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Abstract: Stem cells are a specialized type of cells in a human or animal organism that have the ability to self-renew and 
differentiate into various types of cells in the body. They have great potential in medical research and therapies as they 
can be used to treat a variety of diseases, regenerate tissues and develop new therapeutic approaches.  In the article, we 
describe the cultivation of stem cells with alginate, which is used in 3D cultivation. The biopolymer alginate is preferred 
in biomedical applications due to its excellent properties. Polysaccharide alginate is isolated from marine, brown algae 
and bacterial cultures of species, Azotobacter and Pseudomonas species. Alginate is soluble in water, which allows easy 
processing and application in the form of various hydrogels or matrices.   We present the preparation of alginate gel in 
the form of beads in combination with multiplied stem cells under in vitro conditions. At the same time, we observed how 
a natural polymer, specifically alginate, which is used for cultivation, behaves towards cells and how it affects their 
proliferation and differentiation. 
 
1 Introduction 

A characteristic feature of stem cells is the 
undifferentiated state of cells with the ability to 
differentiate into any cell type of the human organism and 
at the same time the ability to self-renew. They are found 
in embryos, but also in the cells of adult individuals. The 
division of stem cells is not limited, which allows them to 
replace other cells in the body again. During the division 
of each stem cell, there is a possibility that it differentiates 
into a somatic cell with a specific function, for example, 
into muscle or nerve cells, or it can remain in the form of a 
stem cell [1]. Thanks to their properties, stem cells offer 
enormous potential in the field of regenerative medicine 
and the therapy of various disorders. 

Polysaccharide alginate is isolated from marine, brown 
algae and bacterial cultures of species, Azotobacter species 
and Pseudomonas species. In the case of bacteria, alginate 

forms a protective capsule, supports the formation of a 
biofilm and helps with adherence and colonization. Due to 
its ability to form hydrogels, alginate is widely used as a 
stabilizing and thickening agent and emulsifier. Alginate 
is, after cellulose, the most widespread biopolymer 
available worldwide [2].  

 
1.1 Alginate 

The extraction of alginate from natural, plant sources 
involves several processes. In the first phase, a mineral acid 
acts, which changes the salts of alginic acid (called 
alginates) contained in algae into free alginic acid. This 
step is followed by a process of neutralization with sodium 
bicarbonate or sodium hydroxide, whereby soluble sodium 
alginate is formed. The purification of this soluble alginate 
is carried out with either calcium chloride or mineral acid 
and the product is insoluble fibers of calcium alginate and 
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a gel form of alginic acid. The mentioned substances are 
subsequently mixed with sodium bicarbonate to form 
sodium alginate. 

Sodium alginate is a substance that is the most desired 
form of alginate salt prepared industrially. In addition to 
the mentioned form, calcium alginate, potassium alginate 
and ammonium alginate are industrially prepared [4]. 

Calcium alginate is isolated by a similar procedure. 
Potassium alginate and ammonium alginate are made by 
adding the appropriate hydroxide, usually potassium 
carbonate or ammonium hydroxide, to the alginic acid gel 
[5]. 

   
1.2 Structure of alginate 

Alginates are composed of 1,4-linked β-D-mannuronic 
acid (M) and 1,4 α-L guluronic acid (G) residues that form 
blocks of repeating G residues, repeating M residues, and 
alternating G residues and M (Figure 1). The composition 
and sequence of G and M residues depends on the type of 
natural sources used for alginate extraction. It has been 
proposed that only the carboxylate groups of G residues 
form conductive bonds with divalent cations such as Ca2+, 
Mg2+ to form hydrogels. Alginates with high G content 
form tough hydrogels hydrogels, while alginates with high 
M content form softer elastic hydrogels. The approximate 
molecular weight of alginate is ranges from 32,000 to 
400,000 g/mol. As the molecular weight of alginate 
increases, its viscosity increases during the preparation of 
the gel. Although alginate is usually considered a 
biocompatible, non-toxic and non-immunogenic material, 
there are opinions that alginate with a high content of the 
mannuronic (M) component may be more immunogenic 
compared to alginate with a high content of the guluronic 
(G) component [2]. 

 

 
Figure 1 Chemical structure of alginate composed of 1,4-linked 

residues of β-d-mannuronic acid M and 1,4 α-l-guluronic 
acid G [2] 

 
1.3 Properties of alginate 

The biopolymer alginate is preferred in biomedical 
applications due to its excellent properties. Its main 
properties include the ability to form gel structures in the 
presence of divalent cations, especially calcium (Ca2+). 

In addition, alginate is known for its low toxicity to 
human cells and organisms, making it a safe material for 
use in biomedicine. Alginate is soluble in water, which 
allows easy processing and application in the form of 
various hydrogels or matrices. Its chemical composition 
contains acid and hydroxyl groups, which allows various 
chemical modifications, such as cross-linking with divalent 
cations or modification of properties for specific 

applications in biomedicine. Combined with these 
properties, alginate is a useful material for various 
applications in biomedicine, such as drug carriers, 
biological matrices for tissue engineering, or the basis for 
specific types of bioactive materials [3].   

To improve the physical characteristics of alginate, 
other substances are often added, resulting in alginate 
composites. Other substances are often added to improve 
the physical properties of alginate, resulting in alginate 
composites. Natural polymers, collagen, chitosan and 
gelatin, as well as synthetic polymers, polylactides and 
polypyrrole, and inorganic compounds, 
tetraethylorthosilicate (TEOS) and hydroxyapatite (HA) 
are most often used as additives for alginate composites. 
The mixture was also tested with other types of materials 
such as ceramics, bioglass, inorganic nanoparticles and 
inorganic carbon materials. 

Multiple alginate composites are currently used for 
clinical application in the form of gel wound treatment. For 
the use of alginate composites in various biomedical 
applications, they are molded into fibers, beads, hydrogels 
or 3D-printed materials for the specific requirements of 
each biomedical application [6]. 

 
1.4 The role of alginate in biomedical 

engineering 
Alginate is characterized by its unique properties 

advantageous in biomedical applications, but it also has 
certain disadvantages. Mutual interactions between 
monovalent cations and alginate blocks cause instability of 
the gels. Unbound polymer blocks are not naturally 
degraded by enzymatic processes in humans. Although the 
resulting gel material dissolves in the organism, the 
alginate molecules themselves are difficult to completely 
eliminate, because the average molecular weight of 
commercially available alginates exceeds the renal 
clearance limit of the kidneys. However, alginate as a 
biopolymer of natural origin, which exhibits many unique 
properties and is more suitable for tissue engineering, has 
several significant disadvantages [7].   

However, alginate is characteristically non-degradable 
for mammals, because there is no enzyme (alginase) that 
could break down the polymer chain of alginate. Partially 
oxidized alginate can degrade in water, which makes 
alginate a promising material for drug and cell delivery in 
various applications. Sodium periodate is used to oxidize 
alginate, which can break the carbon-carbon bonds in the 
cis-diol group of uronate. This process changes the 
conformational structure of alginate to an open chain and 
promotes the decomposition of the main structure of 
alginate [3].   

Another disadvantage of alginate is its weaker ability to 
allow cell adhesion, resulting in less cell interaction and 
adhesion with both the 3D and 2D surroundings. 

However, alginate hydrogels can support minimal 
protein adsorption due to its hydrophilic property. 
Therefore, alginate hydrogels alone are unable to support 
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cell migration and adhesion but can be refined on a 2D 
surface or inside a 3D hydrogel, where they form 
multicellular bundles. To make alginate a suitable material 
for tissue engineering applications, it is necessary to 
increase its degradation rate through chemical 
modifications such as gamma irradiation or partial 
oxidation and by adding cell-bound materials such as 
RGD-containing proteins or peptides. These materials can 
be conjugated with alginate to promote cell adhesion. The 
chemical structure of RGD is shown in Figure 2 [3].   
 

 
Figure 2 Chemical structure of RGD [3] 

 

2 Methodology 
2.1  Isolation of stem cells 

The process of isolating stem cells from the amnion-
chorion membrane begins with obtaining these fetal 
membranes after a planned section at the Gynecology and 
Obstetrics Clinic of the Agel Košice-Šaca Hospital from 
healthy pregnant women with their prior consent. This 
material is then transferred to the sterile laboratory 
conditions of KBIaM, where it is further processed in a 
laminar box to maintain its sterility. 

 
2.2  3D cell culture in alginate 

The process of 3D culture of stem cells in alginate starts 
with trypsinization of chorionic mesenchymal stem cells 
(CMSCs) when they are at the stage of approximately 80% 
formation of the monolayer of adherent cell layer. At the 
beginning, the cultivation bottle T75 is prepared. 
Subsequently, we added 4.0 ml of 0.25% trypsin EDTA to 
each bottle, which helps to disrupt intercellular junctions 
and release adhered cells from the surface. Trypsinization 
was observed under a microscope to assess its effectiveness 
and was allowed to act for another 3 minutes. After the 
completion of trypsinization and inactivation of trypsin by 
adding a 20% solution of bovine serum in DMEM, we 
prepared the cells for 3D cultivation. First, we prepared a 
1% solution of alginate in physiological solution, which we 
sterilized by filtration. To create gelling spheroids, the so-
called "alginate beads", we used a solution of 0.1 M CaCl₂. 
CMSCs cells were resuspended in a 1% alginate solution 
at a concentration of 1 million cells/ml and, using a 2 ml 
pipette, we applied the solution drop by drop into the CaCl₂ 
solution. In contact with CaCl₂, rapid polymerization of 
alginate occured, while the cells were trapped inside the 

spheroids. CaCl₂ solution was aspirated from the 
polymerized spheroids and they were washed with the 
medium without additives.  To ensure optimal conditions 
for the cells, we placed the spheroids in a complex culture 
medium (e.g. alpha MEM / DMEM with 10% FBS and 1% 
antibiotics/antimycotics) (Figure 3) and incubated at 37 °C 
and in an atmosphere with 5% CO₂. We regularly changed 
the culture medium every 2-3 days, which ensured a 
constant supply of nutrients and removal of metabolic 
waste. We monitored the overall condition and 
development of the cell culture in a 3D environment 
regularly under a microscope to monitor the morphology 
and health of the cells.  
 

