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Abstract

Recent studies in rehabilitation of Parkinson’s disease (PD) have shown that cycling on a tandem 

bike at a high pedaling rate can reduce the symptoms of the disease. In this research, a smart 

motorized bicycle has been designed and built for assisting Parkinson’s patients with exercise to 

improve motor function. The exercise bike can accurately control the rider’s experience at an 

accelerated pedaling rate while capturing real-time test data. Here, the design and development of 

the electronics and hardware as well as the software and control algorithms are presented. Two 

control algorithms have been developed for the bike; one that implements an inertia load (static 

mode) and one that implements a speed reference (dynamic mode). In static mode the bike 

operates as a regular exercise bike with programmable resistance (load) that captures and records 

the required signals such as heart rate, cadence and power. In dynamic mode the bike operates at a 

user-selected speed (cadence) with programmable variability in speed that has been shown to be 

essential to achieving the desired motor performance benefits for PD patients. In addition, the 

flexible and extensible design of the bike permits readily changing the control algorithm and 

incorporating additional I/O as needed to provide a wide range of riding experiences. Furthermore, 

the network-enabled controller provides remote access to bike data during a riding session.
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I. Introduction

Parkinson’s disease (PD) which affects approximately one million people in the US and 

around 7 to 10 million people worldwide is a progressive neurodegenerative disease that is 

characterized by the loss of dopaminergic neurons in the brainstem [2]. The major symptoms 

of the PD are movement disorders including shaking or tremor, muscle stiffness and rigidity, 

and slowness of physical movements (bradykinesia). As PD advances, both motor and non-

motor symptoms often begin to increase patient reliance on caregivers and the healthcare 

system. There is not any known cure for this degenerative disease that results in progressive 

deterioration of motor skills along with other reduced physical and cognitive functions. The 

accepted treatment for PD is medication (e.g. levodopa) and in some cases, surgical 

intervention (deep brain stimulation). These treatments only mask the symptoms and do not 

delay or slow down progression of the disease. Furthermore, they often have undesirable 

side effects (e.g. dyskinesias, sleep disturbances) and are costly. Considering these 

deficiencies, there is a need for innovative treatments to prevent, delay disease progression, 

or reduce the symptoms of PD.

Recent studies have shown that exercise and movement therapies can benefit individuals 

with PD [3–4, 7]. Several research studies in humans have revealed that high intensity 

treadmill training and high cadence cycling [1, 2, 4, 6, and 7] improves motor function in PD 

patients. Ridgel [4, 6] and Alberts [7] have shown that forced exercise (high cadence 

cycling) results in a significant improvement in motor symptoms as measured with Unified 

Parkinson’s Disease Rating Scale (UPDRS) Motor III. In [4], a novel approach was 

introduced to increase exercise intensity in individuals with PD called forced exercise. This 

approach used a stationary tandem bicycle and an able-bodied cyclist (trainer) to assist 

individuals with PD to pedal at a cadence between 80–90 RPM which is about 30% faster 

than the cadence patients were able to pedal on their own. This type of exercise resulted in 

improvements of 40% in motor function of both the upper and lower extremity for a group 

of 5 patients diagnosed with PD [4, 7]. These results are remarkable and suggest that 

significant physiological changes occur as a result of cycling at an accelerated cadence. 

Despite these remarkable results, large-scale use of the tandem cycling paradigm for 

exercise therapy is not feasible. First, tandem cycling requires an able-bodied trainer to assist 

in pedaling that is not reasonable in large-scale clinical deployment or in-home use. Second, 

variability in trainer pedaling speed, stamina, and response to the PD rider’s performance 

creates variations that make data analysis and conclusions in clinical studies difficult to 

generalize. Third, there are a number of factors, such as cadence, foot position and workload 

that can affect the biomechanics of cycling. Many motorized single-rider stationary exercise 

bikes are commercially available today that can provide a pre-programmed load profile for 

the rider. However, without access to control parameters of the drive and motor in current 

exercise motorized bikes, and generally slow motor dynamics, it is difficult to reproduce 

tandem bike riding dynamics using the available exercise motorized bikes.

