INVESTIGACIONDESARROLLO, \id,. No.1: 73 ¢ 93(2019)
I D ISSN 2518431

SSN 2518-4431

DESIGNING AND DEVELOPMENT OF A DYNAMIC VIBRATION BALANCING MACHINE FOR
INDUSTRIAL APPLICATIONS

DISENO Y DESARROLLO DE UNA MAQUINA DE BALANCEO DINAMICO DE VIBRACIONES PARA
APLICACIONES INDUSTRIALES

Swith Claude Burgos Alconz and Grover Zurita V.
Laboratorio de Innovacion Tecnoldgica Industrial y Robotica (LITIR)
Universidad Privada Boliviana
Cochabambdolivia

grzurita@upb.edu
(Recibido el 05 junio 2019, aceptado para publicaci@8glinio 2019)

ABSTRACT

There is a steadily growing demand for reliable, versatile measurement rotor balancing system which can be used to
determine the machine unbalances behavior. The effect of these causes are the increase of vibration amplitudes, causing
damage to elements tifie machines, mainly in the bearings, reduce useful life time, and increase fatigue failure in
machines. The industry requires that machines have to operate continuously, efficient maintenance philosophy, and
reduce down time. Therefore, this researchkwbas the main objective to design and develop a low cost rotor
balancing measurement system for industrial applications. This research study was based on the-1S$Pah€l4€d.

The Solidworks software was used for the designing, structural stress,oaladl analysis. It was also carried out and
extensive numerical analysis with Finite Element Method (FEM), of the developed measurement system, in order to
identify the structure resonance frequencies to avoid with the induction motor rotation frequenitye Eionplicity,

precision and robustness, the singliene four runs method footor balancing was selected. Finally, it was developed a

rotor balancing measurement system. It showed the ability, and potential to use the developed equipment in industria
environment. Moreover, it has been shown that the measuremettteaapplied analysis method haverked accurate

for unbalance detection and retion of vibration levels from G18 G2.

Keywords: Rotor, Balancing, Vibration analysis, Solidworks, FENhdal Analysis, ISO 1944Q.

RESUMEN

Existe una creciente demanda de un sistema de balanceo de rotores de medicion fiable y versatil que se pueda utilizar
para determinar el comportamiento de desequilibrio de los equipos. El efecto del desbalanceo causa el aumento de las
amplitudes de vibraén, generando dafios a los elementos de las maquinas, principalmente en los rodamientos, reduce
la vida 0til, y aumenta la falla de fatiga en las maquinas. La industria requiere que las maquinas operen continuamente,
la filosofia es de un mantenimiento éiate y pueda reducirse el tiempo de inactividad de los equipos. Por tanto, este
trabajo de investigacion tiene el objetivo principal de disefiar y desarrollar un sistema de medicion de desbalanceo de
rotores de bajo costo, mediante andlisis vibraciona gplicaciones industriales. El desarrollo del sistema de medicion

se basa en la normativa de 1SO 194l andliss de resistencia de materialg®l analisis diamico de andlisis de

modos fuerealizado erel software Solidworks. El estudio de las cagaisticas dinAmicas del equipo desarrollado, se

pudo determinar con analisis modal, con el fin de identificar las frecuencias de resonancia de la estructura disefiada,
esto para evitar la frecuencia de rotacion del motor de induccién. En base a la lialiesmadiada, el método de

analisis para identificar la masa de desbalance y distancia, fue realizado con analisis vibracional y el método de cuatro
corridas de plano Unico para el equilibrio del roEinalmente, se desarroll6 un sistema de mediciétiedbalance de

rotores, de precision y con potencial para utilizar el equipo en el entorno industrial. Se ha demostrado que las
mediciones de andlisis vibracional y el método de detecciéon de desbalanceo, han funcionado con precisién para la
deteccion de degjuilibrios y la reduccioneallos niveles de vibracion de Ga3s2.

Palabras Clave:Rotor, Desequilibrio, Analisi¥ibracional, Solidworks, FEM, Analisis Modal, 1ISO 1940

1. INTRODUCTION

The unbalance is consider the most common source of vibratioraéhine componenfd], [2]. It coud cause for
excessive bearings loadings, which reduce useful life time, and increase fatigue failure of machines. In modern
machines, the unbalance factor is quite important for designing and maintenance health monitoring. Based on the
aforementioned, thie is a need to have industrial equipment in continuous operation, and the best way to increase the
machines life time are through its adequate alignment and precision balancing methods. If the machine is balanced and
aligned correctly, and if all the resance problems are corrected, then it is likely that the machine will operate for a
significantly longer time period, before failures oc¢8}s[4]. Any type of failure mode can lead to a functl failure
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and therefore to economic losses. Therefore, in order to secwii@ent working machines proce§s],[6],[7], in
recent years have been applying efficiently, the conditions maintenance approach.