 
Figure 3 Change of the culture medium 

 
3 Results  

Isolation and cultivation of stem cells: After the 
successful isolation of stem cells, their cultivation 
followed. This process was aimed at monitoring cell 
proliferiation growth in a controlled environment. During 
the first 2-3 days after isolation, the culture medium was 
regularly checked and changed when necessary, which 
helped to eliminate non-adherent erythrocytes and other 
unwanted cells. This care allowed the cells to adapt to the 
new environment. The culture medium was systematically 
changed twice a week, which ensured optimal conditions 
for the growth and development of the culture. This 
approach not only promoted cell growth, but also 
minimized the risk of contamination. After two weeks of 
intensive care and monitoring, we were able to see the 
formation of a monolayer culture of adhered cells. This 
culture was characterized by its purity, as it did not contain 
any hematopoietic cells, indicating a high efficiency of the 
isolation and culture process. The stem cells showed a 
healthy morphology and a consistent proliferation rate, 
indicating their good adaptation to the culture environment 
(Figure 4). Thanks to regular checks and maintenance of 
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the medium, we have recorded minimal to no 
contamination, which additionally confirms the 
effectiveness of our sterilization and cultivation 
techniques.  

 

 
Figure 4 Stem cells: day 6 passage (magnification under the 

microscope 10x) 
 

3D cell culture in alginate:   During our 14-day 3D 
cultivation of stem cells in alginate, we regularly changed 
the culture medium every 2-3 days, thereby ensuring 
optimal conditions for cell growth and development. 
Systematic monitoring of the cell culture under the 
microscope allowed us to observe their proliferation, 
morphology and overall health in a three-dimensional 
environment. The results of our observation showed that 
the cells in the alginate matrix maintained their natural 
morphology and showed significant proliferation. These 
results confirmed that the 3D culture environment provides 
conditions that effectively mimic the natural cellular 
environment, which is critical for studies related to cell 
interaction and differentiation (Figure 5).  

 

  
 

Figure 5 Stem cells: passage day 6 in alginate (magnification 
under the microscope 20x) 

 

4 Conclusion 
This work dealt in detail with the study of 3D 

cultivation of stem cells using a natural polymer, 

specifically alginate. In the theoretical part, the basic 
characteristics and possibilities of using alginate in 
biomedical engineering were discussed. The practical part 
of the work demonstrated the application of theoretical 
knowledge in the cultivation of stem cells from the 
amnion-chorion membrane in an alginate matrix.  

Experiments have confirmed that alginate provides an 
effective environment for the growth and differentiation of 
stem cells, which supports their use in biomedical 
engineering. The overall findings of this work point to the 
great potential of natural polymers in biomedical 
applications and open the way for further research that 
could lead to new therapeutic strategies for the treatment 
of various diseases. The findings from this study show us 
that the 3D culture technique in alginate is an effective tool 
for biomedical research and tissue engineering 
applications. Cells cultured by this method show promising 
results for further experimental and therapeutic use, while 
their 3D arrangement greatly increases the relevance of the 
results for clinical applications. 
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Abstract: Globally, the quantity of road accidents is steadily decreasing annually. Even if the epidemic has recently had 
an effect, this number is still quite high. Therefore, every attempt should be made to reduce this number. The purpose of 
this article is to forecast the number of accidents that will transpire on various kinds of roads in Poland. For this purpose, 
monthly data on the total number of traffic accidents in Poland broken down by type of road were examined. Based on 
police data, a forecast was created for the years 2022–2040. A few neural network models were used to predict the 
frequency of accidents in Poland. The results show that we should keep expecting a high degree of stability in terms of 
the quantity of traffic accidents. On the one hand, the construction of new highways and the increase in the number of 
cars on Polish roads have an effect on this. The number of random samples utilized in the processes of learning, testing, 
and validation affects the results. In the case of 70-15-15, the average projected number of accidents for 2022-2024 should 
be: motorway - 827, expressway - 1136, 2 one-way carriageway - 5451, single carriageway -3067 and 1 carriageway 2 
directions - 28048, respectively. For 80-10-10, these values should be respectively: motorway - 1057, expressway - 1141, 
2 one-way carriageway - 5486, single carriageway -2745 and 1 carriageway 2 directions - 28039. As you can see, the 
values are similar. 
 
1 Introduction 

A significant number of people lose their lives in traffic 
accidents each year. The WHO estimates that over 1.3 
million people die in car crashes annually. For kids and 
young people between the ages of 5 and 29, traffic 
accidents are the leading cause of death [1]. The goal of 
reducing traffic-related fatalities and injuries by half by 
2030 has been set by the UN General Assembly. 

Many sources provide information regarding road 
accidents. One example is information that government 
organizations have obtained with the help of pertinent 
government entities. Data is gathered from police reports, 
insurance databases, and hospital records. The 
transportation sector's partial traffic accident data is then 
examined more broadly [2]. 

The literature has a variety of methods for accident 
frequency forecasting. The most often used techniques are 
time series methods [3,4]. However, their drawbacks 
include frequent residual component autocorrelation and 
the inability to evaluate prediction quality based on prior 
forecasts [5]. In contrast, Sunny et al. [6] utilized the Holt-
Winters exponential smoothing method, while Procházka 
et al. [7] used the multiple seasonality model for 
forecasting. This method prevents the inclusion of 
exogenous variables in the model [8,9]. 

We can also use autoregressive models [10], regression 
models with curve fitting, and vector autoregressive 
models, which have the drawback of requiring a large 

number of variable observations in order to correctly 
estimate their parameters [11]. This is not always possible. 
Consequently, these just call for autoregressive order 
(assuming the series is already stationary) and simple linear 
relationships [12,13]. 

In their research, Chudy-Laskowska and Pisula [14] 
used the ANOVA approach to forecast the problem at 
hand. This strategy's drawback is that it necessitates the 
employment of additional assumptions, which when 
broken can lead to inaccurate findings [15]. Neural 
network models are also used to estimate the amount of 
traffic accidents. This strategy's drawback is that it 
necessitates a fundamental comprehension of the subject 
[16]. Furthermore, because SNF is frequently referred to as 
a "black box," in which input is provided and the model 
provides findings without knowledge of the analysis, the 
forecast result is dependent on the adoption of the 
network's beginning conditions as well as the inability of 
traditional interpretation [17]. 

Using the previously provided statistics, the author 
made estimates for the quantity of accidents that would 
occur on Polish roads. Neural networks were used to 
forecast how many accidents would occur. 

 
2 Materials and methods 

Every year, a number of incidents occur on Polish 
roads. Recent years have seen a decrease in road accidents 
due to the epidemic, which affects the estimated value that 
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was established. Despite the epidemic, there are still a lot 
of road accidents. As a result, every attempt should be 
made to reduce this figure and determine the types of routes 

where most accidents will take place (Figure 1). Most 
traffic accidents occur on highways having a single 
carriageway that runs in both directions.

 

 
Figure 1 Number of road accidents in Poland by road type in 2007-2021 [18]

Different neural network models were used to predict 
the number of accidents that will occur on Polish roads 
based on the kind of road. The advantage of this method is 
that it mimics the way the human brain works. Neural 
networks are composed of nodes, each of which has inputs, 
weights, variances, and outputs. The optimal weights for 
the study were selected by the Statistica software. The 
result of predicting using the previously discussed method 
will depend on the model and its parameters that are 
chosen. 

Using the forecasting mistakes obtained from equations 
(1-5), the following metrics of analytical forecasting 
brilliance were calculated: 

• ME – mean error 
�� � �

� ∑ ��	 
 ��� �	��   (1) 

• MAE – mean error 
��� � �

� ∑ ��	 
 ����	��   (2) 

• MPE – mean percentage error 

��� � �
� ∑ �����

��
�	��   (3) 

• MAPE - mean absolute percentage error 

���� � �
� ∑ �������

��
�	��   (4) 

• SSE – mean square error 

��� � ��
� ∑ ��	 
 �����	��   (5) 

where: 
n – length of forecast horizon, 
Y – observed value of road accidents, 
Y p – forecasting value of road accidents. 
 
Neural network models with the least mean absolute 
percentage error and mean percentage error were used to 
forecast the frequency of traffic accidents by type of road. 
 
3 Results 

To look into the temporal evolution of the accident rate 
on different kinds of roads, the Kruskall-Wallis test was 
used. 830 is the test statistic, while 0.000 is the test 
probability. The result shows that we do not take the mean 
number of traffic accidents to be equal (Figure 2).
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 road accidents:  KW-H(4;900) = 830,5354; p = 0.0000  
Figure 2 Comparison of the average number of road accidents in Poland by road type from 2007 to 2021 [18]

Using data from the Polish Police from 2007 to 2021, 
the annual number of traffic accidents in Poland was 
estimated based on the kind of route [18]. Two random 
sample sizes were assumed when the study was carried out 
using Statistica software:  

• 70% is education, 15% testing, and 15% 
validation. 

