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Abstract
The usefulness of the proprietary method of testing the impact strength of adhesive joints under shear loads was checked. An 
adhesively bonded lap sample of flat bars with a thickness of 5 mm, loaded on the side surface of the overlap, was proposed. 
Numerical calculations have shown that in such a loaded lap joint, shear stresses dominate. Impact tests of such specimens 
can be performed on conventional Charpy hammers. Experimental tests were carried out on samples made of steel, brass and 
aluminum alloy bonded with various adhesives: Epidian57/Z1, Raychem S1125, Loctite 9464 and DP 420. The conducted 
experimental tests showed high reproducibility of the results of such tests and as expected, higher destruction energy of 
flexible adhesive and adhesive layers of greater thickness was obtained.
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Streszczenie

.

1. Introduction

Adhesive bonded is one of the methods of joining 
parts. The factor driving the dynamic development of 
the adhesive technique is, above all aviation and 
cosmonautics as well as the automotive industry 
(Adams 1997, Higgins 2009, Silva 2011) and 
construction. In addition to testing static properties, for 
some time now more and more tests have been carried
out on the resistance of adhesive joints to impact loads. 
This especially applies to vehicles exposed to various 

types of collisions (Grant 2009, Galvez 2017, 
Machado 2018).

Currently, three methods of testing the impact 
strength of adhesive joints are recommended:

Block Shear Test (ISO 9653) (Adams 2016, 
Taylor 1996, Asgharifar 2014), 
Impact Wedge Peel Test (ISO11343, Blacman 
2000, Gyeong-Seo 2020), 
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Impact shear method of lap joints subjected to 
tensile loading (Adamvalli 2014, Raykhere 
2010, Komorek 2021). 

The first two methods are standardized. The first is 
like the standard for wood adhesives. It consists in 
adhesively bonding a plate 3 mm thick, 25 mm wide 
and 10 mm long (Fig. 1) to a metal block, which is 
dynamically loaded with a hammer impactor (Fig. 2) 
during the tests. The result of the experiment depends 
on the direction of the impact. The destruction energy 
of the adhesive joint is measured, and divided by the 
joint surface, it is possible to calculate the impact 
strength of the tested joint.

The main disadvantage of this method is the low 
reproducibility of the experiment results, the reasons 
explained in publications (Adams 1966, Komorek 
2016) are difficult to eliminate.

Fig. 1. Block sample

Fig. 2. Block sample load

An attempt to modify this method by changing the 
shape of the adhesively bonded element to cylindrical 
(Fig. 3) allowed to reduce the scatter of the test results 
but led to plastic deformation of the loaded element 
(Fig. 4), which resulted in the accumulation of stresses
in the adhesive layer near the striking edge (Komorek, 
2020).

Fig. 3. Modified block sample

Fig. 4. Plastic deformation of the cylindrical 
plate under dynamically loaded

Due to the disadvantages of the block connection 
test method, such tests are rarely conducted.

The ISO11343 method, consisting in dynamic 
cleaving of the adhesive joint with a wedge (Fig. 5), is 
more widely used.

Fig. 5. The method of dynamic cleaving the adhesive 
joint with a wedge

This method is used in the automotive industry to 
test the crash test resistance of adhesively bonded car 
bodies. It requires a specialized device measuring and 
recording the dependence of force on time or force 
on displacement, which, after integration, allows the 
energy to be determined between 25% and 90% of 
the curve. The results of such tests depend on the 
properties of the adhesive, the surface treatment of the 
joined elements (adhesion forces) and the mechanical 
properties of the bonded materials. Such tests are 
essentially dynamic peel tests.
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Due to the fact, that a properly designed adhesive 
joint should be mainly stressed for shear, attempts are 
made to test the impact strength of lap joints. Due to 
the lack of an appropriate standard, researchers use 
their own solutions, which makes it difficult to 
compare the obtained results.

The authors conducted tests on lap specimens 
made of two plates with dimensions of 20x100 mm 
and a thickness of 2 mm. A pendulum hammer with a 
modified striker shape was designed to conduct such 
research (Fig. 6).

Fig. 6. Modified striker of a hammer

At one end of the adhesively bonded lap sample, 
a special holder with a wedge was attached (Fig. 7), 
which prevented the sample from moving in the holder 
during loading.

Fig. 7. A lap specimen with a handle

The other end of the sample was fixed in a rigid 
holder (Fig. 8) and a hammer hit a self-clamping 
holder fixed on the sample.

The impact tests carried out in accordance with the 
presented method were characterized by a much 

greater reproducibility of the results than in the tests of 
block joints, although it was not possible to eliminate 
the removal of samples from the holders (about 10%), 
which resulted in a rapid increase in the measured 
energy.

Fig. 8. The sample attached to the impact tests

The presented test method allows to study the 
effect of the overlap length, the thickness of the 
adhesive layer, the method of preparing the surface for 
bonding and the stiffness of the sheets to be bonded on 
the impact strength of the joints. Its disadvantage is the 
labor-consumption of such tests resulting from careful 
assembly of samples and the need to have a pendulum 
hammer with a modified structure. Considering the 
limitations of the test method for lap specimens, 
another method of testing the impact shear resistance 
of adhesive joints has been proposed. The theory of 
strength of adhesive joints shows that there are three 
basic structural systems of such joints, in the adhesive 
layers of which shear stresses dominate (Silva, 2011)
(Fig. 9).

Fig. 9. Models of shear-loaded adhesive joints (a - lap, b - sleeve-twisted, c - lap-stressed along the width of the overlap)
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The aim of the analysis was to check the suitability 
for impact tests of samples loaded similarly to the third 
load model presented in Fig. 9.

2. Numerical analysis

It was assumed that the sample will have similar 
dimensions to the samples used in the impact tests of 
metals and it will be possible to perform the tests on 
commonly available Charpy pendulum hammers. The 
sample load model and its numerical model of such 
a sample is shown in Fig. 10.

Fig. 10. Model of sample mounting and loading

The adhesively bonded elements were given 
the properties of an aluminum alloy (E = 72 GPa, 

), and an adhesive layer with a thickness of 
0.15 mm was given the properties of epoxy adhesive 

both sides (spacing of supports 43 mm) and centrally 
loaded with a total force of 2000 N distributed evenly 
along the edge. The calculation results are shown in 
Figs. 11 to 14.

Fig. 11. The von Mises stress distribution in the adhesive layer

Fig. 12. Distribution of the maximum principal stresses 
in the adhesive layer

Fig. 13. Distribution of maximum shear stresses 
in the adhesive layer

Fig. 14. Distribution of normal stresses perpendicular 
to the adhesive layer surface

The performed calculations show that shear 
stresses dominate in the adhesive layer of the analyzed 
joint, to a greater extent than in lap joints. It follows 
that the proposed samples meet the criterion of joints 
loaded in shear and can be used in impact tests.

Additionally, numerical calculations were carried 
out in which the type of bonded materials (Young's 
modulus) was changed, the length of the overlap and 
the thickness of the bonded elements under the same 
load. The results of these calculations are presented in 
Table 1.
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Table 1. The relationship of stresses in the adhesive layer on the type of joined materials, the thickness of the bonded elements 
and the length of the overlap

Thickness of the joined elements 6 mm Thickness of the joined elements 5 mm

Overlap 15 mm 25 mm 25 mm

Material duralumin duralumin brass steel duralumin brass steel

Stresses [MPa]

VM 68.4 55.3 48.9 41.9 59.7 52.4 44.4

I 55.5 42.2 35.0 28.2 45.2 37.3 29.8

max 39.5 31.9 28.3 24.2 34.5 30.2 25.6

Y 22.8 16.2 11.6 7.5 17.3 12.5 8.1

VM I max Y normal stress perpendicular 
to the adhesive layer surface

The calculations show that in the case of 
standardization of such a test method, the length of the 
overlap, the thickness of the bonded elements and their 
width should be determined. When changing the 
distance between the supports from 43 to 60 mm, the 
calculated stresses increased by about 50%. If we 
assume that the criterion of dynamic failure was only 
the value of stresses in the adhesive layer, then the 
highest failure energy should be obtained for steel 
samples of greater thickness, jointed with a longer lap 
and with a smaller spacing of support.

3. Research methodology

Rectangular cross-section bars with dimensions of 
12x5 or 12x6 mm were cut into 45 mm long sections. 
On one side of the sample, a surface with a side length 
of 25 mm intended for adhesive bonding was marked. 
The joined surfaces were prepared for adhesive 
bonding using various methods: only degreasing with 
extraction gasoline, roughening with abrasive cloth 
No. 80 and degreasing with gasoline, or sandblasting 
with corundum and degreasing with gasoline. Two 
elements made of a 12x5 mm flat bar 45 mm long each 
were adhesively bonded, with an overlap of 25 mm. 
The bonded elements were made of brass M69, steel 
C45 and aluminum alloy AW 3035 H12).

Adhesives were applied to both dried surfaces. To 
obtain the appropriate thickness of the adhesive layers, 
sewing threads were placed in them or not. Epidian 57 
resin was mixed with the Z1 hardener in weight 
proportions of 100 to 10.5. The ingredients of other 
adhesives are dosed automatically while squeezing 
them from the packaging. The samples were bonded in 
a special device with low contact pressures exerted by 
springs. The adhesives were cured according to the 
manufacturers' recommendations (Epidian 57 - 24 h at 
ambient temperature and 5 h at 80oC, Loctite 9464 
7 days at ambient temperature, DP 420 48 h at 
ambient temperature, Raychem 24 hours at ambient 
temperature).

After the joints had hardened, the adhesive flashes 
were removed using a metal cutting saw blade and an 
abrasive cloth. The samples were mounted centrally 
in swing hammers. The experiment was conducted 
mainly on a SW 5 swing hammer with an energy of 
50 J and a speed of 3.8 m/s with a support spacing of 
43 mm (Fig. 15) and on a pendulum hammer Julietta 
with the energy of 7.5 J with a spacing of supports 
60 mm (only one batch of samples).

Fig. 15. Sample placed on a pendulum hammer

Five samples in each batch were tested and the 
energy of destruction of joints was recorded (Fig. 16). 
The results were analyzed statistically by calculating 
the mean value and confidence intervals at the 95% 
significance level.
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Fig. 16. A batch of brass samples bonded with 
Epidian 57 / Z1 adhesive

4. Experimental tests

In the first stage of the research, the influence of 
the thickness of the adhesive layers and their stiffness 
on the impact strength of the joints was estimated. The 
adhesively bonded surfaces were roughened with 
abrasive cloth of granulation 80 and washed with 
gasoline. Three batches brass samples of 5 pieces each,
were bonded with adhesive: Epidian57 / Z1 (thickness 
of adhesive layer 0.04 mm), Epidian 57 / Z1 (thickness 
of adhesive layer 0.3 mm) and Raychem S-1125
characterized by great flexibility (thickness of adhe-
sive layer 0.25 mm) and one batch of steel and
aluminum alloy samples were bonded with Epidian 
57 / Z1 adhesive (thickness of the adhesive layer 
0.3 mm).

The tests were carried out on a pendulum hammer 
SW 5. The nature of the destruction of the adhesive 
layers of brass samples is shown in Fig. 17.

The results of the tests with confidence intervals 
for the 95% level of significance are presented in 
Table 2.

Fig. 17. The nature of destruction of adhesive layers with 
a thickness of 0.3 mm (Epidian 57 / Z1 adhesive) 

and 0.25 mm (Raychem adhesive)

Table 2. Results of impact tests
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The test results are characterized by satisfactory 
repeatability and as expected, a significant influence 
of the adhesive layer thickness and adhesive stiffness 
on the impact strength of the tested joints. 

The impact strength of steel and brass specimens 
adhesively bonded with Loctite EA 9464 adhesive was 
also compared with different spacing of supports. In 
this case, the tests were carried out on a pendulum 
hammer Julietta with a spacing of supports 60 mm. 
The results of the specified energies are shown in 
Table 3.

Table 3. Comparison of the failure energy of brass and steel 
samples bonded with Loctite EA 9464 adhesive, tested at 

different spacing of supports (steel samples only washed with 
gasoline, brass samples roughened with cloth 80 and degreased)

According to the results of numerical calculations, 
the increase in the spacing of supports resulted in 
a decrease in the energy of joint destruction.

Even though in the adhesive layers of steel 
samples there are lower stresses than in the brass 
samples under the same static load, their impact 
strength turned out to be lower. This may be due to the 
different adhesion of the adhesive to different 
materials or the lower impact strength of the stiffer
joints.

To compare the adhesive properties of steel, brass 
and aluminum alloy surfaces prepared for bonding by 
various methods the tension strength tests were carried 
out on cylindrical samples (Fig. 18) bonded with 
Loctite EA 9464 adhesive.

Fig. 18. A sample for testing the tension strength of adhesives

Table 4. Tensile strength test results for Loctite EA 9464 
adhesive bonding various materials

The research shows that when the surface 
preparation for adhesively bonding with Loctite EA 
9464 is roughened with cloth no. 80, better adhesive 
properties are shown by brass than steel and aluminum 
alloy. Only the degreasing of steel surfaces with 
gasoline resulted in a significant decrease in the tensile 
strength of steel samples (about 50%). 

Table 5 compares the impact toughness of samples 
made of different metals bonded with Loctite EA 
9464.

Table 5. Comparison of the failure energy of samples made of 
various materials bonded with Loctite EA 9464 adhesive 

(surface treatment with abrasive cloth No. 80)

The impact energy destruction of samples was also 
tested, the surfaces of which were prepared for bonded 
by sandblasting with electrocorundum and then 
washing with gasoline. The test results are presented 
in Table 6 (tests were performed twice).

