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Abstract – The problem of irregular sitting position 

of pupils during classes in schools occurs in everyday 
life, depending on the use of a workbench, which 
results in deepening the problems of a spinal column 
loading. Spinal load analysis was performed by a 
software simulation depending on a seating position in 
the school bench. Processing the data in Excel, the 
current utilization of the workbench surface was 
determined and then a new design offered. The results 
of the work offer a completely new design of the school 
bench with a special emphasis on the surface of the 
workbench, as well as the optimum seating position for 
pupils during classes, resulting in spinal relief and an 
increased seating comfort.  

 

Keywords – Biomechanics, Ergonomics, Spinal 
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1. Introduction 

 
New approach to the design of the school bench 

given in Figure 1. is needed. The approach should be 
based on rational utilization of the working surface as 
a function of pupils' spinal column loading, taking 
care of ergonomic principles, optimal consumption 
of material, furniture price and pedagogical effects. 
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The aim of this work is to determine and propose 
possible ergonomical ways to relieve the spine of 
pupils during classes. Obtained solution would 
prevent spinal deformities of the pupils and increase 
the sense of comfort during classes. Teachers would 
be provided with information on the optimal use of 
the designed and redesigned workbench as a function 
of the pupils’ spinal loading in the sitting position. 
 

 
 

Figure 1.  View of the workbench for experimental 
investigation 

 
2. Research methods 

 
  Observation and recording methods, as well as 
CAD methods using confirmed software packages, 
were used in this paper to determine the design and 
modelling of the school bench as well as the spinal 
column load [1], [2], [3]. CATIA software package 
was used for modelling and load analysis: Part 
Design, Assembly Design, Ergonomic Design and 
Analysis modules. The research covers pupils in 
secondary education, both genders equally. 

Total workbench surface was covered by sticky 
tags distributed in 1 cm x 1 cm fields network. Each 
field was numbered thereby. Recording of 100 school 
classes was performed using a camera placed 
vertically on the workbench, filming 50 male and 50 
female pupils. Obtained recordings were processed 
using Windows Movie Maker in order to capture 
images in 90 seconds intervals. Captured images 
were arranged one over the other. In this way, a 
graph of the workbench utilization for each point was 
obtained. After filming, data processing was 
performed using Excel, showing some parts of the 
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workbench are unused. This represents a graph of the 
workbench utilization surface. The data processing of 
numbered individual areas on the workbench clearly 
shows which parts were insufficiently used by pupils 
during classes. Using these graphs, a new design of 
the workbench was created using CATIA modelling 
software. 

Analysis of the spinal loading of the pupil sitting in 
school benches, using proven and verified software 
packages, offers determination of the optimum 
seating position during the classes. These analyses 
are expected to offer a completely new design of the 
school bench with a special emphasis on the shape of 
the workbench surface, as well as the optimum 
seating position for pupils during the classes, 
resulting in spinal relief and an increased seating 
comfort. 
 
3. Experimental analysis of the workbench 

surface utilization 
 

3.1 Workbench utilization recording 
 

This chapter deals with a part of the experiment 
regarding the use of the workbench panel surface. 
The dimensions of the surface are 700 mm x 500 
mm. The complete surface is marked with a network 
of squares measuring 1 x 1 cm. Each square is 
labelled as in Excel tables, whereas the rows are 
labelled by numbers and columns by letters (A1, A2, 
..., A50, B1, B2, ..., B50, ........., BR1, BR2, ..., 
BR50), as presented in Table 1. This gives a total of 
3,500 squares. 
 

Table 1.  School bench fields distribution network 
 

A1 B1 C1 ....... ....... BP1 BQ1 BR1 
A2 B2 C2 ....... ....... BP2 BQ2 BR2 

....... ....... ....... ....... ....... ........ ........ ........ 

....... ....... ....... ....... ....... ........ ........ ........ 

....... ....... ....... ....... ....... ........ ........ ........ 
A49 B49 C49 ....... ....... BP49 BQ49 BR49 
A50 B50 C50 ....... ....... BP50 BQ50 BR50 

 
PUPIL 

 
Recording of 100 school classes was performed on 

such labelled school benches, taking images in 
intervals of 90 seconds. The age of pupils 
participating in the experiment ranged between 15 
and 19 years. The tabular review of the pupils by age 
participating in this part of experiment is shown in 
Figure 2. 