• 80% of instruction, 10% testing, and 10% 
validation. 

 
With 20, 40, 60, 80, 100, 200 learning networks, for 

which the MP error value was negligible (Table 1, 
Table 2). 

  
Table 1 Neural network learning summary for the random sample size case teaching 70%, testing 15% and validation 15% 

Type of road  
Network 
number 

Network 
name 

Quality 
(learning) 

Quality 
(learning) 

Quality 
(validation) 

Learning 
algorithm 

Activation 
(hidden) 

Activation 
(output) 

Errors 
ME MAE MPE MAPE SSE 

motorway 200 
MLP 12-

5-1 
0.925071 0.937989 0.971657 BFGS 10 Logistics Linear 

9.5659
7754 

63.361
67 

0.46
% 

11.83
% 

88.491
27 

expressway 20 
MLP 12-

7-1 
0.951552 0.974197 0.975260 BFGS 7 Linear Linear 

8.0165
5915 

44.850
12 

0.33
% 

13.65
% 

67.759
09 

2 single 
carriageways 20 

MLP 12-
5-1 

0.689403 0.719414 0.873958 BFGS 9 Tanh Logistics 
53.456
7291 

378.25
78 

0.00
% 

7.21% 
521.13

92 

one-way 40 
MLP 12-

4-1 
0.883924 0.898429 0.938170 BFGS 61 Tanh Logistics 

13.570
2339 

133.39
45 

0.05
% 

5.81% 
187.79

56 
1 carriageway 

2 directions 60 
MLP 12-

8-1 
0.869698 0.808519 0.700377 BFGS 61 Logistics Linear 

85.878
5093 

1249.3
93 

0.02
% 

4.80% 
1679.7

73 

 
Table 2 Neural network learning summary for the random sample size case teaching 80%, testing 10% and validation 10% 

Type of road 
Network 
number 

Network 
name 

Quality 
(learning) 

Quality 
(learning) 

Quality 
(validation) 

Learning 
algorithm 

Activation 
(hidden) 

Activation 
(output) 

Errors 
ME MAE MPE MAPE SSE 

motorway 40 
MLP 12-

7-1 
0.898808 0.914107 0.950540 BFGS 4 Linear Logistics 

18.412
4803 

79.69
277 

0.05
% 

14.77% 
106.19

22 

expressway 20 
MLP 12-

3-1 
0.961444 0.977631 0.980714 BFGS 6 Linear Linear 

8.1032
5895 

40.83
375 

0.55
% 

12.39% 
61.321

51 
2 single 

carriageways 20 
MLP 12-

5-1 
0.681920 0.831358 0.873351 BFGS 6 Linear Tanh 

48.140
1442 

379.1
432 

0.06
% 

7.26% 
521.45

26 

one-way 200 
MLP 12-

2-1 
0.835982 0.897177 0.956450 BFGS 13 Logistics Tanh 

21.371
6664 

159.9
512 

0.03
% 

6.95% 
217.55

64 
1 carriageway 

2 directions 
200 

MLP 12-
7-1 

0.841886 0.797305 0.738706 BFGS 31 Tanh Exponential 
117.84
3275 

1345.
519 

0.06
% 

5.12% 
1713.8

32 
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Regardless of the type of road, Poland's annual rate of 
traffic accidents is likely to stabilize at a high level based 
on the research findings. The results are impacted by the 
random sample size selection. By increasing the proportion 
of the learning group compared to the test and validation 
group, the average percentage error is decreased.  

During a learning group of 70%, test group of 15%, and 
validation group of 15% (70-15-15), the error was 13.65%; 
however, during the second test (80-10-10) the error was 
14.7%. For highways, which are showing up on Poland's 
map more frequently every year. It is important to note that 
the outbreak affected the results (Figure 3, Figure 4).

 

 
Figure 3 Forecasting number of road accidents for 2022-2024 for the 70-15-15 test group 

 

 
Figure 4 Forecasting number of road accidents for 2022-2024 for the 80-10-10 test group
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4      Conclusion 
The research utilized neural networks in the Statistica 

environment to predict the frequency of accidents in 
Poland based on the kind of road. The research's weights 
were assessed by the computer in order to reduce both the 
mean absolute error and the mean absolute percentage 
error. 

The statistics makes it evident that there is still a chance 
for the number of traffic accidents to stabilize. This is 
affected, on the one hand, by the growth of motorways and 
the increase in the quantity of automobiles on Polish roads. 
The estimated forecasting errors show that the models that 
were utilized are valid. 

Based on the derived projections, steps should be taken 
to further minimize the number of traffic accidents. Among 
these modifications might be the imposition of higher fines 
for moving offenses starting on January 1, 2022, on Polish 
roads. The epidemic surely affected the study's conclusions 
because it drastically decreased the number of accidents on 
the roads.   

In the case of 70-15-15, the average projected number 
of accidents for 2022-2024 should be: motorway - 827, 
expressway - 1136, 2 one-way carriageway - 5451, single 
carriageway - 3067 and 1 carriageway 2 directions - 28048, 
respectively. For 80-10-10, these values should be 
respectively: motorway - 1057, expressway – 1141   , 2 
one-way carriageway - 5486, single carriageway -2745 and 
1 carriageway 2 directions - 28039. As you can see, the 
values are similar. 

The authors want to include other variables that 
influence accident frequency and use alternative statistical 
methods to determine the total number of collisions in their 
follow-up study. These could include factors like the 
volume of traffic, the kind of weather, the age of the driver, 
and methods that compute accident frequency using 
exponential growth. 
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Abstract: Automotive vehicles provide opportunities for energy harvesting from the mechanical motion generated during 
driving. In this study, we propose a novel design for a mechanical motion rectifier (MMR) that can generate electrical 
power from the mechanical motion of the third pedal in manual transmission vehicles. Using simulation and design tools, 
we investigate the feasibility of this system and explore the potential benefits and challenges of implementing it in 
automotive vehicles. Our results show that the proposed MMR system can effectively convert the oscillatory motion of 
the third pedal into unidirectional motion, which can then be used to generate electrical power. We also demonstrate that 
the design and operating parameters of the MMR system significantly impact its efficiency and performance. Our findings 
provide insights into the design and optimization of MMR systems for energy harvesting in automotive vehicles and 
highlight the potential for this technology to contribute to sustainable energy solutions. 
 
1 Introduction 

The quest for environmentally friendly and cost-
effective energy solutions has fueled considerable 
improvements in the field of energy harvesting. Energy 
harvesting from mechanical motion has gained popularity 
as a possible method of producing electrical power in a 
variety of applications. The mechanical motion caused by 
driving gives an opportunity to utilize this energy source in 

the context of automobiles [1-3]. While driving, the third 
pedal frequently oscillates when pressure is applied to 
either the brake pedal or the throttle pedal. This oscillation 
is caused by a rod that connects both pedals. If effectively 
converted into electrical power, this movement could serve 
as a supplementary or alternative power source for 
automotive systems. The figure 1 shows a schematic of the 
mechanical motion transformation MMR for the third 
pedal [4].

 

 
Figure 1 A schematic of the mechanical motion transformation MMR for the third pedal [4]
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The MMR achieves the conversion of linear motion 

from racks into rotational motion by interlocking pinion 
gears 1 and 2. When the driver vertically presses the pedal 
module, the rack moves, causing the pinion gear to rotate 
and the shaft to spin. This rotation of the shaft drives the 
gearbox, which in turn rotates the DC motor, generating 
electric power. To enhance power generation efficiency, a 
gearbox is utilized to increase rotational speed, as the linear 
motion of the rack alone cannot achieve high speeds. The 
generated energy is stored in a battery and can be used to 
recharge the vehicle at a later time. 

 
2 Statistical analysis 

To start statistical modeling, it is better to have an 
understanding of the various dynamics of the mechanical 
motion transformer MMR. This is crucial in investigating 
the feasibility of energy harvesting from the third pedal and 

demonstrating how we can control and extract power from 
this strategy. 
 
2.1 Pedal harvesting energy dynamics 

Pedal harvesting energy is a concept that involves 
utilizing the mechanical motion of a pedal, such as in a 
vehicle or a bicycle, to generate and harvest energy. In this 
context, the pedal serves as a means to convert mechanical 
force into usable energy [5-10].  

Figure 2 illustrates the system of pedal harvesting 
energy, highlighting the pressed force acting on the pedal 
(PHE). This force is typically applied by the user, whether 
through their foot or another means of interaction. 
Understanding how this force is transmitted and translated 
within the system is crucial in analyzing the dynamics of 
pedal harvesting energy. It is important to understand how 
the pedal interacts with the mechanical motion transformer 
(MMR) as it plays a key role in determining the torque 
exerted on it.

 

 
Fb: The pressed force from the brake pedal, 
FTh: The pressed force from the throttle pedal, 
F1 & F2: Forces that come from pressing the throttle and brake pedals separately. 