Table 6. Comparison of the failure energy of samples made of 
various materials adhesively bonded with Loctite EA 9464 

(sandblasting of bonded surfaces)

The use of such a method of surface preparation 
resulted in a significant increase in the destruction 
energy of steel lap specimens loaded on the side 
surface as well as brass specimens, but a decrease in 
the energy of aluminum alloy specimens. This proves
the relevant influence of the adhesive forces on the 
impact strength of adhesive joints.

Considering the high heat capacity of the samples 
and the speed of performing the impact tests, tests of 
the influence of temperature on the impact strength of 
adhesive joints were carried out. The tests were carried 
out on steel samples, sandblasted, adhesively bonded 
with two adhesives: Loctite 9464 and DP 420. The 
destruction energy of joints at ambient temperature 
and heated in a laboratory oven to 60oC was tested. To 
eliminate the effect of increased temperature on the 
hardening of the adhesive, all samples were annealed 
at 60oC, and some of the samples intended for testing 
at ambient temperature were then cooled. The test 
results are presented in table 7.
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Table 7. Comparison of the destruction energy of steel samples 
at ambient and elevated temperature of 60oC

For both adhesives, a significant decrease in the 
impact strength of the tested joints was found at an 
elevated temperature of 60oC. An inverse relationship 
was expected, as the adhesive layer will become more 
flexible with increasing temperature. It was assumed 
that the reason for the decrease in impact strength may 
be stresses caused by different values of linear 
expansion coefficients of steel and adhesives.

Numerical calculations were carried out in the 
ANSYS 19 system, in which the sample was first 
loaded with a force of 6600 N (resulting from tests of 
the static strength of such joints), and then with the 
same force and a temperature increase of 40oC.

For steel, the value of the linear expansion 
-5 1/C was declared, and for the 

-5 C. temperature change.
Fig. 19 and 20 show the distributions of the 

maximum principal stresses in the adhesive layers: 
loaded with force and loaded with force and 
temperature change.

Fig. 19. Maximum principal stresses in the adhesive layer loaded with a force of 6600 N

Fig. 20. Maximum principal stresses in the adhesive layer loaded with a force of 6600 N and a temperature increase of 40oC

Even though the load on the joint with only 
a temperature increase of 40oC generated stresses in 
the adhesive layer of about 2.5 MPa, the increase in 
stresses in the adhesive layer loaded with force due to 
the temperature increase was 13.6 MPa, i.e. it had 
a significant impact on the joint effort.

5. Conclusion

In the joints of the samples tested according to the 
proposed method, shear stresses dominate, i.e. those 
that occur in properly designed adhesive joints.

The impact test in accordance with the propo-
sed method is characterized by a much greater 
repeatability of results than in the case of testing block 

or lap samples, which allows to reduce the number of 
tested samples.

The tests can be carried out on typical pendulum 
hammers with energies of 10 J, and the adhesively 
bonded elements can be reused several times in the 
tests after removing the adhesive from the previous 
tests.

Considering the relatively high thermal capacity 
of the proposed samples and the speed of the tests, 
the proposed method enables the study of the influence 
of temperature on the impact strength of adhesive 
joints.
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Abstract
The publication presents the design, construction of a prototype, and the course of verification tests of a special horizontal 
laminar flow cabinet made entirely of plastics. In the cabinet design process, numerical simulations and airflow analyses were 
used to achieve a laminar, uniform flow in the device's workspace. A prototype was built and subjected to verification tests 
regarding the intensity and nature of airflow as well as air cleanliness. The cabinet is equipped with its own filtration-
ventilation module providing clean air to the workspace and removing used air to the external ventilation system. It ensures 
an increased level of protection for workers dealing with microorganisms and hazardous airborne chemicals, as well as 
complete corrosion resistance inside the workspace. A particular area of application for the cabinet is research involving 
radionuclides, volatile, toxic chemical compounds for which air-recirculating devices cannot be used in the room where they 
are placed. The developed solution has been protected by industrial property rights and used to implement a contract for the 
supply of a set of equipment to the laboratory of the Institute of Nuclear Physics of the Polish Academy of Sciences.

Keywords: laminar flow cabinet, prototype, airflow testing

Streszczenie
Publikacja przedstawia projek

wykorzystano symulacje numeryczne i analizy ruchu powietrza w ce

ltracyjno-wentylacyjny 

tnymi 

zestawu aparatury do laboratorium Instytutu Fizyki J .

1. Introduction

Laminar flow cabinets are devices used in 
laboratory work requiring a sterile environment 
( et al., 2017, Vellutato, 2021). In the 

designated space of the cabinet, a unidirectional, 
laminar flow of sterile air occurs, with constant 
velocity and approximately parallel streamlines. The 
air is pre-filtered through a pre-filter and a HEPA 
filter. The purified air exits the cabinet in a continuous, 
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uniform stream, forming a barrier that impedes the 
entry of bacterial spores or fungal spores, which are 
constantly present in the air outside the cabinet 
(Barbosa et al., 2017, Parks et al., 2022). This allows 
for the maintenance of sterile conditions required for 
work, including with bacteria or cell cultures (Pawar 

et al., 2021). Another application of laminar flow 
cabinets is to protect research personnel from the 
harmful effects of substances used during laboratory 
work conducted inside the cabinet. In terms of 
construction, there are cabinets with horizontal or 
vertical airflow (Fig. 1).

Fig. 1. Diagrams showing a) horizontal and b) vertical airflow in a laminar flow cabinet (Guide, 2024)

The criteria for the operation and classification of 
laminar flow cabinets intended for safe microbio-
logical work are contained in the standard PN-EN 
12469:2002. The standard distinguishes three classes 
of cabinets for safe microbiological work. 

A class I cabinet with a large window in the front 
wall, through which the person working can perform 
tasks inside it, protects the worker and prevents the 
escape of contaminants generated inside the cabinet 
through the airflow, thanks to forced inward flow into 
the chamber and exhaust air filtration. It is suitable for 
work involving low or moderate-risk toxic agents 
where product (sample) protection is not required.

A Class II cabinet, with a similar construction, has 
additional air filtration circuits inside the chamber and 
exhaust air filtration. It provides protection for per-
sonnel, the environment, and the sample (Lapa-
mnouysup et al., 2022, Jones et al., 2001). In a Class II 
cabinet, an internal unidirectional downward laminar 
airflow and an air curtain at the cabinet opening are 
used.

In a Class III cabinet, the workspace is completely 
enclosed. The person working is isolated from the 
workspace by a physical barrier (e.g., gloves). Filtered 
air is continuously supplied to the cabinet, and exhaust 
air is treated to prevent the release of microorganisms 
and chemical contaminants. In the workspace, a nega-
tive pressure of approximately 120 Pa is maintained, 
and airflow is forced by an external ventilation system.

Laminar flow cabinets are most commonly 
constructed from stainless steel with a front shield 
(glass or plastic), which either opens completely or 
allows the user's hands to be inserted into the 
workspace. Typical equipment in cabinets includes 
air/gas valves, electrical sockets, a sink, and a water 
tap (Vellutato, 2021). 

Technologies has extensive experience in designing 
and manufacturing research equipment capable of 
achieving specific atmospheric parameters required 
for test environments ( , et al., 2019, , et 
al., 2021, Samborski et al., 2022). Examples of such 
equipment include sets for testing volatile organic 
compound (VOC) emissions from building materials 
and wood, climate chambers with wide ranges of 
temperature and humidity changes, dust, aging, rain, 
corrosion, condensation, and calorimetric chambers. 
The experience and expertise gained during the 
execution of these projects enabled the achievement of 
the goal described in this work, which was the 
development and construction of a set of special 
laminar flow cabinets made entirely of plastics, 
following the requirements of the Institute of Nuclear 
Physics of the Polish Academy of Sciences. The most 
important requirements of the purchaser were to 
achieve laminar, horizontal airflow and air cleanliness 
delivered to the chamber in ISO6 class.

a) b)
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2. Laminar Flow Cabinet Design

The developed acid-resistant laminar flow cabinet 
with horizontal airflow direction in non-metallic 
execution is a niche product not offered on the market. 
Its unique design, characterized by the complete 
elimination of metallic elements from the workspace, 
prevents corrosion and increases the cabinet's opera-

tional durability. A specially designed laminarizer 
with appropriately distributed outlet holes organizes 
airflow and ensures a uniform horizontal flow. The 
possibility of collaboration with an exhaust system 
ensures the removal of hazardous vapors from the 
room while maintaining clean room requirements.

Figure 2 depicts a virtual 3D model of the 
constructed cabinet with horizontal laminar flow.

Fig. 2. 3D virtual model of the laminar flow cabinet (front view): 1 - workspace, 2 - inlet chamber, 3 - outlet chamber, 4 - sliding doors, 
5 - inlet partition (right), 6 - outlet partition (left), 7 - inlet channels, 8 - control system cabinet, 9 - frame, 10 - caster wheel with lock, 

11 - ventilation module, 12 - shelves, 13 - cable gland, 14 - power sockets, 15 - control panel, 16 - LED lighting

The laminar flow cabinet, constructed from 
PMMA panels, consists of three spaces:

the central workspace 1, where laminar, 
horizontal airflow is achieved,
the inlet chamber 2, supplied with filtered air 
from the ventilation module 11 through ducts 7,
the outlet chamber 3, from which the air flows 
into the ventilation module and then to the 
discharge, where it is expelled outside (Fig. 3).

Between chambers 1, 2, and 3, there are partitions 
5 and 6 made of perforated PMMA panels and 

appropriately selected filter mats. The damping 
properties of the mats, perforation of the partitions, 
and the pressure and flow rate of the airflow are 
selected so that a laminar, orderly flow occurs 
horizontally in the workspace 1. Access to the interior 
of the cabinet is provided through sliding doors 4, 
which are designed with sockets for glove attachment. 
The lower wall of the airtight cabinet is the 
workbench. Inside the cabinet, there are two shelves 
12, and a cable gland 13 is located in its upper wall. 
The cabinet, along with the workbench, is placed on 
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a mobile frame 9, housing the ventilation module 11 
that implements the airflow circuit depicted in Figure 
3. The electronic control system console 8 contains the 
device's control system with software, operated using 
the control panel 15. The workspace of the cabinet is 

illuminated by an external LED lamp 16. Next to the 
control panel, electrical power sockets are installed for 
the optional powering of additional equipment used 
during experiments.

Fig. 3. Air circulation in the laminar flow cabinet

3. Airflow Simulations and Analyses

During the construction and refinement stages of 
the virtual spatial model and the development of the 
device's construction documentation, numerical 
simulations and airflow analyses were conducted. The 
aim was to preliminarily select airflow parameters and 
verify the model. The following parameters were 
adopted for the numerical calculations:

Total airflow capacity through the device 
ranging from 100 to 300 m3/h.
Flow with a capacity above 200 m3/h is used for 
intensive ventilation of the workspace and does 
not need to be laminar.
The construction of partitions between the inlet, 
workspace, and outlet chambers can be 
modified (filling degree, shape of openings, 
type of filter mat) to optimize the flow 
distribution through the workspace.
It is possible to divide the airflow streams 
supplied from the ventilation module to the inlet 
chamber and extracted from the outlet chamber 
(two flow channels each) and adjust the flow 
velocity in individual channels (typically 
achieved through the use of interchangeable 
baffles).

During the simulations, the flow resistance 
through the partitions, division of airflow streams, and 

flow velocities in the channels connecting the 
chambers to the ventilation module were varied.

The calculations were performed using compu-
tational fluid dynamics (CFD) software - Autodesk
CFD, which is a tool used to solve equations 
describing fluid flow using numerical methods. The 
use of such tools provides extensive capabilities for 
analyzing flow phenomena and processes, enables 
a better understanding of them, and thus allows for 
the optimization of existing solutions. During the 
development of new products, CFD is used as a tool to 
shorten the product development time.

During the simulation process, constant volu-
metric flow conditions at the inlet and outlet of the 
chamber were assumed as boundary conditions. The 
analysis concerned calculations excluding the 
temperature change and impact to achieve a steady-
state flow condition. The model was meshed using 
adaptive technology, starting with default settings for 
the density of finite element mesh with initial three 
wall-adjacent layers and a gradation factor of 0.45. 
A modified Petrov-Galerkin method was used as 
a computational model (advection scheme) to ensure 
stability of calculations. Air with constant parameters 
was used as an agent (Table 1).

inlet

air outlet

laminar flow zone
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Table 1. Air parameters used in the CFD analysis Figures 4 and 5 show the results of the calculations 
in graphical form showing the flow velocity distri-
butions, directions and distribution of air flows for 
a total flow through the cabinet equal to 150 m3/h. An 
ordered flow through the workspace in a horizontal 
direction with a constant velocity distribution across 
the entire cross-section of the cabinet, excluding the 
wall areas, is visible.

From Figure 4b, it can be inferred that the expected 
airflow pattern was achieved by supplying the inlet 
chamber from one of the two ducts connecting it to the 
ventilation module and by extracting air from the 
outlet chamber through both modeled ducts. The 
results of the numerical calculations were used to 
develop the design of the partitions and to select the 
interaction mode of the cabinet with the ventilation 
module. The results were verified during prototype 
testing.

Fig. 4. The result of the airflow simulation in the cabinet: a) velocity distribution in the inlet, workspace, 
and outlet chambers, b) airflow distribution (view from the outlet chamber side)

Fig. 5. Result of airflow simulation in the cabinet velocity distribution 
in the workspace in selected vertical planes

a) b)
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4. Prototype and Verification Testing 
of the Special Laminar Flow Cabinet

The prototype of the special laminar flow cabinet 
ITEE 

Prototyping Center based on the developed technical 
documentation. Most of the structural elements in 
contact with the internal experimental environment 
were made of polymethyl methacrylate (PMMA) 
sheets joined by polyamide screw connectors. Such 
a design, according to the assumptions, prevents 
corrosive processes that may occur during work with 
aggressive chemical environments. Figure 6 shows 
a photograph of the prototype cabinet.