The experiment contains the total of 3,000 images        
(45 minutes x 60 seconds / 90 seconds x 100 classes 
= 3,000 images). Upon capturing of the images, 
comparison was performed determining which part 
of the workbench is utilized in what 
extent. Specifically, it was determined how many 

times each individual square was used out of possible 
3,000 times. 

 

 
 

Figure 2.  Age of pupils 
 
Based on these findings, data processing was 

performed using Excel software. The use of each 
individual point or area is given by graph in Figure 3. 

 

(40,01-50)% (50,01-60)% više od 60%(0-10) % (10,01-20)% (20,01-30)% (30,01-40)%  
 

Figure 3.  School bench top utilization 
 

It is possible to see from the previous image the 
utilization of all parts of the workbench surface with 
clearly displayed areas according to the utilization 
percentages. The percentages are sorted at intervals 
of 10 % (0 % to 10 %; 10.01 % to 20 %; 20.01 % to 
30 %; 30.01 % to 40 %; 40.01 % to 50 %; 50.01 % to 
60 % and above 60.01 %) with the aim to spot out 
rarely used areas. As can be seen from the graph, 
there are areas used up to 10%, which is a very low 
percentage of utilization. Figure 4. shows the use of 
workbench in two colors for better visibility and 
transparency. 

 

više od 10%(0-10) %  
Figure 4.  School bench top utilization in two colors 
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The purpose of such a view is further continuation 
of the work, offering the layout of the workbench 
taking into account the results of the experiment. 

It is clear from the previous picture that both left 
and right upper angles are used in a percentage of up 
to 10%, implying these parts are unnecessary in the 
proposal of new workbench design. It is noticeable 
that the right hand side is somewhat more used 
because the pupils are mostly right-handed. 

It is important to note that there must be continuity 
and homogeneity of the workbench in proposal of a 
new model. At the same time, it should be borne in 
mind that the new workbench model can easily be 
adapted to different types of classes, something that 
will be discussed later within this work. The 
following part offers a model of one and the other 
school bench. 

 
3.2 Material utilization analysis 
 

The existing design and redesign of the new school 
bench were modelled using CATIA modelling 
software. An existing school bench with a 700 mm x 
500 mm board and a height of 750 mm is leaned on 
four supports, as shown in Figure 5. The board is 
screwed to the carriers. 

 

 
Figure 5.  Design of school bench used in experiment 

 
The model of redesigned school bench, according 

to the board utilization, is offered in Figure 6. 
 

 
Figure 6.  Redesign of new school bench by surface 

utilization 
 

The workbench in the existing construction is 500 
mm x 700 mm in size, with a total area of 350,000 
mm2 or 0.35 m2, whereas the new workbench would 
have a surface area of 0.25 m2, offering a reduction 
of 0.1 m2 or 28.6%. Workbench of the same 
thickness would be used, therefore saving in the 
material on the new model is clear and visible. 

Within this analysis, a review of the economical and 
the ecological aspect of the new model was made. 
Nowadays, in constant need to increase economy and 
reduce the cost of final products, the contribution of 
such school bench model is certainly evident. Clear 
and straightforward savings are achieved when it 
comes to material savings during construction, as it is 
the case in this example. High degree of utilization is 
required for both material and working capacity, 
implying the technological process of parts 
production. The new model offered is not affecting 
the production technology making it complicated and 
thus more expensive. Therefore, the cost of work is 
assumed to be the same for both workbench models. 
Thus, direct savings on the material is achieved being 
reflected through the reduction in the amount of steel 
tubes and workbench wood. Table 2. shows the 
savings possible to be achieved for one workbench, 
as well as for one classroom containing 30 school 
benches. 

 
Table 2.  Savings achieved by new school bench design 
 

 Workbench surface (m2) 
Current model 0.35 

New model 0.25 
Difference for 1 piece 0.1 

Difference for 30 pieces 3.0 
 
Considering data in Table 2., it is straightforward to 

make an economic calculation of the savings using 
suggested school bench model, for a single school 
bench as well as for any quantity. This is illustrated 
on the example of equipping a school with 600 pupils 
having classrooms with 30 positions. Taking an 
average school of 20 classrooms, Table 3. shows the 
financial effects. 