The literature review showed that the most common faults in rotating machines are due to misaligned axes and
unbalanced rotors (2). Therefore, in this exmtthe development of balancing machinedridustrial applications ief

mayor significanceDue to the characteristics of this research project, the literature survey covers two main parts: a)
Design and development of rotor balancing systems, aRatoy balancing quantification techniques.

S. Sweedneet al, in 2005[8] redesigned the rotor balancing system to reduce the unbalance phenomena. It was
obtained by changing a lighter disk asldorter rotor shaft to increase the rigidly of the system. D. Han in [B)06
developed a model balancing for A@otropic rotorsystem. The idea was to develop a generalized modal anfabysis

an unbalance model resporseobtain new model parameters to be use partly, to quantify the unbalances, and partly to
reduce it. L T. Hongweiet al, in 201110], their research work was based on vibration signals analysiileming
techniques. They developed an online process for dynamic balancing system for spindle and grinding in CNC machines.

A laser device was implemented to perforntorabalancing by, M. Stoessleit al, in 2016 It works by the laser
removingmaterials in automatic and controlled form. A structure surface vibration signals values were used to activate
removing materialsA. Wanget al, in 2017[10], applied a four order nemomogeneous partial differential equation

set to unbalance responses, damping bearing coefficients amd wabalance. It was also proposed a novel
measurement Point Vector Method to determine rotor unbalance under operating. A high speed balance approach was
developed for turbo machinery by G. Bin in 2018. The rotating speed of a rotor is hardly congtattioe due to

angul ar speed puctuati on, which affects the balancing
puctuation on vibration responses of the wunbalanmcted ro
method based on zoomynchr® squeezing transform (ZST) and tacless order tracking was proposed. The

i nstantaneous angul ar speed (1 AS) of t he rotor i s e X
instantaneous phase. The vibration signal is further resampled in angular domain to reduce the effeletr cfpeegl
puctuati on. The signal obtained in angular domain is

(DFT) to estimate the amplitude and phase of the vibration signal. Simulated and experimental results show that the
proposed mettd can successfully correct the amplitude and phase of the vibration signal due to angular speed
puctuati on. T h e M&@loe €BM) was esadtto ideiatify the shaft balancing values. The multi plane
coefficients with varying speeds are basedtaady state response from the Finite Element Method (FEM).

H. Cao,et al, in 2018 [11], studied the \dration signal corrections of an unbalanced rotor as a result of speed
fluctuations. First, it was defined the speed fluctuations and it was reduced the effects of the rotors fluctuations, by
using the Zoom Synchrosqueezing Transform (ZST). A-smikingpiezoelectric actuator was used for unbalance
detection in rotor systems, by R. Ambat,al, in 2018[12]. In this research, the tests were performed the unbalance
rotor faults were detected by using a parameter optimization method, which was also calculated the location, phase and
unbalance magnitude. The final analysigs performed in laboratory test bench, and the developed method could be
used both for control action and fault detection. It was also described included a numerical simulation of the
manufactured prototype and it was also performed a dynamical stractlgesis by modal analysis.

The literature review reveals that an extensive research hapédemmed;partly study the development and designing

of rotor balancingystemand the use of different measurement techniques to detect the unbalance. sévenstier, it

can be stated it has still a place to research in this field partly, to give a systematic framework for rotor unbalance
quality measurementd.herefore, the main objective of this research work was to design and developed a low cost
dynamic otor balancing machine. It's recommend the condition basgdtenance (MBC), which is a maintenance
program to collect data continuously and perform the maintenance de¢is3ri44], [15], [16], [17].

2. THEORETICAL BACKG ROUND: ROTOR BALANCING THEORY, STRUCTURE STRESS ANALYSIS
AND M ODAL ANALYSIS
2.1 Rotor Balancing Theory

The unbalance is defined dbe condition that exists in a rotor when vibratory forces are imparted to its bearings as a
result of the existence of centrifugal forces. The presence of imbalance causes a centrifugal force which is proportional
to the square of the rotational speedwogular frequency. The follang equation sustains the above

® & Q (1)
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where® is the centrifugal force imewton () , m is the unbalance mass,is the distance between the central shaft
rotation with the unbalance mass, ands the rotor angular velocity.

