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ABSTRACT 
 
PATIENTS WITH NEUROLOGICAL 
DISORDERS WHO REQUIRE PHYSICAL 
THERAPY TRAINING ON A STATIONARY 
BICYCLE MAY EXPERIENCE A CHALLENGE 
OF BALANCE WHEN TRANSITIONING TO A 
TRADITIONAL BICYCLE. THIS PAPER WILL 
REVIEW THE DESIGN OF A MECHANICAL 
SYSTEM THAT MIMICS THE LATERAL 
MOVEMENTS OF A TRADITIONAL BICYCLE. 
THE DESIGN AND IMPLEMENTATION OF A 
CONTROL SYSTEM TO ENABLE VARIABLE 
RESISTANCE OF BICYCLE LEAN 
CHARACTERISTICS IS DISCUSSED. THE 
BALANCE TRAINING BICYCLE ALSO 
PROVIDES AUDIO AND VISUAL FEEDBACK 
TO THE PATIENT AND PHYSICAL THERAPIST 
TO INDICATE ANGLE OF TILT AND ALERTS 
THE PATIENT/PT AT WHICH BALANCE 
REQUIRES CORRECTING, OR WHEN 
IMMINENT TIP OVER CONDITIONS EXIST. 

NOMENCLATURE 
 

ADC: Analog-to-Digital Converter 
CAD: Computer Aided Design 
Inclinometer: an instrument for measuring angles of 
slope and inclination of an object with respect to its 
gravity by creating an artificial horizon. 
LED: Light Emitting Diode 
PSpice: A software CAD tool used to simulate circuits 
and evaluate performance 
PVC: Polyvinyl chloride 

NIOSH: National Institute of Occupational Safety and 
Health 
 
 
INTRODUCTION  
 
Biomedical engineering is a vastly expanding field 
that has diversified into many different industries 
utilizing the newest technologies currently available to 
improve the healthcare of individuals every day. 
Research and development takes place over a variety 
of disciplines, including assistive devices. Assisted 
devices are used for a variety of applications in 
physical therapy treatment. In this particular project, a 
stationary bicycle that can tilt from side-to-side can be 
used to imitate the dynamic forces felt while riding a 
traditional bicycle. The idea is to provide an 
interactive activity that physical therapy patients can 
utilize to improving balance capabilities. 
 
In the absence of balance training tools that provide a 
safe, low risk of injury to the patient the design team 
was given the challenge of creating a Balance Training 
Bicycle to be used by physical therapy patients at the 
Nazareth College Clinic.  The bicycle design simulates 
the instability of a freestanding bicycle without the 
risks associated with actual bike riding. Patients in 
need of balance training are those who are stroke 
victims, or have other neurological difficulties which 
cause an imbalance in strength between the left and 
right side of their body. The generalized concept 
behind the bicycle design is to serve as an intermediate 
balance training tool which is more challenging than a 
traditional stationary exercise bike, and less 
challenging than a traditional free standing bicycle. 
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 In the beginning of the project, a bicycle frame was 
designed to allow for easy entry and exit as well as 
provide ride-ability characteristics that mimic that of a 
traditional bicycle. To meet project requirements, a 
low cross-member is coupled with a vertical post that 
positions the handlebars in front of the seating position 
that is located by two angled posts. The cross-member 
is supported by two pillow-block bearings that allow 
for frictionless rotation about the center axis. 
 
The rotation about the axis provides the side-to-side 
tilting capability that mimics the motion experienced 
on a traditional bicycle. The ability to tilt on a 
stationary bicycle compared to a bicycle with forward 
velocity requires a resistance mechanism that provides 
a variable force to prevent the rider from falling over. 
The variable tilt resistance was achieved through the 
use of a spring cartridge with adjustable preload 
controlled by an electric winch.  
 
In terms of the electrical subsystem, the development 
of a useful feedback system is the primary design 
objective: something that would be simple and 
intuitive in terms of letting the patient and physical 
therapist know how far the patient is tilting to the left 
or right.  
 
