and steering the vehicle.  64 

The remainder of this paper is organized as follows. First, it outlines the structure and capability 65 
of the WeBikes PROTO in Webots. It then examines how the dynamics of the PROTO configured 66 
as both a bicycle and a motorcycle compare with a canonical linear model of single-track vehicle 67 
dynamics from the literature. Simulations are performed both with and without control inputs from 68 
a virtual rider. Finally, to show its utility in a road safety context, we use the WeBikes PROTO to 69 
study motorcycle dynamics when traversing a lane change maneuver between two lanes of disparate 70 
pavement height. Specifically, we compare the vehicle’s behavior when the uneven lanes are 71 
separated by a sharp pavement edge to its behavior when two paved, uneven lanes are separated by 72 
an angled transition between low and high pavement. 73 

 74 
2. Methods 75 

2.1. The WeBikes add-on for the Webots robot simulation software 76 

The Webots software is a powerful simulation environment, but it does not, by itself, 77 
provide sufficient infrastructure for researchers to study the stability and/or dynamics of single-78 
track vehicles. As mentioned in Section 1, Webots has a simple built-in “twoWheeler” vehicle that 79 
users can add into their simulation to visually replicate a scooter or motorcycle. However, its 80 
physics lack any resemblance to the complex dynamics involved in the balancing and steering of a 81 
bicycle or PTW. WeBikes fills this gap, making dynamic simulation of bicycle and PTW dynamics 82 
quick and easy. The add-on consists of a Webots PROTO, along with a rudimentary virtual rider 83 
that balances and steers the vehicle by applying torque at the handlebars. The combination of the 84 
configurable vehicle itself with a basic controller means that users can easily study both open and 85 
closed loop dynamics of a bicycle or PTW.  Figure 1 shows the WeBikes vehicle and its associated 86 
adjustable parameters. In addition to dimensional and inertial properties, users also can choose a 87 
visual representation of either a motorcycle or bicycle. Users can enable or disable front and rear 88 
wheel suspension depending on the embodiment of the vehicle they wish to simulate.  89 
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  90 
(a)              (b)           (c) 91 

Figure 1: (a) Adjustable parameters for the WeBikes PROTO; (b) Example bicycle embodiment; (c) 92 
Example motorcycle embodiment 93 

 94 
Basic parameters of the vehicle, such as the mass and Center of Gravity (C.G.) location of the front 95 
(steered) and rear (ridden) frames, are adjustable, with parameters corresponding to the distances 96 
and masses shown in Figure 2b. The vehicle’s wheels are modeled with a torus shape, featuring an 97 
adjustable major and minor radius for each. By default, the front and rear frames of the vehicle are 98 
modeled as small spheres approximating point masses for the purposes of physics simulation, but 99 
the PROTO also allows users to override this default behavior and specify their own inertia tensors 100 
for both the front and rear frames. This was accomplished by writing the WeBikes PROTO as a 101 
“procedural PROTO,” with embedded JavaScript code that reconfigures and rebuilds the vehicle 102 
based on user inputs in the Webots Graphical User Interface (GUI). For example, to set custom 103 
inertia tensors for one of the vehicle’s rigid bodies, a user changes the parameter 104 
“customized_inertiaMatrix” in Figure 1a to “TRUE,” and then provides the six unique values of the 105 
tensor. The nominal representation of the front and rear frames as “point masses” allows a user to 106 
create a relatively realistic representation of a real vehicle quickly using basic properties that are 107 
easily measured for any bicycle or PTW. For vehicles where more detailed inertial information is 108 
available, WeBikes allows a user to improve the model fidelity if necessary. 109 

The visual appearance of the vehicle is currently configured with two options: as seen in 110 
Figure 1a, a user can change the option “bicycle_shape” to TRUE to represent the vehicle visually 111 
as a bicycle (Figure 1b). The dimensions of the bicycle frame are responsive and automatically 112 
scale to the dimensions of the vehicle selected by the user. Similarly, if the user selects 113 
“motorcycle_shape,” a generic motorcycle visual embodiment is generated based on the user’s 114 
selected dimensional properties (Figure 1c). These visual representations allow users to create 115 
environments where other vehicles or infrastructure systems can sense and react to a WeBikes 116 
vehicle using visual sensors like cameras or LIDAR sensors. 117 

The WeBikes vehicle can also easily be configured with suspension, both front and rear. 118 
With the suspension enabled, the vehicle’s configuration of joints and rigid bodies is built as shown 119 
in Figure 2a. In the front, it includes the option for a prismatic suspension functionally equivalent 120 
to the telescopic fork configuration common on bicycles and PTWs, shown by joint P1 in Figure 121 
2a. This suspension has adjustable travel, spring and damping rates, along with an adjustable 122 
preload configurable by setting the “measured_sag_front” variable, which is easily measured on 123 
real vehicles. The rear suspension uses a torsional spring and damper on a massless rear swinging 124 
arm connecting the rear frame to the rear wheel. Users can specify linear spring and damping rates 125 
at the wheel, which is how they are measured on a rear vehicle, and the WeBikes PROTO converts 126 
these to effective torsional spring and damping rates at the swingarm pivot, Joint R2 in Figure 2a. 127 
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Like the front, suspension preload in the rear is adjustable by setting the “measured_sag_rear” 128 
parameter. 129 