Figure 1 shows a typical massspring system restrictedfor vertical movements'x" and excitedby a rotatingmachine

thatis unbalancedT he unbalances representetty a mass(m) thatcausesneccentricity,andanunbalancdorcein the
radialdirection.
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Figure 1: Springi mass system with unbalance mas18].

Thedistributionmassof arotor is checkedand,if necessaryadjustedo predictthattheresidualunbalanceor vibration
of the bearingsand/orthe force in the bearingsat a frequencycorrespondingto the speedservice are within the
specifiedlimits [5]. By readingthe abovedefinition it canbeimplied thatthereis a maximumallowableunbalanceor
eachrotating component,see even the IS0 19401 for details. The maximum admissibleunbalancecan vary for
differentoperatingconditions[6]. To balancearotor, it is necessaryo applyadistributionof forcesin sucha way asto
counteracthe sumof the centrifugalforcesresultingfrom the unbalancef eachplane.

The rotor balancing can be performed in two ways, which aresitlih and "in workshop". Théirst one refers to
performing the balancing in tHeeld i.e. balancing the rotating machine in its working place. The second alternative,
refers to removing the rotor from the working place and taking it to a test bAn&wach aforementioned method form

has its advantages/disadvantages, the technique to be applied will depend mainly on the size of the rotor, the access for
takingmeasurements, safety to the personnel and adjacent machines thatoeeldase when taking readings.

Figure 2 illustrates a high peak (vibration amplitude) of about the first order at the rotation frequency of the rotor. It is
said that the rotor ignbalanced if the obtained vibration amplitudes above the permitted threshold, see even the ISO
19401 for details. The general idea is to reduce considerably the vibration peaks at the frequency of rotation in order to

avoid unbalance of eotor [8]. The rotor unbalance increment is not linear but increases proportionally to the square of
the angular velocity.
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Figure 2: Waterfall spectrums with frequency orders with increasing content of unbdte®jces

There are four types of rotor balancing mesaa) Single plane balance methbjl Couple par, ¢) Quasstaticand d)
Dynamical unbalance (Multiple plane balance). Based on the literature review, it was defined to develop in our research
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work the single plane balanced method. The 95% of the unlealaachines can be handlby the aforementioned
method (9). It can be introduced a general idea how it wéiigsire 3 shows a rotor in two supports and an unbalance
mass causing the main axis of inertia to move away from the principal axis of rotation.

Rotor

Eje de girc

S ]
A 1N )“\

I
F] Eje principal de inercia

Figure 3: Rotor with additional mass and two main supports

In Figure 3F, is the centrifugaforceandm, is the unbalance mada/hen the unbalancedasss in a singular plane, as
in the case of a fan rotgthin), the resulting unbalandg a radiaforce (R). Figure 4 shows how the unbalance can be
corrected by placing a correction mass in the opposite direction to the unbalance.

Center of rotation - « Unbalance of mass

Unbalance of mass Unbalance of mass

Acceptable Accepfcble

L Axis of rotation Correction weight Correction of weight

Flgure 4: a) Rotor with unbalance mass, b) Rotor with correcnon s

In IRD Mechanalysig21], defined the criteridor choosing the number of correction planes in rigid rotors. They
observed that balancing in a single plane metisousually sufficient for rotors witlkength () /Diameter(D) and the
ratio of less than 0.5 and speed range up to 1000 rpm.

Figure 5a) shows increasing speeds doesn’t changed the unbalanced in a rigid rotor. The unbalance will remain
approximately costant when the rotor is working at its operating sp@2d. The unbalance is both constant in the
Cartesian and the polar planespectively

° o°

Figure 5: Behavior of a changing speed rotor, a) Rigid rotor and b) flexible.rotor

In Figure 5n,is the low rotating speed, angdia the operational speed. Figure 5 b) illustrates the behavior of a flexible
rotor. It can be seen that the rotor unbalance changes values with increasinfp2peed
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2.2 Structure Stress Analysis and Dynamical Modal analysis

The developed rotor balancing measurement system was analyzed by the Finite Element Methoda$¢eMn the
Von Misses Equation. Theolid workssoftware (Dynamic module) was applied for the stress and the modal analysis.
The general Von Mies equation if23]:

web Qi i Qi, , , T T f 2

3. DESIGN AND CONSTRUCTION OF THE ROTOR BALANCING MACHINE

Figure 6 shows a typical balancing machine where the unit of measurement and the element (rotor) to be analyzed is on
a bench. There are bearing supports that are suspended on the pedestal and it has the possibility to move horizontally,
and their heightare adjusted according to the rotor diameter axis.