Fig. 6. Prototype laminar flow cabinet made of plastic

The control of all functions of the complete device 
is performed using the operator's panel. Most control 
functions are accessible from the touch control panel 
equipped with user software (Fig. 7). The operator 
menu allows for adjustment and displays values of the 
airflow rate through the cabinet and the pressure 
difference relative to the surroundings. It is used to 
stabilize device operating parameters and signal 
warning and failure states, such as filter clogging or 
fan damage.

The constructed prototype of the cabinet was 
started up and tested to perform all manual and 
automatic operational activities.

The prototype underwent verification testing to 
ensure that the technical parameters of the device met 
the customer's requirements. The tests included the 
following:

measurement of the airflow rate through the 
cabinet,

examination of the airflow velocity distribution,
examination of air cleanliness,

Fig. 7. View of the control panel: 1 - warning icon, 2 - alarm icon, 
3 - ready-to-operate icon, 4 - device activation icon, 5 - information 
about current airflow rate, 6 - information about current pressure 
difference between the cabinet and the surroundings, 7 - barograph 
of the percentage efficiency of the supply fan, 8 - barograph of the 
percentage efficiency of the exhaust fan, 9 - field with information 
                  about alarms, warnings, and current events

The airflow rate through the cabinet ranging from 
100 to 400 m3/h was measured under normal 
conditions using a balometer, with a measurement 

compared with the indications on the operator panel 
calculated based on the measured pressure difference 
at the fan and its characteristic. In the range of airflow 
rates up to 200 m3/h, the relative measurement error 
was up to 7%, while above this range, it did not exceed 
4%. The exact value of the airflow rate through the 
cabinet is not a critical parameter of the process being 
carried out and serves to assess the intensity of its 
ventilation. Therefore, the achieved measurement 
accuracy is sufficient.

Local airflow velocity measurements inside the 
chamber were conducted at nodes defined by a grid of 
measurement points evenly distributed across the 
transverse middle section of the workspace. Table 2 
shows the coordinates of each measurement point 
and the measured airflow velocity values at those 
points.

21
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Table 2. Airflow velocity distribution in m/s in the central plane of the chamber for an airflow rate of 300 m3/h

Y
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in
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e 
of

 th
e 

m
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re

m
en

t p
oi

nt
[m

m
] 727 0.08 0.14 0.17 0.26 0.17

666 0.00 0.16 0.24 0.23 0.23 0.10

604 0.02 0.07 0.14 0.22 0.25 0.19

533 0.00 0.19 0.25 0.23 0.37 0.23

462 0.17 0.19 0.22 0.21 0.32 0.16 0.10

373 0.19 0.23 0.31 0.20 0.20 0.26 0.23

302 0.23 0.30 0.33 0.19 0.21 0.23 0.21 0.17

231 0.24 0.20 0.25 0.18 0.21 0.30 0.30 0.05

169 0.21 0.16 0.16 0.27 0.20 0.18 0.33 0.19

108 0.19 0.28 0.22 0.29 0.24 0.21 0.35 0.23 0.31

107 169 230 290 351 412 472 533 595

X-coordinate of the measurement point [mm]

The Y-coordinate of the measurement point 
represents its distance from the chamber's bottom 
surface (table), while the X-coordinate represents its 
distance from the rear wall. Measurements were 
performed using a thermo-anemometer probe with 

measurement results indicate a sufficiently uniform 
velocity distribution in the central transverse plane of 
the chamber, except for the wall areas where the 
velocity is lower than the average value. In Table 3, 
the average values of laminar airflow velocity are 
shown for several selected total airflow rates.

Table 3. Average values of laminar airflow velocity in the cabinet for selected total airflow rates

Airflow rate through the cabinet [m3/h] 150 200 300

Average value of air velocity in the 
working chamber [m/s]

The laminar airflow character in the working 
chamber was also confirmed using a smoke test 
according to the method described in the PN-EN ISO 
14644-3 standard, section B.3 the introduction of 
a marker (smoke generated from test tubes containing 
smoldering sulfuric acid) into the air stream (Fig. 8).

Air cleanliness in the working chamber was 
assessed using the particle counter Met One 3423 

(Fig. 9a) (flow rate of the counter: 50 l/min., measu-
rement channels from 0.3 to 10 
uncertainty ISO-21501-4 Calibration). The test was 
conducted under the same conditions as the other 
verification tests.

Figure 9b shows the particle counter during 
measurements in the cabinet and the test report with a 
total airflow rate of 300 m3/h.

Fig. 8. Airflow smoke test
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Fig. 9. Air cleanliness test in the working chamber using the particle counter Met One 3423 (a), 
and the test report for a total airflow rate of 300 m3/h (b)

The functional tests of the prototype laminar flow 
cabinet and the results of the verification tests 
confirmed that the constructed device meets the 
technical and functional requirements formulated 
during the conceptualization and technical design 
stage.

5. Summary

At ITEE in Radom, a prototype 
laminar flow cabinet with horizontal airflow, entirely 
made of plastics, was developed and constructed. The 
concept and operation of the device were developed in 
cooperation with and commissioned by the Institute of
Nuclear Physics of the Polish Academy of Sciences. 
During the device's design, numerical simulations and 
airflow analyses were utilized to achieve the required 
laminar horizontal airflow throughout the working 
chamber's volume. A fully functional prototype 
chamber equipped with apurification and ventilation 
module was built and subjected to comprehensive
verification testing within a complete laboratory setup. 
The developed chamber allows for collaboration with 
an external exhaust system and provides complete 
corrosion resistance inside the working space. The 
combination of these features makes it a unique 
product not previously available on the market. A set 
of four chambers was manufactured and installed in 
the laboratory of the Institute of Nuclear Physics of the 

de ITEE 
have been protected by industrial design registration 
(Rp.27206, 2021).

Further work is planned to increase the functio-
nality of the device. This includes equipping the 
chamber with a water supply and sewerage system 

(sink, eye wash station), and consequently modifying 
the structure of the ventilation module.
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Abstract
Layered structures consisting of CFRP composites and aluminum alloys are most commonly used in the aerospace, marine, 
construction and automotive industries. One of the most important aspects associated with their use is the difficulty of 
machining them due to the anisotropic nature of the structures. These structures are often jointed to each other by mechanical 
joints that require mounting holes. The purpose of this study was to determine the effect of drill bit diameter, cutting speed 
and the way the specimen is clamped during machining (drilling strategy) on the quality of holes drilled in a II-layer structure 
consisting of CFRP composite and aluminum alloy. The quality of the holes was expressed by the hole accuracy index D. 
A visual evaluation of the holes after the drilling process was also carried out. The most accurate holes (the lowest value of 

s, a cutting speed of vc

= 90 m/min and an Al/CFRP drilling strategy. The lowest dimensional accuracy of the hole was also obtained at the exit of 
vc = 30 m/min and an Al/CFRP drilling 

strategy. The values of the D index and visual evaluation of the holes also made it possible to note that for this type of material 
it is more favorable, considering the dimensional accuracy of the holes, to use a CFRP/Al drilling strategy.

Keywords: drilling, Al/CFRP stacks, assembly holes, cutting parameters
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1. Introduction

One of the basic machining processes applied 
to heterogeneous materials, which include layered 
materials that are a combination of metal and polymer 
matrix composite, is the drilling process. Drilling holes 
in such structures is an important step in their assembly 
process holes can be used to attach auxiliary units 
(e.g., bolts, rivets), introduce assembly components 
(e.g., adhesives, clamps, bushings) or carry out other 
assembly operations (Kausar et al., 2023). Layered 
materials are used in many industries due to their 
mechanical and physical properties, including light 
weight, bending and shear strength, ability to carry 
heavy loads, and impact resistance (Hosseinkhani et 
al., 2024). Performing the drilling process in structures 
that are a combination of materials with very different 
properties is a major challenge (Changze et al., 2023). 
Therefore, it is necessary to adapt the machining 
conditions to the specifics of the materials to ensure 
the desired surface quality after machining. This can 
be achieved by using appropriate cutting tools and 
cutting parameters (Kilickap, 2020).

When drilling holes in sandwich structures 
consisting of aluminum alloy and CFRP (Carbon Fibre 
Reinforced Plastic) composite having abrasive fibers 
in its structure, various problems may arise due to the 
specific structure and properties of the material so 
formed. The anisotropic structure of fiber composites
is the main factor that has a significant impact on their 
strength, but on the other hand it makes the process of 
their processing largely difficult (Zhang et al., 2020). 
Difficulties in obtaining holes with reproducible 
dimensional and shape accuracy, excessive cutting 
tool wear, the occurrence of typical machining defects 
such as delamination, fiber pullout, matrix cracking, 
undercut fibers, and frayed edges at the entrance and 
exit of the cutting tool are examples of phenomena that 
can occur when drilling holes in CFRP composites and 

2022). The main phenomenon that hinders the process 
of drilling holes in this type of structures is dela-
mination, which leads to a loss of cohesion of the 
individual layers of the CFRP composite and the entire 

of the delamination area can occur even when the 
cutting edges of the tools are slightly dulled. Dela-
mination during drilling can occur at the entrance 
and exit of the drill bit from the workpiece material. In 
the entry zone, delamination is characterized by the 
winding of carbon fibers on the drill bit and their 
tearing before the material is removed. In the exit zone, 
delamination occurs as a result of the lower layers of 
the composite being pushed out and separated from the 
remaining fibers (Isbilir et. al., 2013). Delamination 

can lead to damage to the integrity of the structure and 
a reduction in strength. Studies have shown that proper 
adjustment of drilling conditions (rotational speed, 
cutting force and tool cooling system) can effectively 
reduce the risk of material delamination (Melentiev et 
al., 2016). In addition, improperly selected cutting 
tools, such as the use of brittle or vulnerable tool 
materials, can lead to the formation of micro-cracks in 
the surfaces, which reduces its strength and reduces the 
quality of the hole finish (Natarajan, et al., 2022; 
Alagan et al., 2023.).

A significant number of holes made in sandwich 
structures are assembly holes. After machining, the 
quality of the holes is often defined by the presence of 
defects on the machined surfaces. Delamination 
occurring between the inner layers, is caused by the 
tool passing through different cutting resistances 
(Yang et al., 2024). This type of delamination is 
a hidden material defect and is particularly dangerous 
from the point of view of structural safety. A signi-
ficant problem that can be encountered when drilling 
metal-polymer composite layered materials is the 
insufficient quality of the machined hole, which can 
lead to difficulties in the assembly of structural 
components or a reduction in the aesthetics of the final 
product. A review of the literature indicates that the 
use of tools with appropriate geometries, such as rake 
angle and blade geometry, can significantly improve 
the quality of the hole (Isbilir et al., 2013; Saoudi et 
al., 2018).

The purpose of this study was to determine the 
effect of drill bit diameter, cutting speed and the way 
the specimen is clamped during machining (drilling
strategy) on the quality of holes drilled in a II-layer 
structure consisting of CFRP composite and alumi-
num alloy. The work is a continuation of research 
conducted on the machinability and quality of holes
drilled in layered structures.

2. Materials and methods

The subject of the study was a II-layer metal
polymer composite structure. The shape and dimen-
sions of a spacement are shown in Fig. 1.

Fig. 1. Geometry and shape of the sample
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The experiment investigated the effect of ma-
chining conditions on the dimensional accuracy of 
holes after the drilling process. Fig. 2 shows a diagram 
of the experiment conducted. 

Fig. 2. Plan of the experiment

The structure consisted of two materials: a CFRP 
composite and an EN AW-2024 T3 aluminum alloy. 
The materials were chosen because of their frequent 
use in the aerospace and automotive industries. The 
layers were joined using an adhesive process. The 
characteristics and properties of the materials used and 
details of the bonding process are given in (Doluk, 
2023).

The experiment examined the effects of cutting 
speed, drill bit diameter and drilling strategy on the 
dimensional accuracy of holes after the drilling 
process. The test was conducted using an AVIA VMS 
800HS vertical machining center. The drilling process 
was carried out without the use of coolant due to the 
nature of the material to be machined (CFRP). The 
machining scheme is shown in Fig. 3.

Fig. 3. Diagram of the drilling process: 1 workpiece,
2 machine vise, 3 tool, 4 spindle

Drill bits

the tools used is Kennametal. The drills were made 
of tungsten carbide and coated with TiAlN (Titan 

Aluminum-Nitride) tool coating. This coating has good 
resistance to large temperature ranges, which allows 
machining with high cutting speeds.

Two machining strategies were adopted in the 
study:

drilling of holes in the II-layer aluminum alloy 
type structure EN AW-2024 T3composite 
CFRP, where the entry layer is aluminum alloy
(Al/CFRP) (Fig. 4a),
drilling holes in a II-layer CFRP-aluminum 
alloy EN AW-2024 T3 composite structure, 
where the entry layer is CFRP composite 
(CFRP/Al) (Fig. 4b).

a)

b)

Fig. 4. Adopted drilling strategies: a) Al/CFRP strategy,
b) CFRP/Al strategy

The values of the independent variables consi-
dered in this research are shown in Table 1. The study 
used a static, determined complete plan (PS/DC).

Table 1. Independent variables adopted in the experiment

Variable Value

Cutting speed vc [m/min] 30 60 90

Drill bit diameter [mm]

Drilling strategy Al/CFRP CFRP/Al

The diameters of the treated holes were measured 
using a Keyence VHX-500 digital microscope. This 
device allowed recording the image with high 
accuracy (0.001). The dimensional accuracy of the 
holes was measured for all adopted machining variants 
at the entry and exit of the drill bit from the workpiece 
material. To determine the dimensional accuracy of 
the holes, the value of the hole accuracy index D was 
determined from the ratio of the arithmetic mean of the 
actual hole diameters Drz obtained after machining and 
the nominal value of the hole in question. Hole 
diameters were measured using the Keyence VHX-
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500 digital microscope. The quality of the machined 
holes was determined by the hole:

           (1)

where: D hole accuracy index, Drz diameter of the 
hole after machining [mm], DN nominal diameter of 
the hole [mm].