The WeBikes PROTO is additionally equipped with a Webots “motor” element at the 130 
steering head that can be used to steer and balance the vehicle by applying torque about the steering 131 
axis, labeled 𝑒!"  in Figure 2b (See Section 2.2.2), along with a motor at the rear wheel joint (R1) to 132 
allow the vehicle’s controller in Webots to propel it forward. Finally, the WeBikes PROTO includes 133 
a Webots standard “AddOn” slot attached to the rear frame, which allows users to add whatever 134 
they like to the vehicle, including but not limited to sensors and/or more complex visual or physical 135 
models of riders.136 

 137 
Figure 2: (a) Joint and rigid body configuration for the WeBikes add-on; (b) Key user-adjustable mass 138 

and dimensional parameters of the WeBikes add-on 139 
 140 

2.2. Comparison of WeBikes with a linear models of single-track vehicle dynamics with and without 141 

a rider 142 

To understand how the WeBikes vehicle PROTO compares with mature models of PTW 143 
dynamics from the literature, we investigated how the WeBikes vehicle responds to initial 144 
conditions for constant-speed driving without any active input from a rider. We also investigated 145 
how adding a rider model based on linear control of the vehicle would impact these comparisons. 146 
While it would be unrealistic to expect the WeBikes vehicle to show behavior identical to a linear 147 
model of single-track vehicle dynamics, since Webots is a nonlinear simulation and its physics 148 
include more complex dynamics than a linear model is capable of, we were especially interested in 149 
determining whether the Webots physics engine was capable of accurately capturing the self-150 
stabilization of a single-track vehicle built using the WeBikes PROTO. Additionally, we were 151 
interested in whether a linear model of its dynamics would be sufficient for designing a “virtual 152 
rider” controller capable of balancing and steering the vehicle. These two tests are described in 153 
more detail in the following subsections. 154 
 155 
2.2.1. Representative low-order vehicle dynamic model 156 

The vehicle model chosen as a benchmark for the WeBikes PROTO is based on the 4th 157 
order linear differential equation model summarized by Meijaard et al. In [15]. This model was 158 
chosen because it captures the self-stabilization behavior of single-track vehicles such as bicycles 159 
and PTWs by describing the energetic independence of the vehicle’s front (steered) and rear 160 
(ridden) frames, and how the two interact with the vehicle’s wheels. It was originally intended to 161 
describe the roll and steer dynamics of a bicycle with knife-edged tires that have no significant 162 
lateral or longitudinal slip. The model represents the dynamics of the four bodies A, B, C, and D as 163 
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shown in Figure 2b when the vehicle is operating at or close to the “straight running” condition. 164 
For the comparisons in this paper, the model was re-derived using LaGrange’s method to conform 165 
to the vehicle coordinate system as shown in Figure 2b. Additionally, bodies A, B, C, and D were 166 
assumed to be point masses for simplicity. Basic dimensional and inertial parameters for the model 167 
are presented in Table 1, along with parameter values for both the bicycle described in Meijaard et 168 
al. [15] and a small dual-purpose motorcycle. In Table 1, “M.O.I.” stands for “moment of inertia” 169 
and “C.G.” stands for Center of Gravity. Also note that this model assumes that the “rider” is part 170 
of the rear frame (body B) and is rigidly attached to the vehicle, so the mass and mass center location 171 
of the rear frame listed in Table 1 are inclusive of the passive mass of a rider. The WeBikes PROTO 172 
allows the user to attach a non-rigid (even active) multi-joint rider to the rear frame, but for the 173 
simulations of this paper, the rider remained passive and rigidly attached. 174 
 175 

Table 1. Basic Vehicle Parameters 176 
Symbol Description Value (bicycle) Value (motorcycle) Units 
𝑚""	 Front frame mass 4 10 kg 
𝑚#"	 Rear frame mass 85 158 kg 
𝑚"$	 Front wheel mass 3 10 kg 
𝑚#$	 Rear wheel mass 3 13 kg 
𝐽%%"	 Front wheel spin M.O.I. 0.368 0.798 kg-m2 
𝐽%%#	 Rear wheel spin M.O.I. 0.27 0.833 kg-m2 
𝑥#"	 x-distance to rear frame C.G. 0.3 0.689 m 
𝑥""	 x-distance to front frame C.G. 0.9 1.25 m 
ℎ#"	 Height of rear frame C.G. 0.9 0.519 m 
ℎ""	 Height of front frame C.G. 0.7 0.735 m 
𝑅#$	 Radius of rear wheel 0.3 0.330 m 
𝑅"$	 Radius of front wheel 0.35 0.356 m 
𝑐	 Trail (see Figure 1) 0.08 0.115 m 
𝑏	 Wheelbase (see Figure 1) 1.02 1.45 m  
𝜆 Rake angle (see Figure 1) 1.25 1.10 rad 

