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Abstract 

Dicycle is a two-wheeled unicycle with two wheels axially aligned. The effect of interaction between a 

self-balanced dicycle and a rider has been investigated experimentally by measurements of state of motion. 

Dicycle can be seen as an inverted pendulum, which is an unstable system. The controller of the self-

balanced dicycle and the rider control the balance of dicycle simultaneously. The controller controls the 

motor to afford torque, which keeps balance of the rider-dicycle system by moving dicycle forward and 

backward. At the same time, the state of stabilization changes when rider changes its posture or applies 

force on dicycle. The interaction between rider and controller can cause resonance of human-machine 

combined system. A method to investigate the resonance frequency under human operation is presented. 

The resonance frequency is estimated from a mathematical modal combining rider and inverted pendulum. 

The dicycle is composed of seat, handlebars, and pedals installing on a Segway. The position of seat, 

handlebars, and pedals can be adjusted to suit different center of gravities of riders in order to keep 

controllability of Segway. Subjects rode under different conditions, which is riding forward and backward 

on level ground, crossing speed bump, and stopping abruptly after accelerating. The state of motion is 

measured through combined gyro sensor and accelerometer. A discussion of the design property of the self-

balancing controller is made according to the reaction of riders. 

Keywords: human-machine interaction, dynamic stabilization, personal transporter, self-balancing, human balance 

1 Introduction 
The examples of electrical personal assistive 
mobility device (EPAMD) with two-wheeled 
self-balancing ability are Segway (DEKA, 2001) 
and Winglet (Toyota, 2008). This kind of dicycle 
senses the inclinational state of itself and drives 
forward or backward to keep balancing, in other 
words, the position of center of mass of the rider 
controls the motion of the dicycle. The 

differences of rotational speed of the two coaxial 
wheels control the turning movement of the 
dicycle. A self-balanced dicycle, named i-Bike, is 
designed using the same controlling concept with 
additional pedals as shown in Figure 1. Unlike 
Segway and Winglet which is purely electric 
powered, i-Bike combines electrical and manual 
power. There are 3 operating modes: electrical 
mode, hybrid mode and manual mode. While 
operating under electrical mode, i-Bike is similar 
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to Segway and Winglet. Usually i-Bike is 
designed to operate under hybrid mode, which 
uses electric power for balancing and pedalling 
for driving. The power generated by pedalling 
can recharge the battery to better the efficiency. 
A prototype shown in Figure 1 base on the 
design concept of i-Bike is made in 2010[1]. 

 
Figure 1: i-Bike and the prototype 

2 Interaction between the 
Dicycle and Rider 

2.1 Research questions 
The dynamic stability of the system is controlled 
by the controller and the rider simultaneously. 
According to previous researches, the factors of 
performance of balancing of the system can be 
identified as posture, biomechanics, interaction 
mode, center of mass (COM) of the system, 
controlling method, frequency response of the 
rider to the dicycle, and balancing ability of the 
rider. 
The center of mass of the system is arranged 
according to the riding posture determined from 
human factors experiments. The electrical current 
of motor is controlled by balance controller 
according to the feedback signal of tilt angle, θv, 
and angular speed of tilting, θ� �. Constant values 
of parameters of controller respond to different 
inclination states are designed presently. The 
rotation speed of the wheels of dicycle has to be 
added into the control method in the future. The 
function of current of motor is shown as (1). 

φθθθ &&
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21 kkkki +++=  (1) 

 
 In above equation, i: current of motor, θ: 

tilt angle of dicycle andφ& : rotation angle of 
wheel. 

2.2 Assumptions 
The condition discussed by this study is that the 
rider moves in the direction of forward and 
backward so the rider only interfere the controller 
with pitch motion. Under this circumstance, the 
rider and dicycle system is in a plane motion. The 
lateral force caused by the rider is balanced by two 
axial-aligning wheels which are assumed to be 
pure rolling on the ground. The dicycle and the 
rider are assumed to be rigid bodies when 
developing the equations of motion. The 
deformation and friction in between the 
components are neglected when finding the energy 
of the whole system. 
The rider is simplified as a rotatable bar applying 
variable moment to the dicycle joints at the seat. 
The dicycle is simplified as an inverted pendulum 
with wheel rotating on the ground. 