The hole accuracy index D was assimilated to 0 
values closer to this digit indicated better dimensional 
accuracy of the hole. Each machining variate was 
performed three times to average the obtained 
diameter values, while each hole was expressed as the 
arithmetic average of three measurements.

When machining structures, comparing machining 
effects by dimensional accuracy alone may not be 
sufficient. It is also necessary to determine the 
condition of the hole edges. For this purpose, the holes 
were visually evaluated using the Keyence VHX-500
digital microscope with 100x magnification.

3. Results and discussion

Figures 5 10 show the effect of the tested ma-
chining conditions on the values of the hole accuracy 
index D at the entry and exit of the cutting tool.

Fig. 5. Hole accuracy index D at the entry and exit of the cutting 
tool using Al/CFRP drilling strategy and drill bit diameter

The maximum value of the D index (0.021) 
obtained after machining with the drill bit diameter 
and the Al/CFRP drilling strategy was obtained at the 
entry of the cutting tool for the cutting speed of vc = 90 
m/min, while the minimum value (0.010) was obtained 
at the exit of the drill bit and the same cutting speed 
(Fig. 5). In the above case, higher values of the D index 
were observed at the entry of the cutting tool, 
indicating poorer hole accuracy than at the exit of the 
drill bit. Analyzing the above data, it can be observed 
that the values of the D index at the entry of the tool 
increased with an increase in the cutting speed vc,
while at the exit of the drill bit they remained at the 

same level or decreased with an increase in the cutting 
speed vc.

Fig. 6. Hole accuracy index D at the entry and exit of the cutting 
tool using CFRP/Al drilling strategy and drill bit diameter

In the case of using the drill bit 
and the CFRP/Al drilling strategy (Fig. 6), the lowest
value of the D index (0.015) was obtained at the entry
of the cutting tool when using a cutting speed of 
vc = 90 m/min. The highest value of the hole accuracy 
index D (0.036) for the adopted cutting conditions was 
obtained at the cutting speed vc = 90 m/min at the exit 
of the cutting tool. The values of the D index obtained 
at the entry of the drill bit were equal to or higher than 
the values of the D index obtained at the exit of the 
cutting tool. Increasing the cutting speed in this case 
caused an increase in the value of the D index at the 
exit of the cutting tool.

Fig. 7. Hole accuracy index D at the entry and exit of the cutting 
tool using Al/CFRP drilling strategy and drill bit diameter

Fig. 7 shows the obtained results of the D index for
the drill bit the Al/CFRP drilling
strategy. The highest value of the considered index 
(0.059) was obtained at the exit of the drill bit when 
using the cutting speed of vc = 30 m/min. The lower 
value of the hole accuracy index D (0.014), and 
therefore the highest dimensional accuracy, was also 
observed at the exit of the cutting tool, but using the
cutting speed of vc = 60 m/min. Lower values of the D 
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index were obtained at the exit of the cutting tool 
compared to the entry of the drill bit, except when 
using the lowest cutting speed, where the maximum 
value of the D index was obtained.

Fig. 8. Hole accuracy index D at the input and output 
of the cutting tool using CFRP/Al drilling strategy 

and drill bit diameter

In Fig. 8 were presented the values of the hole 
accuracy index D for the drill bit 
the CFRP/Al drilling strategy. The maximum value of 
the hole accuracy index D (0.041) was obtained at the 
exit of the cutting tool when using the cutting speed of 
vc = 90 m/min, while the minimum value of the index 
D (0.023) was obtained at the entry of the drill bit for 
the cutting speed of vc = 30 m/min. Comparing the 
results, it can be seen that the higher values of the D 
index were obtained at the exit of the cutting tool.

Fig. 9. Hole accuracy index D at the input and output 
of the cutting tool using Al/CFRP drilling strategy 

and drill bit diameter

Analyzing Fig. 9, which presents the values of the 
hole accuracy index for the drill bit 
and the Al/CFRP drilling strategy, it is noted that for 
cutting speed vc = 90 m/min, the lowest value of the 
hole accuracy index D (0.010) was obtained at the exit 
of the cutting tool, while the highest value (0.029) was 
obtained at the entry of the drill bit. Higher values of 
the D index were obtained at the entry of the cutting 

tool. Increasing the cutting speed in the analyzed case 
resulted in an increase in the value of the D index at 
the entry of the tool and a decrease in its value at the 
exit of the drill bit.

Fig. 10. Hole accuracy index D at the input and output 
of the cutting tool using CFRP/Al drilling strategy 

and drill bit diameter

Considering the values of the hole accuracy index 
D obtained for the drill bit the 
CFRP/Al drilling strategy (Fig. 10), it can be seen that 
the lowest value of the index D (0.015) was obtained 
at the entry of the drill bit at a cutting speed of vc = 60 
m/min, while the highest value was obtained at the exit
of the tool using a cutting speed of vc = 90 m/min. For 
all the considered cutting speeds, higher values of the 
D index were obtained at the exit of the cutting tool. 
For most of the results obtained, an increase in cutting 
speed resulted in an increase in the hole accuracy 
index D.

In order to determine the influence of individual 
input factors (cutting speed vc

the drilling strategy S) and their interactions (vc

S, vc c S) on the dimensional 
accuracy of the machined holes, a multivariate 
analysis of variance (ANOVA) was conducted at the 

show the results of the statistical analysis.

Table 2. Three-factor ANOVA analysis of variance for 
the hole accuracy index D at the entry of the drill bit

Source SS DF MS F p-value

vc 0.004 2 0.002 5 0.024

98.652 2 49.326 146792 <0.001

S 0.002 1 0.002 7 0.017

vc 0.004 4 0.001 3 0.064

vc S 0.002 2 0.001 4 0.039

S 0.004 2 0.002 5 0.022

vc S 0.002 4 <0.001 1 0.249
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Table 3. Three-factor ANOVA analysis of variance for 
the hole accuracy index D at the exit of the drill bit

Source SS DF MS F p-value

vc 0.012 2 0.006 0.7 0.491
98.182 2 49.091 5778.7 <0.001

S 0.073 1 0.073 8.6 0.009

vc 0.040 4 0.010 1.1 0.375

vc S 0.038 2 0.019 2.3 0.131
S 0.012 2 0.006 0.7 0.488

vc S 0.024 4 0.006 0.7 0.619

Based on the data presented in the tables, it can be 
seen that the dimensional accuracy of the holes at the 
entry of the cutting tool was most influenced by the 
drill bit diameter (F = 146792; p-value < 0.001). The 
interaction of all three independent variables (vc

S), like the interaction of vc

affect the values of the index D. At the exit of the 
cutting tool, only two variables influenced the 
dependent variable: the drill bit diameter (F = 5779.7; 
p-value < 0.001) and the drilling strategy (F= 8.6; 
p-value = 0.009). The other factors had no effect from 
a statistical point of view on the obtained values of the 
hole accuracy index D.

a)

b)

Fig. 11. Hole after drilling with drill bit diameter 
for CFRP/Al drilling strategy and cutting speed vc = 30 m/min: 

a) at the entry of the drill bit, b) at the exit of the drill bit

The quality of post-drilling holes in layered ma-
terials was also assessed visually to identify material 
defects after machining. Special attention was paid to 

holes drilled in the CFRP composite. Figures 11 13
show images of the holes for selected cutting con-
ditions.

a)

b)

Fig. 12. Hole after drilling with drill bit diameter 
for Al/CFRP drilling strategy and cutting speed vc = 60 m/min:

a) at the entry of the drill bit, b) at the exit of the drill bit

a)

b)

Fig. 13. Hole after drilling with drill bit diameter 
for Al/CFRP drilling strategy and cutting speed vc = 30 m/min: 

a) at the entry of the drill bit, b) at the exit of the drill bit
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A visual evaluation of the holes after machining 
made it possible to note the occurrence of typical 
forms of destruction of polymer composites, During 
machining of the aluminum alloy there was mainly 
breaking of the hole, as a result of which in most cases 
holes with larger diameters were obtained in the metal 
layer than in the composite layer. Making holes in the 
CFRP composite was associated with the occurrence 
of typical forms of damage in fiber composites, i.e. 
torn and undercut fibers, matrix cracking, delami-
nation and inclusions of aluminum chips. The 
occurrence of these defects led in many cases to 
a reduction in the diameter of the machined holes, 
resulting in lower value of the hole accuracy index D 
and misleadingly indicating holes with higher di-
mensional accuracy. This phenomenon can directly 
lead to difficulties in the implementation of the 
assembly process.

4. Conclusions

The aim of this study was to determine the effect 
of the cutting conditions on the quality of holes drilled 
in a layer structure. Based on the results obtained, it 
was found that the lowest value of the hole accuracy
index D (0.010) indicating the best hole accuracy, was 
obtained at the exit of the cutting tool when using the 

the 
cutting speed vc = 90 m/min and the Al/CFRP drilling 
strategy. The highest value of the D index (0.059) was 
observed at the exit of the drill bit diameter 
using the cutting speed of vc = 30 m/min and the
Al/CFRP drilling strategy.

Both at entry and exit of cutting tools, the D index 
was most influenced by the drill bit diameter, while 
the interaction of the three considered independent 
variables (vc

effect on its values.
The CFRP/Al drilling strategy proved to be 

a better machining method compared to the Al/CFRP 
drilling strategy due to the avoidance of delamination 
of the composite material at the exit of the cutting tool.

Increasing the cutting speed for most of the cases 
considered resulted in an increase in the dimensional 
accuracy of holes made in the composite layer and its 
deterioration in the metal layer.

The dimensional accuracy of holes made in metal
polymer composite layered materials should not be 
analyzed solely by means of the index D. A visual 
assessment taking into account post-machining defects 
on the machined surfaces should also be considered.
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Abstract
This study investigates the integration of modern engineering techniques, including 3D scanning and additive manufacturing, 
in the design and production of wrist orthoses. The research aims to enhance orthotic devices by proposing three innovative 
fastening methods - Velcro straps, screws, and magnets - designed for use with 3D-printed orthoses. The study outlines the 
entire process from patient hand scanning to the final orthosis creation, emphasizing the precision and customization afforded
by these advanced technologies. The proposed designs are intended to improve the comfort, effectiveness, and usability of 
orthoses for patients with musculoskeletal dysfunctions. The findings demonstrate the potential for significant advancements 
in personalized medical devices, offering new avenues for rehabilitation and patient care.

Keywords: orthosis, 3D scanning, additive manufacturing, fastening methods

Streszczenie
Niniejsze badan eryjnych, w tym skanowania 3D i wytwarzania 

poprzez zaproponowanie trzech innowacyjnych metod mocowania przeznaczonych 

- dzinie 

orteza, skanowanie 3D, wytwarzanie przyrostowe, metody mocowania

1. Introduction

Modern medicine requires innovative solutions to 
meet the growing expectations of patients in developed 
and emerging regions. The ongoing improvement of 
existing treatment methods is driven by advances not 
only in medicine but also in technology and engi-
neering. Rapid prototyping (RP), particularly additive 

manufacturing (AM), has become popular in recent 
years as an alternative method for making prototypes. 
For example, in the automotive industry, AM pro-
totypes are used to validate engineering processes 

AM techniques, due to their speed and cost-
effectiveness, have attracted interest in various fields, 
including industrial design, automotive, manufactur-



30 A. Machaj, K. Sobczyk, W. Wojnarowska, M. Wanic

5, 2024, Pages 29-37 ISSN 2450-8217 

ing, as well as medicine, and biomedical and tissue 
engineering. In the medical field, 3D printing is used 
to create custom medical products such as prostheses, 
implants, surgical tools, and orthoses that are tailored 

Kumar and Sarangi, 2021; Pathak et al. 2023). 
Implants, prostheses, and orthoses are designed to

correct and alleviate dysfunction and disability 
(Hailey, 1995). However there are some differences 
between them. An implant is an internal medical 
device placed in the body to replace or support 
a damaged structure, a prosthesis is a device that 
replaces a missing body part, and an orthosis is an 
external medical device used to stabilize, support, or 
correct musculoskeletal dysfunctions (Chen et al. 
2016).

Using AM techniques for the production of 
medical devices allows them to be precisely tailored to 
each patient's unique anatomical characteristics, 
increasing comfort and effectiveness. Achieving these 
features is unlikely with universally mass-produced 
medical devices. Furthermore, this type of persona-
lization leads to better patient outcomes and greater 
satisfaction (Pathak et al. 2023; Tserovski et al. 2019). 
Furthermore, as indicated by Boretti (2024), 3D 
printing reduces production time and costs while 
offering patients the same or better functionality. This 
is particularly beneficial in cases where traditional 
methods can cause discomfort due to bulkiness or poor 
fit (Oud et al. 2021).

Musculoskeletal disorders (MSDs) are prevalent 
conditions that significantly affect the quality of life 
and functional abilities of individuals. As indicated by 
Mohaddis (2023), the use of orthoses as a treatment 
modality for these disorders is common and well 
documented in clinical practice. Orthoses, commonly 
used to limit joint mobility, have been employedfor 
more than 150 years in the treatment of various 
musculoskeletal conditions (Mohaddis, 2023). How-
ever, they are not only useful for immobilizing 
fractured limbs; postoperative (Donato et al. 2023),  
and rehabilitative (Mohaddis, 2023) variants are also 
popular. They are routinely prescribed to improve 
mobility in children and adults with neurological 
disorders such as cerebral palsy, Charcot-Marie-Tooth 
disease, stroke, and multiple sclerosis (Haque et al. 
2023); there is also potential to help with Patello-
femoral pain syndrome (PFPS) (Smith et al. 2015). 