 177 
In addition to the 15 basic model parameters listed and described in Table 1, several 178 

derived quantities are defined in Meijaard et al. [15] to allow the model’s equations of motion to be 179 
written compactly. The expressions for these derived quantities, along with descriptions of each, 180 
are summarized in Table 2, assuming that the front and rear frames can be approximated as point 181 
masses. Additionally, the model assumes that only the spin (𝚥)̂ moment of inertia of the front and 182 
rear wheels is significant. As before, the model has been modified slightly from the form presented 183 
in [15] to represent the change from SAE to ISO vehicle-fixed coordinates, and to simplify the 184 
equations in representing the front and rear frames as point-masses. In Table 2, M.O.I stands for 185 
“moment of inertia,” and P.O.I stands for “product of inertia.” 186 
 187 
 188 
 189 
 190 
 191 
 192 
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Table 2. Derived Vehicle Parameters 193 
symbol Description Expression 
𝑚&	 Total mass 𝑚"" +𝑚#" +𝑚"$ +𝑚#$	
𝑚"	 Front assembly mass 𝑚"$ +𝑚""	
𝑚#	 Rear assembly mass 𝑚#$ +𝑚𝑟𝑓	
𝑥&	 x-distance to total C.G. 1𝑚"$𝑏 +𝑚#"𝑥#" +𝑚""𝑥""2/𝑚&	
𝑥"	 x-distance to front 

assembly C.G. 
1𝑚"$𝑏 +𝑚""𝑥"𝑓2/𝑚"	

ℎ&	 Height of total C.G. 1𝑚#$𝑅#𝑤 +𝑚"$𝑅"$ +𝑚#"ℎ#" +𝑚""ℎ""2/𝑚&	
ℎ"	 Height of front assembly 

C.G. 
1𝑚"$𝑅"$ +𝑚""ℎ""2/𝑚"	

𝑢	 Steer axis lever arm ℎ𝑓𝑠𝑖𝑛(𝜆) − (𝑏 + 𝑐 − 𝑥𝑓)𝑐𝑜𝑠(𝜆)	
𝑇''	 Total x M.O.I. 𝑚#"ℎ#"( +𝑚""ℎ""( +𝑚"$𝑅"$( +𝑚#$𝑅#$( 	
𝐹''	 Front assembly x M.O.I. 𝑚""1ℎ"" − ℎ"2

( +𝑚"$1𝑅"$ − ℎ"2
(	

𝑇))	 Total z M.O.I. 𝑚#"𝑥#"( +𝑚""𝑥""( +𝑚"$𝑏(	
𝐹))	 Front assembly z M.O.I. 𝑚""1𝑥"" − 𝑥"2

( +𝑚"$1𝑏 − 𝑥"2
(	

𝑇')	 Total xz P.O.I. −𝑚#"𝑥#"ℎ#" −𝑚""𝑥""ℎ"" −𝑚"$𝑏𝑅"$	
𝐹')	 Front assembly xz P.O.I. −𝑚""1𝑥"" − 𝑥"21ℎ"" − ℎ"2 −𝑚"$1𝑏 − 𝑥"21𝑅"$ − ℎ"2	
𝐹!!	 Front assembly steer 

M.O.I. 
𝑚"𝑢( + 𝐹''𝑠𝑖𝑛(𝜆)( 	− 2𝐹')𝑠𝑖𝑛	(𝜆)	𝑐𝑜𝑠	(𝜆) 	

+ 𝐹))𝑐𝑜𝑠(𝜆)(	 
𝐹!'	 Front assembly projected 

P.O.I. 
−𝑚"𝑢ℎ" − 𝐹''𝑠𝑖𝑛	(𝜆) 	+ 𝐹')𝑐𝑜𝑠	(𝜆)	 

𝐹!)	 Front assembly projected 
P.O.I. 