Figure 2 The pressed force acting on the pedal (PHE)

The connection between the PHE (Pedal Harvesting 
Energy) system and the MMR (Mechanical Motion 
Transformer) system can be established through the 
consideration of spring stiffness and equivalent electrical 
damping as shown in figure 3. Spring stiffness Kb refers to 
the stiffness or resistance offered by a spring when it is 
compressed or stretched. In the context of the PHE and 
MMR system, the spring stiffness can be used to control 
the interaction between the pedal and the mechanical 
motion transformer. It determines the amount of force 
required to compress or stretch the spring, thereby 
affecting the torque and power transmission within the 
system. Equivalent electrical damping Cb refers to the 
damping effect that can be represented by an electrical 
circuit equivalent to the mechanical system. It is used to 
model the dissipation of energy within the system due to 

factors such as friction, air resistance, or other forms of 
mechanical damping.  

 

 
Figure 3 The connection between the PHE and the MMR 

by Cb, Kb 
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By incorporating equivalent electrical damping, the 
behavior and response of the system can be analyzed and 
optimized. The spring stiffness and equivalent electrical 
damping are parameters that can be adjusted and optimized 
to achieve desired performance characteristics in the PHE 
and MMR system. They play a role in determining factors 
such as the system's response time, stability, energy 
efficiency, and overall performance [11-14]. 

Based on Newton's second law of motion, we can write 
the equation of motion for the PHE (Pedal Harvesting 
Energy) system as follows (1), (2): 
 

Mb . �˙˙ � Cb . �˙ � kb. � 
 F₁ � F₂       (1) 
Mb . �˙˙ � Cb . �˙ � kb. � 
 Fₜ              (2) 

 
2.2 Dynamics equations for rack in MMR  

The dynamic’s equation for rack may describe based on 
Newton second law and according on figure 4 as follow 
(3), (4):  

 

 
Figure 4 The forces acting on rack of MMR 

 
Mᵣ . a 
 F      (3) 

Mᵣ . �˙˙ 
 � Fₚ � Fₜ              (4) 
 
Also, the force of pinion gear can give as (5), (6): 
 

Fₚ 

� � �ₚ

� � �

 �

�ₚ

�
            (5) 

Tₚ: torque of pinion gear, 
P: pitch of pinion, 
�: efficiency of pinion, 
R: the radius of pinion. 
 

Mᵣ . �˙˙ �  �
�ₚ

�

 Fₜ                     (6) 

 
2.3 Dynamics equations for pinion and outer 

ring of one-way clutch in MMR  
In order to determine the equation for the given 

situation involving the MMR (Multi-Mass Rotor), it is 
necessary to sketch the torques and inertia associated with 
the system. To begin, a sketch of the MMR should be 

created, clearly indicating the positions of the angular 
displacement and the axis of rotation as in figure 5. 

 

 
Figure 5 The moment of inertia and torques of MMR 

 
Next, the moment of inertia for the MMR must be 

considered. The moment of inertia represents the rotational 
inertia of the system and is influenced by the distribution 
of masses and their distances from the axis of rotation. The 
total moment of inertia for the MMR can be obtained by 
summing the individual moments of inertia for each mass 
(7).  

� 
  � ��. ��    (7) 
 
dm: Differentiation mass for each part, 
r: Distance for each part from axis of rotation. 
 

The equation for the given situation can be derived by 
applying Newton's second law for rotational motion. This 
equation relates the net torque acting on the system to the 
moment of inertia and the angular acceleration of the 
MMR, so that for pinion allows us to analyze the rotational 
dynamics as follows (8), (9): 

 
�ₚ, ₙ  . "¨ₚ, ₙ 
  $ₚ � $ᵣ       (8) 

 
n = 1.2 because we have here in this case only two pinion 
gear. 
Tr = Tc: The prevents rotation torque due to the presence of 
external loads or disturbances acting on the ring. 

 
�ₚ, ₙ  . "¨ₚ, ₙ 
  $ₚ � $c                        (9) 

 
For the ring (10): 
 

�₀ . "¨₀ 
 � $ₚ            (10) 
 
2.4 Dynamics equations for coupling, gearbox 

and generator in MMR 
Depending on the moment of inertia and figure 5 we 

can determine each of dynamic equations for (11), (12): 
1- Coupling 

�c . "¨c 
 $c         (11) 
2- Gearbox and generator 

�ge . "¨ge �  �c . "¨c 
 $c �  $g        (12) 
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θc = θb =θ , θge = n.θb (n the ratio of gearbox) we can write 
(13):  

�ge . ). "¨b �  �c . "¨b 
 $c �  $g 

*�ge . ) �  �c +"¨b 
 $c �  $g             (13) 
 

Electromagnetic induced torque (Tg): 
This torque produced by the interplay of electric 

currents and magnetic fields in a spinning electrical 
machine, such as generator and it gives as (14):  

 
$g 
 Kₜ . B . I. sin2             (14) 

 
Kt is a constant factor that depends on the specific design 
of the machine. 
B represents the strength of the magnetic field. 
I represent the current flowing through the machine. 
2 is the angle between the magnetic field and the current. 
 

In a simplified design scenario where there is a linear 
relationship between the torque and current, we can set 2 
to 90° (indicating that the magnetic field and current are 
perpendicular) and assume B to be equal to 1 (representing 
a unit magnetic field strength). In this simplified case, the 
equation for the torque becomes (15): 

 
$g 
 Kₜ . I                             (15) 

 
This simplified design allows for a straightforward 

relationship between the torque and current, where the 
torque is directly proportional to the current. However, it's 
important to note that in practical electrical machines, the 
relationship between torque and current can be more 
complex and dependent on various factors such as the 
machine's design, magnetic field strength, and operating 
conditions. 

From each of equations 6,9,13 we can analysis the 
equation for harvesting energy as following (16)-(23): 

Mᵣ . �˙˙ �  �
�ₚ

�

 Fₜ               (16) 

Mᵣ . r. θ¨ �  �
�ₚ

�

 Fₜ   (17) 

�ₚ, ₙ  . "¨ₚ, ₙ 
  $ₚ � $c   (18)         
$ₚ 
 �ₚ, ₙ  . "¨ₚ, ₙ � $c   (19) 

*�ge . ) �  �c +"¨b �  $g 
 $c        (20) 
          $ₚ 
 �ₚ, ₙ  . "¨ � *�ge . ) �  �c +"¨ �  $g        (21) 

$ₚ 
 *�ₚ, ₙ � �ge . ) �  �c +"¨ �  $g          (22) 

Mᵣ . r. θ¨ �  
5

�
*�ₚ, ₙ � �ge . ) �  �c +"¨ �

5

�
. $g 
 Fₜ  (23) 

 
From equation 15 we can write (24):  

Mᵣ . r. θ¨ �  
5

�
*�ₚ, ₙ � �ge . ) �  �c +"¨ �

5

�
. Kₜ . I 
 Fₜ (24) 

 
The voltage (V) and current (I) for generator: 
The electromotive voltage (EMF) in generator which 

connected by gearbox express by (25): 
 

6 
 7 
 �g. 8. 9. :. ;   (25) 
 

Kg: gear ratio and it is equal to n. 
N: the number turn of coil inside the generator. 
A: the area of coil. 
;: the out speed from gearbox. 
 

We can express the voltage in another formula (26):  
 

7 
 ). 8. θ˙                               (26) 

 
Also, the current can write as (27)-(32):  
 

� 
 7/=ₜ   (27) 
I 


>.?.@˙

Aₜ                                (28) 

Mᵣ . r. θ¨ �  
5

�
*�ₚ, ₙ � �ge . ) �  �c +"¨ �

5

�
. Kₜ .

>.?.@˙

Aₜ

 Fₜ 

(29) 

⦋Mᵣ . r �  
5

�
*�ₚ, ₙ � �ge . ) �  �c +⦌"¨ � ⦋

5.Dₜ .>.? 

�.Aₜ
⦌θ˙ 
 Fₜ 

(30) 
Eₑ . θ ¨ � Cₑ . θ˙ 
 Fₜ      (31) 

θ ¨ 

G

Hₑ
Fₜ �

Iₑ

Hₑ
. θ˙                          (32) 

 
2.5 The state of disengagement equation 

Upon disengagement of a system, the mechanical 
linkage between the driving force and the generator shaft 
is disrupted. Consequently, the generator shaft persists in 
its rotational motion owing to its inertia, although this 
motion experiences a progressive decay as time elapses. 
So, the angular displacement of the generator can describe 
as (33): 

 
"˙ge 
 "˙ge . JKLM                        (33) 

 
2 = Ce/Me it is the decay factor, also known as the angular 
damping coefficient, controls the rate at which the 
generator shaft's rotational motion decreases. 
t: this is the amount of time that has passed since the system 
was disconnected. The decay effect causes the angular 
displacement to decrease with time. 
 

Based on equations (1), (32) and (33), it has been 
determined that the harvesting of energy can be achieved. 
The power can be calculated either from the angular 
velocity (θ˙) or from the linear velocity (x˙) as follows (34): 

 
N 
 $g . θ˙ 
  Kₜ . I . θ˙ 
 Kₜ . I . x˙/R 
 Cₑ . θ˙²   (34) 
 

3 Modeling and experiment of MMR 
To evaluate the effectiveness of MMR, an initial study 

was conducted to harvest energy from this technology. 
Additionally, to identify the factors that influence this 
energy harvest, it is necessary to determine the variable 
factors [15-17]. From the equation (1) we can found the 
pedal position as (35): 

�˙˙ 

G

RS
Fₜ �

IS

RS
�˙ �

TS

RS
�                 (35) 
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From the ODE45 and also drawing the Simulink for 
two equation we can found as figure 6. 