Orthotic devices (orthoses) can be divided into 
three types based on the anatomical structure of the 
human body: spinal orthoses, upper limb orthoses, and 
lower limb orthoses. Names indicate the specific 
anatomical joints and body parts that each orthosis 
supports (Nouri et al. 2023). For example, one of the 
orthoses for the upper extremity is a wrist hand 

orthosis (WHO) that covers the wrist and hand, 
including fingers (Costa, 2024). A rehabilitative 
WHO, such as a dynamic splint, is used to aid in 
recovery of hand function after injury, surgery, or 

2024; Zhou et al. 2024). This type of orthosis provides 
controlled movement and support to the fingers, wrist, 
and hand, facilitating the rehabilitation process by 
improving range of motion, reducing stiffness, and 
assisting in muscle re-education (Yang et al. 2021).

Different types of fastening are used in the design 
of orthoses. For instance, Poier et al. (2021b) used for 
their design of wrist orthosis velcro straps, Li and 
Tanaka (2018) used elements such as velcro straps and 
screws, whereas Paterson (2013) used a very unique 
fastening system that incorporates rubber bands. 
Moreover, the parts of orthosis could be also 
connected by a snap fit shape connection, such as in 

The choice of fastening plays a critical role in both 
the effectiveness and user comfort of the orthosis. 
According to the study by Ferrari et al. (2021), 
fastening systems significantly influence how well an
orthosis fits the user. A popular option for fastening 
rehabilitative orthoses due to their ease of adjustment 
and user-friendly application are velcro straps, as 
confirmed by studies such as Poier et al. (2021b), Li 
and Tanaka (2018), and Cazon et al. (2017). 3D-
printed orthoses offer significant advantages over 
traditional methods such as mass-produced ones or 
plaster casts (Oud et al. 2021; Zhou et al. 2024). These 
include superior customization, allowing precise 
tailoring to an individual's unique anatomical features, 
which enhances both comfort and effectiveness (Oud 
et al. 2021). Using AM to produce custom orthoses 
allows for rapid and cost-effective production (Pathak 
et al. 2023). Moreover, it allows for a more flexible 
approach to design (Zhou et al. 2024). The freedom of 
design enables the creation of highly specialized and 
personalized orthoses, including the incorporation of 
various fastening methods to meet the needs and 
preferences of the individual patient (Li and Tanaka, 
2018; J et al. 2019).

The goal of this paper is to design a personalized 
3D-printed wrist orthosis, while also exploring 
different fastening methods to enhance its adherence 
and effectiveness. To achieve this, a systematic 
product development process was followed, including 
concept generation, evaluation of various fastening 
options (such as Velcro straps, screws, and magnets), 
and final product specification. This paper will discuss 
the design process, the selection criteria for fastening 
methods, and the overall performance of the 
personalized orthosis.
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2. Materials and Methods

2.1. Product Development

At the beginning of product development was to 
conduct a literature review to generate ideas for 
different fastening methods for wrist orthoses. Based 
on the literature, many options for fastening 
mechanisms were identified. The authors chose two of 
them: Velcro straps due to their popularity and screws, 
which were used in only one project. Screws were also 
considered due to their availability and low cost. 
Moreover, it was decided to use for fastening 
mechanism elements such as magnets. To the best of 

fastening mechanisms of wrist orthoses has not been 
described in the literature, and the authors believe it is 
worth considering due to the availability and low cost 
of magnets. The next step of product development was 
to design an initial model of orthosis.

2.2. 3D Model Creation and Processing Workflow

To obtain models of wrist orthoses, modern digital 
technologies such as 3D scanners and computer-aided 
design (CAD) were chosen, similar to the approach of 
Zhou et al. (2024). The creation of the orthosis can be 
divided into several key stages as shown on Fig. 1.

Fig. 1. Process for model creation

Initially, detailed requirements for the orthosis and 
scanning parameters are established. The patient's 
hand is then scanned with an 3D scanner to create an 
accurate digital anatomical model. Preliminary data 
processing follows to remove any unwanted artifacts 
and noise, which is crucial for maintaining the model's 
accuracy. The cleaned model is then exported to 
specialized CAD software for further processing and 

customization of the orthosis design. Finally, the 
orthosis is designed based on the hand model, incor-
porating appropriate fastenings such as Velcro straps, 
screws, or magnets, and is thoroughly analyzed for 
ergonomics, user comfort, and functionality.

2.2.1. Initial model of wrist orthosis

The development of the orthosis began with 
establishing detailed requirements and scanning 

an advanced 3D scanner, creating a digital anatomical 
model that captured even the smallest details (Kumar 
and Sarangi 2021; Silva et al. 2024). In this project, 
a detailed scan of the left hand was performed using 
the Shining 3D Einstar scanner. This device is 
equipped with three infrared VCSEL structured light 
projectors, which are safe for the eyes. The scanning 
process began with preparing the subject's hand, which 
included positioning the hand correctly and ensuring 
optimal lighting conditions to achieve the best results. 
The entire scanning procedure took less than thirty 
minutes, demonstrating the efficiency and advanced 
technology of the device. 

Upon completing the scan, an initial 3D model 
of the hand was obtained, as shown in Fig. 2A. 
Unfortunately, this model contained several artifacts, 
which could have resulted from various factors such as 
hand movement during scanning or light reflections. 
Preliminary data processing using tools available in 
the dedicated scanning software (EXStar  Software) 
removed those artifacts and noise to ensure the model 

involved using filtering algorithms that automatically 
identified and eliminated unwanted elements.

The next step was model segmentation, which 
involved isolating the selected area from the rest of the 
scanned object. This was achieved by cutting the 
model with a suitably positioned cutting plane (Fig. 
2B). This step was crucial to obtain a model 
encompassing only the part of the arm and hand where 
the orthosis would be applied (Fig. 2C). Isolating just 
this section of the scanned model reduced the file size, 
which in turn made further processing of the model 
require less computational power.

The obtained model contained various irregula-
rities, including gaps in the scanned surface. There-
fore, it underwent further corrections. The repair of the 
model was carried out using the same software by 
employing available editing tools. One of these tools 
allowed for the reconstruction of missing parts of the 
model.

As a result of the implemented corrections, 
a digital model of the upper limb was obtained. The 
3D model of the hand was not only free from 
disturbances but also accurately reflected the real 
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proportions and anatomical structures. This model 
served as a reference during the modeling of the final 
orthosis, ensuring the orthosis would meet the 
requirement of being customized.

Fig. 2. Three stages of processing the 3D model of the left hand:
(A) Raw scan with artifacts, (B) Segmentation and extraction 

of the hand, (C) Final, corrected 3D model of the hand

The cleaned model was exported to CAD software 
for further processing and customization. However, 
the import required file format conversion, as the 
initial model was a point cloud. This conversion was 
performed in SpaceClaim software by approximating 
spline curves. The process involved covering the point 
cloud with elementary NURBS (non-uniform rational 
B-spline) surface patches. The resulting model was 
saved in STEP format.

After importing the model into Autodesk Inventor, 
the first step was to divide it along the axis of the 
hand using planes. The model was divided into se-
veral parts, where hand outlines were created. Then, 
the loft function was used, allowing these outlines 
to be selected and a figure to be formed based on 
them. This resulted in a model of the hand based on 
the previous scan, which could be further refined 
(Fig. 3).

The next step was to create an offset, which 
involved forming a new solid offset 5 mm from the 
hand. Another offset was created on this offset model, 
also offset by 5 mm, which formed the orthosis 
skeleton. After performing these operations, the hand 
model and the first offset could be turned off, allowing 
direct work on the orthosis skeleton.

Fig. 3. Shows the stages of creating the model in Autodesk 
Inventor. The process starts with setting up reference planes (top-
left) that define the cross-sectional profiles of the object. More 
planes are added (top-right) to capture different sections along the 
length of the model. These cross-sections (bottom-left) guide the 
creation of the final 3D shape (bottom-right), resulting in a solid 
                        model ready for further processing

Cutouts for the fingers and a cutout at the back of 
the hand, which allows easy insertion of the hand into 
the orthosis, were added to the orthosis skeleton. The 
next step was to round all parts to eliminate potential 
sources of discomfort. As a result, a 3D model of the 
wrist orthosis without the fastening mechanism was 
obtained. The next step was to incorporate suitable 
fastenings, such as Velcro straps, screws, or magnets.

2.2.2. First design - Velcro Fastenings

The first and simplest concept implemented was 
the use of Velcro fastenings. This straightforward, 
yet innovative idea offers an exceptional ease of 
application and removal, particularly important for 
individuals with rheumatological conditions or those 
who need to wear an orthosis intermittently. Velcro 
fastenings provide several advantages, including 
simplicity and adjustability. They are incredibly user-
friendly, allowing quick and effortless fastening and 
unfastening of the orthosis, greatly facilitating daily 
use (Bader and Pearcy 1982). Additionally, the 
adjustability of Velcro enables a customized fit to the 
individual's specific needs, enhancing comfort and 
minimizing any discomfort associated with wearing 
the orthosis, which is crucial for individuals with 
limited mobility.

Implementation:
1. Cutout Creation: Initially, a suitable cutout is 

made at the back of the orthosis (see photo 
Fig. 4.) to create the required space for mount-
ing the Velcro.

2. Velcro Attachment: The next step involves 
attaching the Velcro in the designated area, 



Design for assembly: wrist orthosis design concepts proposals 33

5, 2024, Pages 29-37 ISSN 2450-8217 

which required sewing it onto the orthosis. This 
step required precision and skill to ensure that 
the Velcro was securely attached and would 
perform effectively in regular use.

Fig. 4. Back (left photo) and front (right photo) 
of the 3D model for velcro fastenings

2.2.3. Second design - Screws

The second concept involved the use of screws. In 
this approach, the orthosis is divided into two parts and 
printed separately. Special protruding areas were 
added to allow the orthosis to be screwed together. 
This method is particularly suitable for individuals 
who use an orthosis as a substitute for a cast and do not 
remove it by themselves. The use of screws makes the 
orthosis more secure and robust, ensuring that it 
remains in place and functions effectively without the 
risk of being accidentally removed.

Implementation:
1. Design Modification: The orthosis is divided 

into two parts and printed separately, with 
special protruding areas to enable it to be 
screwed together.

2. Square Nut Integration: Cutouts are added 
inside the back half of the orthosis to 
accommodate a square nut (Fig. 5.) This square 
nut, printed along with the orthosis, provides 
a more stable and stronger base for the screws.

Fig. 5. Front (left photo) and close -up of the place for 
square nut (right photo) of the 3D model for screws

2.2.4. Third design - Magnets

The third concept involves dividing the orthosis 
into two parts, similar to the previous designs, but 
using neodymium magnets to join them. This approach 
is particularly suitable for people who need a secure
and easy-to-use fastening method without the com-
plexity of screws or the manual effort required for 
Velcro. Neodymium magnets provide a strong and 
reliable connection, ensuring that the orthosis remains 
firmly in place while also being easy to detach when 
necessary. This option is ideal for people who require 
frequent adjustments or need to remove the orthosis 
quickly and effortlessly, such as children, the elderly, 
or people undergoing physical therapy.

Implementation:
1. Design and Integration: The orthosis is divided 

into two parts, with neodymium magnets 
embedded within the material to join them 
(Fig. 6.).

2. Magnet Placement: Internal placement of the 
magnets ensures that the orthosis remains 
lightweight and maintains its aesthetic 
appearance.

Fig. 6. Two elements of the orthosis (left photo) and close-up of 
the place for magnets (right photo) of the 3D model for magnets

2.5. Material Selection for 3D printing

For FDM printing, materials such as PLA, ABS, 
PA (nylon), PETG, TPU, HIPS, and PVA can be used, 
offering diverse physical and chemical properties. For 
printing an orthosis mostly three materials are used 

Kumar and Sarangi 2021; Steck et al. 2023).
ABS (Acrylonitrile Butadiene Styrene) is chara-

cterized by high strength, rigidity, and durability. It is 
resistant to heat and chemicals, making it suitable for 
applications requiring high mechanical resistance. Its 
printability is also high, allowing for precise models. 
However, ABS is less environmentally friendly com-
pared to PLA and requires a higher printing tem-
perature, which can affect energy costs (Poier et al. 
2021a).

PA (Polyamide, Nylon) is distinguished by exce-
ptional strength and durability, as well as resistance to 
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chemicals and heat. It is flexible and abrasion-
resistant, making it ideal for applications requiring 
high resistance to mechanical stress (Kumar and 
Sarangi 2021). However, printing with nylon can be 
more demanding due to its hygroscopic nature, which 
means that it absorbs moisture from the environment.

PLA (Polylactic Acid) is a biodegradable and 
easy-to-print material, making it environmentally 
friendly and suitable for less experienced users. PLA 
offers moderate strength and rigidity, which are 
sufficient for many medical applications, such as 
orthoses (Poier et al. 2021b). Its heat and chemicals 
resistance is lower than ABS and nylon, but its 
ecological potential and ease of processing make it an 
ideal choice for this project [9].

2.6. Printing of the chosen design

The first design, which incorporated a fastening 
mechanism using Velcro straps, was chosen for 3D 
printing. As shown in Fig. 7B, the model was imported 
into PrusaSlicer 2.7.4.

Fig. 7. Stages of the printing process. A - model in Autodesk 
Inventor. B - model imported into a dedicated Prusa slicer 
program to prepare it for 3D printing. C - printed model 

on Prusa Mini 3D printer

The model was positioned on the build plate 
without internal infill, as its geometric design provides 
sufficient structural support. Supports were added for 

overhanging sections to ensure an accurate repro-
duction of complex geometries. The printing settings 
included a layer height of 0.2 mm, a nozzle tempe-

was the material used for the print. Fig. 7C shows the 
model after printing on the Prusa Mini, still attached to 
the build plate with supports intact. The total print time 
was approximately 5.5 hours, with a material con-
sumption of 90 grams.

After printing is completed, the model is removed
from the printer and the supports are removed. Organic 
supports used in this process allow for easy and quick 
removal. A special open-cell foam was adhered to the 
inside of the orthosis.

