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Featured Application: This paper presents a new concept of a modular system for the production
and storage of energy in a bicycle at any speed, even below 9 km/h.

Abstract: This paper presents a new concept of a modular system for the production and storage of
energy in a bicycle at any speed above 9 km/h. User-Centered Design methodology was applied
to establish the design premises, and then each component of the modular system was selected,
developed, and refined separately, carrying out all component integration (hub dynamo, USB charger,
batteries, and solar panel) by means of a simple extension cable. Then, simulations were made with
different software tools to create a design candidate. A new design of an integrated modular energy
production–storage system was obtained, aiming to cover the needs of long-distance bikers and daily
bike commuters. The designed system can charge its own batteries and power devices connected
to the USB charger from a speed of 9 km/h. The system entails a modular integration solution that
is not only cost-effective but also highly efficient. Its ergonomic design allows users to effortlessly
replace batteries as and when needed. Current models on the market do not possess this integration.

Keywords: sustainable commuting; charge-storage system; modularity

1. Introduction

In recent decades, the problems of mobility, congestion, parking, and pollution from
fossil fuels have become key points for the development of sustainable transport strate-
gies [1]. According to the European Green Deal [2], a 90% reduction in greenhouse gas
emissions should be reached by 2050 [3]. Within this panorama, bicycles stand as the least
noisy, least polluting, and cheapest urban vehicles as they can run without any fuel and are
not affected by traffic [4,5]. Many municipalities of medium-sized and big cities promote
their use by assigning dedicated paths for them separated from vehicle traffic [6]. They
are sustainable means of transport, capable of generating clean energy through a simple
alternator that transforms mechanical energy into electrical energy, which can be also stored
in a portable battery if needed.

This energy can be later used for a wide range of applications, such as charging a
mobile phone [7], feeding and managing a GPS system [8], or even helping with pedaling,
turning conventional bikes into electrically assisted bikes (if pedaling is needed to move the
wheels) or e-bikes (if propulsion can occur without pedaling) [9]. Both are heavier and more
expensive than conventional bikes and are sold as a full set of integrated elements, making
it difficult to customize or replace damaged parts with parts from a different manufacturer.

Photovoltaic energy is another clean source of energy that can be used on a bicycle [10].
Solar energy is free, available worldwide, and is usually utilized in e-bikes to help charge
the batteries [11,12]. Standard bike users also use photovoltaic panels fixed on the saddle
bag zones of the bike to help recharge phones or GPS navigators when they face long-
distance rides. However, although some examples of the conjoint integration of energy
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generation-storage systems based on pedaling or solar panels exist [13], they are scarce and
are mainly focused on assisting pedaling and not on charging user devices.

Therefore, providing a system that allows for the storage of energy generated while
pedaling, as well as the energy received from the sun at the same time—and to use it
later to charge user’s digital devices such as a mobile phone or GPS navigator—would
contribute to the concept of environmentally friendly and sustainable cities, decreasing the
annual energy expenditure at home used for charging these devices, and therefore turning
conventional bikes into more sustainable ones.

Until a short time ago, research into the battery charging process for bikes focused on
the acceleration of the transient response, while the efficiency of the power conversion was
considered a secondary objective [14–16]. Nowadays, reaching a high power conversion
efficiency is of paramount importance in power supply system design in order to accom-
plish modern trends in energy saving [17–20], and to improve the state-of-charge balancing
control that allows for the optimization of battery charge utilization [21].

DC–DC converters are used to stabilize the output of the AC–DC converter that
receives the power from pedaling, as well as to minimize the variability in DC voltage
values generated by solar panels. The most commonly used converters in solar panel
applications are buck- and boost-type ones [22] but other alternatives such as SEPIC [23],
boost [24], hybrid boost [25], or Cuk converters [26] have been successfully used for
different energy storage or electric vehicle charging applications.