𝑚"𝑢𝑥" − 𝐹')𝑠𝑖𝑛	(𝜆) 	+ 𝐹)) 𝑐𝑜𝑠 	 (𝜆)	 

𝑓	 Mechanical trail to 
wheelbase ratio 

𝑐	𝑐𝑜𝑠	(𝜆)	/𝑏	

𝑆"	 Front wheel specific 
angular momentum 

𝐽%%"/𝑅"$	

𝑆#	 Rear wheel specific 
angular momentum 

𝐽%%#/𝑅#$	

𝑆&	 Total specific angular 
momentum 

𝑆" + 𝑆#	

𝑆*	 Common static moment 
term 

𝑚"𝑢 + 𝑓𝑚&𝑥&	

 194 
The fourth-order, linear vehicle dynamic model can be written in Mass-Spring-Damper (MDK) 195 
form as shown in Equation 1: 196 
𝑀�̈⃗� + 𝐷�̇⃗� + 𝐾�⃗�  =  𝑢+JJJJ⃗ ,        (1) 197 

where the generalized coordinate vector �⃗� is given by �⃗� = [𝜙	𝛿	],, with 𝜙 representing roll angle, 198 
or the rear frame (body B) rotation about the vehicle-fixed 𝚤-̂axis, and 𝛿 representing steer angle, or 199 
the front frame (body C) rotation about the 𝑒!"  axis. The input vector 𝑢+JJJJ⃗ = P𝑇-	𝑇. 	Q

,
 consists of rider 200 

input torque about the roll axis and rider input or external disturbance torque about the steer axis. 201 
The terms in the M, D, and K matrices are given in Equation 2. 202 
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𝑀 = R
𝑇'' 𝐹!' + 𝑓𝑇')

𝐹!' + 𝑓𝑇') 𝐹!! + 2𝑓𝐹!) + 𝑓(𝑇))
S, 203 

𝐷 = U
0 −𝑈1𝑓𝑆& + 𝑆" cos(𝜆) − 𝑇')𝑓/𝑐 + 𝑓𝑚&ℎ&2

𝑈1𝑓𝑆& + 𝑆" cos(𝜆)2 𝑈1𝐹!) cos(𝜆) /𝑏 + 𝑓(𝑆* + 𝑇))𝑓/𝑐)2
[, 204 

𝐾 = \
−𝑔𝑚&ℎ& 𝑔𝑆* −𝑈(1(𝑆& −𝑚&ℎ&)𝑓/𝑐2

𝑔𝑆* −𝑔𝑆*	sin(𝜆) + 𝑈( `1𝑆* + 𝑆" sin(𝜆)2𝑓/𝑐a
b ,(2) 205 

with constituent terms as defined in Tables 1 and 2, along with the gravitational constant 𝑔 =206 
9.81𝑚/𝑠( and 𝑈  representing the vehicle’s (assumed constant) forward speed in m/s, the vehicle 207 
model is complete. This model can be converted to state space form for numerical simulation and 208 
for controller design by solving for �̈⃗�, and defining a state vector that allows the system to be written 209 
in state space form as shown in Equation 3. 210 
  /'⃗

/&
= 𝐴�⃗� + 𝐵𝑢1JJJJ⃗ .         (3) 211 

In Equation 3, the input vector 𝑢1JJJJ⃗ = 𝑇., indicating that the model uses rider steer torque 212 
as its sole input. While nominally the model presented in Equation 2 is 4th order, the model is 213 
augmented with two auxiliary states in order allow the rider model developed in Section 2.2.2 to 214 
control lateral position and yaw angle. Therefore, the state vector was chosen as shown in Equation 215 
4, 216 

  �⃗� = P𝜙	𝛿	�̇�	�̇�	𝜓	𝑦	Q,  ,      (4) 217 
where the time derivative of 𝜓, or the vehicle’s yaw rate, is found using the no-tire-slip condition 218 
applied to the vehicle’s steering behavior, and the vehicle’s lateral position (e.g. in a lane) is found 219 
by integrating lateral velocity assuming small yaw angles. The state space matrices for the resulting 220 
model are given in Equation 5. 221 

𝐴 =

⎣
⎢
⎢
⎢
⎡
	 0('( 	 𝐼('( 	 0('(
	 −𝑀21𝐾 	 −𝑀21𝐷 	 0('(
0 3 456 7

8
0 9 456 7

8
	 01'(

0 0 0 0 𝑈 0 ⎦
⎥
⎥
⎥
⎤
, 𝐵 = r

0('1
𝑀21[0 1],

0('1
	s  (5) 222 

The model form given by Equations 3-5 can be easily integrated numerically to produce model 223 
predictions for the linear model and can also be used for the virtual rider design outlined in Section 224 
2.2.2. 225 
 226 

2.2.2.      Controlling the WeBikes Powered Two-Wheeler using a representative rider model 227 

The WeBikes PROTO’s behavior needs to be governed in the Webots environment using 228 
a script called a “controller.” This controller influences any powered joints in the PROTO, including 229 
the rear drive motor, the motor attached to the steering column of the PTW, along with any motors 230 
included in the “AddOn” slots (See Section 2.1) attached to the front and/or rear frames. At the very 231 
least, to study a PTW’s open-loop (hands-free) behavior, the drive motor must propel the vehicle 232 
forward. The “controller” script we wrote in Python for the WeBikes package implements a basic 233 
rider model that stabilizes a PTW and allows the user to specify a goal lateral lane position at a 234 
particular forward speed. More complex rider models are certainly implementable by the user, and 235 
this is one of the key advantages of using WeBikes over a commercial software: the rider model is 236 
infinitely customizable.  237 
 238 
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For the initial simulations described in Section 2.2.3, and the case study outlined in section 239 
2.3, the rider model is a Linear Quadratic Regulator (LQR) synthesized using Python’s “control” 240 
library. The LQR is a simple, mature, optimal linear full state feedback control law. In the case of 241 
the WeBikes vehicle, this controller uses the state vector �⃗� from Equation 4, and the state space 242 
model in equations 3-5 for synthesis. It provides a torque to the handlebar-mounted motor that is 243 
computed via Equation 6 where 𝑥/JJJJ⃗  is a vector of goal values for each state. 244 