This particular type of foam was chosen for its 
properties that allow for better skin breathability, 
reducing hand sweating, and minimizing the risk of 
skin irritation. However, several alternatives can also 
be considered depending on the specific needs of the 
user.

An alternative to open-cell foam is the use of 
silicone gel. It is often used because of its ability to 
evenly distribute pressure, which is beneficial for users 
with more sensitive skin. Silicone gel also provides 
excellent cushioning and is very durable, making it an 
ideal choice for orthoses requiring long-term use.

In the pre-planned locations, fastening elements 
were placed to ensure proper fit and stability of the 
orthosis on the patient's limb. In this case, Velcro 
straps were sewn in which can be seen in Fig. 8. This 
fastening method allows the user to easily and quickly 
adjust the orthosis to their individual needs and 
ensures that the orthosis stays in place.

Fig. 8. Front and back view of the finished wrist orthosis

3. Results and Discussion

The primary objective of this study was to create 
personalized 3d printed wrist orthosis. The secondary 
goal was to prepare concepts of three distinct fastening 
methods for 3D printing orthosis with: Velcro, screws 
and neodymium magnets. This process started with 

nned 
data were then utilized to create accurate digital 
anatomical models using advanced CAD software, 
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allowing for the customized design of the orthoses. 
Each orthosis design incorporated one of the three 
fastening methods. 

Velcro fastenings significantly enhance user-
friendliness, especially for those who need to use such 
medical equipment regularly. Moreover, those are 
among the most popular methods (especially commer-
cial wise) (Aranceta-Garza and Ross 2021; Coppard 
and Lohman 2020). This method is so common due to 
its cost-effectiveness. Velcro straps are inexpensive 
and readily available, making them an economical 
choice for orthosis fastenings. Furthermore, the ease of 
replacement ensures that the orthosis can maintain its 
functionality over a long period, even if the Velcro 
wears out. However, one of the challenges associated 
with Velcro is its tendency to lose grip over time, 
especially with frequent use and exposure to dirt and 
moisture (Bader and Pearcy 1982). This requires 
regular inspection and maintenance to ensure that 
the orthosis remains effective. Additionally, visible fa-
stening elements can sometimes affect the aesthetic 
appeal of the orthosis, which may be a consideration 
for some users.

Using screws for fastening could offer superior 
stability and durability. Screws are believed to provide 
a tight and secure connection, ensuring that the 
orthosis remains in place and does not shift or become 
loose during use. This is particularly important for 
patients who require a high level of support and 

However, the use of screws also presents some 
challenges. The assembly and disassembly of screws 
require tools, which can be time-consuming and 
complex for some users. This can be a disadvantage 
for patients who need to adjust or remove their orthosis 
frequently. Additionally, protruding screw heads can 
sometimes cause discomfort or irritation, especially if 
they are not adequately cushioned or covered.

Using neodymium magnets to fasten the orthosis 
could offer several significant advantages. One of the 
primary benefits is the elimination of external visual 
changes to the orthosis, as the magnets are embedded 
within the material and do not alter its appearance, 
maintaining a discreet and aesthetically pleasing look. 
Additionally, the internal placement of the magnets 
would ensure that the orthosis remains lightweight and 
comfortable to wear. Neodymium magnets also could 
provide a unique advantage in terms of ease of use. 
They require minimal effort to fasten and unfasten, 
making them an excellent choice for individuals with 
limited hand strength or dexterity. This can signi-
ficantly enhance the user experience, particularly for 
elderly patients or those with conditions affecting their 
motor skills. However, there are some drawbacks to 
using neodymium magnets. These magnets are brittle 

and can easily crack or become damaged if handled 
carelessly. They are also prone to corrosion in humid 
conditions, which can affect their longevity and 
performance. Additionally, neodymium magnets are 
more expensive to produce than other fastening 
methods, which can increase the overall cost of the 
orthosis (Kapustka et al. 2020). The overall summary 
of the three concepts is presented in Table 1.

Table 1. Specification of the designs

First design
Second 
design

Third design

Fastening type Velcro
Screws and 

nuts
Neodymium 

magnets
Orthosis Single part Two parts Two parts

Fastening 
mounting

Sewing
Nut inside 
orthosis

Magnets inside 
orthosis

Appearance
Velcro 

straps under 
orthosis

Screw 
visible on 
both sides

No visual 
indication

Suggested 
usage

Universal Fractures For kids

Bonding 
strength

Medium High Low

Degree of 
difficulty

Medium Hard Easy

4. Conclusions

This study presents valuable insights into the 
practical application of various fastening methods for 
wrist orthoses, providing preliminary guidance for 
their development. This may prove helpful to engi-
neers involved in the development of orthoses.

This study represents a novel application of neo-
dymium magnets for fastening wrist orthoses, to the 
best of the authors' knowledge. Although magnets are 
easy to use, they appear brittle, prone to corrosion, and 
expensive. Further development is needed to enhance 
their suitability for orthotic applications. Magnets 
may be suitable for low-load or supplementary uses, 
possibly in combination with other fastening methods.

Velcro straps emerged as a user-friendly and cost-
effective fastening option. It is recommended for wrist 
and hand orthoses due to its ease of use and adapta-
bility. However, Velcro may wear out over time and 
has some aesthetic drawbacks that should be con-
sidered in design.

Screws as a fastening mechanism offer stability 
and durability but require tools for adjustment and may 
cause discomfort. They are best suited for applications 
where high stability is essential.

Overall, while Velcro is currently the most 
practical and popular choice, ongoing innovation in 
fastening technologies is crucial for advancing orthotic 
solutions. The research highlights the importance of 
continuing to explore and develop new fastening 
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methods to enhance the functionality and user ex-
perience of orthoses.

4.1. Future research directions

The study underscores the need for further 
research to explore advances in magnetic fastenings 
and hybrid methods. Long-term user studies are also 
recommended to refine these fastening technologies 
and improve orthosis design, ensuring greater effecti-
veness and user comfort.
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Abstract
The article presents the construction and operating principle of a turbine jet engine. The basic types of engines of this type
are presented, such as single-rotor single-flow jet engines, single-flow dual-rotor engines (which are another development 
version of single-rotor engines), as well as dual-flow engines which are currently most commonly used in passenger aviation, 
and contra-rotating propeller engines and turbine propeller engines. Also presented their applications, such as propulsion of 
various types of. In the further part of this paper, the development trends of turbine jet engines are described, based on patents 
that have been granted in recent years. One of the cited patents is the use of a fuel cell to power an electric motor used to start 
a turbine jet engine. Also presented the concept of an electric motor providing propulsion of aircraft. An engine of this type 
is devoid of a turbine and a combustion chamber, and the machine shaft rotates only using electricity. The purpose of this 
paper is to present the construction and operating principles of turbine jet engines and examples of the current development 
of this type of construction, as well as to determine future development trends for those devices.
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1. Introduction

The jet engine is the basic element of every 
aircraft. It is responsible for providing the necessary 
thrust to generate lift, which allows the aircraft to fly.

The design of jet engines has clearly evolved along 
with the development of the entire aviation industry. 
This was a consequence of the continuous process of 
improving air transport, in the face of the growing 
demand for the provision of air services - in the form 
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of transporting people and goods. It should also be 
clearly emphasized that there would be no 
development of civil aviation without the development 
of military aviation. For a very long time, modern 
solutions were first introduced in military applications, 
and when they proved themselves there, they were 
transferred to the civilian environment.

A jet engine consists of several sections, which 
are: inlet, compressor, combustion chamber, turbine 
and nozzle. An optional addition is an afterburner, 
which allows both achieving high forward flight speed 
and minimizing the time to reach this speed. A cross-
sectional diagram of a jet engine is shown on Fig.1.

Fig. 1. Cross- sectional diagram of a jet engine, 
(Source Aeronautics-Guide)

The principle of operation of a turbine jet engine is 
based on the increase in pressure of the air flowing into 
the device, with the help of the related pressure it flows 
into the combustion chamber, where it is mixed with 
fuel using evaporators or swirlers. It is in the 
combustion chamber that the resulting fuel-air mixture 
ignites, which generates thrust. Next, the air with an 
increased temperature falls onto the turbine blades. 
The main task of the turbine is to drive the compressor. 
It is worth noting that this component is the most 
critical part of the entire engine. This is because the 
turbine operates at a very high temperature, in the 

enormous thermal loads and those caused by conti-
nuous rotation, it is considered that the turbine 
determines the parameters of the entire jet engine.

The engine is started in several different ways. For 
this purpose, it is possible to use the APU Auxiliary 
Power Unit. This device is placed at the rear of the 
aircraft, the purpose of which is to provide electrical 
energy to a miniature electric engine, coupled to the jet 
engine. The value of this speed is several thousand 
rpm. By giving the shaft rotational speed, the 
rotational speed of other engine components also 
increases. Through this action, it is possible to supply 
fuel to the chamber and ignite it, which causes a further 
increase in rotational speed.

As mentioned, the design of the jet engine has 
evolved as a result of the growing requirements placed 
on aircraft structures. Therefore, the purpose of this 
article is to present the various variants of turbine jet 
engines, the history of their development, and the 
effects of current research.

2. Types of turbine jet engines

Due to the specificity of their operation, turbine jet 
engines have several basic variants. This division 
results directly from the different conditions of use of 
such devices, and consequently different values of 
rotational speed achieved by aircraft power units. In 
addition, it is necessary to distinguish the application 
of a given type of engine. An engine used in civil 
aviation will look different than in military aviation. 
This results from the specificity of this use. For 
example, before a civil aircraft takes off, it is necessary 
to start the engine earlier in order for the power unit to 
gain temperature and for the materials to adapt to the 
working conditions. In military aircraft, we deal with 
different situations. Often, when we deal with the so-
called duty pair (a pair of aircraft standing on the 
airport tarmac in combat readiness), the pilots of these 
machines must immediately start the aircraft to 
perform the flight task after receiving the order. As 
a result, they do not warm up the engine. Therefore, 
engines used in military machines are exposed to 
greater thermal loads and those resulting from the 
action of axial and radial forces of the operating 
engine.

2.1. Single-rotor single-flow jet engine

These are the simplest turbine engines. Currently, 
they are used as a drive for "target aircraft" or flying 
models and some types of cruise missiles or unmanned 
reconnaissance aircraft. They can also be used as 
a source of power for selected types of disposable, 
training, training-
and others).

The advantages of this type of construction are the 
simplicity of the design, which enables low-cost 
production and operation. The value of available 
thrust, generated by single-rotor, single-flow turbine 
jet engines, oscillates within the range of 1,000 daN to 
2,000 daN for combat aircraft and within the range of 
several to a dozen or so daN for flying models. 
Fluctuations in the generated thrust value in such 
a wide range result from the very versatile use of this 
type of engine. The disadvantages of these single-flow 
machines are the limitation of operational parameters 
due to their simplicity of construction. These limited 
parameters are the short engine start-up time, or the 
acceleration and deceleration time.
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These, the simplest jet engines are not economical. 
The value of the specific fuel consumption is slightly 
lower than 1 kg/daNh, during operation in the cruise 
range. As the described design developed technically, 
air vents, adjustable guide vanes (in the case of axial 
compressors), adjustable outlet nozzles or adjustable 
guide vanes were introduced. The improvement of the 
device allowed for a significant reduction of the 
acceleration and deceleration time without the risk of 
stalling and damage to turbine or compressor parts. As 
a result of these changes, the safety of flying and the 
efficiency of performing aviation tasks improved 

-section dia-
gram of this type of engine is shown in Fig. 2.

Fig. 2. -flow 
channel: PK adjustable compressor guide vanes, U air release 

after the compressor, D adjustable outlet nozzle, pal. fuel, 
pow. air, spal 

An example of an aircraft equipped with a single-
flow turbine jet engine is the MiG-19 aircraft, which 
were used in Poland at the turn of the 1950s and 1960s. 
They were equipped with a pair of RD-9B engines 
developed in the design office of Alexander Mikulin. 
In engines of this type, air bleed was used during start-
up and operation in the lower range of rotational 
speeds with simultaneous, full opening of the exhaust 
nozzle flaps (as is the case during afterburner ope-
ration). During engine operation in the cruise range, 
the flaps were partially closed. In turn, full deflection 
was used at the maximum range of rotational speeds 

and others).
One of the modifications of the single-flow engine 

was the introduction of a twin-rotor design.

2.2. Single-flow dual-rotor jet engine

The diagram of a single-flow, dual-rotor engine is 
shown in Fig. 3.

Fig. 3. Single-flow, twin-rotor jet engine: 1 low-pressure 
rotor, 2 high-pressure rotor, 3 medium-pressure rotor, 

4 afterburner, pal fuel, spal exhaust gas,
(Source:

An example of a used twin-flow turbine jet engine 
is the British Olympus engine from Bristol Aero 
Engines. It was introduced into production in 1955, 
and its development versions (Rolls-Royce/SNECMA 
Olympus 593) were used to power the famous 
supersonic Concorde aircraft. Twin-rotor engines were 
used in Poland, and their production began in 1959. An 
example of an engine from this period is the R11F-300 
engine, equipped with an afterburner. It was the 
powerplant of various versions of the Mig-21 aircraft. 
A characteristic feature of the R11F-300 engine is its 
compact design, and the eight-stage compressor (4+4) 
it is equipped with allows for obtaining a compression 

The value of the obtained 
compression ratio depends on the engine version 

2.3. Dual-flow engine

Dual-flow engines are now commonly used in civil 
passenger aviation. An example design of this type of 
engine is shown in Fig. 4.

Fig. 4. A dual-flow turbine jet engine equipped with a mixer 
and afterburner F100- PW-229, (Source:

Andrzej Komorek)

As we can see in the above diagram and from the 
name of the presented device, it is equipped with 
a second air flow, bypassing the basic engine 
components. Thanks to this, the dual-flow engine 
allows to achieve cruising speeds in the range of 

-

2.4. Contra-rotating propeller engine

The next step in the development of turbine jet 
engines was the introduction of the contra-rotating 
propeller fan drive. 