Robotic rehabilitation devices have been widely used in PD [15] and stroke [9, 10 and 14] to 

promote motor recovery. The value of this type of rehabilitation is the ability to deliver high-

intensity therapy that assists movement and responds to patient performance. Furthermore, 

robot-based rehabilitation can provide positive benefits without increasing therapist burden 
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and healthcare costs. However, it is challenging to design adaptive assist-as-needed control 

for these devices [8]. Variability in symptom severity and functional abilities among 

individuals with Parkinson’s disease require “intelligent” therapies.

Our proposed solution to this problem is to design a smart motorized bicycle which 

simulates tandem cycling and could assess individual effort, performance, skill level, and 

therapeutic value in order to dynamically alter motor resistance, speed and riding time. The 

instrumented cycle was constructed using a commercially available exercise bike chassis that 

is augmented with high-performance motor, sensors, control and automation equipment that 

employ an open architecture with components, training and support services readily 

available from distributors around the world. Advanced control techniques and high 

performance motor-drives can be integrated with a single-rider stationary bike to permit the 

rider to experience similar conditions as on a stationary tandem bike with two riders. The 

objective of this program is to establish a motorized bike that can be readily adapted to 

accommodate different riders and different riding experiences including the imitation of a 

tandem bike riding experience. The bike with embedded controls and servo-motor drive 

system is termed as Smart (Intelligent) Bike.

The Smart Bike continually monitors the mechanical and electrical characteristics of the 

cycle along with the rider’s physical and neuromuscular response during operation. The 

captured data could be analyzed to determine which unique temporal features of the sampled 

data are correlated with the rider’s motor skill level. The established correlation will permit 

real-time assessment of the performance of the rider during a cycling session.

Recently, we have studied the complexity of biomechanical and physiological features of 

assisted (tandem) and voluntary (single) cycling and related these features to improvements 

in motor function as measured by UPDRS Motor III scale [2]. This study showed that 

temporal variability or lack of predictability in cadence during active-assisted cycling is a 

predictor of improvements in UPDRS Motor III scores [2]. Based on these findings, one of 

the key features of the proposed Smart Bike is the capability of running at higher speed 

(between 80–90 RPM which is about 30% faster than the cadence generally PD patients are 

able to pedal on their own) with the appropriate amount of variability in cadence [2]. This 

feature is innovative because it provides a fluctuating (non-constant) interaction with the 

rider.

The novel motorized bike has been instrumented with: (a) sensors for feedback control and 

for high speed sampling of bike data, (b) sensors that capture real-time rider data, (c) a 

motor speed controller capable of dynamically changing motor speed and torque, (d) a 

programmable controller that integrates sensor data, communicates with the motor speed 

controller, provides feedback control and communicates with the display system, (e) a user 

interface, termed HMI (human machine interface) that is capable of displaying the bike and 

patient data and for entering the required control parameters, and (f) a data logging and data 

acquisition system to support subsequent historical reporting and data analysis.

This instrumented exercise bike is novel because it provides an effective platform to examine 

the associations between rider performance and changes in bike control. The dataset 
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obtained from this study will provide a basis for future development and testing of 

customized optimal exercise regimens for individual with PD. Furthermore, this research 

platform will permit automatically tailoring an exercise regimen for individuals with 

different skill levels, disease severity levels and improvement profiles. Exercise programs 

may be readily optimized for each individual with minimum effort.

II. System architecture; Hardware, Electrical and ELECTRONICS

A commercially available bike chassis from the RECK Company (Motomed Viva21) served 

as the mechanical platform for the Smart Bike. The factory-installed operator display, motor, 

power supply and controller board were removed from the bike and were replaced with a 

high-speed industrial automation control system, rugged touch screen, high-performance 

servomotor and motor drive. The motor is rated at ½ hp and supports a pedaling rate of up to 

120 rpm. It is capable of both driving and absorbing torque from the rider. Instrumentation 

permits continuously monitoring bike operation (e.g. cadence, pedal torque, and motor 

current) and rider condition (e.g. heart rate). The programmable logic controller (PLC) on 

the bike is a commercial controller from Rockwell Automation (ControlLogix) that runs the 

control algorithm and dynamically operates all the systems and components in the bike. Fig. 