 

 
Figure 6 The drawing of Simulink for equation 1&32 

 
The gain block comes from the indicators in the 

schedule (Table 1). 
 

Table 1 The indicators for PHE 
Name Notation Value and 

unit 
Equivalent mass Meq 207.25 kg 
Pressing mass  Mb 50 kg 

Equivalent coefficient 
when Rt =202Ω 

Ceq 28.65 (N-s/m) 

Pinion stiffness K 0.5024 (N/m) 
Generator stiffness Kt 0.18 (N/m) 

PHE stiffness Kb 1300 (N/m) 
PHE coefficient Cb 700 (N-s/m) 

 
Since (Ft) is related through (Mb) between the brake 

pedal and the throttle pedal according to equation (36), the 
value of each can be found according to scheme (Table 2). 

 
Uₜ 
 Mb . g                              (36) 

 
Table 2 The value of each brake and throttle pedal in small and 

big cars 
Type Small or family car Big car 

Brake pedal  (23- 45) kg (45-68) kg 
Throttle pedal  (9-23) kg (23-45) Kg 

 
To assess the effectiveness of MMR, an initial study was 
conducted to investigate the energy harvesting capabilities 
of this technology. Furthermore, in order to determine the 
factors that impact this energy harvest, specific values need 
to be identified. As depicted in Figure 7, the signals 
indicating the position of the pedal and the angular speed 
were examined over a period of approximately 60 seconds 
(one minute). The analysis revealed that the position of the 
pedal exhibited a linear relationship with time, steadily 
increasing. Conversely, the angular speed showed a 
gradual increase until reaching a peak of 17.5 radians.

 



Acta Acta Acta Acta TecnologíaTecnologíaTecnologíaTecnología        ----    International Scientific Journal about International Scientific Journal about International Scientific Journal about International Scientific Journal about TechnologiesTechnologiesTechnologiesTechnologies    

Volume: 10  2024  Issue: 2  Pages: 57-64  ISSN 2453-675X 

    

Investigating the feasibility of energy harvesting from the third pedal in automotive systems using a 

mechanical motion rectifier: simulation-based study 

Mohammed Alaa Alwafaie, Bela Kovacs 
 

~ 62 ~ 

Copyright © Acta Tecnología, www.actatecnologia.eu 

 
Figure 7 The position and angular speed plots to time  

 
We can then perform a simulation according to 

equation (33) between the generator shaft in the left figure 
8 and the pinion gear in the right figure 8 using six seconds 

of angular velocity (in radians) for two speed 3.21& 8.04 
KMH of car speed (Figure 9).  

 

 
Figure 8 The position and angular speed plots to time for 3.21KMH of car speed

 Figure 9 The position and angular speed plots to time for 8.04 KMH of car speed
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The process of association and MMR dissociation is 
clearly visible in pervious graphs. As the vehicle begins to 
accelerate on the throttle pedal, the PHE descends and 
touches the rack and pinion assembly. Therefore, the 
system uses a pinion gear that drives the generator shaft at 
the same angular velocity. Once the lower limit of the rack 
is reached, the pinion releases and its angular velocity 
suddenly decreases to zero. After that, the system cuts off 
and the generator shaft continues to rotate with the decay 
factor (2) according to equation 33. 

Since the generated power is directly proportional to 
the square of the angular velocity of the generator shaft, the 

same trend is followed the second peak observed in the 
figure indicated that the system engaged in retrieval 
process. Another thing we notice here is that as the speed 
of the car increases, the peaks will get closer. This makes 
sense because, at high speeds, the person’s foot stays on 
the throttle pedal and moves lower and lower. So, the 
closure coming to the summit is a validation of that. Also 
pressing the brake pedal will be done when there is an 
emergency that needs to be pressed and using the same 
procedure as described before. on 202Ω we can found the 
power in figure 10.

  

 
Figure 10 The power with angular speed at 202 Ω

The effect of external loads on energy production will 
support the simulation. To determine the energy harvested 
by this method it is advisable to test the different resistance 
connected to the generator as it gives us knowledge about 
the current. The simulation was conducted at a speed of 

11.26 -16.09 km/h. We saw in figure 11 that we have two 
of the pressure peaks at PHE and generating power for 
R=110 Ω gives about 1145 watts for the first peak and 
about 735 watts for the second peak.

 

 
Figure 11 The generating power with time and different resistance

4 Conclusion 
In this work, alternative energy harvesting has been 

investigated and developed using scientific method and 

technique. The pedal harvester and its geometry have been 
thoroughly studied, and a method for large scape electrical 
harvesting has been proposed. The ability of the pedal 
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energy harvester to generate electricity is determined by 
simulations field tests A MATLAB model has been 
developed to analyze the simulation results and the 
developed pedal energy harvester prototype has the ability 
to approximate 1100 watts of peak current. The proposed 
pedal power collector is expected to provide enough power 
for signals, monitoring sensors and It is very important to 
recharge the battery of the electric car. This means, the 
current prototype is a pioneering design of future designs 
of the same pedal harvester. This research opens a new area 
of research and invites researchers and engineers to work 
on it. 
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Keywords: SLS Technology, MJF Technology, PA, mechanical properties, orientation. 
Abstract: Additive technology provides several advantages compared to traditional production methods, such as creation 
of complex geometric shapes with less material consumption. However, the setting of the 3D printing process as well as 
the positioning of the printed object has an impact on the mechanical properties of the material used. The aim of this study 
was to compare the mechanical properties of polyamide (PA) material as well as the influence of the orientation of printed 
objects when using SLS and MJF technology. The SLS technology used the P 396 device (EOS, Germany). An HP Jet 
Fusion 5200 (HP, USA) was used for MJF technology. In both cases, PA was used to creating experimental samples for 
mechanical testing. The orientation of the printed samples was 0°, 45° and 90° to the base platform of the 3D printer. The 
results show by comparing SLS and MJF technologies highest mechanical properties for MJF technology when the 
position samples were at 90° to the basic platform of 3D printer. Conversely, the lowest mechanical properties were 
recorded for samples that were positioned at a 45° angle to the base platform of the 3D printer using SLS technology. 
 
1 Introduction 

Polyamide (PA) is considered a thermoplastic polymer 
characterized by low density and good thermal stability. 
PA material is characterized by good properties such as 
impact, wear against mechanical forces as well as 
proportional elongation [1]. However, in general, PA 
material can be divided into several subgroups (e.g. PA46, 
PA66, PA12 and PA6) [2]. The designation of the 
subgroups of the PA material refers to the molecular 
structure that affects the mechanical properties. The 
subgroup of materials PA 6 represents harder and tougher 
materials, while PA 12, on the other hand, represents more 
flexible and pliable materials. However, the melting 
temperature of the entire group of these materials 
represents a temperature range of 220°C to 260°C [3]. 

Due to the different types of polyamides, the scientific 
community also studies these materials in terms of 
mechanical properties. One of them is the study by Hofland 
et al. [4] where they investigated the parameters of 3D 
printing of SLS technology on the mechanical properties of 
printed parts of PA12 material. Among the parameters 
investigated during the production of samples for 

mechanical testing were preheating temperature, laser 
power, scanning distance, scanning speed, layer thickness 
and orientation of the printed object. The results of 
mechanical testing for the selected settings of the 3D 
printing process confirmed that the thickness parameter of 
the applied layer has the greatest influence on the 
mechanical properties. The orientation of the printed 
samples (horizontal = 0°; vertical = 90°) with the same 
parameters of the 3D printing process were also analysed, 
while different mechanical properties of the PA material 
were also recorded in this aspect. A similar study called the 
effect of printing orientation on the tensile strength of 
PA12 samples obtained by SLS is described by Jevtic et al. 
[5]. The results of the study describe that samples oriented 
vertically during the 3D printing process have a higher 
modulus of elasticity. The authors also hypothesize that the 
sintering process is more efficient for samples oriented in 
a vertical position due to a more uniform trajectory of the 
laser beam than for samples that were oriented horizontally 
to the base platform of the 3D printer. 

Additive technology, also known as 3D printing, is 
increasingly entering various fields such as automotive 
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manufacturing [6-8], aerospace industry [9-11], 
prototyping [12-14], medicine [15-17] or pharmacology 
[18]. Additive technology currently plays an important role 
in prototype design. However, it is necessary to realize 
what is expected from the manufactured prototype and 
therefore it is important to choose the appropriate type of 
additive technology during the production of the prototype. 
Currently, Selective Laser Sintering (SLS) and Multi Jet 
Fusion (MJF) is often used in the production of prototypes 
but also in serial production [19]. SLS technology belongs 
to the general group of additive technology called Laser 
Powder Bed Fusion (LPBF), which uses a laser to melt 
plastic grains that have been applied to a platform. 
Subsequently, the platform is moved lower in the z axis, a 
new layer of powder material is applied and the laser 
sinters the material in the required places. This process is 
repeated until the entire 3D object is created. Selective 
laser sintering is very popular in the field of plastic 3D 
printing due to its substantial advantages, such as design 
freedom, high productivity and low part cost. Unlike some 
other 3D printing technologies, such as Stereolithography 
(SLA) or Fused filament fabrication (FFF), SLS and MJF 
technology does not require any support structures. This 
enables the creation of very complex patterns [20-22]. 