Several design approaches can be used to reach a product design that successfully
integrates all elements of the modular system. These include Generative Design [27], which
utilizes algorithms and computational power to generate multiple design options based
on specified parameters and constraints; Biomimicry [28], which draws inspiration from
nature and biological systems to solve design challenges; Data-driven Design [29], which
employs data analytics and machine learning techniques to analyze large sets of user
data, market trends, and product performance; or Designing for Sustainability [30], which
aims for designing environmentally friendly and socially responsible products. However,
User-Centered Design [31–33], which places a strong emphasis on understanding and
empathizing with users’ needs, desires, and behaviors, has been considered to be the most
appropriate approach in this case.

Under this premise, this paper focuses on the design of an integrated energy production–
storage system that covers the needs of long-distance bikers and daily bike commuters,
such as powering the bike light system or a mobile and GPS charging system. Although
the integrated system is not designed to provide power to the pedal, it could allow some
of the load to be relieved of these auxiliary systems on e-bikes simply by separating them
from the main battery circuit.

This design is new with respect to those that exist today because it is modular, easy
to use, and has a lower price than the products on the market. In the literature, there are
works that focus only on the mobile phone charger for bicycles [34], or on modular systems
that have not been applied to the world of the bike [35].

2. Materials and Methods
2.1. User-Centred Design (UCD) Methodology

To gain a deeper understanding of the requirements of long-distance bikers and
daily bike commuters, we applied a User-Centered Design (UCD) methodology [36]. This
method is designed to address the specific needs of the end-users by actively engaging
them in the design and development of a product that is both comprehensible and user-
friendly [31–33]. UCD has successfully been used in a broad range of fields of science,
such as Medicine [37], Psychology [38], Engineering [39], Web Design [40], and even Urban
Mobility [41]. Research indicates that employing a User-Centered approach has already
had an impact and is gaining increasing acceptance [42] as it leads to enhanced usability
and successful implementation of technology, ultimately fostering greater user acceptance
and satisfaction with the resulting product [42–44].
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Therefore, our product’s design procedure was separated into the following stages [45]:

1. Context-of-use understanding;
2. User requirements specifications (design premises);
3. Design solutions;
4. Evaluation against requirements.

2.2. Context-of-Use Understanding

To better understand the context of use, an in-field observation was made by one of the
research team members (JAVM) during a long-distance bike travel through Europe, which
was later followed by several in-person interviews with members of a local association that
promotes bicycle use. This allowed the research team to determine the most widespread
profiles of charging–storage system users, finding out that they corresponded to those
riding long-distance or those with intensive use.

Then, research was conducted to find which were the most-used charging–storage
systems on the market, to be able to compare them and determine their advantages and
disadvantages, setting the framework to establish the design premises in the later phase.
Table 1 shows a comparison of 5 of the most-used charging–storage systems on the market
and their general technical characteristics.

Table 1. Technical characteristics of the most-used charging–storage systems on the market.

Model Battery Type Capacity [mAh]
Voltage [V]

Temperature
Range [◦C] Lifetime Price [EUR]

Plug5 Plus [46] LiFePO3 1100
3.2 −15–60 >2000 cycles 259

Appcon3000 [47] Li-ion: LG
INR18650

3000
3.63 0–45 >300 cycles 229

USB-P5 [48] Li-ion: Samsung
INR18650-25R

2 × 2500
3.6 0–60 >250 cycles 95

Forumslader V5
Ahead [49]

LiMn: Efest
IMR18350

3 × 700
3.7 0–60 >250 cycles 227

USB-Werk [50] LiFePO3 2 × 150
3.2 −15–60 >2000 cycles 80–95

2.3. Design Premises

Once the context of use was identified (long-distance or intensive bike users), and
after the in-field observation, several interviews with bike users were performed, obtaining
a set of desirable features that users would like the newly designed model to comply with,
as follows:

• Aesthetics—users would like maximum integration within the bike with the least
visibility of the product;

• Battery capacity—users find this of vital importance to feed their electronic devices;
• Current output—one of the most important aspects as it will determine the amount of

time necessary to charge the electronic devices plugged into the USB charger;
• Weight—users did not reach a consensus here, although most of them like to have

light devices mounted on their frames;
• Easy battery replacement—users like to have easy access to batteries, so they can

replace or repair them by themselves;
• Solar charging—users would like their devices to be charged not only when they are

pedaling but also when they are stopped at traffic lights or resting during long rides;
• Drag force—users regret that drag force is variable when a dynamo is used. They would

like the charging system to present a stable drag force for a wide range of speeds.
• Price—users want it as reduced as possible;
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• Bluetooth/App—this is merely an informative aspect that some users would like the
final model to include.