The term "counter-rotation" means the swirling of 
the air behind the propeller, which increases the 
amount of air flow energy moving parallel to the
direction of flight, which is converted into thrust of the 
power unit. The diagram of the described counter-
rotating propeller-fan engine is shown in Fig. 5.
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Fig.5. - propeller-fan, 
exhaust gas generator compressor, pal. fuel, pow. air, 

spal. 

One example of the use of aircraft powertrains 
equipped with a fan-type engine is the An-70
aircraft.

2.5. Turbine propeller engine

Turbine propeller engines are characterized by the 
addition of a propeller to a turbine jet engine in order 
to improve the operating properties of the power unit 
in a limited speed range. An example of the use of this 
type of engine is passenger and transport aircraft that 
do not require high-speed flight and are characterized 
by low acquisition and use costs. These include, for 
example, the ATR-72 civil aircraft or the CASA C-295
military transport aircraft. The diagram of the turbine 
propeller engine is shown in Fig. 6.

Fig. 6. Schematic diagram of a single-rotor propeller engine: 
1 rotor of the exhaust gas generator, pal fuel, spal. exhaust 

gas, pow 

Currently, turbine propeller engines are imple-
mented as single- or, currently more often, twin-rotor, 
which can be considered as another development 
version of this type of drive. 

3. Current development of turbine jet engines

Nowadays, more and more attention is paid to 
renewable energy sources. This has its resonance in 
the face of quite clear efforts to reduce greenhouse 
gas emissions. These voices of opposition to CO2 
emissions do not bypass the aviation industry either. In 
2016, in the United States, a patent was filed for an 
aircraft engine using a fuel cell.

3.1. Application of fuel cell in turbine jet engine

A fuel cell is used to obtain electrical energy from 
hydrogen fuel.

The need to develop an engine using a fuel cell 
arose from the imperfections of the compressor. If the 
compressor reaches the so-called threshold tempe-
rature, the air can interfere with the operation of the 
compressor, which causes difficulties with lubrication 
of this element. As a consequence, the amount of work 
necessary to compress the air to a given pressure 
increases. Consequently, this can adversely affect the 
efficiency of the compressor, i.e. not using its full 
potential. The solution to this shortcoming may be the 
elimination of air heat energy from the compressor 
section, which is provided by the engine using a fuel 
cell. In addition, the use of a fuel cell provides power 
to the electric motor used to start the turbine jet engine, 
and the final product of the chemical reaction in the 
fuel cell is water (General Electric Company, Moha-
mmed El Hacin Sennoun). The diagram of this so-
lution is shown in Fig. 7.

Fig. 7. Schematic representation of a turbine jet engine equipped 
with a fuel cell: 10 axial direction, 16 sample core of a turbine 
jet engine, ,38 variable pitch fan, 46 power transmission, 
82 electric motor, 84 fan transmission, 86 fuel cell, 96 hy-
drogen tank as fuel for the fuel cell, (Source: General Electric 
                  Company, Mohammed El Hacin Sennoun)

3.2. The concept of a fully electric turbine 
jet engine

Another interesting concept is a motor that uses 
electric current to rotate the motor shaft. A diagram of 
such a concept is shown in Fig. 8.

As we can see in the diagram above, this engine 
lacks a combustion chamber and a turbine. This is due 
to the lack of need to burn fuel in this type of engine, 
because the entire engine is, in a way, one large electric 
coil.

Due to the lack of most moving parts in the engine 
and the absence of a combustion process, this type of 
engine is characterized by overall greater operational 
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safety (Codrin-Gruie Cantemir), which is of great 
importance in the aviation industry. 

Fig. 8. Isometric diagram of a hybrid turbine jet engine: 3 main 
rotor, 5 high-pressure compressor, 7 mid box, 9 rotor, 

10 bent spokes, 14 booster, 15 cooling channels, 
16 combustion section, 17 turbine assembly sockets, 

(Source: Codrin-Gruie Cantemir)

4. Development of fuel technology in aviation

Currently, there is an increasing talk about the 
need to reduce emissions of harmful greenhouse gases. 
This also applies to aviation. One of the alternative 
solutions is the use of biofuels in aviation. Currently, 
one of the most interesting works on a fuel competitive 
to the currently used E85 and AGE 85 is the work on 
synthetic fuel from biomass. They are conducted by 
Prof. Ja
Astronautics and Aeronautics Engineering, founder of 
Swift Enterprises Ltd. A characteristic feature of this 
type of fuel is the lack of oxygen compounds. Its 
composition is 82.5% m/m mesitylene and 16.9% m/m 
isopentane and trace amounts of other hydrocarbons. 
After completing the initial tests, Swift, in cooperation 
with the FAA, conducted engine tests. The test results 
confirmed low wear of engine parts, no contamination 
and good fuel quality. The only drawback was a slight 
deformation of the fuel pump diaphragm. It should be 
mentioned, however, that tests of the discussed fuel 
type were carried out on piston engine (Zbigniew 

When considering substitutes for fuels currently 
used in turbine jet engines, it is worth mentioning the 
concept of Bio-Jet fuel. This is a fuel produced using 
oil processed from biomass. The first breakthrough 
event related to the use of this type of fuel was 
obtaining certification for Jet fuel produced from 
microalgae by the American company Solazyme. 

Using this type of fuel, the reduction of greenhouse gas 
emissions reaches 95%. Work on Bio-Jet fuels was 
also carried out by Boeing, which in 2008, in 
cooperation with UOP LLC Honeywell, presented the 
practical application of Bio-Jet fuel, developed by 
itself a year earlier under a government contract. This 
type of fuel also meets the requirements for fuels used 
in turbine jet engines, i.e. a freezing point value of less 
than -47 and a flash point exceeding 38 The fuel 
developed by UOP was called Bio-SPK. Moreover, in 
the case of this fuel, the basis for production was 
a process involving catalytic hydrorefining of oil from 
microalgae and vegetable oils.

In favor of the use of biofuels, there are a number 
of other important factors. By using a significant 
degree of raw material conversion, we can minimize 
the amount of waste products. In addition, through 
greater production of biofuels, it is possible to obtain 
the use for current agricultural wastelands or poor 
quality soils (Bohdan Naumienko, Grzegorz Rarata). 
This will be a huge advantage for supporting domestic 
agriculture. It should also be taken into account that in 
the production of more technologically advanced 
fuels, it is necessary to use algae or microalgae, which 
entails the need to build appropriate infrastructure and 
have the appropriate experience.

5. Conclusions and summary

The turbine jet engine is an extremely innovative 
device. Despite the various concepts presented in this 
study, this device is still being developed. This is due 
to the constantly increasing demand for innovative 
devices of this type, as aviation has more and more 
applications. This has been demonstrated by the 
current war in Ukraine, where various types of aircraft 
are very often used - including drones.

Given the ongoing international tensions, we can 
expect an increase in interest in the design of turbine 
jet engines, which will be designed to provide 
propulsion for aircraft in such a way that they can gain 
air superiority in confrontation with enemy machines. 
Based on history, we can say that technology used for 
military needs will pass into the civilian environment 
and gain its new applications there.

In civil aviation, more and more attention is being 
paid to the need to protect the environment. It is often 
said that the conventional aircraft propulsion, which is 
constituted by turbine jet engines, should be replaced 
by renewable energy sources. The solution to this 
problem may be the use of the engine presented in this 
study, in which a fuel cell is used to drive an electric 
starter engine, or the presented hybrid turbine jet 
engine, in which electricity plays the leading role. It is 
also worth emphasizing that this type of energy can be 
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generated using renewable sources, but it can also be 
easily transferred and stored, for example using 
batteries. In the coming years, we can expect the 
development of just such a source of aircraft 
propulsion.

The development of fuel technology is inevitable 
if we are to talk about the development of the aviation 
industry. This is related to the current efforts to reduce 
greenhouse gases. The use and further development of 
biofuels in aviation will have a huge impact on the 
shape of the aviation industry in the coming years.

This study can be an introduction to a more in-
depth analysis of the development of turbine jet 
engines, which is extremely innovative and has 
enormous research potential. It can also be a review of 
the individual types of turbine jet engines currently in 
use.
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1. Introduction

Suspension systems play a key role in ensuring 
a safe, smooth and comfortable ride. Their essential 
components are damping elements, which are 
typically telescopic hydraulic dampers. The use of 
dampers in cars is crucial for active safety or collision 
prevention. They enable maintaining the appropriate 
tire-to-ground grip on various types of surfaces and 
stabilizing the vehicle during driving and braking 
(Gardulski, 2009). It is therefore not surprising that 
with the growing demand for passenger cars and light 
commercial vehicles in emerging economies and the 
growing trend of electric and hybrid vehicles, the 
global automotive damper market is expected to grow 
at a CAGR of 5.4% over the next ten years (2023-
2033) (Persistence Market Research, 2023). Manu-
facturers at the OEM (car manufacturers) and Tier1 
(component suppliers) level are therefore looking not 
only for innovations in the design of dampers 
themselves but also in the modernization of their 
production. This applies particularly to the optimi-
zation of energy and material consumption and quality 
testing with appropriate precision. 

1.1. Dampers types

Modern car suspensions are complex mechanical 
systems with damping and elastic elements. Dampers 
found in vehicle suspensions can be divided into two 
groups with several varieties: mono-tube and twin-
tube (Fig. 1). Main differences between those groups 
was collected in Table 1.

Fig. 1. Simplified drawing of the mono-tube (A) and twin-tube
(B) variants. A(1) external tube; A(2) piston rod; A(3) oil 
chamber; A(4) piston valve; A(5) floating piston; A(6) gas 
chamber; A(7) mounting element; B(1) external tube; B(2) 
piston rod; B(3) pressure tube; B(4) piston valve; B(5) gas-

oil chamber; B(6) base valve; B(7) mounting element

Twin-tube basic consists of two cylinders 
placed one on top of the other: an internal pressure 
cylinder and an external reserve cylinder. There is 
a compression valve in the lower part.

Twin-tube gas its general structure is very 
similar to the simple version. Nitrogen is introduced 
into the external cylinder at low pressure. This has 
resulted in a reduction of the foaming or aeration of the 
oil. The foaming phenomenon occurring when the 
temperature of the twin-tube system increases causes 
hydraulic fluid leakage. Dampers of this type pre-
dominate in modern vehicle suspensions.

PSD position sensitive damper another 
evolution of the twin-tube damper in the gas version. 
The pressure cylinder is additionally equipped with 
grooves here, improving the freedom of movement of 
the piston in the middle range of the stroke, in the so-
called comfort zone. On the other hand, the piston 
moves with significantly less freedom when driving on 

the suspension and greater control over the vehicle 
the so-called control zone.

ASD acceleration sensitive damper change in 
the design of the compression valve enabling a faster 
response to individual unevenness.

Table 1. Mono-tube and twin-tube comparison

Mono-tube Twin-tube

Main differences

The housing is also a cy-
linder with a piston rod 
guidance system, oil and 
gas placed inside
A floating piston separates 
the oil and gas chambers
High gas pressure

Pressure pipe, cylinder is pla-
ced inside the outer pipe (hou-
sing). The piston rod moves 
inside the pressure pipe.
Oil and gas chambers are not 
separated
Low gas pressure

Pros

Stable damping force over 
time due to larger oil 
capacity and better heat 
dissipation
Larger piston valve allows 
for greater precision while 
generating low damping 
forces
No restrictions on the 
mounting angle
Easier heat dissipation
No oil aeration due to the 
separation of the chambers

It is easier to ensure sufficient 
lift with a shorter structure 
length
The use of a base valve 
allows the use of low gas 
pressure driving is more 
comfortable
Low gas pressure avoids seal 
stress and reduces friction
The damper remains func-
tional with minor damage to 
the outer tube

Cons

Construction more susce-
ptible to damage (single 
tube, which is also a hou-
sing)
Maintaining sufficient stro-
ke is made more difficult 
by the serial arrangement 
of the chambers, the greater 
length of the damper for the 
same stroke
High gas pressure causes 
a "stiffer ride", greater seal 
stress and friction

Lower oil capacity
Smaller piston rod
The design limits the possible 
mounting angles
The oil and gas chambers are 
not separated, which causes 
aeration and foaming as the 
temperature increases
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Mono-tube initially patented in the 1950s by 
Bilstein (Shelton, Chris, 2017). consists of a single 
pressure cylinder containing both gas and oil medium. 
It has two pistons: a working piston and a floating 
piston, which move inside the pressure tube. Both 
pistons completely separate the liquid and gas 
components of the damper. This type of damper has 
a longer design than the twin-tube, and has no 
directionality of assembly. The nitrogen pressure is 

The output force of the damper is described by 
a complex function of the hydraulic valve charac-
teristics, dimensions, oil properties, gas pressure and 
fluid phenomena, e.g. cavitation. Numerous works 
(Lang, 1977; Duym, Steins, Reybrouck, 1997; 
Farjoud, Ahmadian, Craft, Burke, 2012; Ferdek, 

of modeling the output damping force and provide 
specific models, such as the dynamic model of the 
Lang twin-tube damper (Lang, 1977). These models 
are of key importance for the functional characteristic 
test stations of dampers (Sikora, 2017).

1.2. Assembly lines design process basics

Assembly lines (ALs) represent a fundamental 
method in mass production environments, facilitating 
efficient product assembly through the use of workers, 
dedicated machines, or robots. The design of assembly 
lines is crucial as it directly impacts the efficiency and 
productivity of manufacturing processes. The primary 
objective of assembly systems is to enhance line 
efficiency by maximizing the throughput-to-cost ratio, 
which is essential for maintaining competitiveness in 
today's demanding markets (Adham et al., 2013; 
Nourmohammadi, Eskandari, 2017).