The 3D printing process of MJF technology can be 
divided into the following points. The printer's dispenser 
applies a thin layer of powder material to the platform. 
Then the ink head applies a liquid agent, which comes in 
two variants. The first type (fixing) connects the individual 
layers together and the second type (detailing) is used to 
define the exact surface dimensions of the printed parts. A 
heating unit is used to harden the individual layers, which 
is activated after the agent is applied. The advantage of this 
technology is the use of bulk material, which eliminates the 
creation of supporting structures, which results in the 
creation of complex structures (like SLS technology). Part 
of the production process is also the so-called 
postprocessing, where excess material is removed. Used 
material can be reused when mixing with new material in 
20/80 (new material / used material). MJF technology 
based on its principles is used for serial production of 
printed parts as well as prototyping. By comparing SLS and 
MJF technology, it can be said that these technologies are 
similar in terms of the input materials used, but SLS 
technology uses sintering to join individual layers, while 
MJF uses reagents and heating to join individual layers. 

There are several scientific studies comparing SLS and 
MJF technology. In a study by Rosso et al. [23] 
investigated an in-depth comparison of PA12 parts 
produced by SLS and MJF technology. The study analyzed 
the material properties of PA12 printed samples from PA12 
as well as the mechanical behavior of selected structures in 
tensile and fatigue tests. The results of mechanical tests 
showed that samples produced by SLS technology appear 
to be stiffer with lower plastic deformation compared to 

samples produced by MJF technology. Fatigue tests 
represent a higher dispersion for samples produced with 
MJF technology and an increase in fatigue life. A similar 
study by Xu et. al. [24], which was devoted to the 
comparison of the SLS and MJF technology processes 
while evaluating the morphology, thermal and mechanical 
properties of PA12 parts. The results of the study showed 
that the PA12 material in powder form using these 
technologies had approximately elliptical shapes of similar 
size. In the case of the produced samples, the surface 
roughness of the samples produced by the MJF technology 
showed better values than that of the samples produced by 
the SLS technology. During the printing process with the 
function of immediate laser cutting, the degree of melting 
of particles with SLS technology was higher than with MJF 
technology. The results of the mechanical properties of the 
printed samples were better with the SLS technology. In 
terms of time, the printing speed with MJF technology was 
10 times higher than with SLS technology. 

The aim of the presented work is to compare the 
mechanical properties of samples produced by two 
different additive technologies. A difference is assumed 
between the positions of the samples as well as between the 
production technologies. 

 
2 Material and methodology 
2.1 Material characteristics 

To compare the individual additive technologies in 
terms of the mechanical properties of the PA12 material, 
the material PA 2200 (EOS, Germany) based on PA12 
using SLS technology was chosen. In the second case, the 
MJF technology was chosen using the input material PA12 
under the trade name HP 3D HR PA12 (HP, Germany). 
The selection of materials was chosen based on the 
technologies used, which use only certified materials from 
3D printer manufacturers. The technical specification of 
the materials is described in Table 1. 

 
Table 1 Specification of materials  

PA2200  PA12  
Density [g/cm3]  0.93 1.02 

Average grain size [µm]  65 60 

Melting point [°C] 176 187 
Glass transition [°C] ~ 55 ~ 50 

 
2.2 Samples production procedure 

The design of the experimental samples was 
implemented in SolidWorks 2019 software (Dassault 
Systèmes, USA). The design of the proposed sample was 
based on the valid standard for mechanical testing STN EN 
SIO 527-2: 2012. Individual variations of the proposed 
sample are described in Figure 1. 
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Figure 1 Dimensions of test samples (a:Total length 150 mm;  

b: Lenght of the narrow parallel part 60 mm; c: Width of the narrow part 10 mm; d: thickness 4 mm; e: Width at the end  
20 mm; f: radius 60 mm )

The samples were divided into 3 groups according to 
the positioning during the 3D printing process (Figure 2). 
The difference in orientation for individual groups was as 
follows: 
- Group A: position of samples at 0 angle (on the mat), 20 

pieces of samples. 
- Group B: position of the samples at a 45° angle to the 

horizontal axis, 20 pieces of samples. 
- Group C: position of the samples at a 90° angle to the 

horizontal axis, 20 pieces of samples. 
 

 
Figure 2 Preparation of samples for EOS and for HP 

(A: SLS Technology; B: MJF Technology) 
 
The production of experimental samples was carried 

out using two technologies. One of them was the SLS 
technology behind the EOS P396 device (EOS, Germany). 
In the second case, MJF technology was chosen for the HP 
Jet Fusion 5200 device (HP, USA). In both cases of the 
chosen technology, PA12 material was used. The set 
parameters of 3D printing are described in Table 2. 

 
Table 2 Parameters of 3D printing process for SLS and MJF 

technologies 

 EOS P396 HP 5200 

Building speed [m/s] 6 0.014 
Layer thickness [mm] 0.12 0.08 

Sintering energy source Heating 
lamp 

Energy  

Powder mixture 50:50 20 fresh:80 
recycled 

Powder melting point 
[°C] 

187 176 

 
2.3 Mechanical testing 

Mechanical tensile testing was performed on 120 
samples (Figure 3). The samples were divided into 3 test 
groups (Group A: sample position at 0°; Group B: sample 
position at 45°; Group C: sample position at 90°). An 
Inspekt Table (Hegewald & Peschke, Nossen, Germany) 
with a measuring range of 5 kN was used for mechanical 
testing. The tensile testing speed was set at 2 mm/min. The 
relative elongation was measured on RTSS extensometer 
(Limess, Germany) while the initial length was 50 mm. 
The distance between the clamping jaws was 115 mm. 

 

 

 
Figure 3 Produced samples for mechanical testing  

(A: samples produced by SLS Technology; B: samples produced 
by MJF Technology) 

 

3 Results and discussion 
3.1 Comparison of mechanical properties of PA 
material based on sample position 

The investigated parameters of the mechanical 
properties of PA material based on the positioning of the 

B 

A 

B 

A 
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sample were ultimate strength (Rm) and Young's modulus 
of elasticity (E). In Figure 4 individual groups of samples 
are graphically represented and compared.  

When SLS technology was used, the average Rm value 
for sample group A was 43.52 ± 1.65 MPa, for sample 
group B at 40.86 ± 0.57 MPa and for sample group C at 
42.63 ± 0. 47 MPa. Comparing the average values of the 
Rm parameter, differences were found at the level of 2.66 
MPa (group A versus group B). By comparing the same 
parameter between sample groups A and C, differences 
were detected at the level of 0.89 MPa. From this, it can be 
concluded that the positioning of the experimental samples 
at a zero angle (on the base platform of the 3D printer) 
shows the best mechanical properties of the samples made 
of PA material. Conversely, the lowest Rm was recorded 
for samples that were positioned at a 45° angle during the 
3D printing process. The analysis of parameter E using 
SLS technology showed average values for sample group 
A at a value of 1464 ± 78.4 MPa, for sample group B at a 
value of 1425.49 ± 44.41 MPa and for sample group C at a 
value of 1465.85 ± 34, 97 MPa. By comparing the average 
values of the parameter E, differences were recorded at the 
level of 38.51 MPa in favor of the samples that were 
positioned at a zero angle to the base platform of the 3D 

printer. When comparing groups, A and C, these 
differences in average values were recorded at the level of 
40.36 MPa. 

When using the MJF technology, specifically for the 
parameter Rm, the average values were recorded for the 
sample group A at a value of 42.66 ± 1.67 MPa, for group 
B the value was 42.67 ± 1.63 MPa and for group C the 
value was 45.25 ± 1.1 MPa. In this case, the best 
mechanical properties of the samples were achieved with 
group C (position of the samples 90° to the basic platform 
of the 3D printer). The differences in mean Rm values were 
2.59 MPa (group C versus A). A similar result was 
recorded when comparing the average values between 
sample groups C and B (2.58 MPa). The analysis of 
parameter E using MJF technology showed average values 
for sample group A at a value 1453.2 ± 43.35 MPa, for 
samples group B at a value of 1523.03 ± 37.34 MPa above 
for sample group C at a value of 1559.1 ± 99.8 MPa. The 
highest differences of these average values were observed 
between sample groups A and C (105.9 MPa). It is evident 
from the results that the position of the experimental 
samples below 90° to the basic platform of the 3D printer 
shows the highest values of the E parameter. 

 
 

 

 
Figure 4 Comparison of mechanical properties of experimental samples at different positions during the 3D printing process  
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3.2 Comparison of mechanical properties of PA 
material based on production technology 

The comparison of the mechanical properties of the PA 
material based on the production technology was 
performed on the parameters Rm and E. In Figure 5 are a 
graphic representation and comparison of individual 
production technologies. 
 

 

 
Figure 5 Comparison of mechanical properties of experimental 

samples based on production technology 
 

Comparing SLS and MJF technologies in terms of Rm, 
certain differences were noted, while in sample group A 
this difference was at a value of 0.86 MPa, in sample group 
B at a value of 1.81 MPa and in sample group C at the level 
of 2.62 MPa. By comparing the average values of the Rm 
parameter, it can be concluded that the production SLS 
technology has better mechanical properties if the printed 
sample was positioned at a zero angle to the basic platform 
of the 3D printer. However, for the remaining sample 
positions (45° and 90°), the Rm values were higher for the 
MJF technology. Comparing the technologies when 
examining the parameter E, similar results were achieved, 
but with higher levels of difference. By comparing the 
average values of the parameter E, it can be concluded that 
the production SLS technology has better mechanical 
properties for samples that were produced at a zero angle 
to the basic platform of the 3D printer (difference at the 
level of 10.8 MPa). However, for samples that were printed 
at 45° and 90° angles to the base platform, these values of 
the parameter E were significantly lower compared to the 

MJF technology. The difference in this case was at the 
level of 97.54 MPa for group B and 93.25 MPa for group 
C samples. 