Then, a benchmarking process was made to find out which of these characteristics
were present in each of the main market models. In Table 2, previous aspects are compared,
assigning a numerical score (from 1 to 4) for qualitative aspects, and 1 or 0 for features that
the different devices either have or do not have, respectively.

Table 2. Market model benchmarking and evaluation scores.

Model Aesthetics Capacity Current
Output Weight Battery

Replacement
Solar

Charging
Stable

Drag Force Bluetooth/App Price Total

Plug5 Plus [46] 3 1
1100 mAh

1
1.2 A

1
195 g 0 0 0 1 0

EUR 259 7

Appcon3000 [47] 2 3
3000 mAh

2
2.0 A

3
102 g 0 0 0 1 1

EUR 229 12

USB-P5 [48] 1 4
5000 mAh

1
1.5 A

2
150 g 1 0 0 0 3

EUR 95 12

Forumslader V5
Ahead [49] 3 2

2100 mAh
3

2.9 A
1

210 g 1 0 0 1 1
EUR 227 12

USB-Werk [50] 1 0
300 mAh

0
0.5 A

4
53 g 1 0 0 0 4

EUR 80 10

The final design candidate should aim to beat the USB-P5 and Forumslader V5 Ahead
models, which obtained the highest scores.

2.4. Design Solutions

A conceptual design of the product was created and presented as part of the Evaluation
stage. The process worked in an iterative way, as the initial design was corrected as many
times as necessary considering user feedback. The design process and its results are
thoroughly described in the Results section.

2.5. Evaluation against Requirements

Finally, an evaluation against the initial requirements was performed to check if the
initial design premises were met and to evaluate the new design versus the existing market
models. This evaluation is included in the Discussion section.

3. Results
3.1. Description of the Modular Charge–Storage Scheme

In this section, an analysis of the different solutions on the market is carried out, compar-
ing technical characteristics such as power generation capacity or maximum current delivery.

A modular scheme consisting of three independent modules is proposed. The first
module consists of a USB charger, in charge of transforming and storing the energy pro-
duced by the hub dynamo. The second module is the battery pack, designed to increase
the capacity of the USB charger to supply power to a greater number of devices connected
to it. Finally, the third module consists of a solar panel, the objective of which is to increase
the charging current in order to charge the batteries in the shortest possible time and even
charge devices when the bicycle is stopped.

The modular interaction scheme of the different modules appears in Figure 1. Al-
though the first USB charger module can work independently from the rest of the modules,
its versatility was increased by allowing its connection to the battery pack and solar panel
modules. In this way, it is possible to increase the capacity of the batteries and the charging
current supplied by the solar panels.
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As shown in Figure 1, the battery pack module and the solar panel module can be
used together to store the solar energy in the battery pack. This joint action offers a great
advantage since energy can be needed at any time, and having two different sources of
generation reduces its depletion probabilities.

The design specifications of the different modules of the embedded system are de-
scribed below.

3.1.1. The Hub Dynamo

The hub is the element of the wheel where it rests and its axis rotates. The dynamo is
integrated in the center of the wheel transforming mechanical energy into electrical energy.
In recent years, there have been advances in the efficiency of the hub dynamo, reaching
values of up to 65% in efficiency. The hub dynamo produces a drag that slows down the
rider. This drag depends on factors such as the rider’s weight, the rider’s fitness, the total
weight of the bicycle, the size of the wheel, the type of surface being rolled, the speed of the
bicycle, and the hub dynamo being used.

The selection of the hub dynamo can be carried out experimentally in terms of perfor-
mance. In Figure 2, a comparison of the drag energy according to speed is shown for the
hub dynamo models SON28, SP PD-8, UR700, and 3D32. In all models except the SON28,
the resistance increases when speed is increased, which means that more energy will be
lost at higher speeds.
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Figure 2. Energy–Speed graph for the different hubs.