Several products were found that also indicate tilt – 
but they were too expensive to obtain or did not 
provide enough information regarding feedback. Two 
such products are the Reiker RDI Series digital 
inclinometer [1] and the AngleStar Electronic 
Protractor System [2]. Therefore, a more 
economical/custom solution was required.  
 
 
 
 
 
 
 
 
 
 
 
 

PROCESS 
 
Engineering Specifications 
After an interview with JJ Mowder – Tinney an 
assistant professor of physical therapy at Nazareth 
College, the design team generated a list of customer 
needs that were translated into clearly defined and 
measurable engineering specifications (Figure 1). 
 
Through a process of benchmarking, brainstorming, 
concept generation, concept ranking, and feasibility 
analyses the final design concept to best satisfy these 
engineering specifications was selected.    
 
Ergonomic Design 
The bicycle has been designed to accommodate a wide 
range of patient heights from the small 5th percentile 
female (60.2 inches tall) to the tall 95th percentile male 
(73.5 inches tall). The link length mannequin in Figure 
2 provides a baseline for body segment lengths which 
the bike must accommodate.  

 
Drillis R, Contini R. Body Segment Parameters. New York, New 
York: Office of Vocational Rehabilitation; 1966. Report No.: No. 

1166-03. 
Figure 2 – Link Length Mannequin 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 – Engineering Specifications

Specification 
Number

Customer Need 
Number

Design Specification
Importance 

To 
Customer

Unit of 
Measure

Marginal 
Value

Ideal Value

Most Important 1 3,10,22, 7 Safe 9 Binary Pass Pass
2 1,2,5,16,18,19 Tilt Range 9 Degrees 0 - 8 0 - 15
3 1,2,5,16,18,19 Levels of Tilt 9 Levels 3 Infinite
4 10,22 Upright Locked Position 9 Binary Pass Pass
5 1,2,5,16,18,19 Tilt Resistance Range 9 Lbs 0 - 150 0 to >150
6 3,21 Auditory Feedback of Tilt 9 Decibels 50 - 80 25 - 80
7 4, 17 Non-alternating Handle Bars 9 Binary Pass Pass
8 10, 12 Seat Height Range (pedal to seat) 9 Inches 27 - 34 <27 to >34
9 10, 13 Handlebar Height (vertical dist. - seat to handlebar) 9 Inches 9 - 10 <9 to >10
10 10, 14 Handlebar Reach (horizontal dist. - seat to handlebar) 9 Inches 15 - 19 <15 to >19
11 10 Cross member height 9 Inches 0 - 24 <12
12 13 Bike Capacity 9 Lbs 90 - 300 90 - 300
13 3,21 Visual Feedback of Tilt 3 Binary Fail Pass
14 7, 14 Portability - Force needed to transport bike 3 Lbs 51 <51
15 11 Pedal Resistance 3 Ft-Lbs Constant Variable
16 9, 12 Seat Size 9 Inches >10 10 - 12
17 6 Adjustment Tools 3 - Basic Tools Hand
18 7, 20 Force needed to bring patient to Upright Locked Position 9 Lbs 51 <51
19 6 Service Intervals 1 Frequency Once/year Never

Least Important 20 15 Color 1 Binary Pass Pass
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The bicycle seat is adjustable from 27 inches to 34 
inches measured from the seat top to the pedal at 
lowest position. The angles of the handlebar post and 
handlebars are adjustable to ensure the handlebar 
height is between nine and ten inches above the seat 
for the full range of seat height positions. Also, the 
handlebar angle adjustments allow for a handlebar 
reach to yield a range of at least 15 to 19 inches from 
the center of the seat to the placement of hands on the 
handlebars.  
 
Finally, as portability of the bicycle was a 
specification outlined by the customer, the design 
incorporates a “wheel barrow” style portability 
feature that allows the bike to roll on two wheels 
located at the front of the bike, when the back side of 
the bike is lifted from the ground. The NIOSH lifting 
equation was used to determine the maximum 
vertical force that a person can safely apply when 
lifting the back side of the bike. Below, Figure 3 
provides the equation for the recommended weight 
limit and the values of the multipliers as they apply to 
this situation. The NIOSH lifting equation suggests 
that a maximum of 35 pounds of vertical force be 
applied to the bike with this “wheel barrow” style 
design feature. 