 

4 Conclusion 
In this study, we used SLS and MJF technology to 

investigate the mechanical properties at different positions 
of printed objects on the ideal position in terms of 
parameters Rm and E. The results showed that when 
comparing SLS and MJF technologies, the highest 
mechanical properties were recorded when MJF 
technology was used while positioning the sample at a 90° 
angle to the base platform of the 3D printer. Conversely, 
the lowest mechanical properties were recorded for 
samples that were positioned at a 45° angle to the base 
platform of the 3D printer using SLS technology. The study 
also demonstrated that additive technology and its correct 
setting and position of printed objects is possible to 
regulate the mechanical properties of manufactured parts. 
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Abstract: Developmental coordination disorder (DCD) impairs motor skills in children, particularly handwriting, which 
is a significant part of school activities and personal development. Current robotic assistants often lack a fully physical 
interaction or tangible result, thereby limiting their effectiveness in coordination development similar to handwriting. To 
address this gap, a robotic assistant capable of physical input and output could enhance development. This paper presents 
the development of a robotic handwriting assistant to aid children with DCD. The prototype is a planar robot controlled 
via a joystick capable of covering an 8.5" by 11" paper sheet. The paper provides insight into the causal real-world context 
of the prototype’s development and discusses the designs considerations, the conception and the control. It concludes 
with intial results and the future for the project. 
 
1 Introduction 

Developmental Coordination Disorder (DCD) is 
prevalent among children aged 5 to 11, affecting 
approximately 8% of Canadian children. This condition, 
characterized by impaired motor skills, can stem from 
various neurological and neuromuscular disorders, 
including cerebral palsy, ataxia and muscular dystrophy 
[1]. Furthermore, DCD and attention-deficit/hyperactivity 
disorder (ADHD) comorbidity is quite frequent [2].  
Consequentially, children with DCD often struggle to 
participate in physical activities at the same level as their 
peers, exhibiting slower task completion [3]. Poor 
coordination can result in a more sedentary lifestyle and 
increased fatigue due to inefficient movement, thereby 
negatively impacting the daily lives of both children and 
adults living with DCD [4]. 

Handwriting, a common school skill, poses significant 
challenges for children with DCD. This graphomotor skill 
demands various capacities, including hand function, 
perception, and motor control, which individuals 
diagnosed with DCD often lack [5]. Consequently, it 
becomes a source of frustration as it hampers their ability 
to express their creativity, limits their learning potential 
and diminishes their interest in handwriting. In a common 
scenario at school, such as a math class, handwriting is 
mostly required to complete problems. Children with DCD 
use more time and energy just to concentrate on the 
writing. Therefore, it leaves them with less time to 
complete the problem. It creates a severe imbalance 
between the time used to concentrate on the step and the 
times used to concentrate on writing. 

Using computers and tablets for writing and drawing is 
a contemporary approach that offers accessibility and 

simplicity to compensate for the effects of DCD. However, 
research indicates that the sensory information inherent in 
handwriting fosters stronger memory retention compared 
to computer typing [6]. Moreover, students tend to reframe 
their notes in their personal language when handwriting, 
whereas computer typing tends to enforce a more rigid 
note-taking approach [7, 8]. In summary, for the purposes 
of adaptation and coordination enhancement, a physical 
input and output system is superior to computers, 
considering the benefits of memory improvement and the 
freedom afforded in notetaking. 

Two types of devices can be considered for children 
with. Firstly, there are mechanical aids to support the 
correct way of grasping the pen [9,10]. They allow greater 
handling while writing. Secondly, there are devices that 
facilitate handwriting tasks for those living with stiffness 
and mitigate unwanted motion [11]. This project is in the 
later category.  

Previous studies have explored the integration of 
robotic devices in enhancing children's handwriting skills 
[12]. One such trial utilized a haptic 6 degrees of freedom 
(DOFs) robotic system known as the "PHANTOM Omni" 
[13]. A comparison was made between the performance of 
children who had prior exposure to the robotic device and 
those who had not, revealing promising results in motor 
skill development. However, the substantial cost 
associated with these tools was noted. As of 2024, the 
"PHANTOM Omni," now rebranded as the "Geomagic 
Touch”, has a price tag of $3400 USD [14]. Alternatives 
like the AxiDraw SE/A3 from Evil Mad Scientist are 
available, boasting excellent drawing quality [15]. 
However, its main use is as a drawing plotter, relying on 
virtual inputs rather than manual writing, makes it less 
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suitable. for coordination development. Furthermore, with 
a price of 1160 euros ($1260 USD), it remains expensive 
[16]. 

Handwriting is important for the development of 
children and robotic systems can play a significant role in 
providing a writing tool for those living with DCD. In 
observation of the current technologies in this sector, or 
lack thereof, there is a potential need for and assistive tool 
to develop the coordination and the motors skills of 
children with DCD. 

In previous studies, the robotics systems had either 
virtual input or output, thereby diminishing the benefits in 
development from an entirely physical system. To 
maximise the benefits, the robotic assistant should 
integrate both physical input and output capabilities. 

This paper presents the development of a prototype of 
a robotic handwriting assistant for children with DCD. It 
begins with the modeling of the robot and the selection of 
hardware components to ensure the design of a user-
friendly system. Subsequently, the focus is on the design 
and programming steps aimed at maximizing the robot's 
performance while keeping the system as simple as 
possible. Finally, the paper addresses the current 
capabilities of the robot and its future work. 

 
2 Goal and Objective 

The project has the following goal: To provide children 
with movement disorder the ability to perform writing 
tasks in a way to develop motor skills and express their 
creativity. 

The main objective of this project is to develop a low-
cost robot able to move a pen to draw and write. This robot 
must be directly controlled by the user via a controller and 
must have a usable workspace big enough to cover an 8.5” 
by 11” sheet of paper. 
 
3 Methodology 

The robotic handwriting assistant is a parallel robot 
with two degrees of freedom (DoFs). Its design is shown in 
Figure 1. It is driven by two stepper motor in a coaxial 
configuration (one atop the other). The end effector is a 
servomotor actuated mechanism to raise and lower the pen. 

The user can control the robot with a single joystick 
equipped with a button. An 8.5” by 11” sheet of paper can 
be set up on the ABS (plastic) plate. When powered, the 
user can control the cartesian speed of the pen with the 
joystick. All the electronics, apart from the motors and the 
joystick, are enclosed in a box beside the motors. The 
system is installed on a veneer base.  

 

 
Figure 1 CAD model of the robotic handwriting assistant 
 

The development of the prototype is divided into four 
iterative parts: I) Selecting the right motor technology for 
the actuation, II) Selecting a geometrical architecture that 
suffice the workspace requirements, III) Conception and 
assembly and IV) Control of the robot.   

 
3.1 Motor technology 

To ensure a good pen line quality, which is defined as 
a uniform line, two motor technologies have been 
compared: the servomotor and the stepper motor. The test 
is as followed: Draw five back and fort lines in an arc 
pattern and compare the quality of the line. The setup of 
both motors' testing are shown in Figure 2: 

 

 

(a) (b) 
Figure 2 Assembly of the servomotor (a) and stepper motor (b) 

test bench to compare the line quality 
 
The tested motors where the model FT6335M from 

Feetech for the servomotor and the model 17HS13 from 
StepperOnline for the stepper motor. The servomotor is 
position controlled with a discretized trajectory, whereas 
the stepper motor is speed controlled using a trapezoidal 
speed  profile. During the tests, we observed that the pen 
line had noticeable vibration with the servomotor. The 
consensus was that backlash in the motor's gearbox was too 
great using the standard servo library of Arduino. In 
comparison, the stepper motor proved superior in terms of 
line quality. In addition, stepper motors have the capability 
of instant velocity changes at speeds lower than 600RPM, 
only limited by the maximum speed and torque specified. 
Therefore, it was decided to use stepper motors for the 
prototype.  
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3.2 Architecture and mechanism 

The robotic assistant requires an architecture that 
enables the pen to cover an 8.5” by 11” sheet of paper. The 
initially proposed architecture shown in Figure 3 (a) is a 
five-bar linkage mechanism with both motors at different 
positions. The second architecture shown in Figure 3 (b) is 
also a five-bar linkage mechanism. However, both motors 
are now coaxial and all bars, with the exception of the 
offset length ��, have the same length ��. An advantage of 
this architecture is its modeling. Indeed, due to the equal 
length of the bars, the system can be kinematically 
simplified to a two DoFs planar serial robot. Consequently, 
the control of the system is simpler. As shown in Figure 3 
(b), the greyed out bars are redundant in the kinematics. 
But, they are necessary to transfer the motion of the second 
motor.  

 

 
 

(a) (b) 
Figure 3 Standard eccentric five-bar linkage (a) and the chosen 
five-bar linkage (b). All main bars have the same length of  �� 

and the motors are concentric 
 
The parallel architecture is chosen instead of the serial 

RR (two revolute joints in series) architecture for two 
reasons. First of all, if the motors were directly connected 
at the joints, the motor at the second joint would add a 
significant mass on the arms and cause sagging. Second of 
all, using a belt system for the second joint would have 
added multiple mechanical parts and increase the cost of 
the system. The origin ���, ��	 is positioned at the 
concentric axis of the motors and the cartesian position of 
the pen is represented as 
�⃗ . The angle θ� is controlled by 
motor #1 and θ� is controlled by the motor #2. As seen in 
figure Figure 3 (b), the angle θ� is also the angle for the 
second link of the simplified robot geometric (in black).  