𝑢1 = 𝐾:;#𝑒 = 𝐾:;#(𝑥/JJJJ⃗ − 𝑥).      (6) 245 
The matrix of controller gains 𝐾:;#  is found using the Python control library’s “lqr” command, 246 
which finds a gain vector 𝐾:;#  that minimizes a quadratic objective function J which penalizes both 247 
state error and control input effort when the system is under closed loop control. J is shown in 248 
Equation 7. 249 

𝐽 = ∫ `𝑥⊺JJJ⃗ 𝑄�⃗� + 𝑢⊺JJJ⃗ 𝑅𝑢J⃗ a 𝑑𝑡=
+ 	.      (7) 250 

In Equation 7, Q is a square matrix penalizing state error, and R is a scalar penalizing control effort. 251 
For all simulations in this paper, Q was a 6x6 identity matrix, and R was 0.1, although these values 252 
can be tuned to change how “relaxed” or “aggressive” the controller is. Once a matrix of gains 𝐾:;# 253 
is computed, the controller can perform simple tasks such as lane changes and/or lane keeping at 254 
constant forward speeds. 255 
 256 

2.2.3.      Comparison Simulations 257 

In developing WeBikes, it was important to understand whether the configuration of rigid 258 
bodies in Figure 2a, combined with the Webots physics engine, could capture the self-stabilization 259 
behavior of bicycles and PTWs, which is one of their most unique (and challenging) characteristics. 260 
PTWs are not stable at all speeds, but they are able to keep themselves upright and allow for “hands-261 
free” riding for a range of speeds [13][15]. To assess how Webots compares with the predictions of 262 
the model developed in Section 2.2.1, we ran two simulations of open loop vehicle behavior, one 263 
for each of the vehicle configurations summarized in Table 1. For each, we compared both roll (𝜙) 264 
and steer (𝛿) angles between the linear model and Webots. Both simulations were free responses 265 
(representing hands-free riding) with a small initial roll angle to ensure that the comparison between 266 
the linear model, which was designed for small deviations from “straight running,” and Webots, 267 
was fair, since the linear model assumes the vehicle is near the “straight running” condition. The 268 
bicycle configuration from Table 1 was simulated with a forward speed U=4.35m/s, chosen due to 269 
the linear model’s prediction (via the eigenvalues of the A matrix in Equation 5) that this should be 270 
one of the vehicle’s “most self-stable” speeds. The motorcycle was simulated with a forward speed 271 
U=5.96m/s, also chosen using the eigenvalues of the open-loop vehicle model summarized in 272 
Equation 5. Each simulation ran for 12 seconds, sufficient time for the linear model to reach steady 273 
state. For all simulations, the Webots world was set up with a coefficient of friction between tire 274 
and ground of 1.0, and a basic simulation timestep of 1 millisecond. Note that while the Webots 275 
simulations in this paper were all performed using a simple “coulomb friction” model for tire forces, 276 
which ignores lateral and longitudinal tire slip, more advanced tire models are possible to 277 
implement in Webots by modifying the simulation world’s friction parameters, including its “force-278 
dependent slip” parameter. The linear model used for comparison with Webots was simulated using 279 
Runge-Kutta integration via the “control” library in Python, also using a timestep of 1 millisecond.  280 

The open-loop simulations described above were designed to answer the question of 281 
whether Webots is a viable option for the simulation of bicycle and PTW dynamics. However, road 282 
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safety-adjacent simulations of PTW and bicycle dynamics will often also require the simulation of 283 
how a rider interacts with the vehicle to steer it and keep it stable outside of its self-stable range of 284 
forward speeds. To this end, we equipped the WeBikes PROTO with the rudimentary lane-keeping 285 
controller described in Section 2.2.2. Then, to answer the question of whether this “rider” model 286 
(designed using linear control theory) could stabilize the nonlinear WeBikes vehicle, and to 287 
determine how well the behavior of this closed loop system in Webots could be predicted by linear 288 
control theory, we ran 2 simulations of closed-loop behavior using the WeBikes vehicle in Webots. 289 
Each simulation corresponded with one of the vehicle configurations described in Table 1. These 290 
simulations compared roll angle, steer angle, and vehicle lane position between the closed loop 291 
linear model (inclusive of the rider) and Webots while each vehicle performed a lane change at one 292 
representative speed. Because the simulations represented lane change maneuvers, both were step 293 
responses in desired lane position. Each was performed with zero initial roll and steer. The bicycle’s 294 
lane change was performed at a forward speed U=4m/s, and the motorcycle’s lane change was 295 
performed at a forward speed of U=15.57m/s. The simulations both ran for 12 seconds, allowing 296 
plenty of time for the closed loop systems to reach steady state. The step in desired lane position 297 
was set to 4 meters for both vehicles, as shown in Figure 3.  298 
 299 
2.3. Pavement Transition Case Study 300 