2.3 Mathematical model 

 

Figure 2: Mathematical model and simplified model 

The rider and the dicycle are modeled as Figure 2 
when riding. In Figure 2, three coordinate systems 
are set as follow: x0z0 is the contact point of wheels 
and ground at the beginning of motion, X1Z1 
locates at the axle of wheels and shifts when the 
axle moves backward or forward, and X2Z2 sticks 
on the contact point of seat and rider and moves 
with the dicycle frame. The dicycle moves forward 
along the direction of x0. The wheels rotate along 
Y1 axis. C1, C2, and C3 locate the centre of mass 
of wheels, dicycle frame, and rider, respectively. 
Following are meanings of symbols in Figure 2: 
Lbike: vector from axle to COM of dicycle frame. 
Lseat-axle: vector from axle to seat. 
LC3: vector from sitting position to COM of rider. 
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α: initial angle between Lseat-axle and z0. 
r: radius of wheel. 
φ : rotation angle of wheel. 
ψ: angle between Z1 and Lbike. 
Θ: angle between Z2 and LC3. 

2.4 Equations of motion 
Clockwise rotation denotes positive direction in 
the equations. Vectors are expressed in capital, 
like Lbike, Lseat-axle, and LC3; Scalars are expressed 
in lowercase, like lbike, lseat-axle, and lC3. Letter m 
and I represents mass and moment of inertia 
(MOI), respectively, and suffix 1, 2, and 3 
represent wheels, dicycle frame, and rider, 
respectively. 

2.4.1 Velocity and acceleration of COM of 
dicycle frame 

The position of C2 is represented as RC2 respect 
to x0z0 coordinate. The Velocity and acceleration 
of C2 is represented as VC2 and AC2, respectively. 
Vector ı̂, ȷ	̂and	k
  represent unit vector in the 
direction of x0, y0 and z0, respectively. The 
absolute angular velocity of C2, �� 	ȷ̂, is denoted 
as Ω2. 
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2.4.2 Velocity and acceleration of COM of 
rider 

The Position of C3 is represented as RC3. The 
Velocity and acceleration of C3 is represented as 
VC3 and AC3, respectively. The angle ψ between 
Z1 and Lbike is summation of increment and its 
initial angle as shown in equation (5).  

'0 ψψψ +=
 

(5) 

It is more convenient to use ψ’  to describe the 
angle between LC3 and z0 as summation of ψ’  and 
Θ. The absolute angular velocity of C3, ��� +
Θ� ��̂, is denoted as Ω3.  
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The expression ����������
in equation (7) denotes 

the radial component of velocity in the coordinate 
system X2Z2 (i.e., the stretching speed of lC3). 
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2.4.3 Equation of motion 
The kinetic and potential energy of rider-dicycle 
system is shown below. 
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The equations of motion are derived by 
submitting Eqs 10-12 into Eq. 13 and are listed 
as following: 
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2.5 Resonance of the system 

2.5.1 Simplified model 
It is found that Eqs. 14-16 are nonlinear equations 
and it is hard to find the resonance frequencies. 
Therefore, a simplified model shown in Figure 3 is 
used. Rider and dicycle frame are taken as one 
body which COM controls the rotation speed of 
wheels and two wheels are taken as another body. 
Mass and MOI of the inverted pendulum (which is 
composed of rider and dicycle frame) are 
expressed as mp and Ip, respectively. Mass and 
MOI of the wheel body are expressed as mw and Iw, 
respectively. After simplification, Eqs. 14-16 can 
be simplified.  The derived equations of motion of 
the simplified model are expressed as equation (17) 
and (18). 

