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Abstract

A correct evaluation of the functional properties of floors is fundamental to diminish the risk of
slips and falls.

The friction between safety shoes and the floor, measured through the coefficient of friction, is
a determining factor for the evaluation of the level of safety that the floor provides. However, this
value is not intrinsic to the floor, it varies with the presence of a contaminant and with the type of
shoe being worn. Therefore, it is not surprising that, over the last decades, numerous studies have
been carried out on various equipment for measuring the friction of certain floors when there are
contaminants including water, soapy water or motor oil. Some of these tests have also looked at
the effect of the shoe tread pattern.

In this sense, the present work has the objective of on the one hand, making a review of the
equipment used for the measurement of friction between flat surfaces (floor and shoe) and on the
other hand, to design an equipment capable of carrying out these measurements, according to DIN
51130:2014-02.

The structural calculations performed show both at the static and dynamic level that the system
works and can, in the future, be built and used to perform the intended tests.
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Resumo

Uma avaliação correcta das propriedades funcionais dos pisos é fundamental para reduzir o risco
de escorregamentos e quedas.

O atrito entre o calçado de segurança e o pavimento, medido através do coeficiente de atrito, é
um factor determinante para a avaliação do nível de segurança que o pavimento proporciona. No
entanto, este valor não é intrínseco ao piso, varia com a presença de um contaminante e com o tipo
de calçado que está a ser usado. Por conseguinte, não é surpreendente que, nas últimas décadas,
tenham sido realizados numerosos estudos sobre vários equipamentos para medir o atrito de certos
pavimentos na presença de contaminantes como a água, água com sabão e óleo. Alguns destes
testes também analisaram o efeito do padrão da sola do sapato.

Neste sentido, o presente trabalho tem como objectivo, por um lado, fazer uma revisão do
equipamento utilizado para a medição do atrito entre superfícies (chão e calçado) e, por outro,
desenvolver o projeto de um equipamento capaz de realizar estas medições, de acordo com a
norma DIN 51130:2014-02.

Os cálculos estruturais realizados mostram que, tanto a nível estático como dinâmico, o sis-
tema funciona e pode, no futuro, ser construído e utilizado para realizar os testes pretendidos.

Palavras-Chave: Dispositivo, Medição do Coeficiente de Atrito, Quedas
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Chapter 1

Introduction

1.1 Context and Motivation

Falls are caused by a combination of environmental and human factors. Walking surfaces, shoes,

pollutants, heights, inclination, and lighting are all environmental considerations to account for.

Sensory abilities, biomechanics, neuromuscular control, and information processing are all human

factors. Most falls are caused by an individual’s incapacity to adjust to changes of the surround-

ings. If the biomechanics of gait are not adjusted, increasing the slipperiness of a floor surface

would result in a greater chance of slipping and falling. In order to prevent slippage, friction must

be used to counterbalance the shear forces generated during gait. Whenever the available friction

between the shoe and the floor is insufficient to fulfill the biomechanical demands, a slip is likely

to occur, potentially resulting in injury.

The slip resistance of the shoe’s surface contact with the ground is considered the most im-

portant environmental element in falls. A low friction level on the shoe-floor interface can lead to

a lack of traction, which can cause a slip and eventually a fall. However, a misstep that does not

result in a fall can also lead to injury because even if stability is regained after a slip, injuries can

still occur as a result of contacting an object or a muscular tension [1].

One of the most frequent causes of fatal and non-fatal workplace injuries is slips and falls due

to slick conditions [2] and 90% of these accidents are due to wet floors, according to the Health

and Safety Executive (HSE) [3].

In 2019, trips and falls accounted for 15.50% of reported occupational injuries and 21.15% of

deaths among Portuguese citizens [4]. Since these types of events are so recurrent, they are the

biggest cause of worker’s compensation claims and days away from work [5]. Thus, preventing

them will reduce these events [6]. It should be noted that these values do not include injuries

caused by slipping and recovery and are therefore underestimated, which means that the number

of injuries due to this type of event is much higher than reported [1].

Therefore, in a natural way, it is possible to understand the importance of investment in the

purchase and use of appropriate safety equipment adapted to the working conditions in question.

1



2 Introduction

However, to choose the best safety shoe, it is necessary to determine the best floor-shoe combi-

nation that translates into a higher coefficient of friction. This is where the interest in having a

machine that allows testing different floors with different shoes comes in, to evaluate the coeffi-

cient friction for each case and understand if the shoe meets the safety standards.

The motivation behind this project comes from the ambition to design a machine that is able

to meet the requirements of DIN 51130:2014-02 and at the same time is more affordable than the

market standard. Another aspect that could be improved is the possibility of making the solution

more compact, especially in terms of height, so that the application is not so restricted in terms of

available space.

1.2 Goals

Given the scope of this dissertation, the goals of this article are:

• To present the existing devices for the evaluation of the coefficient of friction;

• To design an equipment to measure the coefficient of friction based on the DIN 51130

standard.

1.3 Methodology

In the first phase, the development of this dissertation was focused on the study and gaining of

knowledge about coefficient of friction and safety shoes. Based on this, the study of friction be-

tween the sole of safety shoes and the floor was deepened in order to understand this phenomenon

and the impact it has on workplace safety and accident prevention.

In a second phase, as the main purpose of this project is the development of an equipment to

evaluate the friction in safety shoes, the mechanisms already existing in the market were inves-

tigated, followed by an in-depth study of their characteristics and requirements, focusing on the

system that is the subject of standard DIN 51130.

The project of the machine was carried out based on the obtained information. To do so,

the necessary calculations for the dimensioning of its components and structure were performed.

Additionally, the software ANSYS was used to verify the structural integrity of the final design.

Finally, a 3D model of the project was created using SolidWorks while simultaneously dimen-

sioning the components.

1.4 Structure of the Dissertation

This dissertation is divided into the following chapters:

In Chapter 1, a brief description of the dissertation topic is made. In addition, the main goals

and the methodology adopted in its development are shown.
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Chapter 2 aims to review the main equipment for the evaluation of friction on floor surfaces, as

well as to known their operation and features, with special emphasis on the mechanism on which

this dissertation is based. This chapter also introduces some key concepts such as friction and the

gait cycle to ensure a thorough understanding of this project.

Chapter 3 explains the entire mechanical design, from the choice and dimensioning of its

constituent elements, highlighting the implemented lifting system, to its structural verification

using ANSYS. Additionally, it covers the preliminary calculations made to determine the loads

that the system is subjected to, models that were considered for the project before the decision

was made, and a three-dimensional model of the machine in the starting and final positions for

various viewpoints.

Lastly, in Chapter 4, the conclusions drawn from the work developed are presented, as well as

possible future work.
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Chapter 2

State of the Art

This chapter examines the approaches used in the literature to link shoe friction to the danger of

slipping and falling. It also examines the under-shoe dynamic circumstances during walking, as

well as human gait factors that are related to slippage and their effects on the likelihood of slips

and falls.

Furthermore, some of the most commonly used coefficient of friction measuring equipment

are presented and reviewed.

2.1 Understanding the Gait Cycle

To better understand, slips and falls it is important to know the phases and forces that are involved

during walking.

The gait cycle is divided into stance and swing phases as shown in Figure 2.1. The stance

phase, which is the most important one, accounts for approximately 60% of the entire cycle and is

separated into heel strike (A), loading reaction, mid-stance (B), terminal stance (C), and pre-swing

(D) [7, 8]. Figure 2.2 depicts the evolution of the normal and horizontal forces during this phase.

Figure 2.1: Gait Cycle adapted from [8]

5
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Figure 2.2: Typical ground reaction forces: Normal force (solid line); Horizontal force, (dashed
line); standard deviations (dotted lines) [7]

The key times in a step are when the horizontal force reaches its peak, meaning when the

demand for friction is greatest. This happens throughout the heel strike phase and the terminal

stance, as shown in Figure 2.2 [7, 9]. When comparing these two stages, the initial heel impact

(heel strike) is regarded as the stage with the greatest risk of falling since a person is less capable

to regain balance at this moment [7].

The lack of sufficient friction between the shoe and the surface is one of the fundamental

factors that lead to a slip, and it is on this that the following section’s study is based.

2.2 Friction

Slip risk is measured in shoe studies using the coefficient of friction (COF) at the shoe-floor inter-

face. The ratio of shear forces parallel to the surface to normal forces perpendicular to the surface

is used to determine this value. This coefficient is difficult to calculate because it is influenced by

the shoe material, the surface, shoe thread, and the contaminant [10].

A slip occurs when the available coefficient of friction (ACOF) is less than the required coef-

ficient of friction (RCOF) [11, 10, 6] between the shoe and the surface. These two parameters are

used to calculate the likelihood of slipping.

The required COF is impacted by gait biomechanics [12], and it is often measured on dry

surfaces with a force plate, with human subjects walking on the floor with complete confidence

and no fear of slipping [12, 13]. This is significant since it affects how the individual walks and can

lead to incorrect results [14]. Thus, when a human mistakenly goes onto a contaminated surface

from a dry surface, this criterion of comparing the needed and accessible COF might be used.

A friction assessment tool is designed to mimic a slip when measured on flooring both with and

without contaminants in order to evaluate the highest COF that may be supported at the shoe-floor

contact for the ACOF.

Even though individuals are less prone to slip on dry surfaces, the devices are nevertheless

designed to monitor the breakaway force, which is defined as the greatest COF that can be [13].

