
 

  

Abstract— This paper describes the development and 

evaluation of a novel effort control system for cycling, which 

contributes to promote the users’ mobility and physical health. 

This system provides automatic control of the motor assistance 

level of an electric bicycle in order to ensure that the cyclist’s 

effort remains inside the desired target zone, regardless of 

changes in other variables which normally affect the effort, 

such as the slope of the road. The system presented in this 

paper controls the pedaling resistance perceived by the cyclist 

through the use of a sensor device placed inside of the bicycle 

crankset, which provides the required torque signal. The data 

processing, effort control algorithm and user interface are 

implemented in a smartphone application, whereas a 

microcontroller on the bicycle is responsible for the data 

acquisition, wireless data exchange with the smartphone, and 

real-time control of the motor assistance level. Experimental 

results validate the effectiveness of the implemented effort 

control system. 

 
Index Terms— Effort control, electric bicycles, mobile 

sensing, torque, wireless sensor networks. 

I. INTRODUCTION 

Recent advances in the miniaturization and integration of 

sensors into popular consumer products, such as 

smartphones, enable the design and development of several 

new applications, creating a concept called mobile sensing, 

which consists of sensor data collection focused on people 

[1] through their mobile devices. Smartphones are steadily 

becoming the core communication and processing devices in 

the people’s lives, making the study and development of 

mobile sensing systems an attractive emerging area of 

research and development [2], [3]. 

The system proposed in this paper allows the provision of 

automatic effort control, based on the use of an electric 

bicycle and a smartphone, in order to assure that effort 

(expressed by the pedaling resistance, in this case) remains 

at the desired level regardless of changes in other variables, 

such as the slope of the terrain or the velocity of the bicycle. 

Therefore, this system contributes to promote the users’ 
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mobility and physical health by combining the advantage of 

control of the exercise intensity, which is typical of 

stationary bicycles, with the benefit of outdoor physical 

activity provided by conventional bicycles. 

The proposed system allows a heterogeneous group of 

people with different physical conditioning (e.g., family 

members and friends) to ride together along the same track, 

each one at the most adequate exercise intensity level, given 

factors as age, gender, health condition and fitness level, 

contributing to the engagement and enjoyment of the 

physical activity by all members of the group. 

This system is also envisioned to be used at home, for 

example, in the days when the weather is not suitable for 

outdoor cycling. In this scenario, the electric bicycle is 

placed on a support and the desired level of resistance is 

provided by the electric motor. Besides eliminating the costs 

associated to the acquisition of an indoor bicycle, this 

operation mode allows the user to benefit of the monitoring 

and control functionalities provided by the proposed system. 

This system has also the benefit of increasing the 

convenience of bicycles as a transportation medium in areas 

with ascents and declines, which typically have poor 

adherence to this type of transportation, since the user does 

not have to be bothered to manually adjust the motor 

assistance. Nevertheless, the user has the option to disable 

the automatic control and switch to manual operation at any 

time. 

The main contribution of this paper is the description of 

the design, implementation and evaluation of an automatic 

effort control method, applied to cycling, based on the 

measurement of the pedaling resistance perceived by the 

cyclist. 

This paper is organized as follows. Section II presents 

previous research work related to this paper. In Section III, 

an overview of the design and implementation of this effort 

control system is provided, with emphasis on the electric 

bicycle components. Section IV describes the sensor data 

processing and the effort control algorithm implemented on 

the smartphone application, whereas Section V presents 

results from the experimental tests and the corresponding 

discussion. Finally, Section VI presents the conclusions and 

perspectives of future work. 

II. RELATED WORK 

Previous related research works describe systems that take 

advantage of the use of mobile devices with bicycles in 

order to monitor sensor data from the user’s body [4], [5], 

the bicycle or the environment, with the aim to enhance the 

users’ experience.  
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The BikeNet project [6] uses sensors adapted to a 

conventional bicycle in order to monitor several parameters. 

The developed system consists of a wireless sensor network 

[7], [8] based on the IEEE 802.15.4 standard [9]. The mote 

platform that was used is based on TinyOS and provides 

multiple sensors, such as a 2-axis accelerometer, a 

thermistor and a microphone. This system uses an IEEE 

802.15.4/Bluetooth gateway to provide the interface between 

the sensor network and a smartphone. Data monitoring 

focuses on parameters such as speed, geographical location, 

noise, CO2 levels, user’s stress level and detection of cars in 

close proximity using magnetometers.  