 
Figure 3: Simplified model and free-body diagram 
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In above equations, where l: distance of COM of 
inverted pendulum to axle. r: radius of wheels. θ: 
tilt angle of the pendulum. φ : rotation angle of 
wheels. 
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Relation between torque inputs and angle outputs 
is shown in equation (19) by rearranging 
equation (17) and (18). 
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The torque of wheel, τwheel, which is drove by 
brushless DC motor, is proportional to current of 
motor shown in equation (1). 
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The motion of equation is rearranged by 
substituting equation (20) for torque of wheel. 
The parameter k4’ is zero because the feedback 
signal of rotation speed has not been included in 
present balance controlling. Finally, the 
equations can be expressed as: 
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2.5.2 Resonance of the system 
Linearization of equation of motion at θ which is 
close to zero is shown in equation (23) to discuss 
condition and frequency of resonance of the rider-
dicycle system. 
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The linearized equations of motion are shown as 
below. 
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When the system is balanced and the tilt angle is 
very small, the relation between torque inputs and 
output, which is the tilt angle, θ, of the pendulum, 
is shown in equation (25). 
When the initial inclinational speed,	θ� � , satisfies 
the condition shown in equation (26) and (27), the 
resonant frequency is expressed in equation(28). 
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When the tilt angle, θ, is very small, the 
condition that causes the rider-dicycle system to 
resonate is related to angular velocity of the 
pendulum; that is, when the angular velocity of 
the pendulum exceeds a specific limit, and the 
frequency of the torque applied by rider equals 
the resonant frequency, the maximum of tilt 
angle is reached under interaction of the rider and 
the controller. 
The specific limit of angular velocity of the 
pendulum for the system to resonate is lowered 
when the feedback value k1 is increased, in other 
words, the greater value of k1 is, the more the 
system tends to lose control. The limit of angular 
velocity is related only to MOI of wheels, not of 
the rider or the dicycle frame. And the lower the 

position of COM of the system is, the more stable 
it is. 
The parameters, k1’ and k3’ in the expression of 
torque of wheel (equation (20)), must satisfy the 
following conditions which are deduced from 
equation (26) and (27) to avoid resonance of the 
rider-dicycle system. 
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The rider-dicycle system remains stable if the 
value of k1’ is in a specific range. If k1’ has 
exceeded the range, then k3’ has to be greater than 
what expressed in equation 錯誤錯誤錯誤錯誤! 找不到參照來找不到參照來找不到參照來找不到參照來

源源源源。。。。 to stabilize the system by way of making the 
system an under damping system. 
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(30) 

3 Experiment of Interaction 
between Rider and Dicycle 

3.1 Objective 
The aim of the experiment is to observe the 
reaction of rider and dicycle under specially 
unbalance circumstance that the rider-dicycle 
system keeps moving along anterior-posterior 
direction. The movement of the system combining 
rider with dicycle is interfered by both human and 
the balancing controller which has not been ready 
for normal driving operation. A test bed therefore 
is built in this study to simulate the action of 
functional balancing controller in order to measure 
the state of motion of the rider-dicycle system. The 
result of experiment may be reference for the 
design of controller. 

3.2 Apparatus 
In this study, a Segway combines with frame 
structure to simulate the self-balancing dicycle due 
to the principles of control are same. The frame 
structure is designed to satisfy the human factor 
data and is adjustable for different rider. 

3.2.1 Main structure 
The apparatus for simulating the real self-
balancing dycycle was made according to the 
evaluation of acceleration and space needs during 
operation. The adjustable frame installed on 
Segway is able to let the rider and the dicycle keep 
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balance and still, and was designed to follow the 
operating rules of Segway. 
The original operation process of Segway is that 
the inclination of the dicycle must be within the 
limit to start the power up, that one of four 
pressure sensors under the mat must be pressed 
to start and keep the balancing function, that the 
power is unable to be turned off when the 
pressure sensor was pressed, and that the motor 
applies an extra torque to lessen the tilt angle of 
the dicycle when exceeding the default speed 
limit. 
Both Segway and the design of dicycle frame, 
which is based on i-Bike as well as the result of 
study of comfortableness, are modelled and 
assembled with Solidworks to evaluate MOI and 
the position of COM in order to calculate the 
state of motion and load of the frame. 
The main structure of dicycle frame is shown in 
Figure 4. The seat is able to slide on the 
aluminum frame, MISUMI HFSH8-4040, to 
adjust its position. The pedals which assembled 
with aluminium frame, MISUMI HFS5-2040, are 
installed on the control shaft as shown in Figure 
5. 
The dimension and position of pedals, handlebar, 
and seat of the original design of i-Bike, 
prototype and the test frame in this study is 
indicated (in millimeter) in Figure 6.  
 