Knowing these values, slips can be minimized by increasing ACOF or decreasing RCOF [12].
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2.3 Coefficient of Friction Measurement Equipment

The coefficient of friction can be measured using a variety of instruments. These are divided into

two categories: those that measure the static coefficient of friction and those that measure the

kinetic coefficient of friction.

Studies like [1, 15] show that the majority of foot slips occur during kinetic foot movement

conditions, hence the kinetic coefficient of friction (KCOF) is a better indicator of the floor-

contaminant-footwear friction capabilities. As a result, only kinetic friction measuring equipment

will be discussed.

Within this category, there are systems that simulate human slippage circumstances, such as

the pendulum, STM 603, ramp tests, and systems that do not, such as the Tortus and the SlipAlert.

Other tests fall into these two categories, however, they will not be addressed since they are not

preferred to the ones listed above.

The testing should preferably meet the following parameters to be as near to a human slip as

possible:

- For whole-shoe devices, the normal force build-up rate should be at least 10 kN/s;

- A standard contact pressure of 200 to 1000 kPa is recommended;

- The sliding speed should range from 0 to 1.0 m/s;

- The maximum contact time before and during the COF calculation should be 600 ms [11].

It is crucial to highlight, however, that no machine can be used as an absolute reference for

determining slip resistance. Certain devices may perform better than others under specific circum-

stances. For instance, a certain device might be effective at forecasting slips and falls on greasy

surfaces but useless in wet conditions [6, 1, 16]. That is why it has to be chosen based on the

nature of the conditions being evaluated.

2.3.1 Pendulum

The Portable Skid Resistance Tester, also known as the British pendulum tester, was initially de-

signed in the 1940s to measure the slip resistance of floors in government facilities. The instrument

was adopted and refined in the late 1950s to investigate problems associated with highway design

and upkeep and to evaluate the frictional resistance of new roadways, railway infrastructure, and

road markings [7].

Today, the pendulum is most commonly used to test the shear strength of roads, office surfaces,

footbridges, shopping center floors, factories, airports, and sports facilities - both during the design

and post-installation stages and in accident investigations [17].

This device measures the dynamic coefficient of friction of a floor surface. Consists of a

pendulum arm with a rectangular spring-loaded rubber slider with a specified hardness that sweeps

a certain area of flooring (see Figure 2.3).
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This test measures the energy lost as the slider is dragged and decelerated over the surface to be

tested, which influences the swing of the pendulum. This test accurately replicates the interaction

between the foot heel and the floor during normal walking gait [3]. The higher the friction, the

less the pendulum oscillates and the greater the value of the sliding resistance [18, 3].

Figure 2.3: Schematic drawing of the pendulum test device [19]

The British pendulum is the only portable slip resistance meter that HSE has adopted for

determining how slippery a floor is under wet and dirty circumstances. However, it must be utilised

and evaluated by a skilled and knowledgeable operator in order for it to be a reliable test [18, 3].

The values measured in the tests are obtained in British Pendulum Number (BPN), which

directly represent the risk of slipping, as shown in Table 2.1, and indirectly represents the friction

obtained between the shoe and the floor. Although the dynamic effects of the slider’s spring-loaded

configuration cause a slight but noticeable variance, BPN values are typically judged to be roughly

equivalent to COF times 100. Due to this, the relationship between the values obtained in BPN

and the coefficient of friction is described by Equation 2.1.

COFPendulum = (
110
BPN

− 1
3
)−1[7] (2.1)

Table 2.1: Slip potential classification, based on British Pendulum Number (BPN) [7]

Slip Potencial BPN COF
High 0 - 24 0 - 0.235

Moderate 25 - 35 0.246 - 0.356
Low 36 + 0.367 +

As verified by the previous equation, the higher the BPN value, the greater the resistance of-

fered by the surface to the passage of the rubber of the pendulum. This result is greatly influenced

by the choice of rubber. The type of rubber used for this tester is determined by the analysis to
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be performed. That is, a hard rubber is used to simulate the use of footwear, while a soft rubber

is used to simulate barefoot use such as bathroom floors,showers, and swimming pool decks [19].

For example, products tested with the moderate hardness TRL rubber will frequently be classified

lower than those tested with the greater hardness “Standard Shoe Sole Simulating” rubber also

known as Four S or as Slider 96 [20]. To get an idea, a 35 BPN result corresponds to a 0.36

coefficient of friction, which is usually considered as a one-in-a-million chance of slipping [21].

2.3.2 Tortus

The Tortus (see Fig. 2.4) is a drag-sled type of digital motorized tribometer that moves along the

floor by dragging a rubber base.

Figure 2.4: Tortus device [22]

The tribometer records and calculates the resistance of the floor by dragging a rubber over a

certain distance of at least 150 mm. The average dynamic coefficient of friction is determined

after crossing the entire given distance. KCOF values greater than 0.50 indicate that the machine

is having trouble dragging the rubber, resulting in a fall-resistant floor. When the KCOF value is

less than 0.50, it is assumed that the Tortus moves easily and that the floor is slippery [20, 23].

In both dry and wet settings, the battery-operated instrument can be used to assess the resis-

tance to sliding of a broad range of flooring surfaces, including ceramic tiles.

When compared to the pendulum, the Tortus has the benefit of being able to do several slip re-

sistance tests in a short amount of time making this useful for swiftly evaluating and/or evaluating

numerous regions of a vast floor to see if slip resistance changes in different areas [23]. Moreover,

because it does not require any connecting wires or a computer, this device is completely portable.

Nevertheless, because this test is a patented device, there is no standard to back it up, however, the

Ceramic Tile Institute of America (CTIOA) has sponsored it as a secondary standard since 2001,

after the pendulum [20].

2.3.3 SlipAlert

The SlipAlert type instrument tribometer slides down an aluminium ramp with a defined slope and

height before contacting the ground, as shown in Figure 2.5 [23].

Once on the ground, the SlipAlert slides on two front wheels and a rubber slider at the rear

(see Fig. 2.6), mounted at the same angle to the ground at the moment of impact as the Pendulum

slider.
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Figure 2.5: SlipAlert [22]

Figure 2.6: SlipAlert slider rubber detail adapted from [24]

The unit includes an integrated digital display that shows the distance traveled, which is then

easily converted into a coefficient of friction using the diagram attached to the ramp [3, 23]. This

chart can be seen in detail in Figure 2.7. As expected, the more slippery the ground, the less energy

is absorbed and the longer the distance traveled by the SlipAlert [23].

Studies demonstrate that this mechanism can produce good results with a good correlation

to the Pendulum [3, 23] as proven in Figure 2.8, being able to distinguish between dry and wet

flooring. Moreover, when the COF values acquired by the two devices deviate, the SlipAlert tends

to err on the side of caution by underestimating the existent slip resistance. In other words, using

this test alone, it is unlikely that a pavement classified as safe is harmful [3].
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Figure 2.7: Conversion chart adapted from [25]

Figure 2.8: SlipAlert Correlation with BPN adapted from [25]

Although it is a lightweight and practical solution, it has some drawbacks, such as requiring

a larger floor surface than the pendulum and is not suggested where friction measurements are

crucial, such as in criminal investigations or product requirements [3, 23].

2.3.4 STM 603

The STM 603 Slip Resistance Tester is a computer-controlled friction tester for testing different

shoe-floor-contaminant combinations that reproduces the sole dynamics during the stages where

slip is most prone to occur [7, 26].

To perform the test, the shoe is fitted onto a shoemaking last and attached to the cage plate

of the friction rig [26], as shown in Figure 2.9. The test surface is located underneath the shoe.
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At the beginning of the test, a pneumatic cylinder lowers the cage plate, and consequently the

shoe contacts the ground and applies a pre-defined vertical force. A few seconds later, a motor

moves the floor and two force transducers measure the horizontal and vertical force between the

two surfaces, and a ratio of these two is displayed as COF on the final graph.

Figure 2.9: The STM 603 Slip Resistance Tester from [26]

This equipment has its own unique software which allows the test parameters to be controlled

within its operating limits. These include the:

- Vertical force applied

- Slip speed: the speed at which the floor surface is moved under the footwear;

- Snapshot low: timestamp at which the horizontal force measurement begins;

- Snapshot high: timestamp where the horizontal force measurement ends;

- Static contact time: the time interval between the shoe contact with the test surface and the

beginning of its movement;

- Average over: the number of COF measurements to be taken per test [26].

As stated in Chapter 2.1, the moment when half of the body weight is being supported, just

after heel strike and just before toe lift, is when a slip is most likely to happen. Therefore, the most

common use of this test is to recreate the instant when the heel strikes the ground, for such, the

shoe is mounted so only the back of the heel contacts with the test surface and that slipping occurs

in a forward direction [27]. Nevertheless, it is possible to position the shoe in other ways such as

flat contact or sideways-on.

At the end of the test, a graphic like the one in Figure 2.10 is obtained with four lines rep-

resenting the vertical and horizontal force, the coefficient of friction, and the distance traveled

[26, 27]. Since the test is dynamic, excessive static friction cannot be used to cover up poor

sliding resistance, providing more accurate findings [7].
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Figure 2.10: Typical plot displayed by the STM 603 [26]

2.3.5 Ramp Test

Ramp testing is a human subject-based technique that involves the use of trained test subjects

walking with an upright posture in a standardized way [23] forward and backward, facing down-

wards, on a platform over a contaminated floor sample [9, 19, 16]. To ensure the safety of the

walkers, the test apparatus is equipped with a safety harness and a fall protection system as shown

in Figure 2.11 [26].