 
RWL = LC x HM x VM x DM x AM x FM x CM 

Figure 3 – NIOSH Lifting Equation 

Electrical Subsystem 
For the electrical subsystem, it was important to base 
the design on the type of sensor to be used, and 
determining how to process the output signal(s) of 
the sensor. The sensor used is an inclinometer – 
which provides an output signal based on the angle of 
tilt the device is experiencing. A general block 
diagram of the feedback system is shown in Figure 4 
below:  
 

 
Figure 4 – General Feedback System Structure. 

 
Once that it was decided upon using an inclinometer 
to measure the tilt, the next step is to determine how 
to process the output signal. There are two main 
methods of processing the output signal: a 
microcomputer, or discrete analog circuitry. The use 
of a microcomputer would allow more design 
flexibility, however not be as permanent- and may 
risk losing functionality if the data is erased. The 
advantages of the analog circuitry would be a more 
robust system. However, modifications would require 
more effort. Based on several factors (such as the 
lack of a Computer Engineer), the analog circuitry 
was the path that was picked to be implemented in 
the project.  
 
Using analog circuitry requires the sensor to output 
an analog signal (in this case: voltage). Using the 
voltage as a representation of the current angle of tilt, 
the circuit would then have to process the signals in a 
manner that would allow them to turn on the LED’s 
and buzzers at appropriate times.  
 
The overall electrical subsystem block diagram is 
shown below in Figure 5.

Figure 5 – Complete Electrical Feedback Subsystem Block Diagram

  Recommended Actual 

Load Constant 51 lbs 51 lbs 

Horizontal Multiplier 10 in 10 in 

Vertical Multiplier 30 in 0 in 

Distance Multiplier 10 in  26 in 

Asymmetric Multiplier 0 degrees 0 degrees 

Frequency Multiplier n/a n/a 

Coupling Multiplier good  good 
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The signal processing stage uses an instrumentation 
amplifier to buffer the signal from the sensor, and also 
provide a gain to the output signal. This amplifier 
reduces the range of the output voltage in order to 
provide an output range that would be acceptable to 
the comparators.  
 
Next, the comparators use the signal from the 
instrumentation amplifier and compare that voltage to 
a voltage set by a simple voltage divider network as 
show in Figure 6.  
 

 
Figure 6 – Comparator Circuit 

 
Adjustability is worked in the design by having a 
potentiometer in each voltage divider network, 
allowing variable resistance – in turn, allowing the 
reference voltage into the comparator to be adjusted.  
 
The basic operation of the comparator is as follows: as 
the reference voltage is exceeded, the output goes 
“high” to a value around 4V. Thinking of it another 
way, consider the comparator as a one bit ADC – the 
output will be used to drive the LED’s. If the LED is 
yellow or red, this output signal will also be sent to an 
LM741 Op-Amp buffer circuit.  
 
These buffers will drive logic circuitry that will 
determine when the audio indicators should turn “on”. 
The audio circuit will only allow the buzzers to be lit 
when either a red or yellow LED is lit. See the audio 
logic circuit in Figure 7 below. 
 

 
Figure 7 – Audio Logic Circuit 

 
Testing using PSpice yielded appropriate  performance 
from the circuit. Figure 8 below demonstrates the 
operation of the LED’s: the green sloped line 
represents the whole range of output voltages from the 
sensor, all the other plots show the specific voltages at 
which the circuit turns on each LED. One can see that 
as the voltage increases or decreases, more LED’s 
become lit.  
 

 
Figure 8 – Visual Output PSpice Simulation 

 
The same can be shown for the audio circuit as well in 
Figure 9 below: as the voltage is varied (green line), 
the audio circuit will turn on/off the buzzers at desired 
voltage levels.  
 

 
Figure 9 – Audio Output PSpice Simulation 

 
The whole circuit was built on a breadboard and tested 
for operation as shown below in Figure 10.  
 