The frequency generated by the bushing-dynamo depends on the number of pairs
of magnetic poles. For SON 28, the number of pole pairs is 13, so the frequency of the
alternating signal will be f = 13n

60 , where n represents the number of revolutions per minute
of the wheel. For a 700C wheel (with a diameter of 700 mm), the ground speed by rolling is
given by v = 2πn

60
35

100 . Therefore, the generated frequency is linear at the speed f = 325
3π v.

For speeds close to 50 km/h, frequencies around 80 Hz are reached.
Pedaling resistance on the dynamo hub was measured under fixed laboratory con-

ditions, whose thorough description has been provided in the Supplementary Materials.
It was observed that the resistance results depend to a great extent on the tension in the
chain, varying a margin of about 3 W between the cases of very tight and not very tight
chains. To minimize measurement errors, the chain tension was kept constant and three
measurements were made, the result being averaged.

In general, taking into account all the errors, the measurement method, and the
influence of the chain tension, we can say that the resistance was measured with an
accuracy of 1 W, the speed with an accuracy of 0.1 km/h, and the output parameters with
an accuracy of 0.01 V and 0.01 A. Figure 2 shows the results of the laboratory test.

3.1.2. Portable Battery Packs

According to Table 2, the battery pack should be modular, able to be connected to both
the USB charger and the solar panels, and easily removable for external use on a bicycle or
easily replaceable to extend the useful life of the set. Batteries must supply a large capacity
to the system in order to charge a considerable number of devices. Generally, portable
battery packs have an actual efficiency between 60% and 70% of the nominal efficiency
declared by the manufacturer. Therefore, an appropriate selection would include capacities
between 8000 mAh and 10,000 mAh.
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Characteristics of the batteries were tested under laboratory conditions, whose thor-
ough descriptions have been provided in the Supplementary Materials.

3.1.3. Solar Panels

Photovoltaic panels allow the energy generated by the sun to be transformed into
electrical energy. In the selection of the solar panel, the following technical specifications
have been analyzed: (i) output power (the theoretical electrical power that the solar panel is
capable of generating); (ii) tolerance (variation in power due to the manufacturing process);
(iii) efficiency (the power that 1 m2 of the solar panel is capable of generating when it is
receiving irradiation of 1000 W/m2); (iv) number of output ports; (v) relatively small size
and weight.

A recent study by Wirecutter Inc. analyzed charging four portable solar panels (ECE
647 (Eceen, Shenzhen, China), HNS-XD-B5V20W (X-dragon, Shenzhen, China) HT-B401A-
EU (BigBlue, Hong Kong, China) and AK-A2421011, ANKER, Hong Kong, China) for
four hours. This study reveals that the BigBlue 28 W solar panel almost reaches 50 W in
four hours.

3.2. Electronic Design of the Integrated System

Using the design specifications from the previous section, in this section we proceed
to describe the electronic design of the integrated charging system modules.

3.2.1. Electronics of the USB Charger Module

The USB charger is responsible for obtaining the alternating current from the dynamo
hub and transforming it into direct current, storing it in the batteries or directing it towards
the load. To carry out all these tasks, the electronic circuit in charge of doing each of these
tasks will be subdivided into parts. Figure 3 shows the diagram of parts of the USB charger.
The AC/DC and DC/DC conversion circuits are mounted in the same tube where the
batteries are housed. The printed circuit board does not exceed 26.5 mm in diameter of
the tube.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 7 of 17 
 

bicycle or easily replaceable to extend the useful life of the set. Batteries must supply a 
large capacity to the system in order to charge a considerable number of devices. Gener-
ally, portable battery packs have an actual efficiency between 60% and 70% of the nominal 
efficiency declared by the manufacturer. Therefore, an appropriate selection would in-
clude capacities between 8000 mAh and 10,000 mAh. 

Characteristics of the batteries were tested under laboratory conditions, whose thor-
ough descriptions have been provided in the Supplementary Materials. 