The coefficient of friction of the flooring under test can be estimated using the average angle

of inclination at which the tester slips [16] and can be converted using a rating scale.

These tests are based on German standards, namely DIN 51097 and DIN 51130. The first is

used to test floors used in wet areas such as swimming pools, where barefoot walking is expected.

For this purpose, the test is done barefoot and soapy water is used as a contaminant [26, 19, 27, 16].

On the other hand, DIN 51130 uses heavily treaded safety shoes with soles and heels made of a

certain material and pattern and engine oil as a contaminant [9, 27]. The type of shoe under study

belongs to the range of personal protective equipment (PPE), which is commonly used in factories.

This standard is used to evaluate flooring materials used in areas with substantial levels of oil

contamination [9]. In addition to these discrepancies between standards, each one has a different

floor grading scale. Tables 2.2 and 2.3 show, respectively, the DIN 51097 and DIN 51130 classes.

Table 2.2: Classification of surface according to DIN 51097 [23]

Classification Angle [º] Coefficient of Friction Recommended use
A 12 - 17 0.21 - 0.31 Communal changing rooms

B 18 - 24 0.32 - 0.42 Swimming pool surrounds

C > 24 > 0.42 Swimming pool ramps or steps leading to the water
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Figure 2.11: Example of a test apparatus with safety equipment: 1- Safety harness and fall pro-
tection system; 2- Angle transmitter; 3- Inclinable platform upon which the flooring test piece is
attached. Adapted from DIN 51130 [28]

Table 2.3: Classification of surface according to DIN 51130 [28]

Classification Angle [º] Coefficient of Friction Recommended use
R9 6 - 10 0.11 - 0.18 Dry indoor areas

R10 10 - 19 0.18 - 0.34 Indoor or outdoor areas where there may be a minimal wetting remaining

R11 19 - 27 0.34 - 0.51 Areas which may be subject to heavy wetting of the surface

R12 27 - 35 0.51 - 0.70 Wet areas

R13 > 35 > 0.70
Areas which may be subject to heavy wetting of the surface combined

with other contaminants, steps or ramps

It is important to note that for a given combination of factors, i.e. floor-contaminant-shoe, the

inclination angle that is obtained as the maximum inclination does not translate into any level of

safety in the use of the same floor on surfaces with inclinations lower than the maximum. The

fact that these tests are made based on an angle is just a means to an end for assessing the slip

resistance of a surface when used flat [9].

This method of assessment can be done with different combinations of shoe types and wearing

conditions of the flooring, allowing to define more precisely the safe wearing conditions of the

flooring, but it does not allow in situ measurements since it is a laboratory test and due to its

dimensions it is not portable [26, 27].
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2.4 Conclusion

This section discusses some of the coefficient of friction evaluation equipment currently available.

It was noted that the measurement properties and settings of currently available coefficient of fric-

tion measurement instruments differ significantly from those seen in biomechanical tests and from

slips. They also provide extremely varied outcomes, although the majority of these devices can

nonetheless produce useful, user-accepted data. By improving the bio-fidelity and tribo-fidelity

of the equipment, their conditions and characteristics get closer to what actually happens at the

shoe-floor interface during a slip, and better results can be obtained.

All these methods allow the surfaces of hospitals, factories, schools, shopping malls, and

others to meet the safety standards for the minimum required coefficient of friction.

In addition, by analysing the gait cycle it was possible to understand why some equipment

tries to reproduce the heel contact moment to evaluate the coefficient of friction.
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Chapter 3

Mechanical Project

From the project requirements, several ideas for the machine’s lifting system were developed until

the final concept was reached. After determining the functional model, and defining the essential

components, it was necessary to find the dimensions required for them to function according to

the project specifications.

The most suitable materials were chosen, always following the advice of the suppliers, and

dimensioning was done according to material resistance criteria and applicable international reg-

ulations.

In addition, the stability of the structures were tested using the software ANSYS.

3.1 Design Specifications

The DIN 51130 standard, which regulates ramp tests for friction measurement, was used as a

starting point, and from there the requirements that the equipment has to meet to perform the

intended tests were taken. These are as follows:

- Walkable area: 2000 x 600 [mm];

- Testing area: 1000 x 500 [mm];

- Permissible inclination: 0 to 40°;

- Maximum angular velocity: 1º/s;

- Angle of inclination must not fluctuate by more than ± 1º when walked along;

- Continuous lifting movement or in 0.5º increments;

- Handrails to ensure the safety of the tester;

- Safety harness and fall protection system [28].

17
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3.2 Design Ideas

During the mechanical design phase, the first two major decisions that had to be made were re-

garding the rotation point of the system and the mechanism responsible for raising or lowering the

platform.

The following ideas emerged in response to these two questions until the final solution was

reached, after which the necessary calculations and tests were performed to complete the project.

It should be noted that preliminary calculations were performed for each of the models considered

to determine the load capacity required in each case.

3.2.1 Preliminary Designs

From the very beginning, contrary to what is currently available on the market, an attempt was

made to create a complete mechanical solution.

A vertically mounted S-model screw jack (translating screw) that lifted the platform was the

first model considered. The platform’s axis of rotation was located at the far end. This idea was

quickly abandoned due to several issues, including the need for a very large stroke, which would

be impractical for the required lifting force; because it is impossible to lift completely vertically

due to platform rotation, the screw jack would have to be able to slightly rotate, which would also

create instability. Furthermore, due to the model of the screw jack that would have to be used,

a very large space underneath the platform would be required to accommodate it, resulting in a

machine with a height of approximately 3 m when fully raised. In addition, the height of the tester

would limit where the machine could be used.

A modification of this model was to consider rotating in the middle and lifting at the end with

the same mechanism, but this also required a high stroke and the final height of the equipment

would also be very high.

A third approach was to place the S-model screw jack horizontally, pushing a perpendicular

bar, connected to two bars attached to the upper platform. However, in this case, the force tends

toward infinity in the beginning of the movement. One way around this problem was to apply the

screw jack directly by pushing/pulling a diagonal bar that would be sliding on wheels, but the force

that would have to be applied would also be too high due to the screw jack’s travel restrictions.

Another impediment to this solution would be the space required to accommodate the screw

jack as it rotated to achieve the full range of motion.

Another option was to use a horizontal R-type (rotating screw jack), with the advancing com-

ponent attached to a bar connected to the moving platform. This solution introduces two issues:

bending of the screw, because this equipment is only designed to accommodate forces in the direc-

tion of its movement, and here it would be subjected to forces perpendicular to its movement, and

depending on the length of the connecting bar, the screw jack would have to have a high rotation,

resulting in a very tall machine.

Finally, the course was completely altered, and a seesaw solution was considered, in which a

gear powered by a motor rotated and engaged with a timing belt, causing the top to descend. The
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issue here is that even using a chain tensioner would be an extremely unstable solution that would

not be appropriate due to system requirements such as varying the elevation angle when the person

walks. Furthermore, this would give the tester a sense of insecurity.

In all of these models, an electro-hydraulic cylinder has been proposed to replace the screw

jack, but the available strokes are insufficient. To be used in smaller strokes, their load capacity

would have to be much higher than it is now.

Below is an overview in the tabular form of the models and the reasons why they do not work

(see Table 3.1).

Table 3.1: Overview of the early designs

Models Mechanism Position Rotating Point Problems
1 Screw jack - Type S Vertical Left - Rotation - Space - Stroke

2 Screw jack - Type S Vertical Middle - Rotation - Space - Stroke

3 Screw jack - Type S Horizontal Left - Infinite force - Space

4 Screw jack - Type S Diagonal Left - Load capacity - Stroke

5 Screw jack - Type R Horizontal Left - Buckling - Space

6 Gear —- Middle - Instability

7 Electro-hydraulic cylinder Diagonal/Horizontal/Vertical Left/Middle - Stroke - Load capacity

3.2.2 Final Design

After several attempts involving a mechanical system, it was decided to lift the platform using

a hydraulic cylinder. Using a pneumatic cylinder was never considered because it is sensitive to

vibrations, which would be common due to a person walking on the platform, and lacks precision,

which would possibly necessitate adding more equipment to the pneumatic system to make it work

at the desired levels.

It was eventually decided on a rotation of the platform at the end performed by a hydraulic

cylinder that is mounted underneath the platform. This solution ensures structure stability during

operation, does not result in very high equipment when fully raised, and a good balance between

required force and required stroke.

Even though less force would be required, performing the rotation halfway along the length

of the platform was not chosen because it would result in a less compact unit with a higher final

height.

A schematic of the chosen system is shown in Figure 3.1.
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Figure 3.1: Schematic of the final configuration of the lifting system. Components in green are in
the starting position and in gray in the final position.

3.3 Three-dimensional Project

A 3D modeling was performed in SolidWorks 2021 of the entire project to ensure the correct di-

mensions of all components, to certify that there are no geometric interferences between them and

to facilitate the modeling process in ANSYS 2022. In addition, a three-dimensional visualization

allows a better perception of the final design.

3.3.1 Initial Position

For initial platform position different views of the machine are presented. In Figure 3.2, it is

possible to see the isometric view of the machine with a figure that has 1.75 m as scale reference.