1 shows the functional block diagram of the modified bike.

A. Hardware; Electrical and Electronics

Most of electronic and electrical components such as the motor drive, programmable 

controller (PLC), network adapter, and power supplies are mounted in a rugged enclosure 

separate from the bike chassis, and are connected to the bike via cables for motor power and 

control, operator interface, and sensor feedback. Other electronic components integrated 

within the bike chassis include the operator touch-screen display, emergency stop button, 

heart rate monitor interface board, TTL to serial level converter board for the heart rate 

monitor, and the motor coupled to the pedal crank.

The overall block diagram and the physical location of the electrical and electronic 

components as well as the communication network between different parts of the system are 

presented in Fig. 2. The control platform for the intelligent bike is a commercially available 

programmable logic controller (PLC). This is a versatile platform that is currently used 

across a broad range of automation and robotic applications. The control algorithms run on 

the programmable controller. The PLC also communicates with the computer and bike-

mounted operator interface using Ethernet to send and receive commands and data. The PLC 

determines the appropriate motor speed and load (torque) values, and sends motor control 

information to the motor drive (Kinetix 350). The motor drive implements a high-speed 

inner loop controller that provide the appropriate voltage and current to the motor to 

continually maintain the motor operating state specified by the PLC. Motor feedback is used 

as feedback for the drive to maintain proper motor speed and torque in spite of load 

disturbances introduced by the rider.

1http://www.motomed.com/en/models/motomed-viva2.html
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Operator display and control input device is a rugged touch screen device (PanelView™ Plus 

graphic display) mounted on the front of the bike near the rider’s hand grips. This serves as 

the HMI for the bike and communicates with the PLC through Ethernet to send the 

parameters entered by the user to the PLC and to receive and display the required data from 

the programmable logic controller. The display can also provide a graphical plot showing 

historical values for bike and rider operation.

B) Heart Rate Monitoring System

It is important to monitor the condition of the rider during clinical trials. Real-time heart rate 

information can be used to enhance the safety of the rider during a bike riding session. Rider 

heart rate levels and changes in heart rate can signal excessive rider exertion or indicate 

potential health problems with the rider. In addition, heart rate data is also stored in a rider 

history database for use in subsequent data analysis.

A Polar Heart Rate monitor from Polar USA (Polar Wearlink+™ Coded Transmitter) has 

been selected to monitor the rider heart rate. The Polar Heart Rate monitor includes a 

wearable chest strap with a battery-operated integral heart rate sensor. The sensor is 

connected to a radio transmitter in the chest strap. Typically a wrist-mounted radio receiver 

is used to receive the radio signal from the chest strap and display the heart rate data from 

the Polar Heart Rate monitor. Because we want to capture the heart rate in the PLC and 

monitor real-time heart rate, display this data, and archive the real-time data values for later 

analysis we uses a separate radio receiver board, a Heart Rate Monitor Interface Board 

(HRIM). This board receives the radio signal from the Polar Heart Rate monitor chest strap 

and captures the heart rate signals. (Part Number SEN-08661from SparkFun). The output of 

the HRIM board is a TTL level voltage (0V to 5V). This TTL level signal is converted to a 

standard ASCII serial communications voltage level using a level shifting board (MAX3232 

Breakout Board from SparkFun). Fig. 3 shows the block diagram of the heart rate 

monitoring system.

B. Bike Operational Specifications

The completed bike system is shown in Fig. 4. Here, we summarize the main operational 

specifications of the bike.

Speed—We retained use of the slotted belt pulley on the motor (motor pulley diameter 

=0.825”) and the large slotted pulley connected to the pedal crank (crank pulley diameter = 

10.9375”). This gives a pulley ratio of 13.2576. The servomotor used is Rockwell 

Automation TLY-A230P-BJ62AA with a rated speed of 5,000 rpm. This motor can operate 

the pedals at over 300 rpm. At the nominal pedal speed of 95 rpm the motor speed will be 

1260 rpm.

Load—The servomotor used is a 230V motor rated at 1.3 Nm of torque. The motor is 

coupled to the pedals through a 13.2576 pulley ratio. This motor provides the torque 

necessary to move the pedals without rider assistance and overcome the weight of each leg. 