             

 

 
Figure 10 - Entire Feedback System on Breadboard 

 
Initial tests have shown the entire circuit working as 
intended in design, however, this current 
implementation will not work very well if left in this 
form. Therefore, the final circuit is soldered on vector 
board to create a more permanent circuit as shown in 
Figure 11 below. 
 

Figure 11 – Circuit Layout on Vector Board 
The board is mounted within an enclosure and 
mounted on the bike – located above the pulley 
assembly. After testing, the final indicator regions 
have been set to display a maximum of about 10.5 
degrees.  
 
Tilt Resistance 
A compressed spring is used in combination with a 
pulley and winch system to control the tilting motion 
of the bike while the patient is riding, shown in Figure 
12. When the patient first mounts the bike, the bike is 
in the upright locked position and the spring is 
compressed to its maximum by the control of a winch. 
After releasing the bike from locked position, as the 
patient’s ability to balance is assessed, the winch 
control can incrementally release the amount of 
compression in the spring, allowing the bike to tilt to 
greater angles from the upright center position.   
 

 
Figure 12 – Pulley Mechanism 

 
Spring Cartridge 
The bike must be able to support patients ranging in 
weight from 90 to 300 pounds. The compression 
spring used in tilt resistance is enclosed in a cartridge 
style housing consisting of a spring-piston assembly, 
as shown in Figures 13 and 14. 
 

 
Figure 13 – Spring-Piston Assembly 

 

 
Figure 14 – Spring Cartridge Housing 

 
In an effort to provide a similar tilt resistance 
experience for patients of varying weights, the weight 
range was divided into five weight classes. A series of 
five springs consisting of different spring constants 
were used for the weight classes. 
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Design Characteristics 
When deriving an equation mimicking the forces 
acting on a bicycle in order to maintain equilibrium 
through a set number of positions many variables must 
be taken into account. By means of a simple 
experiment we decided to limit the bike movement to 
fifteen degrees in either direction. Summing the 
moments acting on the bicycle frame about its center 
of rotation and setting the sum equal to zero we were 
able to calculate the force the spring-piston cartridge 
needed to apply for equilibrium. However, not only 
does the spring-force being utilized not always act 
perpendicular to the handlebar post due to the height 
difference between the pulley mechanism and the 
handlebar post mount but also has a further reduced 
perpendicular component manifested by the horizontal 
distance between the two. Based on empirical data [4] 
the average center of gravity ratio to height for 
females is 54.5% and 56.5% for males. This lead to a 
ratio of 13.25% of the patient’s height was then added 
to the seat height giving the height of the center of 
gravity of the patient on the bike. By altering these 
values based on our design criteria we determined the 
best spring constants for each weight class. These 
aspects as well as the patient lean angle must all be 
imbedded into the governing model equations shown 
below: 
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Variables: 

 bm - mass of bicycle 

 pm - mass of patient 

 g - acceleration due to gravity 

bcogh , - height of center of gravity of    bike       

from axis of rotation 

pbcogh , - height of center of gravity of patient 

on bike 

 zeroF - force needed to apply zero moment 

 springF - force needed by the spring-cartridge  

 mounth - height of connection point between 

pulley mechanism and handlebar 
post 



             

 

seath - height of the bike seat 

aboveh - height difference between seat and 

center of gravity of patient on bike 
 a - angle of bike tilt 
 b - angle of patient lean 

q - angle of wire exiting pulleys due to bike 
tilt 

 
Assumptions: 

- The patient will always be leaning the 
opposite direction of the bike in attempt 
to correct their balance. (�  �  0) 

- Each patient has their own trunk motion 
abilities and thus the preload must be 
easily modified to accommodate. 

- Friction on pulleys and piston cartridge 
is neglected. 

- Patient movement is solely in lateral 
directions. 