Figures 3.3, 3.4, 3.5 and 3.6 show the front, side, top and bottom views, respectively.

Figure 3.2: Isometric view of the machine with a scale model
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Figure 3.3: Front view of the machine

Figure 3.4: Side view of the machine
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Figure 3.5: Top view of the machine

Figure 3.6: Bottom view of the machine

3.3.2 Final Position

For initial platform position different views of the machine are presented. In Figure 3.7, it is

possible to see the isometric view of the machine. Figures 3.8 and 3.9 show the front and the side

views, respectively.
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Figure 3.7: Isometric view of the machine

Figure 3.8: Front view of the machine when fully raised
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Figure 3.9: Side view of the machine when fully raised

In Appendix A are shown 2D drawings of the final structure in the initial and final position

with the main dimensions represented to give a better perspective of the space occupied by the

machine.

3.3.3 Rotation System

The system that allows the rotation of the platform can be seen in Figure 3.10 and is composed of

the U-shaped part (fork), pillow block unit, shaft and the associated fastening screw. This set is

used twice in the final equipment.
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Figure 3.10: 3D of the rotation system

3.4 Choice of Materials for the Different Components

This chapter discusses the materials to be used in the main components, taking into account not

only the mechanical requirements but also the surrounding conditions of their use, in the sense

of not only resisting the efforts imposed in the worst possible conditions but also their durability

to wear and degradation, guided by the idea of building something durable that requires little

maintenance to operate safely.

3.4.1 Main Body

During the design phase, it was decided that the main body of the machine, which consists of the

platform, base, and safety harness support, would be made of steel and welded together. On this

basis, AISI 1024 steel was chosen, which is unalloyed construction steel with a wide range of

applications, primarily in welded construction [29].

This material was chosen over stainless steel because the latter would not only be more expen-

sive but would also make welding the components more difficult, increasing the overall cost of the

machine.

However, since the machine is in contact with oil due to the kind of tests that are performed

on it, a solution to the oxidation problem had to be found. The simplest method discovered was to

paint the various components with an anti-corrosive paint after they had been assembled, thereby

creating a protective layer.

The main properties are shown in Table 3.2. For more information about the material see

Appendix B.1.

Table 3.2: AISI 1024 steel mechanical properties [29]

Density [g/cm3] Yield Strength [MPa] Tensile Strength [MPa]

AISI 1024 7.80 355 470 – 630



26 Mechanical Project

3.4.2 Shafts

For the shafts it was chosen the AISI 1045 steel, which corresponds to a medium carbon construc-

tion steel that can be used as is or heat treated. It is a steel with a wide range of applications,

appearing in almost all families of the metal-mechanical sector [30].

The main properties are shown in Table 3.3. For more information about the material see

appendix B.2.

Table 3.3: AISI 1045 steel mechanical properties [30]

Density [g/cm3] Yield Strength [MPa] Tensile Strength [MPa]

AISI 1045 7.84 330 - 640 580 - 770

3.4.3 Other Components

Components such as the shafts, the bushings that guide the fork fixing bolts and those that guide

the pillow block unit fixing bolts, and the bars that allow the floor to be tested and fixed will all be

made of the same material as the main body, AISI 1024.

3.5 Load Analysis

The initial part of the mechanical project entails drawing a free body diagram (see Figures 3.11

and 3.12) to determine the ideal combination of angles and lengths for the hydraulic cylinder’s

load capacity and needed stroke.

To be safe, it was estimated that the tester had a mass of 200 kg (Ft), the platform had a mass

of 250 kg (Fp), and the acceleration of gravity was 10 m/s2. Furthermore, because the worst-case

scenario should always be considered, the tester was assumed to be at the far end of the support.

Figure 3.13 shows the forces applied on the system when it is in the initial position.

Figure 3.11: Free-body diagram of the platform in the starting position
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Figure 3.12: Diagram of the machine in the upper position

Figure 3.13: Diagram of the machine in the starting position

The Equations that results from the free-body diagram are as follows:

∑Fx = 0 ⇒ Rax +Fc cosβ = 0 (3.1)

∑Fy = 0 ⇒ Ray +Fc sinβ = Ft +Fp (3.2)

∑Ma = 0⇒Ft ×L×cosα+Fp×
L
2
×cosα =Fc×(L1×cosβ ×sinα+L1×sinβ ×cosα) (3.3)

a1 =
hp

tanβinitial
(3.4)
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DA = L1 −a1 (3.5)

a2 = L1 × cosα f inal (3.6)

a3 = a2 −DA (3.7)

Lc f inal =
a3

cosβ f inal
(3.8)

Stroke = Lc f inal −Lcinitial (3.9)

Where:

Fc: Hydraulic cylinder force [N];

Rax: Reaction on the x-axis at the support [N];

Ray: Reaction on the y-axis at the support [N];

Fp: Platform weight force [N];

Ft : Tester weight force [N];

α: Platform elevation angle [º];

β : Angle that the hydraulic cylinder makes with the x-axis [º];

L: Platform length [mm];

hp: Distance, vertically, from the floor to the support [mm];

L1: Distance between cylinder and platform contact and support [mm];

DA: Horizontal distance between cylinder and support [mm];

Lcinitial: Hydraulic cylinder length in the initial position [mm];

Lc f inal: Hydraulic cylinder length in the final position [mm];

Stroke: Hydraulic cylinder stroke [mm].

The trigonometric relation that relates the βinitial to h, L1, and a1 is given by Equation 3.10 and

β f inal is given by Equation 3.11 where α = 45º.

βinitial = tan−1(
h
a1

) (3.10)

β f inal = tan−1(
hp +L1 × sinα

a1
) (3.11)

Due to the large number of variables, h and Lcinitial were varied until an optimal combination

was obtained. The cylinder force and the reactions for various values of L1 were then calculated.
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It was decided for an L = 2080 mm because the minimum length of the walking area is 2000

mm according to the standard and for a h = 400 mm to ensure enough space for the hydraulic

cylinder without the platform being too high above the floor level. The cylinder length Lcinitial was

obtained according to the stroke that was entered in the supplier’s online cylinder configurator.

As a result, the actual value of the stroke and the cylinder force for the different lengths of L1

were changed until a favorable combination of values was reached. This decision was made in an

effort to strike a balance between a cylinder force that was reasonably low and a cylinder stroke

that wasn’t excessively high. The length of the cylinder was determined to be 885 mm when fully

retracted. Table 3.4 displays the values obtained for the cylinder force and support reactions for

these dimensions.

Table 3.4: Force of the hydraulic cylinder and support reactions for the different L1 distances

Initial α = 0º Final α = 45º
L1 [mm]

Fc [N] Rax [N] Ray [N] β [º] a1 [mm] DA [mm] β [º] a2 [mm] a3 [mm] Lc [mm]
Stroke [mm]

1220 12 259.43 -10 935.77 -1 040.98 26.87 789.45 430.55 71.11 862.67 432.12 1 334.56 449.56

1380 10 838.04 -9 667.85 -398.55 26.87 789.45 590.55 74.36 975.81 385.25 1 428.73 543.73

1450 10 314.83 -9 201.13 -162.07 26.87 789.45 660.55 75.65 1 025.30 364.75 1 471.24 586.24

1500 9 971.00 -8 894.43 -6.67 26.87 789.45 710.55 76.52 1 060.66 350.11 1 502.03 617.03

1600 9 347.81 -8 338.52 275.00 26.87 789.45 810.55 78.17 1 131.37 320.82 1 564.62 679.62

1700 8 797.94 -7 848.02 523.53 26.87 789.45 910.55 79.69 1 202.08 291.53 1 628.39 743.39

1800 8 309.17 -7 412.02 744.44 26.87 789.45 1 010.55 81.09 1 272.79 262.24 1 693.22 808.22

1900 7 871.84 -7 021.91 942.11 26.87 789.45 1 110.55 82.39 1 343.50 232.95 1 759.00 874.00

2080 7 190.63 -6 414.25 1 250.00 26.87 789.45 1 290.55 84.50 1 470.78 180.23 1 879.44 994.44

The critical moment is at the beginning of the movement when the platform is parallel to the

ground, so the value of the cylinder force was only calculated for that instant.

After analysing the results, the option with the cylinder applied 1500 mm (L1) from the support

was chosen, resulting in a required force of 9971.00 N and a stroke of 617.03 mm.

With this in mind, the next step was to design the components.

3.6 Dimensioning of the Components

3.6.1 Platform

The Platform (see Fig. 3.14) is composed of three elements: a metal plate 2000 x 600 x 3 mm, a

frame consisting of a square profile with 40 mm side length and 3 mm in thickness (see Fig. 3.15),

and a support structure (see Fig. 3.15) which is welded together using rectangular profiles of 60

x 30 mm with a thickness of 3 mm and of 100 x 30 x 3 mm. Intermittent welding is used to join

these three components.
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Figure 3.14: 3D design of the platform

Figure 3.15: 3D design of the frame (grey) and the support structure (green)

The supporting structure was designed with a grid-like appearance rather than a cross to allow

the cylinder to be fixed and to facilitate the welding of the components. Furthermore, this enables

better and stronger hydraulic cylinder mounting.