Vibratory dampers are added to avoid resonance in the structure. Vibration sensors are attached to the supports for data
vibration recording. The universal machinesfer to horizontal axis machines arttie singlepurpose balancing
machines can be vertical and horizontal according to the task to be fulfilled.

/ \
° o o
Figure 6: Overview of a universal balancing machine. 1) Base or bench, 2)
Pedestals, 3) Drive, 4) Sensors, 5) Measurement units (3)

To be systematic and optimize the designing and manufacturing process of the rotor balancing measurement system all
the process was based[@3], and sketched as shown in Figure 7. It starts with the requirement needs and identification

of the problem. The project had to synthesis, structuring the tasks to perform. After many iteitatiods with the
presentation of the plans to satisfy the need. Depending on the nature of the design task, some phases of design may be
repeated during the life of the product, from conception to complgtéin

Reconocimiento -«
de la necesidad

> Definicion del problema |<—
—

5

’ Si

lesis '7!
ey
\
Aniilisis y optimizacion
ey

4‘ Evaluacién h

Iteracién

‘ Presentacion |

Figure 7: Design process phasgsl].
3.1 Relevant Balancing Aspects
Balancing is a process by which the mass distribution of a rotor is monitored. It is necessary to ensure that the

unbalance of the machine is within specified limits. Rotor unbalance can be caused by manufacturing, desan, mater
and assembly faults. Every rotor has an individual unbalance distribution along its length and diameter. For the

UPB- INVESTIGACION & DESARROLLQ@9WI.1: 73-93(2019) 77



BURGOS Y ZURITA

completeness of this paper, it will be highlighted the 1SO 1B4@ith important details about designing and
construction of the rotor lencing measurement system, Figure 8 illustrates an overview of the designing procedure: a)
Rotors with one correction plane method, b) Permissible residual unbalance, c) Permissible residual unbalance and rotor
mass, d) Permissible residual specific uabak and service speed, e) Balance quality grades G, d) Experimental
evaluation.

Guidence for designing rotor balacing macine

Norm 1SO19401:
Quality requirements for
equilibrium of rotors in L— | b)Permisible residual un balance

constant state (rigid)

—| @a)Rotors whiti need one correction plane

|l 5| c)Permissible residual unbalance and rotor mass

d) Permissible residual specific unbalance a|
service speed

|| e)Balance quality grades G

| f) Experimental evaluacion

Figure 8: Overview of the rotor balancing designing procedure

4 ROTOR BALANCING DESIGN, PROTOTYPE CONSTRUCTION AND TECHNICAL
REQUIREMENTS

This section includes several elements, such as: technical requirements, description and machine design. It was also
included the structure stress and modal analysis. Figure 9 denotes the overall overview of the designed and developed
machine components.

Shaft
rotor

Four springs

Suspention system

Transmission power band

Induction motor

Figure 9: Designed rotor balancing machine, drawing in Solidworks.

4.1 Technical Requirements

Based on the literatuneeview. The single four run balanced plane method was selected for our research project. The
95% of the machine component can be balancechéyaforementioned methodhe method requirements have to
fulfill, the ratio of the rotor Length(L) and rotor digeter (D) had to be less than 5, and the rotationdsigerot more

than 1000 rpm.

4.2 Prototype Machine Bench

Figure 10 shows the designed machine bench, which has a variable vertical support that regulates the vertical position
of the suspension sysh. Moreover, it was performed a theoretical structural analysis to determine, the structure
resonances don6t coi rocduspensionsystém. t he shaft, rotor and
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The bench is the structure in charge of supporting the suspension components, sheftatiod in the upper part. The
lower part has a mechanism, a platform to supporinith@éctionmotor. It also spports an induction motor oHp of 20
Kg. This mechanism consists of tensioning the belt with the motor's own weight by means of a penolguma i of
the platform. It contains also an adjustable steel frame for vertical positioning of the suspension system.