 

Figure 4: The main structure of test frame 

 

Figure 5: Adjustability range 

 

Figure 6: i-Bike(▲), prototype(■), and test frame 

3.2.2 Safety device 
There are safety devices, including helmet and 
harness which connects with the rope above the 
test route, to ensure subjects against falling when 
the dicycle is unbalanced. 

Bracket HBLTSW6 
Seat is installed here 

HFSH8-4040 
Control 
Shaft 

HFS5-
2040 is 
installed 

here 

Base and mat 

Gyro inside 
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Figure 7: Safety devices and the test bed 

Each end of the static rope is tie to iron rack via a 
carabiner, and the pulley on the rope allows the 
harness to move along x-axis shown in Figure 7. 
The iron rack is 2.5 meters long, 1.2 meters wide 
and 2 meters high. A 3 meters long and 1 meter 
wide slip-proof mat is used to prevent skidding. 

3.2.3 Measuring method 
An ADXL335 accelerometer and a LISY300AL 
gyroscope were combined in this study to 
measure the state of motion. The tilt, angular 
velocity, and angular acceleration can be 
measured simultaneously via sensor fusion. 
The tilt angle is derived by means of combining 
low-frequency signal from the accelerometer and 
high-frequency signal from the gyroscope. 

3.3 Experiments 

3.3.1 Assumptions 
The reference for measuring the distance 
between the pedal, seat, and the handlebar is the 
geometrical center of each part. Variables that 
height and weight of different subjects were 
considered in this study and the differences in 
age, energy, physical coordination were 
neglected. The position of COM of each subject 
was estimated from statistical data.  
The changing position of COM of subjects was 
neglected when the subjects moved their limbs, 
so the position of COM of subjects was assumed 
rotating about the contact point on the seat, and 

the rotating radius was assumed constant, that is, 
����������

and ����������
 in equation (8) and (9) are 

zero. 

3.3.2 Procedure 
At the beginning of each test, weights had to be 
put on the mat before the subjects got on the 
dicycle to keep the balancing controller 
functioning. Two ground conditions were 
investigated in this study; one was flat, slip-
proofed and the other was with a 5-cm-high speed 
bump. The subjects were asked to drive the dicycle 
three times under each of the five conditions, 
which were driving forward on flat ground, driving 
backward on flat ground, passing forward a speed 
bump, passing backward a speed bump, and stop 
suddenly on flat ground. The sensors recording the 
state of motion of the system were placed on the 
dicycle frame and on waistband of the harness. 

3.3.3 Subjects 
The weights and statures of seven subjects aged 20 
to 30 are listed in Table 1. MOI and the position of 
COM of subjects are evaluated by national 
anthropometric database of worker population and 
the regression functions derived by Santschi, et al. 

3.4 Results 
The tilt angle, angular speed, and angular 
acceleration was recorded when the subjects drove 
the dicycle forward and backward, and stop 
suddenly on flat and speed-bumped ground. 
The ranges of tilt angle of subjects and dicycle 
under different circumstances are shown in Figure 
8. 
 

x 

y 

z 

Table 1 

Subjects A B C D E F G mean S.D. 
Stature (cm) 178 177 181 181 172 167.5 166 174.64 6.20 
Weight (kg) 67 70 71 70 67 62.1 57.5 66.37 4.92 
lC3 (cm) 33.1  32.9  33.7  33.7  32.0  31.2  30.9  32.49  1.15  
MOI about y-axis (kg·m2) 8.21  8.33  8.86  8.78  7.54  6.65  6.13  7.786  1.057  
MOI about sitting point 15.56  15.92  16.91  16.72  14.40  12.69  11.61  14.830  2.031  
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Figure 8: Range of tilt angle of subject and frame 