 
 
RESULTS AND DISCUSSION 
 
At completion of assembly the major mechanical 
subsystems and engineering specifications developed 
by the design team were tested. The pulley mechanism 
easily allows patients to tilt from side to side in an 
extremely controlled manner while still staying within 
the safe range of tilt levels. The spring resistance 
cartridges provide adequate resistance to allow the 
bike to tilt from side to side in a controlled manner and 
provide the rider with the realistic feeling of riding an 
actual bike. The usable range of tilt is 10.5 degrees 
from the vertical position in both lean directions. The 
spring cartridges are capable of accommodating the 90 
to 300 pound weight range of the patients at the 
Nazareth College Clinic.  
 
The pre-tensioning of the springs for heavier weight 
classes has also been proven to perform well. 
Tensioning the spring easily allows each spring 
cartridge to be used through the intended weight range 
with minimal loss of tilt range at higher pretension 
levels.  The winch is capable of up righting the rider 
by itself without any manual assistance. The system is 
not able to totally upright the rider as the spring will 
compress under the weight of the rider. However, the 
winch is capable of bringing the rider close enough to 
the upright position so that only a small amount of 
lateral force needs to be applied to engage the locked 
position.  
 
The upright-locking mechanism was able to pass a 
force test to keep the bike in the upright position for 
mounting and dismounting. Little effort is required to 
engage and disengage the pin lock mechanism. The 

self seating (spring loaded pin) feature also quickly 
locks the bike in the upright position once the pin has 
been released. The specifications for seat height 
adjustability, handlebar adjustability, and the overall 
dimensions of the bike allow all riders from the 
smallest female to the tallest male to be comfortable. 
The “wheel barrow” style portability function has 
proven to allow the average person to lift the rear of 
the bike (via rear leg support) and transport the bike 
using the front wheels. Corrective measures were 
taken to prevent or eliminate all foreseeable hazards 
found in conducting the Failure Modes and Effects 
Analysis. The cross member height was able to be kept 
at a low 5 inches from ground level to ensure easy 
mount, dismount for the patients. The LEDs on the 
feedback system are highly visible and the audio 
indicators are set to a safe operating decibel range. 
 
All adjustments necessary to be made to accommodate 
rider stature and other adjustable feature only require 
adjustment by hand. 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
The finished prototype provides realistic riding 
motion. Execution of the test plan showed no side-to-
side oscillation, which was a concern of the original 
design.  
 
Potential future work may include integration of the 
winch and feedback system in order to have automatic 
adjustment of tilt levels. This would alleviate the need 
for the physical therapist to manually control the 
winch.  
 
Future improvements to the bike design may include 
an improved pedal resistance assembly, as the current 
assembly relies on friction alone. Magnetic resistance 
pedals could provide a more realistic pedal feel. Also, 
the frame of the current bike is made of steel, however 
a lighter material such as aluminum would increase 
ease of portability, while maintaining the same 
functionality.  

REFERENCES  
[1] http://www.riekerinc.com/E-
Inclinometers/RDIpdfs/RDI_BrochW.pdf 
[2]http://www.globalspec.com/FeaturedProducts/Detai
l/MeasurementSpecialties/AngleStar_Electronic_Protr
actor_System/45652/0  
[3] Drillis R, Contini R. Body Segment Parameters. 
New York, New York: Office of Vocational 
Rehabilitation; 1966. Report No.: No. 1166-03. 
[4] Center of Mass of a Human, The Physics 
Factbook, Glenn Elert, 
http://hypertextbook.com/facts/2006/centerofmass.sht
ml,   



Proceedings of the Multi-Disciplinary Senior Design Conference     Page 8 
 

 Project P08001 

ACKNOWLEDGMENTS 
 
The team would like to express its thanks to those that 
have contributed to this project, especially Dr. 
Elizabeth DeBartolo, for her continued guidance and 
generous support. Additionally, the team would like to 
thank the individuals that were there for consultation 

when advice was needed. These individuals include: 
Dr. Christopher Hoople, Dr. Mark Kempski, Dr. 
Matthew Marshall, as well as Mr. David Hathaway, 
Mr. Robert Kraynik, and Mr. Steven Kosciol. The 
team would also like to thank G&G Fitness and Bert’s 
Bikes for bicycle components that were generously 
donated to the project.

 