2.3.1.      Simulation setup 301 

To assess WeBikes's utility in a road safety context, we conducted a small case study where 302 
a motorcycle changed lanes as described in Section 2.2.3, but on a road with lanes that vary by 3” 303 
in height. This was intended to simulate a lane change on a road where one of the two lanes of travel 304 
has either been milled or repaved. Often, roads with uneven lanes are marked with signs for 305 
motorcycles to "use caution" because of the abrupt change in lane height. Hypothesizing that 306 
perhaps a more gradual change in lane height would result in a safer transition between lanes, we 307 
ran blocks of simulations with both an abrupt transition and a "Safety Edge" style, 30° beveled 308 
transition between the higher and lower lane. A “Safety edge” is an angled road pavement treatment 309 
for vertical road edges. Its purpose is to make returning to paved road from non-paved surfaces 310 
safer, and its use is supported by the literature. For example, Lyon, Persaud, and Donnell [11] found 311 
that the Safety edge was effective in improving two-lane rural road safety for cars. However, studies 312 
that assess the effects of the “safety edge” on motorcycle crashes specifically are absent from the 313 
literature, as are studies investigating whether such an edge may make lane changes on uneven 314 
lanes safer for motorcycles. Because their dynamics are so different from cars, studying the 315 
behavior of motorcycles traversing uneven pavement edges is valuable. If adding angled transitions 316 
between uneven lanes could improve motorcycle safety, it could expand the Safety edge’s capability 317 
and justify its use on roadways between lanes of different heights. Webots with the WeBikes add-318 
on could be a great fit for this type of study, since creating custom road geometry is relatively easy 319 
using the Webots interface. 320 

To analyze the effects of implementing an angled transition between two uneven paved 321 
lanes on an urban road for motorcycles, we performed two sets of 32 simulations. In each 322 
simulation, the motorcycle described in Table 1 performed a 4-meter-wide lane change. The first 323 
set of simulations was performed at a forward velocity of 10m/s (22.3mph), and the second set 324 
was performed at 15.57 m/s (35mph). During each lane change, the vehicle encountered a 3-inch 325 
shift in pavement height during the lane change maneuver. During each simulation, this shift 326 
occurred at varying lateral (y-direction) offsets “d” of 0.25m to 4m from the beginning of the lane 327 
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change in increments of 0.25m. Half of the simulations at each speed were performed on a road 328 
featuring an abrupt edge of 90° between the two lanes, and the other half used a beveled edge 329 
with an angle of 30° (similar to a Safety edge) between the two lanes. The simulation setup is 330 
shown in Figure 3.  331 

 332 
Figure 3: Case Study Simulation Setup 333 

 334 
By comparing maximum rider steer torque, steer angle, and vehicle roll angles between 335 

trials, we were able to assess the effects of the beveled pavement edge on the rider’s corrective 336 
steering effort and the motorcycle’s motion when crossing the transition in pavement height. We 337 
hypothesized that some of these experiments might result in crashes, and that crashes were more 338 
likely to occur in simulations with a small or large lateral offset of the uneven edge. This is because 339 
at the beginning and end of a lane change, the motorcycle has a small “angle of attack” with respect 340 
to the pavement edge. Motorcycle riding manuals such as [9] instruct riders to cross uneven features 341 
with a large angle of attack to minimize the disturbance torque that the feature exerts on the steering 342 
system. 343 
 344 
2.3.2.      Limitations of the case study design 345 

It's important to note that this study’s design is too small to make sweeping, generalizable 346 
claims about highway design. A more extensive investigation of how Webots's simulation fidelity 347 
(especially with regards to tire friction and contact force simulation) impacts these results is 348 
necessary to make strong recommendations, and more variation in the simulation conditions (e.g. 349 
vehicle parameters, rider characteristics, and pavement edge characteristics) would also be required 350 
to improve the power of the simulation’s results. However, this set of simulations does offer insights 351 
about how rider effort varies with the geometry of a pavement height, and it is able to show how 352 
WeBikes could be used for road safety simulation studies. In a more exhaustive study, rider 353 
corrective effort could be used as a surrogate metric for safety to help guide policy for pavement 354 
geometry across various vehicle configurations, pavement geometries, and rider models. 355 