Assembly line design (ALD) involves several 
critical components, including the development of 
products, processes, and plant layout, which must be 
meticulously planned before the actual construction of 
the assembly line. This planning phase is vital as it 
ensures that the assembly line operates smoothly and 
efficiently once implemented. The interaction of these 
components throughout various stages of the ALD 
process is crucial for achieving optimal performance 
(Bortolini et al., 2017; Triki et al., 2017). For instance, 
the assembly line balancing problem (ALBP) is a well-
known challenge that arises during the design phase, 
where the goal is to allocate tasks among workstations 
in a manner that minimizes idle time and maximizes 
productivity (Nourmohammadi, Eskandari, 2017; 
Cohen, 2013).

Product analysis includes a review of the product 
design, adhering to standard 'design for assembly' 
(DFA) principles and task precedence constraints. The 

module focused on operating modes and techniques 
suggests suitable assembly methods, as well as 
possible modes for each task: manual, automated or 
robotic (Gao et al., 2019). 

The line layout (LL) problem is divided into 
logical and physical layouts. Developing the logical 
layout involves distributing tasks among the stations 
along the assembly line, whereas the physical layout
determines the placement of stations, resources, 
conveyors, buffers, and other equipment on the factory 
floor. The logical LL includes challenges such as 
assembly line balancing (ALB) and resource planning 
(RP). In manual assembly lines, balancing aims to
equalize the workload across stations. For hybrid 
assembly lines (HALs), where operations can be 
performed manually or with robots and automated 
machinery, resource planning assigns resources to 
tasks and allocates tasks to stations (Yamada et al., 
2022).

Companies implemented various practices and 
tools, collectively known as concurrent engineering 
(CE), to enhance their product development processes. 
CE is fundamentally characterized by the integration 
of diverse expertise to address design challenges 
effectively and efficiently. The essence of CE lies in 
assembling the right individuals at the right time to 
collaboratively identify and resolve design problems. 
This approach fosters a multidisciplinary environment 
where various stakeholders, including system engi-
neers, designers, and decision-makers, can engage in 
real-time discussions and problem-solving activities. 
As noted by, the application of multidisciplinary 
design optimization methodologies enhances colla-
borative efficiency among these groups, allowing for 
a more cohesive approach to design challenges 
(Brevault et al., 2017).

The objective is to minimize the overall cost of the 
line by simultaneously addressing design conside-
rations (e.g., station space, cost), operational factors 
(e.g., cycle time, precedence constraints, resource 
availability), and designer preferences (e.g., task 
complexity) (Nag, 2023). This leads to a definition of 
crucial conditions for a company to be competitive on 
the market: quality, reduced time and low costs for the 

2020).

1.3. Car dampers production process

The first stage of damper production is forming 
tubes from a sheet of steel. The cut steel strips undergo 
a forming process using rotating rollers and are 
automatically welded after shaping.

The finished tubes are cut to the appropriate 
length depending on the type of damper. For further 
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consideration, the definition of the damper type was 
adopted as a production reference, i.e. a set of 
parameters defining the purpose of the damper, its 
dimensions, functional parameters and appropriate 
settings of the production machines on the line. The 
length of the tube cutting is precisely defined in the 
damper design and varies depending on whether it is 
a pressure or external tube. The external tube usually 
goes through additional processes related to ensuring 
the appropriate interface between the damper and the 
car's steering knuckle, e.g. the compression process of 
one of the ends, welding the pin or the steering knuckle 
clamp.

In the production of twin-tube dampers, valves 
controlling the internal oil flow are installed in the 
pressure tube, as well as additional elements in the 
form of rings or springs, depending on the valve 
design. 

The rolling machine crimps the valve end, closing 
the bottom of the pressure tube. The outer tube is 
closed with a cover with a welded mounting eye, 
which is the so-called basic system. The assembled 
subassembly can be loaded with the open part upwards 
onto the final assembly line, where the pressure tube 
subassembly with the piston rod is fitted and inserted. 
It is also filled with oil. Finally, the damper is closed 
by assembling a steel piston, pressure valve and 
piston rod guide with a seal. The gas component in 
the form of nitrogen is introduced before closing the 
piece. Finally, various types of connectors, sleeves 
or protective collars made of steel or rubber are 
assembled.

In the production of mono-tube dampers, the tube 
is manufactured in a similar way to the twin-tube outer 
tube. After closing on one side and welding, the tube 
ends are sent to a washer and then to the assembly line. 
There, the geometry is checked, oil is filled, the 
floating piston and piston rod unit are assembled, 
functional tests are performed, gas is filled and the 
other side of the cylinder is closed.

2. Damper assembly and testing line

2.1. Project main objective

The project aimed to develop and showcase 
a hybrid technological line for the assembly and 
testing of automotive dampers with various process 
improvements. Funding for R&D work was obtained. 

operations of ELPLC S.A., under Priority Axis I of the 
Smart Growth Operational Program 2014-2020
Support for R&D activities by enterprises. The 
initiation of this project was also driven by extensive 

experience in designing machines and production lines 
for automotive industry, using concurrent engineering 
practices and tools.

2.2. Target market

The implementation of the Project's results 
directly addresses the identified needs of the OEM 
and Tier 1 companies operating in the global market. 
These needs are primarily related to increasing the 
efficiency and flexibility of technological processes 
associated with the assembly and testing of the 
functionality and quality of car dampers. The target 
group highlighted the necessity of solutions that 
will allow them to increase production capacity, be 
cost-effective in terms of purchase and maintenance, 
and accelerate the fulfillment of orders. Moreover, 
the technological lines should offer various quality 
improvements, such as increased accuracy in mea-
suring the damping force or gas filling process 
optimization, and enable the customization of func-
tionalities to adapt to constantly evolving market 
trends.

2.3. Purpose of the line

The line presented in the study (Figures 2, 3, 4) 
assembles a ready-made twin-tube cylinder with 
a piston rod subassembly and a floating piston. The 
input components are: a mono pipe closed on one 
side with a welded tip, a ready-made piston rod 
assembly, a cap, oil, nitrogen, and labels. At the 
output of the line, the assembled damper is expected, 
ready for final assembly. Modularity was assumed in 
order to flexibly adjust the pallet flow and exchange 
stations, as well as easy conversion to various re-
ferences.

Fig. 2. 3D model with marked modules
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Fig. 3. Assembly line layout

Fig. 4. Assembly line panoramic photo

2.4. Main parameters for manufactured dampers

During development work, the widest possible 
range of line availability for typical product dimen-
sions was taken into account (Table 2). At the same 
time, efforts were made to maintain the ease of re-
tooling.

Table 2. Main parameters ranges

Parameter Value, range

Tube diameter range
Tube height range
Product height range
Maximum product weight 8 kg
Oil dosing volume
CTS1 test force -
CTS stroke range
CTS test speed
CTS maximum acceleration 10 g
CTS acceleration curves sin, triangle, trapezoid
CTS test frequency 16 Hz
Damper Closing Force (EPICS)
Gas pressure  (EPICS) 2,5 MPa max.
Gas force control 
Cap diameter
Spring bed ring diameter
Spring bed ring position
Transport pallet size 320 x 320 mm
1 CTS functional characteristics tester.

2.5. Line modules

2.5.1. Module 1 loading, geometry inspection, 
oil filling and assembly of the piston rod unit

The operator loads the finished pipe onto the 
transport pallet and confirms the loading. The pallet 
moves to a measuring gate that checks the pipe 
diameter and height, so that unsuitable or defective 
pipes can be eliminated at an early stage. 

The inspection is carried out using a vision system 
with a fixed focal length lens. The system is mounted 
on an electric linear module with a maximum range 
of 600 mm (Fig. 5).

Fig. 5. Geometry control gate schematic

After positive geometry verification, the pallet 
moves automatically to the oil filling station. Oil is 
dosed into the damper chambers using a precise 
servomotor control algorithm and pneumatic solenoid 
valves. The maximum capacity of the filling cylinder 
is 780 ml. This allows dosing in the designed range of 

MODULE 1

MODULE 2MODULE 3MODULE 4MODULE 5MODULE 6

MODULE 7
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and avoiding operation over the full range 
of the actuator movement.

The piston rod insertion station in this module is 
prepared to be operated by a 6-axis universal robot that 
performs this monotonous and tedious operation.

2.5.2. Module 2 functional characteristic tester

The actual measurement of the damping force is 
controlled using a force transducer with an appro-
priately increased range. The test force of 6.5 kN is 
confirmed by simulation with an additional margin. 
The force measurement is performed in a specific 
working position in range 0 to 400 mm.

Linear motors are characterized by maximum 
operating dynamics, allowing them to achieve high 
speeds quickly. The movement per unit of time is 
monitored using an external measurement system 
controlled by real-time systems.

The dynamics of the system related to its me-
chanical structure (Fig. 6), the path measurement 
resolution and the stability of readings allow for a wide 
range of speeds from 0.5 mm/s to 1500 mm/s. This 
range is also sufficient to perform functional tests of 
most dampers manufactured on the market.

Fig. 6. CTS testing tooling

2.5.3. Module 3 closing and gas filling (EPICS)

Closing the damper consists in rounding the 
upper part of the tube while simultaneously gassing 
and maintaining the appropriate gas pressure in the 
damper. 

The closing system is driven by a servo drive 
(Fig. 7). Then, a planetary screw coupled to the gas-
rolling head is driven by a gear (Fig. 7). The system 
reaches the point where a specific force value occurs.
The path is therefore dependent on the point where the 
set force occurs, and this depends on the type (pro-
duction reference) of the damper and its dimensions, 

and is therefore insensitive to the tolerance of the 
length of the tubes. 

The aim of developing the station was to reduce 
cycle time, which was achieved by integrating two 
operations in one machine. In classic solutions, the 
gas filling with initial closing and final closing stations 
are separated. The result of the development of EPICS 
is over 50% shorter cycle time. Use of real-time 
system and single cycle chart makes data analysis 
simpler.

Fig. 7. EPICS station main elements

The force measurement is performed using 
a resistance strain gauge with a range of 250 kN. It 
allows for the measurement of forces in the assumed 
range from 45 kN to 150 kN. Oversizing the transducer 
allows for increasing the durability of the system 
thanks to a significant range reserve and resistance to 
significant exceedances of the assumed range.

At the EPICS station, nitrogen pressure in the 
damper is achieved up to 2,5 MPa. A dedicated 
pneumatic system and a head and cylinder sealing 
assembly have been designed for this purpose (Fig. 7). 
Nitrogen under pressure is supplied to the damper in 
the closing head.

2.5.4. Module 4 gas force measurement

Gas force control in the typical range of 20-500N 
is a way to assess the correctness of the Module 3 
(EPICS) operations. The measurement is carried out 
using a resistance strain gauge with a range of 1.25 kN 
and a dedicated rotation system (Fig. 8). The adopted 
range of force values is typical for the vast majority 
of dampers manufactured. Module 4 also includes 
a piston rod thread blow-out system. Contaminants on 
the thread could falsify the result of the visual thread 
inspection on the next module.
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Fig. 8. Gas force test unit

2.5.5. Module 5 Thread quality control and cap 
assembly

The cap diameter taken from the transport pallet 
depends on the shape and dimensions of the gripper 
jaws (Fig. 9; Fig 10). Thanks to the retoolable jaws 
(yellow elements on Fig. 9 and Fig. 10), it is possible 
to ensure clamping of the overlay with a diameter in 
the range of 40-80 mm. For typical products on the 
line, a gripper with a stroke of 30 mm per jaw, 
a closing force of 260 N and an opening force of 
300 N was selected. The gripping system was 
equipped with a special system for quick jaw retooling 
with positioning. Below is a simulation of the 
clamping possibilities of jaws designed for diameters 
of 60 mm (Fig. 9). Additionally, the station has thread 
quality control performed by an original vision system 
with hi-res cameras.

Fig. 9. Cap gripper jaws open position

Fig. 10. Cap gripper jaws open position

It is important to consider the clearance needed 
when the jaws approach the cap and the proper 
adhesion and holding of the cap after crimping. 
Another limitation is the distance between the cap 
collection point and its mounting point on the damper. 
In our case, it is 90 mm x 90 mm. This is a range 
optimally selected for the typical cap diameters.

2.5.6. Modules 6 and 7 labelling, final control 
and unloading

The final stage of the production flow is labeling 
the damper, final inspection and unloading for further 
assembly. The presented line was based on a Bosch 
Rexroth BS 2/R series transport system with a metal 
accumulation chain. The load capacity of the transport 
drive is 1.5 kg/cm, which means that the weight of the 
320x320 mm pallet with the component cannot exceed 
48 kg. The recommended optimal range for this 
transport system is 20-25 kg, the project assumed 
23 kg. The pallet itself with the socket and RFID 
carrier weighs approx. 15 kg, which gives us a possible 
maximum component weight up to 8 kg. This is 
supported by ergonomic considerations and typical 
values for manufactured dampers. Before unloading, 
the damper passes through the final inspection station. 
The following product parameters are checked using 
a vision system:

mm,
mm,

Spring bed ring position: mm,
mm.

3. Summary

The planned milestones in the form of individual 
modules and the following innovative features of the 
line were achieved:

a) modularity of the installation,
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b) high accuracy of measurement on testing 
stations,

c) high automation of the technological line, 
robotization of piston rod immersion,

d) cycle time reduction (gas filling and closing 
module),

e) increased service life of modules / technological 
line.

The designed and built technological line meets 
required parameters covering a wide group of typical 
dampers manufactured in the world (see Table 2). 
After completing the design, assembly and program-
ming work, the line was launched. A test run of com-
ponents was carried out on each of the modules and 
their verification after the process and reference values 
were set. All modules have been validated in test 
production using real components. Finally only 2 
operators are required for full service of the line at 
the loading station (module 1) and unloading (mo-
dule 7).
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