Most of the time the motor will be absorbing load from the pedals and providing a breaking 

action to increase the pedal resistance felt by the rider. In order to accommodate prolonged 
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periods of bike operation under pedal loading by the rider, a separate braking resistor was 

added to each bike to dissipate the energy provided by the rider.

Safety—Insuring rider safety was of paramount importance in the design and development 

of the Smart Exercise Bike. Redundant software controls and integrity checks are 

implemented to insure the components are connected properly and communicating reliably. 

Additional checks are implemented to insure the operator setup parameters are valid. The 

control algorithm limits the maximum speed the pedals can attain. A heart rate monitor 

attached to the rider will signal excessive fatigue or stress levels of the rider. There is a large 

red pushbutton on the bike display console that can readily be pressed by the by rider or 

therapist and provides an emergency stop (E-stop) capability that immediately removes 

power to the motor and other power components. Additionally, feedback checks are made 

every millisecond to insure proper motor feedback and accurate communications exist 

between the various system functions. Lastly, in the event of an overcurrent condition such 

as due to pedals hitting an obstacle, power will immediately be removed from the motor.

Data logging—During each bike riding session data is captured by the PLC and provided 

to the graphical display for operator viewing. This data also routed to a PC running a data 

display and logging program (FactoryTalk View from Rockwell Automation). This program 

is configured to log captured data to files on the PC hard drive. Optionally, the PanelView 

display located on the bike can also log data to a memory stick or to the display memory for 

later access.

Reliability—The bike system employs reliable, commercially available drive and control 

components that are used in critical applications throughout the world. The design and 

implementation of the bike automation system employs good engineering practices to 

further insure safe and reliable operation. Over current and overvoltage limits protect the 

electronic equipment and a cooling fan on the electronics enclosure helps prevent 

overheating.

III. Software and Control Algorithms

In this section, software and main control algorithms developed to run and control the bike 

are described. The control algorithms that operate the bike have been developed using 

RSLogix 5000 software from Rockwell Automation running on a PC for software 

development. After the control algorithms have been developed, they are then downloaded to 

the PLC. Once in the PLC, they are run on this platform to provide real-time control for the 

bike system. The control code in the PLC implements both the static mode (inertia load) and 

the dynamic mode (speed reference) of bike operation. These two control modes are 

described later in this section. New control algorithms can be readily implemented using the 

same development and operating platform (i.e. PC, PLC, motor, and drive) provided with the 

Smart Exercise Bike.

A. Programming Software

Software development for the Smart Exercise Bike consists of bike control software 

developed to run on the PLC and software resident in the PanelView touch screen to accept 

Mohammadi-Abdar et al. Page 6

IEEE ASME Trans Mechatron. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



user input and display bike information and operating data. Other microprocessor-based 

devices in the Smart Bike such as the drive and heart rate interface board were programmed 

by setting up parameters or command line strings. The suite of PLC software development 

tools from Rockwell Automation have been used to develop the algorithms and routines, and 

establish communication with the devices to download the codes as well as transmit and 

display the data. These software programs also provide for control of the operator interface 

and data logging.

B. Motor Drive Control Modes

The motor drive (Rockwell Kinetix 350 drive: 2097-V31PR2-LM) can be programmed 

using each of the following integrated control modes:

1. No Control Modes

2. Position Control Mode

3. Velocity Control Mode

4. Torque Control Mode

5. Velocity Control Mode with Frequency Control Method

For the Smart Bike control algorithms, the two primary control modes are torque control and 

velocity control. In torque control mode, the application control program (ladder logic code) 

provides torque set-point values to the drive controller via the Ethernet/IP interface. Because 

motor current and motor torque are related by a torque constant, Kt, torque control is 

analogous to current control. In velocity control mode, the application control program 

provides a set-point speed value to the drive Ethernet/IP interface. Closed loop velocity 

control implies an inner torque/current control loop and implements a field-oriented control 

or vector-control inner loop generating a PWM (pulse-width modulation) signal train to 

control the motor flux or magnetic field.