 356 
3. Results and Analysis 357 

3.1. Comparing WeBikes to canonical linear models of single-track vehicle dynamics 358 

Figures 3a and 3b show the results of the simulations described in Section 2.2.1. They 359 
compare roll and steer angles between the Webots simulation employing the WeBikes vehicle and 360 
the linear model for the bicycle (Figure 2a) and for the motorcycle (Figure 2b). As figures 4a and 361 
4b show, the general trends in roll and steer match between Webots and the linear model, with more 362 
high-frequency, lightly damped oscillation in the more complex, nonlinear WeBikes vehicle. The 363 
WeBikes vehicle is self-stable as predicted by the linear model for both vehicle configurations, 364 
which shows that the physics engine in Webots can capture the critical self-stabilization behavior 365 
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of bicycles and PTWs. As Figures 4c and 4d show, the roll, steer, and lane position match well 366 
between Webots and the linear model for both bicycle and motorcycle configurations under the 367 
direction of the virtual rider during a lane change. 368 

 369 
Figure 4: (a,b) open loop and closed loop (c,d) comparisons of Webots simulations vs. linear 370 

model for bicycle (a,c) and motorcycle (b,d). 371 
 372 
3.2. Pavement Transition Case Study 373 

Figures 5 and 6 show results from the case study described in section 2.3 for speeds of 10 374 
m/s and 15.7 m/s, respectively. Figures 5a and 6a show whether the vehicle successfully navigated 375 
the lane change for a particular simulation case, with “1” indicating success and “0” indicating a 376 
crash. Figures 5b-5d and Figures 6b-6d show, for each simulation, maximum absolute rider steer 377 
torque, vehicle steer angle, and vehicle roll angle respectively during the lane change.  378 
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                    379 
Figure 5: (a) Success of all 10 m/s simulations; (b-d) Comparisons of vehicle motion for 380 

lane changes with varying lateral offsets for pavement edge angles of 90 and 30 degrees 381 
 382 

 383 
Figure 6: (a) Success of all 15.7 m/s simulations; (b-d) Comparisons of vehicle motion 384 

for lane changes with varying lateral offsets for pavement edge angles of 90 and 30 degrees 385 
 386 

As hypothesized in Section 2.3, a successful lane change was more likely to occur when 387 
the uneven pavement edge was present near the middle of the lane change maneuver, or when the 388 
vehicle’s “angle of attack” was large. The sharp 90° pavement edge seemed to be more difficult for 389 
the rider-vehicle system to navigate if it was encountered near the end of the lane change, while the 390 
beveled 30° edge was more difficult to navigate if it was at the beginning of the lane change. This 391 
may be because at the beginning of the maneuver, rider torque and steer angle are high even though 392 
the angle of attack is not, which means that the front wheel has a higher angle of attack at the 393 
beginning of a lane change, allowing it to ride over the sharp edge with less difficulty than at the 394 
end of the maneuver, when steering effort and angle are both low. Conversely, the beveled edge 395 
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imparts a disturbance on the front wheel for a longer duration, by definition, which could explain 396 
why it poses a problem near the beginning of a lane change when tire friction demands are higher. 397 
A more exhaustive study would be required to make a definitive conclusion. 398 
 Surprisingly, both figures 5 and 6 show that while steer angle and torque are generally 399 
similar for the beveled edge and the sharp edge, and that trends in vehicle motion and rider effort 400 
are relatively consistent between the two speeds considered, the sharp edge seems to require slightly 401 
less maximum corrective torque and steer angle. This may be due to the longer duration of the 402 
disturbance imparted by the beveled edge. Does this mean that the sharp edge is “better?” It is 403 
difficult to say, especially given the limitations outlined in Section 2.3.2. Anecdotally, videos from 404 
each battery of simulations indicate that the sharp pavement edge sometimes caused the vehicle’s 405 
rear wheel to leave the ground. Although this did not always cause the virtual rider of Section 2.2.2 406 
to crash, it’s difficult to interpret how sensitive a human rider might be to this effect, and difficult 407 
to know how different virtual riders with varying objective functions J (Equation 7) would react 408 
without a more extensive simulation treatment. 409 
 In summary, however, the results presented in Figures 5 and 6 align with expectations for 410 
simulation results based on mature rider training recommendations [9] and indicate that Webots’s 411 
physics engine is able to produce results that show fine-grained variation in vehicle dynamics for 412 
small changes in road surface geometry and vehicle speed. 413 
 414 
4. Discussion 415 