3.1.3. Solar Panels 
Photovoltaic panels allow the energy generated by the sun to be transformed into 

electrical energy. In the selection of the solar panel, the following technical specifications 
have been analyzed: (i) output power (the theoretical electrical power that the solar panel 
is capable of generating); (ii) tolerance (variation in power due to the manufacturing pro-
cess); (iii) efficiency (the power that 1 m2 of the solar panel is capable of generating when 
it is receiving irradiation of 1000 W/m2); (iv) number of output ports; (v) relatively small 
size and weight. 

A recent study by Wirecutter Inc. analyzed charging four portable solar panels (ECE 
647 (Eceen, Shenzhen, China), HNS-XD-B5V20W (X-dragon, Shenzhen, China) HT-
B401A-EU (BigBlue, Hong Kong, China) and AK-A2421011, ANKER, Hong Kong, China) 
for four hours. This study reveals that the BigBlue 28 W solar panel almost reaches 50 W 
in four hours. 

3.2. Electronic Design of the Integrated System 
Using the design specifications from the previous section, in this section we proceed 

to describe the electronic design of the integrated charging system modules. 

3.2.1. Electronics of the USB Charger Module 
The USB charger is responsible for obtaining the alternating current from the dynamo 

hub and transforming it into direct current, storing it in the batteries or directing it to-
wards the load. To carry out all these tasks, the electronic circuit in charge of doing each 
of these tasks will be subdivided into parts. Figure 3 shows the diagram of parts of the 
USB charger. The AC/DC and DC/DC conversion circuits are mounted in the same tube 
where the batteries are housed. The printed circuit board does not exceed 26.5 mm in di-
ameter of the tube. 

 
Figure 3. Exploded isometric view for USB charger.

Figure 4 shows the installation of the USB charger on the bicycle.



Appl. Sci. 2024, 14, 523 8 of 16

Appl. Sci. 2024, 14, x FOR PEER REVIEW 8 of 17 
 

Figure 3. Exploded isometric view for USB charger. 

Figure 4 shows the installation of the USB charger on the bicycle. 

 
Figure 4. Exploded view: installation of the USB charger. 

3.2.2. AC/DC Converter 
To guarantee that the system works correctly at speeds below 10 km/h, several ex-

periments were carried out where the values of voltage, current, and generated power 
were analyzed depending on the speed and the load that was connected to the hub. The 
tests were carried out in a speed range from 0 km/h to 42 km/h, using loads of 10 Ω, 20 Ω, 
30 Ω, 40 Ω, and 50 Ω. Each of these plots are discussed in detail below. 

For a 10 Ω load, the average voltage generated by the dynamo follows an experi-
mental curve of the type 𝑉ሺ𝑣ሻ = 5.4 ሺ1 − 𝑒ି଴.ଵଵ௩ሻ, where v is the speed in kilometers per 
hour. In Figure 5a–d, the rectified voltage is shown by means of a Schottky diode bridge 
(with VS-10BQ015HM3 /5BT diodes) for speeds of 7 km/h, 8 km/h, 9 km/h, and 10 km/h, 
respectively. As shown in those figures, for speed values of 7 km/h, the voltage at the 
output falls below 1.8 V; for speed values of 8 km/h, the voltage value is still less than 2 V; 
however, for speed values of 9 km/h, the minimum voltage exceeds 2 V and the maximum 
value is 4.4 V, so it can be ensured that from 10 km/h the circuit will work correctly. 

Figure 4. Exploded view: installation of the USB charger.

3.2.2. AC/DC Converter

To guarantee that the system works correctly at speeds below 10 km/h, several
experiments were carried out where the values of voltage, current, and generated power
were analyzed depending on the speed and the load that was connected to the hub. The
tests were carried out in a speed range from 0 km/h to 42 km/h, using loads of 10 Ω, 20 Ω,
30 Ω, 40 Ω, and 50 Ω. Each of these plots are discussed in detail below.

For a 10 Ω load, the average voltage generated by the dynamo follows an experimental
curve of the type V(v) = 5.4

(
1 − e−0.11v), where v is the speed in kilometers per hour.