Marin-Perianu et al. [10] present a solution and respective 

performance analysis for measurement of knee and ankle 

joint angles based on wireless motion sensor nodes that 

gather sensor data using inertial measurement units (IMUs) 

and provide immediate feedback to the cyclists about their 

pedalling movement.  

The Biketastic platform [11] aims to create a system 

where cyclists can share their routes and experiences. 

Information collected using the smartphone sensors includes 

the roughness of the road and the level of audible noise. The 

smartphone application also allows the users to capture geo-

tagged images and video clips while riding, and insert tags 

and descriptions. 

Walker et al. [12] describe a system for collecting signals 

from a cyclist and a conventional bicycle, with emphasis on 

the developed network sensor nodes. The system is 

composed by multiple wireless sensor nodes based on 

ZigBee [13]. The developed equipment is used to collect 

data such as temperature and heart rate of the cyclist, the 

ambient temperature and the angular velocity of the bicycle 

wheel. This system uses a laptop (instead of a mobile 

device) installed on the handlebars, which receives, via 

Bluetooth, the data collected by the ZigBee coordinator from 

all sensor nodes. 

Outram et al. [14] developed a wheel, in the context of the 

Copenhagen Wheel project, which can be adapted in a 

conventional bicycle in order to turn it into an electric 

bicycle. The central part of the wheel (hub) integrates an 

electric motor, a battery and internal gears, as well as 

environmental sensors for monitoring of noise, temperature, 

humidity, CO and NOx levels. This system is enhanced with 

mobile sensing capabilities through the use of an iPhone 

smartphone, which communicates with the hub using 

Bluetooth. The smartphone provides geographical location

 and allows the user to manually lock/unlock the bike, 

change the gear and adjust the level of assistance of the 

electric motor. 

Giani et al. [15] present a cyclist’s heart rate control 

system through a continuously varying transmission (CTV), 

where the main goal is to maintain the heart rate value 

specified by the cyclist [16]. The control system is 

implemented in a city bicycle that is equipped with a 

NuVinci roller-based CVT controlled by an electronic 

control unit (ECU). The ECU also measures the pedal 

torque, pedal speed and rear speed. The system is composed 

by a heart rate monitor, a smartphone and an ECU, which 

communicate with each other via Bluetooth. The ECU is 

responsible to run the low level CTV control, while the 

smartphone runs the heart rate control algorithm. 

Nagata et al. [17] describe a control system to keep the 

continuous level of exercise intensity around the aerobic 

threshold. The control uses a new pedaling rate control 

system that works with an efficient pedaling rate of a 

popular bicycle for aerobic exercise while cycling. An 

oxygen mask was also used to read the oxygen uptake per 

second. With this control system the average oxygen uptake 

per second was significantly improved when compared with 

other type of assisted mode. This system can be applicable 

for any bicycle where the range of specific pedaling rate of 

the electric motor assistance is in accordance with the 

preferred pedaling rate. 

Unlike these previous works, this paper proposes a novel 

effort control method which allows the automatic control of 

the pedaling resistance based on the measurement of the 

torque. 

III. SYSTEM OVERVIEW 

The main components of the proposed system are a 

smartphone and an electric bicycle, as shown in Fig. 1. The 

smartphone contains a decision block, whereas the bicycle 

integrates an acquisition block composed by a central 

processing module and sensors; a control block containing 

the motor drive module and the motor; and a gateway. 

The developed application on the smartphone interfaces 

with the user and implements the effort control algorithm, 

which is responsible for the decision regarding the motor 

assistance level to be applied, at each moment, during the 

cycling activity, based on pre-defined user profiles. This 

application uses Bluetooth to communicate with the bicycle.

 
Fig. 1.  Architecture of the proposed effort control system. 
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The central processing module of the acquisition block is 

responsible for periodic reading and pre-processing of the 

torque signal, which is necessary for implementation of the 

effort control method based on the pedaling resistance. This 

signal is obtained from a torque and cadence sensor, and is 

sent to the smartphone application using the gateway 

(Bluetooth module). The cadence signal is not used in the 

context of this effort control method. 