C. Static Mode (Inertia Load)

In static mode, the bike works like a typical commercial motorized exercise bike with the 

ability to specify a programmable resistance (load) for the rider. In order to replicate the 

inertia load mode of operation, the drive is set in torque control mode and the control 

function provides the real-time (variable) torque set-point to the drive based on the velocity 

and acceleration. In fact, based on the velocity and acceleration, the drive sets a torque 

command for the motor so that it resists pedal movement by the rider. The sampling 

frequency of the system is 1 kHz, so the control program cycles through the control logic 

once a millisecond.

Fig. 5 shows the block diagram of the closed loop control system of the bike in static mode. 

The lower section of the loop is inside the Motion Control block which is a toolbox for 

motor control in RSLogix 5000, and we have access to the parameters of each block to tune 

them based on the requirements and specifications of our application. KT is the motor torque 

constant which is 0.373 N-m/Amps(RMS). The upper section of the diagram is implemented 

with ladder code in PLC using RSLogix software. Velocity and acceleration signals are 
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measured and transferred to the programmable logic controller by motor feedback. The 

moving average filter applied to velocity and acceleration signals is an FIR filter with n=50 
samples (50 ms time range). KV and KA are adjustable parameters that can be set by the user 

on the PanelView screen to determine the amount of load for each patient. The equation that 

uses the parameters (KV and KA) is a state-of-the-art closed-loop control design, and the 

range of each parameter was determined by experimentation over several laboratory tests. 

For the user, each (gain) parameter can be adjusted between 0 (for minimum load) and 10 

(for maximum load). Finally, the output of the summation block goes through a low pass 

filter (1) to determine the final torque command (set point). The low pass filter has been 

designed to filter the high frequency noise and fluctuations on the velocity and acceleration 

signals coming from the drive. The cut-off frequency of the filter is about 36 Hz and was 

selected based on data analysis from several experimental tests.

(1)

D. Dynamic Mode (Speed Reference)

In dynamic mode, the bike runs at a reference speed set by the user. The pedal speed 

(cadence) is increased linearly by the drive to reach the set point value in approximately 20 

seconds. Then, a pre-set resistance (load) is applied as needed to resist pedal speed changes. 

For this mode, the speed (cadence) set point is defined by the user and is entered through the 

PanelView, with the drive programmed in velocity control mode. A torque command 

function (similar to the static mode) is applied to the drive based on velocity and 

acceleration. In fact, based on the velocity and acceleration, the drive applies a torque 

command to the motor so that it resists against velocity changes. The Jog block structure in 

motion control (RSLogix 5000) is used to increase and decrease the speed gradually with 

start and stop commands, in approximately 20 seconds, to control the rate of speed up and 

stopping.

Fig. 6 shows the block diagram of the control loop in dynamic mode. The lower part of the 

diagram is the velocity control loop that includes a PI controller implemented inside the 

Motion Control toolbox in the RSLogix Software. Aside from the PI control loop there is a 

feedforward path with a low pass filter with adjustable KVP and KNFF gains. KVP is the 

proportional gain of the PI controller. KNFF is the feedforward (negative) gain used to adjust 

the time response of the velocity regulator aside from the normal PI control elements [6]. 

The effect of the (negative) feedforward signal is to eliminate backup of the motor shaft, and 

the selection of KNFF gain setting has no effect on the stability of the speed regulator [6]. 

KVI is the gain in the integral loop. The gains KVP, KVI, and KNFF are tuned by the drive 

using the Motion Control toolbox in the RSLogix Software with some explicit operational 

tests after any physical changes to the system. More details about these parameters and the 

tuning instructions are provided in [5] and [6]. The adjustable parameters (KV and KA) are 

set by the user on the PanelView screen and determine the amount of the load for the patient. 

The output of the velocity control loop is applied to the drive as the velocity command.
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The upper part of the diagram is the torque control loop that has already been described in 

the static mode. The only difference between the torque loop in static and dynamic modes is 

that in the dynamic mode, the difference between the reference velocity and feedback 

velocity is used to shape the torque command equation. Also in the dynamic mode, the final 

block is a low pass filter (2) that has been designed to filter the high frequency noise and 

fluctuations on the velocity and acceleration signals coming from the motor drive. The cut-

off frequency of the filter is about 200 Hz and was chosen based on data analysis from 

several experimental tests. The cut-off frequency of the filter in dynamic mode is higher than 

is static mode to make the closed-loop system more responsive providing a quick response 

to the patient’s reaction since the motor is running at a pre-set speed.