The system's geometry and a sheet of paper are 
modeled as shown in Figure 4. Then, using an iterative 
method, the dimensions of the bars and the position of the 
sheet in respect of the motors position are selected. 
Following the analysis, he length �� is set at 0.15m and the 
length �� is set at 0.065m. 

 

 
Figure 4 Selection of the bar's dimensions using Solidworks, 

The red bars all have the same length �� and the teal bar has a 
length �� � �� 

 
3.3 Design 
3.3.1 Mechanical Hardware 

The main mechanical components of the mechanism, 
be the motor support, bars and pen holder, are 3d printed in 
PLA. PLA, and fused deposit modeling (FDM) printing, 
have the advantage of being low cost and quick to 
manufacture new parts. PLA has sufficient mechanical 
properties for the robot’s requirement. For the joints, 
shoulder screws are used. They slide in plastic bushings 
and are screwed in heat inserts. The proximal bars are 
directly connected to the shaft of both motors.  

The pen holder uses a cam, shown in Figure 5 in red, 
directly connected to a servomotor to move the pen 
support, shown in purple, vertically. The motion is guided 
with two pins side-by-side of the cam and springs help to 
counter the friction and, subsequently, lower the pen. 

 

 
Figure 5 Exploded view of the pen holder 
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The platform is a veneer base which has been CNC 
machined, whereas the base for the paper is made of ABS 
which has been manually machined. 

 
3.3.2 Electrical hardware 

The selected motors are the NEMA 23HS56 driven by 
DM556T motor drives both from StepperOnline. These 
drives offer multiple settings of microstepping, which 
helps to increase the resolution of the motion. The value 
for microstepping has been set at 2000 µsteps/rotation. 

The model of the servomotor for the pen is the SG90. 
Its small dimensions and low weight are perfect for the 
actuator.  

The µcontroller is an Arduino Mega 2560. To power all 
three motors, at least three different fast pulse width 
modulation (PWM) timers are required. The Arduino 
Mega 2560 has four 16-bits timers and a good amount of 
general purpose input/output (GPIO), which makes it 
suitable for the prototype.  

The joystick is a simple dual-axis joystick with spring 
loaded potentiometers and a single button. These three 
inputs are sufficient to move the pen and raise/lower it. 

 
3.4 Programming 
3.4.1 Model 

The mathematic model of the robot arm, using the 
vector loop method, is represented in scalar values by the 
equations (1) and (2): 

 

� � �� cos �� � ��� � ��� cos �� �1� 
 

� � �� sin �� � ��� � ��� sin �� �2� 
 
These equations are the direct kinematic of the robot. 

When the equations (1) and (2) are derived in respect to 
time, it is possible to determine the relationship between 
cartesian speed and angular speed. This relation is shown 
in the equation (3): 


�⃗ � � ��⃗� �3� 
 
where �, defined as the Jacobian matrix, has these 

values: 

� � ���� sin �� ���� � ��� sin ��
�� cos �� ��� � ��� cos ��

 �4� 

 
3.4.2 Control 

The handwriting assistant uses speed control illustrated 
in the Figure 6. First and foremost, the joystick inputs are 
read and transformed into a speed value in cartesian space. 
Subsequently, the inverse Jacobian is used to output the 
motor’s desired angular speed from the cartesian speed. 
The last step is to transform the angular speed into PWM 
frequencies. As the speed increases, the frequency is 
higher. This relationship is linear and based on the motor 
stepping. At each pulse, the drivers commute. Then, the 
motors achieve a new step and the angle gets updated in 
the µcontroller. These angles are used in the inverse 
Jacobian and the direct kinematic.

 

 
Figure 6 Schematic of the simplified kinematic control

A challenge in the motion control is the change of 
direction of any motors. The motor drivers require a PWM 
input and a direction (DIR) input. To assure a stable 
direction update, the PWM timers are turned off during the 
change in direction states. Beforehand, a delay of 10 
microseconds is added, which is shown in Figure 7. 
Following the updates, a second delay of 300 microseconds 
is added. Finally, the PWM timers are turned back on. 

 
Figure 7 Functioning of the directions' update (named DIR), 

and control of the PWM timers during this update 
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3.4.3 Workspace limits 
To assure a safe usage of the robot without any collision 

between the bars and the motor mount and without 
reaching the geometric limits of the robot, defined as 
singularity, software limits have been added. The 
workspace limits are shown in the figure Figure 8. The 
defined angular limits are a maximum angle of 180° for the 
first motor (��,"#$� and a minimum angle of 0° for the 
second motor (��,"&'�. By intuition and physical 
measurements of the pen position at critical positions of the 
robots, The minimum radius ()*+ is set at 0.15 meters and 
the maximum radius  (),- is set at 0.36 meters. 
 

 
Figure 8 Software limits represented in the physical workspace 

in front of the actuators 
 

When the robot reaches the radius limits, calculated 
using the direct kinematic, the orientation of the desired 
motion (�� and ��) is compared to the vector comprised of 
the position ( �. and �.) using the scalar product (SP), which 
is (5): 

 
/
 � �.�� � �.�� �5� 

 
The Table 1 explains the program's behaviour based on 

the scenario: 
 
Table 1 Programmed behavior of the robot based on the 

workspace limits and desired motion. A desired motion that is 
allowed (Inward, Outward or Tangent) is represented as "Yes" 

and a motion that is denied is represented as "No" 
Radius Reached Inward Outward Tangent 

()*+ No Yes Yes 

(),- Yes No Yes 
 

4 Results and discussion 
This paper has presented the cycle of development of 

the prototype robotic handwriting assistant. The first 
prototype is shown in the Figure 9. 

 

 
Figure 9 Prototype of the robotic handwriting assistant 

 
4.1 Drawing performance 

The performance was evaluated with multiple passes 
horizontally, vertically and diagonally. Additionally, a 
circular pattern was tested.  

Following the results in the Figure 10, we observe a 
good quality of the straight lines both horizontally and 
vertically. During the reverse of directions, the robot 
performs worse with the vertical lines compared to the 
horizontal lines. More precisely, the pen moves a little 
horizontally when changing direction. 

 

 
Figure 10 Results of the drawing tests. This includes multiple 
straight passes in different directions and a circular pattern. 

The pen is moving at a linear speed of 0.05m/s. 
 
For the diagonal pattern, the pen tends to have regular 

vibrations caused by the motors. The circular pattern is 
difficult to perform. It is more orthogonal than circular. 

The robot can easily cover most of the 8.5" by 11" sheet 
of paper. However, when moving the pen closer to the 
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base, the pen stops touching the paper. The workspace 
limits do perform as presented. 

 
4.2 Analysis and possible improvements 

With the results acquired, there are certain points that 
can be improved. 

 
4.2.1 Line quality 

For the line quality, the problem can be divided into two 
solutions. The first solution is a better PWM management 
to smooth out the change of direction and the increase of 
the motor's speed. At slightly higher speed, the behavior of 
the motors would be more stable and more torque could be 
had. This can be achieved via the addition of a printed 
gearbox with a preferable ratio of 1:5 and with the least 
amount of backlash possible. The microstepping could be 
lowered at that moment. The second solution is the 
resolution of the input. With an higher Analog-Digital 
Converter (ADC) register size, such as the µcontroller 
stm32 Nucleo-64 with a 16-bit register compared to the 
Atmel AtMega2560 with a 10-bit register, the modulation 
of the speed would be more precise. Furthermore, joysticks 
with a greater electrical angular range could help the user 
to vary the input speed more easily and gradually. 

 
4.2.2 Sagging 

To ensure the biggest workspace with the robot's 
configuration, the pen's plan of motion must be parallel to 
the sheet of paper. However, there is possible play in the 
joints. Its effect, presented in Figure 11 (a), is the sagging 
of the distal bars. When this sagging is present, the pen is 
not orthogonal to the sheet of paper, presented in the figure 
Figure 11 (b). Therefore, the workspace is greatly reduced. 
Iterative testing of the printed arms is necessary to find and 
achieve sufficient tolerance to reduce play while keeping 
the friction to a minimum. 
 

 
(a) 

 
(b) 

Figure 11 Play in the shoudler screw's bore causing sag in the 
robot (a) and the effect of sag on the pen holder's horizontal 

alignment 
 

5 Conclusion 
This project had the objective of developing a low-cost 

robot able to move a pen with the direct control of its user 
via a controller. In this scope, the first prototype proved 
promising in achieving these goals. The future of this 
projects will primarily consist of testing with physical 
medicine and rehabilitation (PM&R) professionals. 
Following their results and feedback, the system will be 
improved by the laboratory’s team. Moreover, some 
technical improvements could be done, such as the writing 
quality, the reduction of the overall system footprint and 
the optimisation of the components for a reduction of the 
system’s cost. There is needed testing to be done for the 
implementation of these improvements. It is considered to 
upgrade the controller and change the motor drivers. 
Moreover, an added gearbox custom made from 3D printed 
part could be tested to increase the motion. Overall, there 
will be subsequent versions of the robotic assistant, 
following the evaluations from medical professionnals. In 
conclusion, this project has the capability to provide an 
affordable assistance in handwriting and clinical studies. 
There is potential foor this system to be used for other 
purposes, such as maneuvering a maze or a small parkour.  
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