A. Information Flow 

After the smartphone application performs the 

authentication with central processing module of the bicycle, 

it gives the user the choice of the assistance mode. The user 

is allowed to select between two modes of assistance: 

Manual mode, which provides two buttons on the 

smartphone display for the user to increase or decrease the 

motor assistance manually; and Automatic mode, which 

provides automatic effort control based on the selected 

control mode. If the Automatic mode is selected, the user 

then chooses the effort control mode. 

Although this paper discusses only one effort control 

mode, based on the pedaling resistance (where only the 

measured torque is considered in the developed control 

algorithm for deciding the level of assistance to apply to the 

electric motor), the system was designed to allow the 

selection of other effort control modes, if available. For 

example, an effort control mode based on the power output 

could also be available. In this case, the control algorithm 

would need to consider both the cadence and torque in order 

to decide the motor assistance level.  

All these user choices can be pre-configured in the 

application, avoiding the need for user interaction each time 

a cycling activity begins.  

After this startup phase, if the automatic mode was 

chosen, the system enters in a loop which is executed 

systematically until the cycling activity ends. During this 

process, a microcontroller on the central processing module 

is responsible for measuring the torque signal, the cadence 

signal and the battery level of the electric bicycle. After 

acquiring this information, the microcontroller builds and 

sends a data frame to the smartphone through the gateway.  

The application on the smartphone processes the data 

received  and executes the effort control algorithm. Finally, 

this application builds the control frame and sends it back to 

the central processing module, which interprets the decision 

and communicates it to the motor drive module in order to 

adjust the assistance level. 

B. Electric Bicycle Components 

The electric bicycle used in the implementation and 

evaluation of the proposed effort control system is a 

prototype developed at University of Minho that was already 

available at the beginning of this work. It was built upon a 

conventional bicycle and provides a BLDC (Brushless DC) 

motor, a lithium polymer battery with nominal voltage of 

36 V and nominal capacity of 10 Ah, a motor drive module, 

and a small module at the handlebars with manual control 

buttons and a LCD display. This electric bicycle was 

originally prepared to operate with three levels of assistance, 

but it was modified to operate with 10 levels for this work. 

 Fig. 2 shows the location of the physical components on 

the bicycle. In addition to the components already present on 

the original electric bicycle, this system introduces only a 

torque and cadence sensor, a central processing module and 

a Bluetooth gateway. 

 
Fig. 2. Electric bicycle used in this work with the installed components. 

 

The sensor chosen to provide the values of torque and 

cadence is shown in Fig. 3. This sensor presents several 

advantages over other solutions. It is strategically placed 

inside of the crankset, giving the advantage of being 

invisible and ensuring protection against external 

environment factors, such as oil, water, dust and vibrations 

from the terrain, thus eliminating major maintenance 

requirements. In addition, the fact that it is designed to be 

placed inside standard cranksets provides compatibility with 

most types of bicycles and avoids the need of calibration 

each time the bicycle is disassembled for transport. 

 
Fig. 3.  Torque and cadence sensor used in this work. 

 

The cadence signal consists of pulses that are generated as 

the pedal is rotated (8 pulses for a full 360° rotation), 

whereas the torque signal is analog and presents a linear 

behavior, with sensor sensitivity of 10 mV/Nm and range 

from -200 Nm to +200 Nm. 

As referred before, the central processing module 

integrates a microcontroller, which makes use of two ADC 

channels, one to read the voltage supplied by the torque 

signal and another to read the battery level. A GPIO pin 

(GPIO12) was configured to trigger an interrupt each time a 

pulse is generated by the cadence signal. These values are 

pre-processed in the microcontroller application, in order to 
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be aggregated into a data frame. 

This microcontroller uses its universal asynchronous 

receiver/transmitter (UART) interface to communicate with 

the Bluetooth gateway, and its serial peripheral interface 

(SPI) to communicate with the motor drive module. The 

central processing module and the motor drive module use 

the same type of microcontroller. 

The Bluetooth module provides a UART interface that is 

used to communicate with the central processing module and 

a Bluetooth radio interface which communicates with the 

smartphone. This Bluetooth module can operate in two 

ways: data mode (default) or command mode. In the data 

mode it functions as a tunnel, i.e., when data is received over 

the Bluetooth interface, the headers of the Bluetooth 

protocol are removed and only the user data is sent to the 

UART interface. Similarly, when user data is received form 

the UART interface, the Bluetooth module builds the 

Bluetooth packet and sends it to the destination. The 

command mode is triggered whenever the UART or 

Bluetooth interface receives a pre-defined sequence of 

characters. 