 
Table 3.  Economic calculation of achieved savings by 
redesigned school bench 
 

 
Workbench Financial 

savings 
(€) 

Surface 
(m2) 

Value 
(€) 

Current model 0.35 17.50  
New model 0.25 12.50  

Difference for 1 piece 0.1 5.00 5,60 
Difference for 30 pcs 3.0 150 168,00 

Difference for 600 pcs 60.0 3,000 3,360,00 

 
4. Biomechanical analysis of the spinal column 

loading 
 

4.1 Male and female models 
 

This chapter contains an analysis of the spinal and 
musculature loading of both genders during the most 
unfavorable seating positions. These are the positions 
using uppermost top left corner of the workbench. 
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For biomechanical and RULA musculature and 
spinal load analysis it is necessary to define the model 
[4], [5]. Modelling is performed using CATIA 
Ergonomics Design and Analysis module. By means 
of human modelling options and analysis of load in 
working environment, results are obtained offering 
conclusions whether the workplace is ergonomically 
acceptable. Weight and height values of male and 
female models are given in Table 4. for the age of 16. 
Average anthropological characteristics for weight 
and height of pupils were used. 

 
Table 4.  Weight and height of male and female model 
 

 Male model Female model 
Height (mm) 1,741 1,632 
Weight (mm) 62.3 56.2 
 

4.2 Current state 
 

Analysis is performed for the most unfavorable case 
of spinal loading (the positions using uppermost top 
left corner of the workbench). Representation of 
working environment, containing seating position of a 
pupil, is given in Figure 7. 

 

 
Figure 7.  Pupil’s seating position, current state 

 
Results of biomechanical analysis of a male model 

are given in Figure 8. 
 

 
Figure 8.  Biomechanical analysis results of male pupil’s 

spinal loading, current state 
 
 
 
 
 

Performed analysis shows that in such seating 
position in the lumbar part L4 / L5, the moment has a 
value of 103 Nm. Compression L4 / L5 has a value of 
2,052 N, meaning it is satisfactory as 3,400 N is 
allowed. The abdominal force is 40 N and the 
abdominal pressure is 1 Pa. Figure 9. further shows 
the final result of 7 for both left and right side, 
marked with red color, indicating the changes are 
needed urgently [6], [7]. The biggest loads are on the 
neck and the torso. 
 

 
Figure 9.  RULA analysis results of male pupil’s 

musculature loading, current state 
 

Results of biomechanical analysis of a female model 
are given in Figure 10. 
 

 
Figure 10.  Biomechanical analysis results of female 

pupil’s spinal loading, current state 
 

Performed analysis shows that in such seating 
position in the lumbar part L4 / L5, the moment has a 
value of 81 Nm. Compression L4 / L5 has a value of 
1,659 N, meaning it is satisfactory as 3,400 N is 
allowed. The abdominal force is 26 N and the 
abdominal pressure is 1 Pa. Figure 11. further shows 
the final result of 7 for both left and right side, 
marked with red color, indicating the changes are 
needed urgently. The biggest loads are again on the 
neck and the torso. 
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Figure 11.  RULA analysis results of female pupil’s 

musculature loading, current state 
 
4.3 Redesigned school bench (new state) 
 

Representation of working environment with 
redesigned school bench, containing seating position 
of a pupil, is given in Figure 12. 
 

 
Figure 12.  Pupil’s seating position, new state 

 
Results of biomechanical analysis of a male model 

spinal loading show that in such seating position in 
the lumbar part L4 / L5, the moment has a value of 53 
Nm. Compression L4 / L5 has a value of 1,356 N, 
meaning it is satisfactory as 3,400 N is allowed. The 
abdominal force is 8 N and the abdominal pressure is 
0 Pa. 

Figure 13. further shows the final result of RULA 
analysis to be 5 for both left and right side, marked 
with orange color, indicating more favorable position 
compared to the use of the current workbench model. 
The biggest loads are on the neck and the torso. 
 