3.6.2 Base

For the base it was chosen a welded construction of two types of profiles. At the ends rectangular

profiles of 110 x 50 mm with 5 mm thickness were used and in the connections between the

ends 75 x 50 x 3 mm profiles were used, and for the intermediate connection, which supports the

hydraulic cylinder while providing more stability, a square profile of 50 mm on a side with 5 mm

thickness was chosen.
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The dimensions of this structure were determined based on the components that were going to

be attached to it such as the pillow block units, the cylinder and the harness support. Figure 3.16

shows the 3D drawing of the base.

Figure 3.16: 3D design of the base

3.6.3 Safety Harness Support

One of the requirements listed in Chapter 3.1 is that there must be a safety harness to ensure the

safety of the tester when slipping and possibly falling. In light of this, there were two possible

solutions: either design a support structure and harness mounting with assembly on the remaining

parts of the machine or do nothing and mandate that the machine could only be installed and tested

in a position where a harness could be attached.

Analysing these hypotheses, it was decided to make a more complete machine, creating a

support structure, so that its use would not be so restricted by the machine’s place of application.

As a result, a U-shaped structure was created (see Figure 3.17), which is made of two bars that

are welded to the base and the upper, also U-shaped, component. To make the system easier

to transport,if needed, it was chosen to build in this manner rather than create a whole structure

welded to the base. For this support, rectangular profiles of 75 x 50 x 5 mm were used.

To connect the two components, plates were created to weld the components together and

then assemble them using M6 screws, washers, and nuts. To maintain symmetry and a favorable

distribution of forces, four screws were placed in each connection as shown in Figure 3.18. In

addition, to reinforce the connection between the connecting plate and the component, ribs were

welded on each side of the part. These are chamfered to avoid sharp edges and to prevent handling

accidents and also to prevent stress concentration at the common point between the connection of

the three pieces.
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Figure 3.17: 3D model of the safety harness support structure

Figure 3.18: 3D model of the connection of the bars to the U-shaped structure

From the geometric simplification made of the U-shaped component, represented in Figure

3.19, it is possible to calculate the force required for each screw.

Assuming a force of 2000 N when the tester falls, it can be stated that each support Rey and

Rdy has to bear a load of 1000 N. This dividing by the 4 bolts gives 250 N for each. For an 8.8

screw class, these have a tensile strength of 800 MPa/mm2 and a yield strength of 640 MPa/mm2,

and assuming an M6 screw that has a resistant section area of 18,99 mm2, maximum core stress of

13.16 MPa is obtained, a very low value relative to the maximum that it can withstand. Therefore,

the type of screw used was ISO 4014 hex-head screw - M6x30 - 8.8.

A smaller screw could have been used but it was considered that this one presented a good

compromise between length, force that it holds, and the feeling of security that it transmits due to

its size.
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Figure 3.19: Free-body diagram of the upper part of the safety harness holder

Since it is necessary to secure the harness, a hole was drilled centered at the top of the harness

support structure and a small cylinder with a 21 mm deep tapped hole was welded to it. Note that,

as with the bushings, the cylinder has chamfers as well as the hole so that there is a small area all

around free for welding rather than on top of the surface. This makes the final finish better while

ensuring a better weld. This cylinder allows the eyelet to be screwed onto which is mounted a

carabiner where the harness rope will be fixed.

As for the carabiner, one was chosen that guaranteed that it could withstand a load of more

than 250 kg, to account for the force that the tester makes when falling and with its weight, with

a safety margin. The model chosen was the JSP FAR0902 from RS Components which holds 23

kN and closes with a locking nut so it guarantees extra safety [31]. To check its dimensions and

characteristics see Appendix C.1.

For the eyebolt, the stress in the thread core was calculated by Equation 3.12 to verify the ideal

thread diameter. It turned out that for an M12 and a thread length of 20.5 mm, the core stress is

31.169 MPa, which is much lower than the 450 MPa yield strength of the material, ensuring that

the thread can withstand the forces it is subjected to.

σc =
4×Fa

π ×d2
i

(3.12)

Where:

σc: Core stress [MPa];

Fa: Applied force [N];

di: Smallest thread diameter [mm].



34 Mechanical Project

Furthermore, according to the supplier (see Appendix C.2), an M12 eyebolt can withstand a

vertical force of 3.4 kN and a 45° force of 2.4 kN, proving once again that the eyebolt and rope

are capable of holding the tester in a possible fall. More information about the chosen eyebolt can

be seen in the previously mentioned Appendix.

The form of assembly of these two objects can be seen in Figure 3.20.

Figure 3.20: 3D model of the eyelet and carabiner assembly

3.6.4 Hydraulic Cylinder

When dimensioning the cylinder, it is necessary to take into account several details regarding the

cylinder mounting, working pressure, and stroke. Using Parker’s catalog [32], this process can be

carefully carried out.

The minimum force that the cylinder must guarantee, as stated in Chapter 3.5, is 9971.00 N.

To be on the safe side, a safety coefficient of 1.5 is assumed, and Fc ≥ 14956.50 N is used.

First, the HMI series of hydraulic cylinders was chosen based on the manufacturer’s recom-

mendation for the intended application. Then, among the existing mounting styles (see Appendix

D.1), pivot mountings (Styles B, BB, SB) were chosen because they should be used where the

machine member to be moved travels in a curved path, as in the case of the platform. The BB

style was selected from among these options since it is recommended when the curved path of the

piston rod travel is in a single plane.

According to the catalog, this mounting style has a stroke factor of 2, but that is for cases

where the cylinder is pivoted and rigidly guided, which is not the case here, so a stroke factor of 3

was preferred (see Appendix D.2), which is for cases where the hydraulic cylinder is pivoted and

supported but not rigidly guided [32]. The basic length of 1851.09 mm is obtained by multiplying

this factor by the required stroke (620 mm). With this information, it is possible to examine Figure

3.21 and confirm that the indicated piston rod diameter is 45 mm and that a stop tube with a length

of 50 mm is required. This means that the gross stroke is 670 mm, which is the sum of the stroke

and the stop tube length.
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Figure 3.21: Piston rod selection chart [32]

To choose the optimum bore diameter, the resulting push and pull force must be checked

against the operating pressure. The numbers inside the red line in Figure 3.22 correspond to those

that ensure the required force to lift the platform although some of these are not considered due to

a smaller than necessary bore diameter. As for the pull force, using Figure 3.24, it is possible to

determine its value by subtracting the reduction that occurs when pulling. The values obtained are

shown in Table 3.5 and the possible values for the pull force are highlighted in green.

Figure 3.22: Push force [32]
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Figure 3.23: Deduction for pull force [32]

Table 3.5: Cylinder pull force

Cylinder Pull Force [kN]
Bore Ø [mm] Piston rod Ø [mm]

10 bar 40 bar 63 bar 100 bar 125 bar 160 bar 210 bar
25 45 -1.1 -4.4 -6.9 -11.0 -13.8 -17.6 -23.1

40 45 -0.3 -1.4 -2.1 -3.3 -4.2 -9.8 -7.0

50 45 0.4 1.5 2.4 3.7 4.7 -0.9 7.8

63 45 1.5 6.1 9.6 15.3 19.1 24.4 32.1

80 45 3.4 13.7 21.7 34.4 42.9 37.3 72.2

100 45 6.3 25.0 39.5 62.7 78.3 72.7 131.6

125 45 10.7 42.7 67.3 106.8 133.5 170.9 224.3

160 45 18.5 74.0 116.7 185.2 231.4 296.2 388.8

200 45 29.8 119.3 187.9 298.3 372.8 477.2 626.3

Upon further examination of the Table 3.5, it was determined that, while various diameter-

pressure combinations are feasible, a balanced combination was chosen, with no excessively high

pressures or enormous diameters. To avoid a cylinder that was too heavy, a bore diameter of 63

mm and a pressure of 100 bar was used instead of 80 mm and 63 bar.

After determining the diameter, it was needed to ascertain whether support was required for

the required stroke. Figure 3.24 shows that with an end mounting support, a 1500 mm stroke may

be achieved without the need for any further support, hence no more support was required in this

circumstance.
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Figure 3.24: Maximum stroke lengths of unsupported cylinders [mm] [32]

Another consideration is whether or not cushing is required. When piston speeds exceed 0.1

m/s and the piston will complete a full stroke, this is suggested. Because neither of these things

occurs, it was decided that this would not be included in the cylinder.

Tie rods may have a bracket to increase the resistance to buckling of long-stroke cylinders, but

for the desired bore diameter and stroke, no bracket is required, as shown in Figure 3.25.

Figure 3.25: Number of tie rod supporters needed [32]

The reference number for the desired hydraulic cylinder is HMI-220626130504516. Appendix

3.26 contains a summary report on this hydraulic cylinder. Figure 3.26 shows the 3D model of the

chosen cylinder.

Figure 3.26: 3D model of HMI-220626130504516 hydraulic cylinder [33]
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It can be seen that it is necessary to add accessories to it to assemble it in the machine. For

this purpose, an eye bracket was added on the left side of the hydraulic cylinder that allows the

attachment of the tip to the base bar. The chosen model was based on the size of the connecting

shaft that is attached to the cylinder. As it was 36 mm this model was chosen for having the hole

with the same diameter. In addition, this model has a load capacity of 125 kN, so it is more than

capable of withstanding the force required of it. For the right-hand end of the hydraulic cylinder,

as it has a 33 mm end, the plain rod eye was chosen with an entry with the same diameter and the

corresponding pivot pin and clevis bracket. Note that these components also have a load capacity

of 125 kN.