IV. SMARTPHONE APPLICATION 

The smartphone is a fundamental component of the 

proposed system. The main tasks performed by the 

smartphone application are: the processing of the data 

generated by the torque and cadence sensor; and the 

execution of the effort control algorithm, which makes use 

of the processed data. The application was developed and 

tested using an Android smartphone. 

A. Sensor Data Processing 

One problem encountered during the development of the 

effort control system based on the pedaling cadence is that 

the torque signal provided by the sensor device presents very 

large variations as the cyclist presses and releases the pedal, 

as shown in Fig. 5.  

Therefore, in order to enable the effort control algorithm 

to work properly, it was necessary to implement a 

mechanism to smooth abrupt changes in the torque signal, in 

order to provide a more predictable input to the control 

algorithm and, consequently, to avoid undesired changes on 

the motor assistance level.  

The conceived solution reduces the variation of the effort 

parameter (torque) using the exponentially weighted moving 

average (EWMA) technique. This technique has the 

particularity of assigning greater weight to more recent 

values (with the importance of past values decreasing 

exponentially over time). It also integrates all past data in a 

single value, decreasing the amount of memory and 

processing required. This technique uses the following 

equations: 

 0, == kXS kk
 (1) 

 0,)1( 1 >−+=
−

kSXS kkk αα  (2) 

The value of effort calculated using the EWMA technique 

(Sk) uses a factor (0 ≤ α ≤ 1) which determines the weight to 

assign to the current sample (Xk), in contrast with the 

previously calculated value (Sk-1). Smaller values of α 

increase the level of smoothing but make the result less 

responsive to recent changes in the data, and vice-versa. The 

domain k is the set of natural numbers, and for k = 0 the 

result takes the value of the first sample (X0). 

B. Effort Control Algorithm 

The flowchart of Fig. 4 illustrates how the effort control 

algorithm of the smartphone application was implemented. 

After receiving the sensor data, the smartphone calculates 

the effort (torque, in this case) that the cyclist is applying at 

that instant. After that, it uses the EWMA equations to 

calculate a new effort value without abrupt variations. If the 

resulting value (Effort_EWMA) exceeded the maximum 

threshold defined on the profile (thresholdMAX), the 

variable increaseAid in incremented (the variables 

increaseAid and decreaseAid are used to avoid premature 

increase/decrease on the motor assistance level). After that, a 

joint verification is performed: if the motor assistance level 

(aidLevel) is lower than the maximum level (10) and 

increaseAid is equal to 4 (this is a pre-defined value that can 

be decreased/increased if desired to provide faster/slower 

transitions between assistance levels). If this result is false, 

the processing returns to the start of the algorithm; 

otherwise, the variable increaseAid is cleared and the 

variable that contains the current value of the motor 

assistance level (aidLevel) is incremented. 

For the case where the EWMA effort did not exceed the 

maximum threshold, it is checked whether it decreased 

below the minimum threshold (thresholdMIN); if the result 

is false, the processing returns to the start of the algorithm; 

otherwise, the variable decreaseAid is incremented and 

another joint verification is performed: if aidLevel is higher 

than the minimum motor assistance level (0) and 

decreaseAid is equal to 4. If this result is false, the algorithm 

returns to the start; if both conditions are verified, the 

variable decreaseAid is cleared and aidLevel is 

decremented. 

 
Fig. 4.  Effort control flowchart. 

 

The motor assistance level is only increased/decreased 

when the smoothed effort for four consecutive samples is 

above/below value of thresholdMAX/thresholdMIN. This 
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condition essentially serves to guarantee that the motor 

assistance level is not hastily changed whenever there is only 

a momentary oscillation in the effort of the cyclist. 

V. RESULTS AND DISCUSSION 

This section presents experimental tests conceived to 

compare the measured effort (pedaling resistance) without 

and with the effort control mechanism enabled. These tests 

were performed with the rear wheel placed on a support that 

allows the adjustment of the resistance applied to the 

bicycle. The EWMA parameter was set to α = 0.1 and the 

sampling time was configured to 200 ms. 