The results presented in Section 3 support the utility of Webots/WeBikes as a tool for 416 
simulating bicycle and PTW dynamics, both for studying vehicle and rider behavior and for 417 
studying how the vehicle-rider system interacts with a roadway in a road safety context. Figures 4a 418 
and 4b show that although Webots captures more complex dynamics than the canonical linear 419 
model described in Equation 5, Webots equipped with the WeBikes PROTO can capture both 420 
vehicles’ self-stabilization behavior. It is not possible to know how well WeBikes matches actual 421 
motorcycle or bicycle dynamics without data from instrumented test vehicles, but the mismatch 422 
between the linear model and the Webots simulation is manifested mostly in higher frequency, 423 
lightly damped oscillations. The slower dynamics of the WeBikes vehicle and the linear model are 424 
similar. This type of disagreement is consistent with the fact that Webots captures high-fidelity, 425 
nonlinear physics that are not present in the simpler model. 426 

Figures 4c and 4d show that the vehicle model developed in Section 2.2.1 is sufficiently 427 
descriptive of the WeBikes vehicle’s dynamics that a simple rider model based on optimal linear 428 
control theory (Section 2.2.2) can control the WeBikes vehicle predictably for basic lane-keeping 429 
and lane change maneuvers. This means that as presented, the WeBikes add-on is suitable for a 430 
wide range of simulation studies that deal with both vehicle dynamics and road safety. Note as well 431 
that the addition of more sophisticated virtual riders, possibly including more biomechanically 432 
correct steering and leaning action, are both possible and welcome additions if a particular research 433 
question requires them. 434 

The road safety case study’s results, which are summarized in Figures 5 and 6, present a 435 
mix of expected and surprising results. While the crashes that occurred for both large and small 436 
edge offsets follow expectations, the apparent (although slight) advantage of a sharp pavement 437 
transition based on vehicle motion and rider effort do not follow expectations based on the 438 
recommendations in [13] for cars. Intuitively, it seems that an angled transition between disparate 439 
pavement heights would be favorable, especially given the success of the Safety edge in reducing 440 
road re-entry crashes for four-wheeled vehicles. It clear based on the simulation results in Figures 441 
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5 and 6 that a sharp edge seems to disrupt the lane change slightly less than the beveled edge. To 442 
be sure, a more exhaustive and detailed investigation of this phenomenon is warranted to see how 443 
well this result generalizes for different road friction, different vehicle configurations, and different 444 
riders. Many of those parameters are easy to tune with the infrastructure presented in this paper. 445 
For example, a rider with “stronger” steering characteristics is easy to generate by lowering the 446 
value of R in Equation 7. However, in general, the results presented in Figure 4 could be attributed 447 
to the fact that because a motorcycle’s stability is inextricably linked to the torque applied to and 448 
angle of the front frame, the beveled edge influences the rider’s corrective torque for a longer 449 
duration than the sharp edge. This is especially true for the shallow angles of attack that occur with 450 
both very small and very large offsets of the pavement transition from the start of the lane change 451 
maneuver. In any case, the results of the case study do illustrate the ease with which a large batch 452 
of simulations can be constructed that vary rider, vehicle, and/or road parameters to answer 453 
questions related to road safety for single-track vehicles. 454 
 455 
5. Conclusions 456 

The WeBikes add-on for the Webots simulation software has the potential to grow into a 457 
viable open-source alternative to commercial PTW simulation software. Our analysis of how the 458 
WeBikes vehicle’s dynamics compare to a mature linear model of the single-track vehicle dynamics 459 
and the rider-vehicle system demonstrates that WeBikes captures essential stabilization behavior 460 
and rider-vehicle interactions that are necessary to accurately model two-wheeled vehicle 461 
dynamics. Our road safety case study illustrates how WeBikes can be used to answer important 462 
questions about road safety quickly, easily, and without the prohibitive costs of a commercial 463 
simulation package.  464 

The configurable nature of the WeBikes package, coupled with the integration of the 465 
already powerful Webots simulation software, creates new opportunities for research related to road 466 
safety. The open-source nature of WeBikes not only ensures that this technology will always be 467 
free for end users, but additionally allows for a constant improvement to the software as it is adopted 468 
by more research groups. Because the WeBikes add-on is open-source, it is easily extensible by 469 
users to include higher-fidelity tire models, more standard sets of vehicle configurations, and more 470 
realistic rider models. Additionally, opportunities for innovative applications of the WeBikes 471 
package exist in areas like machine learning, with the add-on providing a flexible testbed for data-472 
driven modeling and control approaches for motorcycles, and of course for data-driven highway 473 
design or policy studies. For safety research, WeBikes' ability to simulate single-track vehicle 474 
dynamics empowers investigators to rigorously evaluate design factors like road geometry and 475 
obstacle avoidance in risk-free virtual environments. 476 

By lowering the barriers to entry for the simulation of single-track vehicle dynamics, 477 
WeBikes has the potential to accelerate progress across multiple disciplines focused on reducing 478 
injuries and fatalities among vulnerable road users like motorcyclists and bicyclists. Due to the 479 
unlimited customizability and the robust capabilities of the underlying Webots physics engine and 480 
simulation environment, WeBikes is well-positioned to become a widely adopted open-source 481 
platform for single-track vehicle research.  482 

 483 
 484 
 485 
 486 
 487 
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