Figure 3.27: 3D model of the components: a) eye bracket b) plain rod eye c) pivot pin d) clevis
bracket [34]

3.6.5 Power Unit

To have a working hydraulic cylinder it is necessary to have a power unit associated with it. This

type of equipment is mostly composed by a motor, a reservoir and a hydraulic pump.

These systems vary greatly in terms of power, oil storage capacity, size, among others, so it is

necessary to dimension them for each specific case.

To begin with, a compact power unit was chosen since it allows the hydraulic cylinder to

function correctly while occupying a much smaller space than a normal hydraulic power pack.

At the same time, they are easier to maintain since they use fewer moving parts as compared

to mechanical systems, and have fewer leak points, making them more economical, safer, and

simpler. Therefore, a compact Bucher UP series unit was selected, more specifically the UP50

model, as it is the only reversible unit with a tank of sufficient capacity [35].

To start the selection of the different components it is necessary to determine the amount of

oil required for the cylinder to travel the entire stroke, that is, to calculate the maximum volume

of the cylinder.
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For a cylinder with a diameter of 63 mm and a stroke of 620 mm, a volume of 1.932 dm3

was obtained. Given this, a tank with a capacity of 4 L was selected because some portion of oil

needs to remain in the tank at all times. In addition, a tank with the filler at the front and drain

outlet was opted for so that, should the need arises, the oil can be removed from inside the tank

(see Appendix E.1). As for its assembly, due to the available space, it was decided to assemble it

horizontally, more specifically in position P01 (see Appendix E.2).

The second step was to analyse the maximum flow rate. As mentioned in Chapter 3.1, the

maximum velocity is 1º/s. As the calculations are being made for a maximum elevation of 45º, it

is known that at the maximum, the cylinder has to travel the 620 mm in 45 s. That is, this translates

to a velocity of 13.778 mm/s which corresponds to a maximum flow rate of 0.043 dm3/s or 2.577

L/min.

Having this information, the different gear pumps options that the supplier has available for the

reversible model (see Appendix E.3) were analysed and the flow rate, torque, and power of each

one were calculated in order to select the most suitable one (see Table 3.6). For this, Equations

3.13, 3.14, 3.15 and 3.16 were used, which were taken from the equipment catalog [36]. It should

be noted that the efficiencies assumed were those provided in the supplier’s example calculation

in the catalog.

Q =
Vc ×n
100000

×ηv (3.13)

ηt = ηv ×ηm (3.14)

N =
Q×O
6×ηt

(3.15)

M = 9555× N
n

(3.16)

Where:

Vc: Pump displacement [cm3/rev];

n: Drive shaft [rev/min];

Q: Flow rate [L/min];

O: Operating pressure [bar];

M: Torque [Nm];

N: Power [kW];

ηv: Volumetric efficiency [%];

ηm: Mechanical efficiency [%];

ηt : Total efficiency [%].
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Table 3.6: Gear pumps calculations

Vc [cm3/rev] n [rev/min] Q [L/min] N [kW] M [Nm]
0.25 3000 0.71 0.14 0.46

0.5 3000 1.41 0.29 0.91

0.75 1500 1.06 0.21 1.37

0.9 1500 1.27 0.26 1.64

1.2 1500 1.70 0.34 2.19

1.6 1500 2.26 0.46 2.92

2.3 1500 3.24 0.66 4.20

After reviewing this results, it was decided that the engine with a displacement of 2.3 cm3/rev

would provide the best flow rate without being too slow.

As for the type of motor, since its application will be stationary one can choose an alternating

current (AC) electric motor. Also, these motors are cheaper than direct current (DC) motors which

makes them preferable. From the supplier [35], for intermittent use (S3), there is only one option

which is a three-phase motor with a power of 0.75 kW (see Appendix E.4). As for its support, it

was decided to choose the B34 frame to ensure more stability.

To ensure that the pressure does not greatly exceed the maximum pressure, it was decided to

add a pressure relief valve limited to 130 bar (see Appendix E.5).

As for the power pack housing, the K50 model was chosen (see Appendix E.6) due to the fact

that it allows for a reversible circuit. The chosen preassembled housing, which also includes the

shaft seal, was the model with the reference number: 200740250110.

For the drive, the E31 (see Appendix E.7) was chosen because it is suitable for three-phase AC

motors and has the required power.

To ensure the desired movement of the system, one has to take advantage of the properties of a

solenoid valve between the power unit and the control pendant that allows the user to regulate the

up and down movements of the platform. A normally closed valve was chosen to guarantee that

when the power unit is switched on, the oil does not immediately start to flow into the cylinder

(see Appendix E.8).

In addition to this valve, it is also necessary to install a mechanical pilot operated valve -

VRP05 (see Appendix E.9) - to guarantee a correct and functional hydraulic circuit.

3.6.6 Fork-Shaft Assembly

The rotation of the structure’s top is enabled by the presence of two shaft-fork assemblies, which

consist of the fork, the shaft, a bearing attached to the structure’s base, two screws that attach the

assembly to the structure’s top, and a screw that prevents the shaft from rotating.
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3.6.6.1 Ball Bearing Unit

From the initial calculations it was estimated that the forces that each bearing has to withstand

correspond to half the force of the supports. That is, for dimensioning, each bearing must support

an axial force of 4447.2 N and a radial force of 3.3 N. Following SKF recommendations for

bearing sizing the following calculations were made.

P0 = X0 ×Fr +Y0 ×Fa (3.17)

Where:

P0: equivalent static bearing load [N];

X0: radial load factor for the bearing;

Fr: radial bearing load [N];

Y0: axial load factor for the bearing;

Fa: axial bearing load [N].

It is known that for single row radial ball bearings X0=0.6 and Y0=0.5 [37]. Substituting this

in Equation 3.17 gives a P0 = 2225.6 N.

The static load rating C0 is given by Equation 3.18 [37].

C0 = s0 × p0 (3.18)

Where:

C0: required basic static load rating [N];

s0: static safety factor.

Solving Equation 3.18 and considering a safety factor of 1.5 resulted in a Co of 3338.411 N.

The equivalent dynamic bearing load P is given by Equation 3.19.

P = X ×Fr +Y ×Fa (3.19)

Where:

P: equivalent dynamic bearing load [N];

X: radial load factor for the bearing;

Y: axial load factor for the bearing.

The value of X and Y vary according to whether the ratio of axial force to radial force is greater

or less than the axial load factor e. For the present case e is given by Equation 3.20 [37].

e = 0.28× [(15×Fa)/C0]
0.23 (3.20)
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The ratio of axial force to radial force is 12.445 which means that is greater than e so X = 0.56

and Y = 0.44
e = 0.789. Substituting in 3.19, P = 3511.289 N.

The dynamic load rating C is given by Equation 3.21 [37].

C =
fl

fn × ft
×P (3.21)

Where:

fl: dynamic stress factor;

fn: speed factor;

ft : temperature factor;

Y: axial load factor for the bearing.

Since the number of revolutions per minute is very low and the machine environment does not

reach very high temperatures ft = 1 was considered, according to Table 3.7.

Table 3.7: Average values for the temperature factor [ft] [38]

Maximum service temperature [ºC] < 120 up to 200 up to 250 up to 300
Temperature factor [ft] 1.0 0.73 0.42 0.22

The speed factor and the dynamic stress factor were taken from [38] as per the information

provided in the literature. An fn of 1.49 and an fl of 3 were considered.

Solving Equation 3.21, by substituting the known values, resulted in a C = 7069.7 N.

The values obtained for the C and the C0 load rating correspond to the minimum that the

bearing must guarantee, so the selected bearing must have a dynamic and static load rating equal

to or greater than those mentioned before.

Considering the movement to which the bearing is subjected, it makes no sense to calculate

the bearing’s life.

Looking at the SKF pillow block units it was found that one could choose one with a diameter

of 12 mm but a larger diameter, 20 mm, was chosen because of the inability of the shaft to support

the stresses and loads applied to it with such a small diameter for the required length.

The pillow block unit chosen was the P 20 RM (see Fig.3.28). It has a 20 mm internal diameter

ball bearing and a stamped steel bearing. Its characteristics are presented in Appendix F.
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Figure 3.28: Pillow block unit P 20 RM

3.6.6.2 Shaft

The shaft is essentially subjected to bending and shear stresses, so the torsion calculation was not

performed.

To begin the calculations, the resultant force in the support (bearing) and the maximum bend-

ing moment were calculated. Figure 3.29 represents a simplification of the forces applied on the

shaft.

Figure 3.29: Diagram of the forces applied to the shaft

Fr =
√

R2
ax +R2

ay (3.22)

M f (x) =−0.5×Fr × x+(x−L)×Fr (3.23)

Analysing Equation 3.23, it is verified that the maximum bending moment occurs when x=L

for x between L and 2L .

For the bending calculation, the Soderberg Equation 3.24 was used, for which it was necessary

to determine certain parameters using Equations 3.25 to 3.28.

K f ×σa

σ c
f o

=
1

C.S
(3.24)

σ =
32×M f

π ×d3 (3.25)
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σa =
σmax +σmin

2
= σ (3.26)

σ f o = 0.5×σr (3.27)

σ
c
f o =C1 ×C2 ×C3 ×σ f o (3.28)

Where:

Fr: Resulting force [N];

M f : Bending moment [Nmm];

K f : Fatigue stress concentration factor;

d: Shaft diameter [mm];

σ : Bending stress [MPa]

σa: Stress amplitude [MPa];

σ c
f o: Corrected fatigue limit stress [MPa];

σ f o: Fatigue limit stress [MPa];

C.S.: Safety coefficient;

C1: Load type factor;

C2: Size effect factor;

C3: Surface finish factor.