(2)

IV. User interface and data logging

The operator interface code that operates the PanelView touch screen has been developed 

using FactoryTalk View Studio Machine Edition (ME) from Rockwell Automation. The 

program receives data from the PLC through the Ethernet/IP network interface and displays 

real-time information on the screen. The waveform graph plots the signals in a specified 

time scale. For this application we set a default of a 30 second moving window to 

graphically displayed data on the operator screen. Data logged by the program are saved on 

the hard drive on a PC in an Excel format. Bike operating parameters such as cadence/

velocity set-point, velocity and acceleration factors (KA and KV) can be set by the operator 

using the touch-screen monitor mounted on the bike.

The operating procedure requires that the user first select an operating mode (static or 

dynamic) for the exercise session. The control screen will then appear (Fig. 7) that includes 

a composite graph showing cadence, power, torque and heart rate signals as well as the 

instantaneous values for each of these signals. There are also buttons for setting parameters 

like desired cadence, acceleration and velocity factor for example.

V. Bike test result

An IRB approved (Institutional Review Board approved) study was conducted that began 

with a comprehensive test and validation procedure for the bike and data acquisition system. 

Following validation of the bike platform, a series of exercise sessions with data concurrent 

and data acquisition using the Smart Bike was conducted for 47 riders diagnosed with 

Parkinson’s disease. Details of the study and the results of the data analysis will be 

presented in a separate paper [1]. Here, for illustrative purposes, we provide experimental 

test data from two of the test subjects that participated in the study and exercised in the static 

and dynamic modes of the Smart Bike. Data from each patient were recorded for forty-

minute exercise sessions including five minutes of warm up cycling, thirty minutes of 

exercise, and five minutes of cool down.
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Fig. 8(a) shows captured data for heart rate, cadence, and power signals for one exercise 

session for a rider in static mode. The power level is reduced during warm up and cool down 

as compared to the 30-minute exercise session. It is worth noting that there is not a 

significant difference in the cadences during the three riding phases. Because the load is 

adjustable, the trainer conducting this test session has chosen a reduced load during the 

warm up and cool down periods.

Fig. 8(b) shows experimental data for heart rate, cadence, and power for one exercise session 

of a rider in dynamic mode. The session started with five minutes of warm up during which 

the cadence set-point is at 50 rpm, then continued with thirty minutes of exercise at 80 rpm 

speed set-point, and finished with five minutes of cool down at 50 rpm cadence set-point. 

Any change (increase and decrease) in speed is done linearly in 20 second time periods to 

avoid any shock or injury to the rider. Fig. 8(b) shows that the cadence in the 30-minute 

exercise period is roughly stable around 80 rpm while the power in this period is variable 

from 0 to 60 Watts. These results are very similar to performance observe with Parkinson’s 

riders on a tandem bike with a train that we have previously analyzed [2]. The sample results 

presented for the rider with Parkinson’s using dynamic bike control are consistent with the 

data observed from a rider with Parkinson’s on a tandem bike. These results suggests that a 

rider with Parkinson’s operating the Smart Exercise Bike in dynamic mode may see 

improvements in motor skill levels consistent with that observed from Parkinson’s riders 

operating a tandem bike. The detailed analysis of the data captured from multiple cycling 

sessions under conditions of static and dynamic cycling that seeks to validate this 

assumption will be provided in separate paper discussing test and validation of the Smart 

Bike [1].

The following section presents the framework for analyzing data captured from the Smart 

Exercise Bike.