In Figure 5a–d, the rectified voltage is shown by means of a Schottky diode bridge (with
VS-10BQ015HM3 /5BT diodes) for speeds of 7 km/h, 8 km/h, 9 km/h, and 10 km/h,
respectively. As shown in those figures, for speed values of 7 km/h, the voltage at the
output falls below 1.8 V; for speed values of 8 km/h, the voltage value is still less than 2 V;
however, for speed values of 9 km/h, the minimum voltage exceeds 2 V and the maximum
value is 4.4 V, so it can be ensured that from 10 km/h the circuit will work correctly.
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3.2.3. DC/DC Converter

A switched converter has been used to stabilize the direct current coming from the
AC/DC converter. This type of converter has three advantages over linear ones: (i) they
exhibit greater energy conversion efficiency; (ii) the thermal energy lost in the circuit
is much lower due to the small size of the passive components; (iii) the energy stored
in the magnetic field can be transformed into arbitrary output voltages (relative to the
input voltage).

The converter must ensure that the voltage at the converter output is as constant as
possible, independent of voltage variations (caused by speed changes occurring in the hub).
A Single Ended Primary Inductance Converter (SEPIC) configuration has been chosen as it
does not invert the output voltage. It is made up of two capacitors and two coils, of which
the input one helps to filter the input current from unwanted harmonics. This switched
converter is on the market in an accessible way through integrated circuits of the type
LT3759 operating in SEPIC topology with an input range of 1.6–42 V (see Figure 6).

Appl. Sci. 2024, 14, x FOR PEER REVIEW 9 of 17 
 

 
Figure 5. Dynamo voltage (v_in+, v_in− /blue) and load voltage (v_out/green) for (a) V = 7 km/h; 
(b) V = 8 km/h; (c) V = 9 km/h; (d) V = 10 km/h. 

3.2.3. DC/DC Converter 
A switched converter has been used to stabilize the direct current coming from the 

AC/DC converter. This type of converter has three advantages over linear ones: (i) they ex-
hibit greater energy conversion efficiency; (ii) the thermal energy lost in the circuit is much 
lower due to the small size of the passive components; (iii) the energy stored in the magnetic 
field can be transformed into arbitrary output voltages (relative to the input voltage). 

The converter must ensure that the voltage at the converter output is as constant as 
possible, independent of voltage variations (caused by speed changes occurring in the 
hub). A Single Ended Primary Inductance Converter (SEPIC) configuration has been cho-
sen as it does not invert the output voltage. It is made up of two capacitors and two coils, 
of which the input one helps to filter the input current from unwanted harmonics. This 
switched converter is on the market in an accessible way through integrated circuits of the 
type LT3759 operating in SEPIC topology with an input range of 1.6–42 V (see Figure 6). 

 
Figure 6. Mounting scheme for LT3759. 

The voltage and current of the LT3759 have been simulated for a minimum input 
voltage (Figure 7a), maximum input (Figure 7b), and battery connection (Figure 7c). In 
Figure 7a, with the voltage input values corresponding to a speed of 9 km/h, a voltage of 
5 V is obtained at the output to charge the batteries at a current of 460 mA. 

In Figure 7b, the operation of the circuit is checked for the maximum voltage values, 
for speeds close to 45 km/h. The voltage generated by the dynamo bushing is 22 V. It is 
known that due to the behavior of the bushing, a small ripple voltage is produced, which 
is unfortunately unknown but in this case is assigned a value of 1 V (peak to peak). It can 

Figure 6. Mounting scheme for LT3759.

The voltage and current of the LT3759 have been simulated for a minimum input
voltage (Figure 7a), maximum input (Figure 7b), and battery connection (Figure 7c). In
Figure 7a, with the voltage input values corresponding to a speed of 9 km/h, a voltage of
5 V is obtained at the output to charge the batteries at a current of 460 mA.

In Figure 7b, the operation of the circuit is checked for the maximum voltage values,
for speeds close to 45 km/h. The voltage generated by the dynamo bushing is 22 V. It is
known that due to the behavior of the bushing, a small ripple voltage is produced, which is
unfortunately unknown but in this case is assigned a value of 1 V (peak to peak). It can be
seen that for voltage values from 23 V to 22 V the circuit works correctly, with a voltage
output of 5 V and a current of 1 A.