The value of L was varied in order to have a C.S. greater than 1.5.

Table 3.8 displays the chosen/calculated values for the necessary constants.

Table 3.8: Selected / calculated values for the required constants

K f C1 C2 C3

Values 1 1 0.900 0.835

In the end, it was decided for a L = 26 mm which translates into a shaft length of 72 mm and

a diameter of 20 mm.

To examine the influence of pure shear on the shaft, the Tresca criteria was considered to

determine the maximum shear stress that exists in the shaft. For that, Equations 3.29 and 3.30

were used.

τmax =

√
(
σ

2
)2 + τ2

nom (3.29)
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τnom =
Fr/2

π ×d2/4
(3.30)

τmax ≤
σy

2×C.S.
(3.31)

Where:

τmax: Maximum shear stress [MPa];

τnom: Nominal shear stress [MPa];

d: Shaft diameter [mm];

Fr: Resulting force [N];

σy: Yield stress [MPa];

C.S.: Safety coefficient.

A maximum shear stress of 37.4 MPa was obtained for the shaft with the dimensions men-

tioned above. This result validates Equation 3.31 and, as a result, demonstrates that the shaft can

be used in the predicted situation.

3.6.6.3 Fork

After deciding on the shaft and bearing, the next step was to determine the dimensions of the fork.

The support length on each side of the shaft was calculated to be equal to the shaft diameter,

and the depth was calculated to be twice the shaft diameter. The total length was calculated by

adding the chosen bearing’s side length to twice the shaft support length.

Figure 3.30 depicts the geometry of the fork.

Figure 3.30: Three-dimensional model of the fork
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3.6.6.4 Main Screw

To fix the fork to the underside of the platform, welding was initially considered, but this idea was

discarded because it could create warping that would become detrimental to the rotation of the

system. Therefore, it was decided to use two screws to fix it.

By analysing the rotation movement of the platform it is possible to verify that I works as a

fictitious joint and causes a stress point, so it is necessary to take this point into account when

dimensioning the screws (see Figure 3.31). Using Equations 3.32, 3.33, 3.34, 3.35 and 3.36 it is

possible to take this into account.

Figure 3.31: Sketch of the forces acting on the screw: P- Platform, S- Screw, F- Fork

Frs =
Fr

2
(3.32)

Fs = Frs cos(α)× h
b

(3.33)

Amin =
π

4
× (d1 −0.935×Pt)2 (3.34)

d1 = dt −1.0825×Pt (3.35)

σs =
Fs

Amin
≤ 0.75×σys (3.36)

Where:

Frs: Force acting on each screw [N];
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Fs: Screw force [N];

α: Platform rotation angle [º];

h: Vertical distance between the center of the bore hole and I [mm];

b: Horizontal distance between the center of the bore hole and I [mm];

Amin: Minimum resistant section area [mm2];

d1: Smallest thread diameter [mm];

Pt: Pitch [mm];

dt : Largest thread diameter [mm];

σys: Yield stress of the screw [MPa];

σs: Resulting screw stress [MPa].

To verify which bolt was best, calculations were performed for different bolt sizes and the

results shown in Table 3.9 were obtained. Note that a class 8.8 bolt was chosen, i.e. it has a yield

strength of 800 MPa.

Table 3.9: Force supported by the screw according to its size

M P dmin [mm] Lmax [mm] Amin [mm2] σs [MPa]
1.6 0.35 1.22 16 0.63 43844.68
2 0.4 1.57 20 1.12 2461.56

2.5 0.45 2.01 25 1.99 1382.09
3 0.5 2.46 30 3.11 883.57

3.5 06 2.85 35 4.12 668.36
4 0.7 3.24 40 5.26 523.18
5 0.8 4.13 50 9.00 305.58
6 1 4.92 60 12.46 220.89
8 1.25 6.65 80 23.57 116.74
10 1.5 8.38 100 38.20 72.04
12 1.75 10.11 120 56.34 48.84
14 2 11.84 140 77.99 35.28
16 2 13.84 160 112.44 24.47
18 2.5 15.29 180 131.84 20.87
20 2.5 17.29 200 175.69 15.66
22 2.5 19.29 220 225.81 12.19
24 3 20.75 240 252.99 10.88

Given the way the assembly is done, it is known that the screw must be longer than 40 mm

and shorter than 67 mm. Only from M5 onwards is it possible to comply with this range.

An M6 bolt was selected because it allows for a longer length, and therefore better fastening,

while ensuring that the stress to which it is subjected does not exceed the yield stress. The surface

of the screw is galvanized steel since it is subject to possible oxidation due to possible contact with

water and oil.
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It should be noted that only one screw was needed to secure the components, but for the sake

of symmetry and to give a greater sense of security and better fastening, it was decided to use two.

3.6.6.5 Bushing

This component (see Fig. 3.32) serves only to guide the screws when they pass through the profile

and will be applied to the fork and pillow block unit screws.

In both situations, the bushing will have an internal diameter of 8 mm and a thickness of 4

mm. As for the length, since the profiles in both situations have different heights, they differ: 50

mm for the pillow block unit and 40 mm for the other.

Figure 3.32: Bushing

3.6.6.6 Knurled Cup Socket Set Screw

The knurled cup socket set screw serves to secure the shaft to the fork so that it is immobilized.

An M4 with a length of 10 mm was selected because this is the available length between the

surface of the shaft and the end of the fork.

3.6.7 Test Area

Since the machine allows tests on different floor types it has to be possible to change the test area

easily, quickly and without temporary and/or permanent damage to the structure. Therefore, it was

decided to create 3 fixation bars (see Figure 3.33) that are on three sides of the floor under test in

order to keep it fixed.

Initially it was considered to weld the bars to the base of the machine, however, this permanent

fixation made it harder to clean the machine between tests and would make it more difficult to

replace the floor. Thus, it was decided to fix the bars with ISO 4014 hex-head screw - M6x30 - 8.8

screws that go through the base and are secured with a nut.

The two side bars are 1000 mm long, 20 mm wide, and 5 mm thick. The end bar has the

following dimension 540 x 20 x 5 mm. In both models, the fastening is done at both ends.
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Figure 3.33: Three-dimensional model of the fixation bars

As a structural precaution, to ensure that the two screws that secure the end bar do not shear,

it is suggested that they have a preload fastening. That is, this is so that the maximum clamping

force of the bolts prevents sliding due to friction.

Next, the calculations for determining the clamping force of each screw are presented and it is

checked whether it is sufficient to ensure that no slippage occurs.

Required screw dimensions:

φ Screw = 6 mm

φ Screw head = 6.8 mm

Amin = 18.996 mm2

ravg = 6.4 mm

C f = σpreload ×Amin (3.37)

Mt =C f ×µ × ravg (3.38)

Where:

Cf: Clamping force [N];

σpreload : Preload tension [MPa];

Amin: Minimum resistant section area [mm2];

Mt : Tightening torque [Nmm];

µ: Coefficient of friction;
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ravg: Average screw radius.

Substituting the values and considering a preload stress of 480 MPa and a coefficient of friction

of 0.3, a clamping force of 9118.1 N and a clamping torque of 17506.7 Nmm were obtained.

As mentioned earlier, it was considered that the tester can weight up to 2000 N. For this

situation, it was found that the maximum force it can perform is 28828.43 N, which occurs when

the platform makes a 45° angle with the ground. This means that each screw has to withstand a

force of 1414.2 N.

Therefore, the force that each screw holds before slipping is equal to its clamping force times

the coefficient of friction, which will be 2735.4 N. This value is much higher than the 1414.2 N,

so performing this preloading operation ensures that the screws never shear off.

3.6.8 Levelling Feet

To ensure a balanced machine assembly even if the floor on which it is placed is not, it is necessary

to use leveling feet such as the one in Figure 3.34.

Figure 3.34: Leveling foot

According to SolidWorks, the total mass of the machine is estimated to be 353 kg. Assuming

the test person has a mass of 100 kg, the total mass that must be supported by the four supports is

453 kg. However, instead of dividing the mass by the four supports, it was divided by two, because

when the platform is in its lifting motion, its centre of mass tends to the left, allowing the majority

of the weight to be supported by only two levelling feet. As a result, each support must support at

least 2265 N.

To fasten the leveling feet, square 40 x 40 x 10 mm plates with a 10 mm diameter threaded

hole in the middle (see Figure 3.35) were welded to the base. These are used to increase the

contact area to ensure that the nut, which holds the leveler at the desired height, does not go into

the profile.
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Figure 3.35: AISI 1024 steel plate with dimensions of 40 x 40 x 10 mm

As for the leveler, an M10 was chosen with a thread length of 30 mm that supports a load of

4 kN (see Appendix G). Note that by doing the Equation 3.12, referred to in Chapter 3.6.3, for an

M6 foot leveler, a core tension of 131.6 MPa was obtained, i.e., one could have opted for a smaller

leveler, however, to give a greater sense of safety and because the price difference between these

two sizes is minimal, it was decided to choose the larger size.

3.6.9 Accessories

In addition to all these components, it is necessary to add a control pendant and a digital level.