Table I summarizes the main characteristics of the recorded signals from the two PD patient 

bike riding experiments in static and dynamic modes. There is no significant difference in 

heart rate signals between the two modes. However, the pedaling cadence and power signals 

showed a significant difference between the raw values in static (68.3 ± 7.1 rpm, 42.5 ± 9.7 

W) and dynamic (82.4 ± 1.5 rpm, 26.9 ± 12.5 W) groups. Certainly no conclusions can be 

drawn from looking at only two samples, however, the trend shown here is consistent with 

data captured from the other 45 test subjects [1]. Variability analysis has shown to indicate 

another significant difference between the two modes. While there is no significant 

difference between the Sample Entropy2 (SaEn) values of heart rate and power signals, there 

is a significant difference in SaEn of the cadence for static and dynamic modes. SaEn for the 

cadence in the dynamic mode session (1.47) is significantly greater than the SaEn for the 

cadence in the static mode (0.26). This indicates that the cadence signals in the dynamic 

mode have greater variability (are less predictable) than the signals in static mode. This 

feature is consistent with the analysis results previously published for single and tandem 

2Sample entropy (SaEn) is a technique used to quantify the amount of regularity or unpredictability of fluctuations in time series data. 
SaEn quantifies the possibility that similar patterns of observations will not be followed by additional similar observations. A time 
series containing many repetitive patterns has a relatively small SaEn; alternatively, a less predictable (i.e., more random or less time-
correlated) time series will have a greater SaEn [1, 2].

Mohammadi-Abdar et al. Page 10

IEEE ASME Trans Mechatron. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cycling [2] and is an important feature of the Smart Bike design. Complete test details, 

including validation and data analysis of the Smart Bike with forty seven PD patients is 

provided in [1].

VI. Conclusion

Recent research results in the field of rehabilitation for people diagnosed with Parkinson’s 

disease indicate that a person may realize significant improvements in motor skills by 

pedaling a bike under unique conditions of speed and load dynamics. In order to investigate 

this important research area, a novel exercise bike has been designed and fabricated based 

the operating paradigm of a tandem bike. The framework for the Smart single-rider exercise 

bike is a commercial bike chassis and commercially available motor and control equipment. 

This innovative design incorporates high-performance drives and controls and a low-inertia, 

power-dense servomotor to form a flexible and adaptive platform to support clinical research 

studies of exercise for people with Parkinson’s disease.

The Smart Exercise Bike has been programmed with two resident bike control algorithms 

that provide the ability to operate the bike in either the static (inertial load) mode, or 

dynamic (speed reference) mode while capturing operating data such as rider heart rate, 

cadence, and power at a high sampling rate. The static mode runs the bike as a regular 

exercise bike with a programmable resistance (load). In dynamic mode, the bike runs at a 

user defined cadence set-point with a programmable load influencing cadence changes. The 

bike is equipped with a user friendly HMI employing an easy to read color touch screen. 

This integrated control and display system records critical rider and bike conditions and 

allows the rider to set required riding session parameters such as cadence set point and load.

The Smart Bike has been used since September 2012 to conduct clinical trials of riders with 

Parkinson’s disease. Data has been captured during multiple riding sessions and analyzed to 

confirm the proper operation of the bike and the validity of the data acquisition system. 

Details describing the clinical tests conducted and data analysis are presented in [1]. The 

Smart Bike has been shown an effective platform for conducting a wide range of bike riding 

exercise tests for different riders with Parkinson’s disease. In addition, the flexible and 

extensible design of the bike permits readily changing the control system and incorporating 

additional I/O as needed to provide a wide range of riding experiences. The network-enabled 

controller also permits real-time remote access and remote data logging. Research platforms 

like this can be very effective tools in evaluating the impact of new control paradigms for 

improving the motor skills of riders with Parkinson’s. Validated clinical studies using high 

performance control and data acquisitions systems may provide a basis for transitioning 

high-impact exercise regimens from a clinical setting to broad scale deployment in therapy 

centers and eventually in the home.
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Fig. 1. 
Functional diagram of the Smart Bike.
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Fig. 2. 
Electrical and electronics components diagram of the bike
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Fig. 3. 
Block diagram of the heart rate monitoring system.
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Fig. 4. 
Smart exercise bike, completed system
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Fig. 5. 
Closed loop control block diagram of the samrt bike in static mode.
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Fig. 6. 
Closed loop control block diagram of the samrt bike in dynamic mode.
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Fig. 7. 
PanelView control screen.
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Fig. 8. 
Smart Bike real test data for two PD patients; (a) Static mode; (b) Dynamic mode.
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