Finally, in Figure 7c, the operation of the SEPIC converter has been verified when the
voltage source is the battery, which in our case generates 3.6 V of direct current, from which
0.4 V of voltage drop in the diodes is subtracted.
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3.3. Batteries

One of the crucial aspects of battery selection is the space available within the USB
charger. With the physical design of the charger, an internal diameter in the housing
of 26.5 mm has been achieved, so a battery with a diameter of 26 mm and a length of
65 mm has been selected (batteries code 26650). For this size, with the lygte-info applica-
tion, a search was made for batteries with a charge greater than 5000 mAh, a voltage of
around 3.6 V, and a constant current of 0.2 A. With these design requirements, the Shockli
26650 battery was chosen with a nominal voltage per cell of 2.7 V, and a nominal capacity
of 5250 mAh. Two other essential parameters are specific energy (energy that a battery can
store per unit mass) and energy density (power that a battery can deliver per unit volume).
For the Shockli 26650 battery, these parameters are very high compared to other batteries
of a similar size (the specific energy is 209 W/kg while the energy density is 548 Wh/L).
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Specific energy is a critical design parameter since, together with the vehicle energy, it
determines the weight of the battery required to reach a given electrical range (for this, a
specific energy of around 200 W/kg is achieved in a light battery of about 90 g).

According to the design requirements of the modular charge–storage scheme, the
battery pack should provide a capacity in the 8000 mAh to 10,000 mAh range. Choosing
the maximum capacity, using two Shockli 5250 mAh batteries exceeds the required value
by 500 mAh. This module must be able to be installed both inside the seat tube and in a
support for the hand pump. It is for this reason that a female USB type A output connection
is used. As shown in Figure 8, the same type of tube has been used for the USB charger
with the intention of machining a single element.
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The assembly of the batteries on the bicycle is also shown in Figure 8.

3.4. Solar Panel Module

With the intention of being able to use the different modules in sets, a female USB
type A was installed in the battery module. Since the BigBlue 28 W solar panel also has
a female USB type A output, to charge the battery module with the solar panels, a USB
type A cable with two males must be used. On the other hand, the solar panel and the USB
charger are connected by an automotive connector with four pins with double USB type A
male output.
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3.5. Interconnective Wiring

In order to make the interconnection between all the modules, it was necessary to
create a specific wiring for this. In this wiring, USB type A connections are used, since
the solar panel has a USB type A output and that same connection is added to our battery
pack. There are benefits when using USB connections since it facilitates the connection
with other devices and is even able to use that cable to charge the USB charger without
having to remove it from the bicycle; on the other hand, the USB is not considered a robust
connection, its degree of protection is quite low, and in the face of the vibrations of riding a
bicycle it can suffer disconnections. It was decided to use an automotive connector from the
MATE-AX series with four pins, two of them for the solar panel and the other two for the
battery pack this is shown in Figure 9. The benefits of this connector are that no tools are
necessary for its connection, it has two tabs that crimp the cables. A cable length of 900 mm
is used for the battery pack and 1300 mm for the solar panel.
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The connections of the battery pack on the bicycle are shown in Figure 9.

4. Discussion

The comparison between the final design’s features versus the initial design premises
and the best features currently available in the market models are presented in a summa-
rized way in Table 3.

As Table 3 shows, most of the design premises fixed in previous phases were met in the
final charging–storage system design. The final design candidate works above 9 km/h, can
be fed from two sources (pedaling and solar power), the design is modular, and parts are
easily replaceable and interchangeable, the storage capacity doubles one of the best models
available, the fixing is made inside the frame—which turns it close to invisible—and the
estimated cost is way below the cheapest option on the market. In addition, the drag force
remains stable from 10 to 25 km/h, which makes its use much more comfortable than any
other models available on the market.
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Table 3. Comparison between features available in best comparable market models, user desirable
features, and final design.