3.4.1 Correlation of swing frequency and 
properties of controlling parameters 

To avoid resonance of the rider-dicycle system, 
the condition of controlling parameters, k1’ and 
k3’, can be derived by substituting the tilting 
velocity measured for θ� �  in equation (29) and 
(30). The swing frequency is assumed to be the 
resonance frequency of the rider-dicycle system 
when the dicycle swinging intensely, and the 
relation of parameter k1’ and k3’ can be derived 
from equation (28). 
Experiment results in which the largest and 
second largest tilt angle occurred were analysed, 
which are under the condition of passing forward 
a speed bump and rapid stop. The orthogonal 
frequency spectrum of tilt angle, angular velocity, 
angular acceleration, and driving acceleration of 
the subjects are shown in Figure 9 and Figure 10. 
The swinging frequency of the dicycle is from 
1.076 Hz to 1.174 Hz when the dicycle was 
passing forward a speed bump; and the frequency 
is 0.881 Hz when the dicycle stop rapidly. 
The angular velocity at the tilt angle of the 
dicycle and the subjects were zero was found to 
determine the properties of k1’ and k3’ using 
equation (29) and (30). 
After deriving the ranges of the parameters, the 
different range of parameters such as position of 
COM and MOI of the subjects were discussed. 
The variables tested are normal distribution. 

The range of k1’ is increased with higher position 
of COM and greater MOI as shown in Figure 11. 
Contrarily, change of k3’ corresponding to COM 
and MOI is unclear. The correlation of parameters 
and the inclinational angular speed are shown in 
Figure 14. 

 

Figure 9: Frequency spectrum of state of motion when 
dicycle passing forward a speed bump 

 

Figure 10: Frequency spectrum of state of motion when 
dicycle stopping rapidly 

3.4.2 Correlation of subjects and state of 
motion 
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For each subjects, the spectrums of state of 
motion from three results under the same 
condition were compared. The swing frequencies 
shows similarity and driving skill has no 
significant effect on swing frequency. 
The response of subjects of different positions of 
COM and MOI are shown in Figure 12 and 
Figure 13. The response shows little correlation 
with COM and MOI of subjects, and the largest 
response occurred when the subjects stops 
rapidly. 

 
Figure 12: Corresponding response of position of 

COM of subjects 

 

Figure 13: Corresponding response of MOI of subjects 

4 Conclusion 
The results of experiment were summarized and 
some considerations for control strategy as well as 
feedbacks from subjects are proposed in this study.  
The mathematical model combining rider and self-
balancing dicycle is provided in this study for 
deriving the properties of the system when 
designing the balancing controller. The mode of 
interaction with riders and performance of dicycle 

     

Figure 14: Parameters corresponding to different inclinational angular speed 

 
Figure 11: Parameters corresponding to different COM and MOI 
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is able to be observed by the apparatus to 
improve the usability of the dicycle. 

4.1 Interaction between dicycle and 
rider 

In some cases, riders fell from the Segway 
because they stop rapidly or inclined on the 
Segway suddenly which overloaded the motor. 
Another reason for falling is that during the 
motion of swinging, the feet of the riders leave 
the mat so the controller of Segway turns off its 
power of balancing. Compare Segway to the 
dicycle in this study, the situation of losing 
control has rarely been observed from the results 
of experiments because of the following reasons. 
First, it is difficult for the subjects to actively 
make the dicycle lose control. Secondly, a sitting 
posture limits the moving range of position of 
COM and makes the rider-dicycle system more 
stable. Finally, the space for the subjects to 
accelerate the dicycle was 3 meters long, which 
might not be sufficient for the dicycle to achieve 
a high speed. A wireless data acquisition device 
is suggested for a long accelerative distance. 
Braking mechanism has to be design in the future 
because that controlling the position of COM in 
order to stop the dicycle was difficult and 
uncomfortable for the riders in a sitting posture 
comparing to the riders in a standing posture 
when driving a Segway. The design of braking 
mechanism must consider the interacting mode 
of rider and dicycle to avoid toppling the rider. 
The speed limit and properties of the rider-
dicycle system corresponding to different design 
of controller can be derived from the 
mathematical model. And the pedal mechanism 
is more appropriate for the riders to control the 
dicycle. 

4.2 Usability 
The dicycle frame of the test bed in this study 
was designed to drive straight, but the structure is 
liable to cause unsymmetrical loads and make the 
dicycle turns. To avoid turning, the seat may not 
be assembled with the control shaft. 
As to the seat, the position is too high for most of 
subjects, and sitting on it is not comfortable for 
the subjects to move continuously. The pedals 
are idling when the dicycle was in electrical 
mode, so it is more comfortable for the riders if 
they are able to step on a footrest as a support for 
balancing. 
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