The first is for the tester to regulate the raising and lowering of the platform as it moves along

the test area. The control pendant should have three buttons: two that, respectively, when pressed

cause the platform to go up or down until they remain active, and one that when pushed, in case

of emergency, stops the functioning of the power unit.

The second serves to measure the elevation angle of the platform. This should be placed in

such a way that the walker cannot see the value being measured.
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3.7 Finite Element Analysis

In any project it is necessary to verify the structural stability. For that, in this case, ANSYS 2022

was used to perform this study.

Two types of tests were performed: one in which the mass of the tester of 100 kg at the center

of the platform was considered, and another in which a descending force of 2000 N at the top of

the harness was considered to simulate the moment when the tester slips and the harness holds it.

In both cases, the base was considered fixed at the bottom and the rotation of the shaft of the fork-

shaft assembly was enabled as shown in Figure 3.36. Note that for mesh simplification purposes

the pillow block unit was replaced by a parallelepiped block. In addition, the platform can slide

on the right side on the corresponding support.

Figure 3.36: Shaft rotation movement

As for the mesh used, it is composed of tetrahedral elements, due to the complexity of the

shapes that the complete structure presents. There were 149041 nodes and 78082 elements used

in the mesh. Note that an attempt was made to simplify the structure by removing screws, nuts,

washers, bushings, eyelets, and carabiners, among others, in order to facilitate the construction of

the mesh without compromising the results.

In addition, the mesh was refined in two regions. At the rotation area (see Figure 3.37) and

at the connection place of the harness components (see Figure 3.38) because they were zones that

were predicted to be critical.
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Figure 3.37: Detail of the mesh at the rotation point

Figure 3.38: Detail of the mesh at the connection place of the harness components

Below, the results obtained for the two situations are shown.

3.7.1 Influence of the Tester

As mentioned earlier, the tester was considered to be in the middle of the platform in a 300 x 300

mm area to simulate the space it occupies. This simplification can be seen in Figure 3.39.
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Figure 3.39: Load application in a 300 x 300 mm area

As would be expected, the vertical displacement reaches its maximum at the location of the

force application and takes the value of 0.512 mm (see Figure 3.40), being this a very small result

one can consider it as acceptable for the intended application.

Figure 3.40: Displacement plot for a force of 1000 N

The handrail’s corners experience the highest von Mises stress, which is 15.1 MPa (see Figure

3.41). Another important location is in the plate’s support structure underneath the platform, as
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shown in Figure 3.42. Given that the material used for these components, AISI 1024, has a yield

strength of 355 MPa it is possible to say that the structure will not yield and is stable, with a

coefficient of safety of 23.6.

Figure 3.41: Von Mises stress plot for a force of 1000 N

Figure 3.42: Von Mises stress plot for a force of 1000 N (bottom view)
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3.7.2 Influence of the Tester’s Fall

As mentioned in Chapter 3.7, for this test a vertical force of 2000 N was applied in an area of 65

x 50 mm, to the top bar of the harness support as shown in Figure 3.43.

Figure 3.43: Load application of 2000 N in a 65 x 50 mm area

Proceeding to the analysis of Figure 3.44 it is observed a maximum deformation at the junction

of the components of the harness structure of 0.254 mm. This value is even lower than in the

previous test case, meaning that it is a good value that translates that the structure practically does

not deform and is sufficiently rigid.

Figure 3.44: Displacement plot for a force of 2000 N in the safety harness support structure

Another analysis that was done was the von Mises stress (see Figure 3.45). Here it was found

that the maximum stress occurs at the force application point and reaches the value of 21.1 MPa,

again a much lower value than the yield strength of the AISI 1024 steel.
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Figure 3.45: Von Mises stress plot for a force of 2000 N in the safety harness support structure

It is important to emphasize that the images are not presented at a 1:1 scale to highlight the

behavior of the structure if a very high force was applied.

3.8 Conclusion

In conclusion, the different components were dimensioned using analytical elements and informa-

tion from catalogs. In the various choices made during this process, the cost of the components

was always taken into account so that in the future, if it is desired to build this machine, it can be

done without a large investment. Taking into account the weight of the structure and the cost of

materials and components, a total price of around 15 thousand euros was estimated.

At the end, a finite element analysis was performed to verify the structural health of the final

project when applying the different loads to which it is subject.
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Chapter 4

Conclusions and Future Work

This chapter highlights the final results found to meet the project’s requirements and fulfill the

specifications defined at the starting point, as well as future work that can be done to further

improve the project.

4.1 Results

Currently, despite the use of safety shoes, many slips and falls still occur in workplaces due to low

friction, especially when the floor is contaminated. In Portugal, this type of accident represents

15.5% [4] of the reported occupational work injuries. Therefore, the improvement of the methods

of evaluation and study of shoes and floors has had a growing interest in both the footwear industry

and the floor manufacturing industry.

As for the methods for doing these studies, there is a wide variety of equipment that evaluates

the friction existing on the surfaces. The most widely used today, evaluate the coefficient of

dynamic friction since most foot slips occur during foot movement [1]. Within these, they can be

divided between those that use rubber to simulate the shoe sole and those that use shoes and allow

the evaluation of different soles, including the study of the shoe thread effect. It is in the latter

category that the ramp test comes in.

The Ramp Test follows the DIN 51130 standard and allows the study of different shoe-floor

combinations when there is engine oil as a contaminant using a tester that walks along the test area

while the test platform is raised to 40º.

Following this standard and the requirements it presents, the dimensioning of all the necessary

components was done to obtain the complete design of the machine. By reviewing the operation of

various lifting mechanisms currently available, it was found that the hydraulic cylinder is the best

option for performing this movement and it was from there that the design process of the machine

began.

59
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Finally, it is reasonable to state that the main objective proposed was well achieved, since it

was possible to design a test machine to evaluate the coefficient of friction between different safety

shoes and types of floors, meeting the requirements of DIN 51130:2014-02. Furthermore, a more

economically viable solution was obtained than the ones currently on the market, through a more

detailed study of the required components for the desired movement, highlighting the employment

of only one hydraulic cylinder instead of the common use of two and of a compact hydraulic unit.

A total price of around 15 thousand euros was estimated considering the weight of the structure

and the materials used in as the selected components. Additionally, a more space-efficient machine

with smaller dimensions was achieved by allowing the rotation of the platform at one end of the

support structure instead of at the center.

4.2 Further Work

Possible future developments might include creating a more automated system where the push of

a button would begin to raise the platform and when it sensed a difference in movement, meaning

when the tester slipped, the platform would descend slightly and rise again to check the angle

of slippage. It may also include the addition of a tank of soapy water with a closed system for

circulating it to cover this machine for studies of the DIN 51097 standard.

It is also suggested the study of the hypothesis of load cells under the test area to study the

forces that the tester makes while walking in an attempt to hold himself and not slip, allied to this

it would be interesting to have a monitoring system of the elevation angle in real time in order to

obtain a more accurate result.
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Appendix A

2D Drawings

Figure A.1: 2D drawing of the machine in the initial position
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66 2D Drawings

Figure A.2: 2D drawing of the machine in the final position
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Appendix B

Material Data Sheets

B.1 AISI 1024

Figure B.1: Datasheet AISI 1024 steel - part 1 [29]
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Figure B.2: Datasheet AISI 1024 steel - part 2 [29]
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B.2 AISI 1045

Figure B.3: Datasheet AISI 1045 steel- part 1 [30]
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Figure B.4: Datasheet AISI 1045 steel - part 2 [30]
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Appendix C

Safety harness support

C.1 Carabiner

Figure C.1: Technical specifications of the FAR0902 carabiner [31]
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C.2 Eyebolt

Figure C.2: Datasheet of the chosen eyebolt [39]
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78 Hydraulic cylinder

Appendix D

Hydraulic cylinder

D.1 Existing mounting styles

Figure D.1: Existing mounting styles for HMI series
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D.2 Stroke factor

Figure D.2: Selection of the stroke factor
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Figure D.3: Report of the chosen hydraulic cylinder
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Appendix E

Power Unit

E.1 Tank

Figure E.1: Available tanks [36]
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E.2 Fixing Position

Figure E.2: Available fixing positions [36]
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E.3 Gear Pump

Figure E.3: Available reversible gear pumps [36]
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E.4 A.C. Motors

Figure E.4: Available A.C. Motors - part 1 [36]
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Figure E.5: Available A.C. Motors - part 2 [36]
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E.5 Pressure Relief Valves

Figure E.6: Available pressure relief valves [36]
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E.6 Power Pack Housing

Figure E.7: Power pack housing - Model K50 [36]
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E.7 Drives

Figure E.8: Drives for A.C. motors [36]



E.7 Drives 93

Figure E.9: Drive E31 [36]
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E.8 Solenoid Valve

Figure E.10: Solenoid operated directional valve: SPD817/22-TV [36]
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E.9 Mechanical Valve

Figure E.11: Piloted check valve: VRP05 [36]



Appendix F

Pillow Block - P 20 RM

Figure F.1: Technical specifications of pillow block P 20 RM - part 1 [40]
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Figure F.2: Technical specifications of pillow block P 20 RM - part 2 [40]



Appendix G

Leveling Foot

Figure G.1: Datasheet of the chosen leveling feet - part 1 [41]
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100 Leveling Foot

Figure G.2: Datasheet of the chosen leveling feet - part 2 [41]
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