During these tests, the cadence was kept constant. Fig. 5 

concerns the monitoring of the pedaling resistance felt by the 

cyclist (which corresponds to the measured torque) over 

time, without any control. In this figure, the instantaneous 

torque calculated directly from the collected sensor data 

(Instant. torque) is represented in blue, and the smoothed 

torque, obtained by applying the EWMA technique (EWMA 

torque), in green. When the effort control algorithm is 

active, this value is used by the algorithm to compare with 

the defined threshold values, which are represented in black. 

The red curve presents the average effort calculated using a 

moving average centered on the current EWMA value (Avg. 

EWMA torque). These values are more representative of the 

current effort felt by the cyclist, yet the effort control 

algorithm used the values presented in green, because the 

red curve relies on samples available a posteriori, i.e., the 

moving average contains past and future values, which 

prevents the calculation in real-time. 

 
Fig. 5.  Pedaling resistance without effort control. 

 

For this test, up to 30 s, the resistance applied to the rear 

wheel support was set at a minimum value. From 30 to 50 s 

the resistance provided by the support was increased to its 

maximum value, which was maintained up to 70 s. After 

70 s the resistance was gradually decreased. Through Fig. 5, 

it can be seen that the upper horizontal line, corresponding 

to the maximum threshold value, is exceeded during long 

periods by the EWMA torque values, which indicates that 

there is no resistance control for this case. 

Another test under the same conditions, but with the effort 

control algorithm enabled, was conduct. Fig. 6 presents both 

the torque over time and the corresponding motor assistance 

level that was set by the algorithm.  

 
Fig. 6.  Pedaling resistance with effort control. 

 

After 30 s, the resistance applied by the rear wheel 

support was increased, which resulted in the EWMA torque 

exceeding the limits allowed by the effort control algorithm, 

resulting in the need for increased motor assistance to 

compensate this excess. The assistance level increased 

gradually along with the applied resistance until it reached 

level 4 around 60 s. After that the motor assistance level 

decreased as the resistance applied to the support also 

decreased.  

These results show that the proposed effort control system 

is able to provide to the cyclist a level of pedaling resistance 

(torque) approximately constant (taking into account the 

range of variation allowed by the thresholds configured on 

the user profile), regardless of the resistance applied on the 

support, due to the provision of automatic control of the 

motor assistance. 

VI. CONCLUSIONS 

This paper proposed a system applied to cycling that 

enables the automatic control of the pedaling resistance 

based on the use of a smartphone and an electric bicycle. 

The presented experimental results validate the proposed 

system, which has applications on fitness, transportation and 

healthcare. 

In the future, two other effort control methods based on 

the power output and the heart rate will also be implemented 

on the system. Besides the torque signal, the power output 

mode requires also the cadence signal, which is already 

provided by the sensor device that is currently being used. 

With respect to the heart rate mode, all the required 

hardware is also already available on the current system, 

except the Bluetooth heart rate sensor, which was already 

acquired. The next steps will be the adaptation of the effort 

control algorithm in order to handle these effort control 

methods and the execution of experimental tests in order to 

validate the new developments. 

Many conventional stationary bicycles provide multiple 

pre-programmed workout plans that change the exercise 

resistance at regular intervals according to the selected 

workout pattern. In the future, this functionality will also be
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implemented on the smartphone application, enabling 

programmable routines with effort control based not only on 

the pedaling resistance but also on the power output and 

heart rate. 

Future work will also include the integration of the 

embedded codes of the microcontrollers located on the 

central processing module and the motor drive module into a 

single microcontroller, which may reduce even more the 

overall size and cost of the system.  

In parallel with this work, two other mobile sensing 

systems applied to cycling were developed. The first one 

provides a database, available both on a smartphone and 

online through a web browser, with georeferenced 

information regarding multiple relevant cycling variables, 

such as velocity, altitude, slope and roughness of the terrain, 

route, torque, cadence, power output and heart rate. The 

second one allows the monitoring of the posture (e.g., trunk 

and knee angle) of cyclists, anywhere and in real-time, using 

wireless motion capture sensors [18] that communicate with 

the smartphone using Bluetooth Low Energy (BLE) [19]. In 

the future it is planned to integrate the functionalities 

provided by all these systems into a single application. 
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