 
Figure 13.  RULA analysis results of male model 

 

Results of biomechanical analysis of a female model 
spinal loading show that in such seating position in 
the lumbar part L4 / L5, the moment has a value of 43 
Nm. Compression L4 / L5 has a value of 1,052 N, 
meaning it is satisfactory as 3,400 N is allowed. The 
abdominal force is 5 N and the abdominal pressure is 
0 Pa. 

Figure 14. further shows the final result of RULA 
analysis to be 5 for both left and right side, marked 
with orange color, indicating more favorable position 
compared to the use of the current workbench model. 
The biggest loads are again on the neck and the torso. 
 

 
Figure 14.  RULA analysis results of female model 

 
5. Results and discussion 
 

Based on biomechanical analysis of spinal loading 
in seating positions for the existing and the 
redesigned school bench it was found that redesigned 
school bench reduces spinal loading by 50 Nm (48.5 
%) for male model and 38 Nm (46.9 %) for female 
model. This loading corresponds to the torque in the 
lumbar part of spine, L4 / L5 vertebrae. In the same 
part of the spine, the force was reduced by 696 N 
(33.9 %) for male model and 607 N (36.5 %) for 
female model. The force in abdominal cavity 
(abdominal force) was reduced by 32 N for male 
model and 21 N for female model, whereas the 
pressure in the abdominal cavity was reduced to 0 Pa. 

Based on the results from musculature loading 
RULA analysis, it is evident that the final load was in 
the extreme unfavorable area in original seating 
position, i.e. the final score was 7. After redesigning 
the school bench, the final score of musculature 
loading was improved by 2 stages. Therefore, after 
the RULA muscular loading analysis for redesigned 
school bench seating position, the final score was 5, 
which represents an obvious improvement. 
 
6. Conclusions 
 

The final result of this work offers completely new 
design of the school bench with a special emphasis on 
the shape of the workbench surface, as well as the 
optimum seating position for pupils during the 
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classes, resulting in spinal relief and an increased 
seating comfort. After the performed experiment and 
biomechanical analysis of the spinal loading, the 
following conclusions may be drawn: 

 
1. Observed problem of irrational use of the 

workbench surface proved to be realistic as, after 
the experiment was conducted, 33.51 % of the 
surface was found to be used in less than 10 % of 
the cases. 

2. Redesign of the school bench was performed, 
based on data obtained from the experiment, 
allowing reduction of the workbench surface. 
During the design of the new school bench, the 
least used parts were removed. Parts omitted from 
the new design were those used in less than 10% 
of the cases. The redesigned school bench 
provides savings having an economical, 
ecological, pedagogical and biomechanical aspect 
of improvement. 

3. The economic effect of the savings achieved in 
the new workbench design is reflected in the 
savings of approximately €5.60 (24.9 %) per 
school bench, where most of the savings refer to 
the workbench (approx. €10). The savings for one 
school with an average of 600 pupils amounts to 
€3,360. 

4. It is important to emphasize the achievement of 
the effect of environmental protection through the 
protection of forests due to reduction of the need 
for the wood based material. The saving of 2.5 
dm3 per school bench is particularly important 
from the ecological aspect of forest protection, 
representing contribution to the environment 
preservation. 

5. Analyzing the pupils’ spinal load during the 
classes, performed for the worst possible position 
(use of the upper left part of the workbench), the 
load was found to be within allowable limits 
which is favorable, as fatigue and discomfort 
affect the concentration and motivation, 
characteristics being very important for pupils 
during the classes. 

 
 
 
 
 
 
 
 
 
 
 
 
 

6. Upon the redesign of the workbench, a 
biomechanical spinal load analysis was repeated 
showing reduction in load, which directly 
contributes to a healthier development of children 
and a sense of comfort. The L4 / L5 vertebrae 
lumbar moment decreased in by 50 Nm (48.5 %) 
for male pupils and 38 Nm (46.9 %) for female 
pupils. The force in the same part of the spine 
decreased by 696 N (33.9 %) for male pupils and 
607 N (36.5 %) for female pupils. According to 
the results of the RULA muscular load analysis, 
there was a reduction in load decreasing initial 
final score of 7 to alleviated value of 5. This is 
especially significant given that children usually 
have 6 or 7 hours of classes a day, having in mind 
the importance of developmental difficulties 
reduction as much as possible in periods of 
puberty and adolescence. 
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