Best Comparable Market Model User Desirable Designed Product

USB charger

• Working speed Working above 12 km/h Working above 10 km/h Working above 9 km/h

• Design As provided by manufacturer Modular and interchangeable Modular and interchangeable

• Housing Fixed outside the frame Fixed inside the frame Fixed inside the frame

• Generation sources 1 (hub dynamo) 2 (hub dynamo/solar) 2 (hub dynamo/solar)

• Drag force Variable Stable at any speed Stable from 10 to 25 km per h

Battery pack

• Design As provided by manufacturer Modular with replaceable parts Modular with replaceable parts

• Replacement Must dismount carcass/not sold
separately

Easy to replace by user/sold
separately

Easy to replace by user/sold
separately

• Housing Fixed outside the frame Fixed inside the frame Fixed inside the shank’s tube

• Connection sources 1 (USB charger OR solar panel) 2 (USB charger AND solar panel) 2 (USB charger AND solar panel)

• Life cycle/weight 300 cycles/150 g Above 300 cycles/less than 150 g 500 cycles/around 200 g

• Design capacity Around 5000 mAh Around 8000 mAh Around 10,500 mAh

Solar charging system

• Output ports Single USB-A output Double USB-A output Double USB-A output

• Output power Above 28 W Above 20 W Above 28 W

• Efficiency 21.5–23.5% Above 20% 21.5–23.5%

• Size and weight Small and low Small and low Small and low

Interconnect wiring

• Features Does not exist Universal and sturdy
No tools needed to connect

USB (universal) and MATE-AX
(sturdy)

Pricing

• Pricing EUR 80–260 Around EUR 80 Around EUR 45 (100 units)

However, some of the features demanded were not possible to be met. Due to the
extended capacity, the battery weight was doubled, and, therefore, the total weight of
the system went above 200 g, which is still quite an acceptable value. Also, no Bluetooth
connection capability or managing App was developed, although this could be easily
performed in a later prototyping phase.

Table 4 shows the marks obtained by the final designed model applying the same
benchmark criteria previously used for commercial models.

As can be seen in Table 4, the final score widely surpasses the highest scores of
existing models.
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Table 4. Designed model evaluation scores.

Model Aesthetics Capacity Current
Output Weight Battery

Replacement
Solar

Charging
Stable

Drag Force Bluetooth/App Price Total

Final
Design 2 4

10,500 mAh
2

2.0 A
1

200 g 1 1 1 0 4
EUR 45 16

5. Conclusions

In this paper, a modular integrated system has been designed and built capable of
producing energy at any speed (even at low speeds of 9 km/h) and storing it for later
use. The system is capable of charging its own batteries and powering the devices that are
connected to the USB charger from a speed of 9 km/h. An outstanding feature of this design
is the modular integration of the different modules: dynamo, USB charger, batteries, solar
panel, etc. From a construction point of view, the system allows the simple and efficient
integration of all components using only one extension cable. Finally, the end product is
ergonomic, easy to use, and priced below the market. A Li-ion battery (IMR 26650) with
a capacity of 5250 mAh has been used with a voltage of 3.7 V, and at a price much lower
than the market price (approximately forty-five dollars). This battery allows more than 500
charge cycles. Although LiFePo4 batteries offer much higher life cycle values, they do so at
the cost of a sacrifice in weight and volume [51,52].

Other very valuable aspects of this design have been the final appearance (maximum
integration in the bicycle with the least visibility of the product); the ability to replace
batteries by the user; the Bluetooth connectivity; and the power output (about 2 A of output
are supplied). Although the total weight is 0.2 kg, this is similar to the model with the
highest output current (the Forumslader provides 2.9 A), although in the design presented,
the capacity of the batteries has been doubled. The modular integration with different
devices such as the battery pack or solar panels also stands out. Current models on the
market do not perform this integration.

The design can be improved in the future by creating a tailored solar panel. Also, the
appearance can be improved by better encapsulation and USB connection while maintain-
ing a degree of IP protection. The creation of an App for mobile devices would be another
added value to the USB charger. This would require an electronic redesign to integrate
a Bluetooth communication module. Finally, the cost of the battery module must be re-
duced because, although it offers some installation features on the bicycle that conventional
products do not have, this device is slightly above the market value.
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