Support the ) L . Transmission belt
Motor : : ]
Support the ‘ <
suspension syste i = A

Figure 10: Designed bench machine, drawingSalidworks.
4.3 The Suspension System
Figure 11 shows the suspension system. It can be seen the supporting shaft and rotor with three degrees of freedom:

horizontal, vertical and pendulum in the axial direction. The characteristic of this system is dinaisitlate or at least
reduce theexternalvibrations phenomena.

Supporting Springs

springs

Figure 11: Suspension prototype for rotor balancing measurement system.

4.4 Shaft Designing System and Power Transmission

Due to a large majority ahdustrial centrifugal fan rotrs do not have their own shaft. It should be desigedrately

as possible, see even Figure 12. The shafydiegj can be seen in sectionvith the FEM and modal analysis. It was
also included the power transmisstmsed on 1ISO 1940.

Figure 12: Shaft connected for balancing
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5.STRUCTURE STRESS AND MODAL ANALYSIS OF THE SYSTEM SHAFT, MACHINE BENCH, AND
SUSPENSION SYSTEM

This section describes the formulation adopted for the numerical simulation gtiafie machine bench, transmission
power, and the suspension system. The developed rotor balancing system was also carried out on a theoretical modal
analysis.

5.1 ShaftStructure Stress Analysis

The most common used shaft is the @38H6/K6 with 60 kg mass, which was selected for the project. H stands for
tolerance value of the place to be assembled the shaft. @38 is the nominal shaft diameter, K is the shaft precision
tolerance. In order to ség if the selected shaft was appropriate for the characteristics of the pagjecicture stress
analysis was applied, starting to calculate the external forces applying on the shaft, see Figure 13 for details.

®3‘ ? '.<.;i @

R, R;

220.00

Figure 13: The systeninitial reaction foces.
The second Newton Law gives the following force equation:
Y Y o o ® (3)
Where'Y @ & '@ are the reaction forces in the supports A andBis the rotor weight,w is shaft weight and> is
the pulley weight. The readers can see details in Thitlee obtained results of the reactions forces, the results of the

stress numerical analysis. Table 1 summaries the calculate forces esithgiveferences values to compare.

TABLE 1: RESULTS OF THE STRESS ANALYSIS

- Notation | Weight (N) Data .

Data characteristics characteristics | WISt (N) | Material Name AlS| 1035 Steel
Rotor (o) 590 Y 320 Elastic limit 282.685 [MPa]
Shaft ) 44 Y 322 Traction limit 585 [MPa]

von Mi Maximum
System suspeit ) on Mises 15.576 Elastic modulus 205[MPa]

24 stresses
[Mpa]
Shaft Pulley W 8 Displacement Maximum Density 7849.999 [Kg/m3]
0.04 [mm]

Unbalance force "0 39 Security factor 18 Sheamodulus 80000 [MPa]

Figure 14 denotes the static stress analysis. Figure 14a) shows the maximum intensity in the central part with 15.57
Mpa, and the critical force is about 588 N. These values can be compared with the reference value of the AISI 1035
steel, showing that the shaft tension values will be in the region of the elastic past. The is 205 Mpa, giving

the fcurity ratio factor of 14Figure 14b) illustrates a maximum displacement of 0.04 mm, due to the applied force of
588 N. It means the selected shaft will be operating in the safe region.

80 UPB- INVESTIGACION & DESARROLLQ@9WtI.1: 73-93(2019)



DESIGNING AND DEVELOPMENT OF A DYNAMIC VIBRATION BALANCING MACHINE FOR INDUSNSAL APPLICA

Figure 14:a) The shaft stress analysis and b) 3D model aniie &lement results for the shaft displacement

The structural dynamic analysis can be seen in Figure 15. Figure 15a) illustrates the external torsional forces on the
shaft, due to the transmission torque of the induction motor. It is coupled théwhafiower transmission system. The

initial weight condition was about 60 kg. The motor rotation frequency was 24 [Hz] (1400 [RPM]). The shaft natural
frequency must be above the 24 Hz, in order to avoid resonances phenomena. In our case, see evgnhegsmafi

natural resonances, according the results of the numerical analysis were above 455, 1582, and 2728 Hz, respectively. It
indicates that the shaft wildl never resonate with the

a) 455Hz

AMPRES.

b) 2728Hz [~

.09

c) 1582 Hz

. 0883

L o

L L)
e L o5y
I oss L 0w
o L 03
| 0o o
L oz o
I ave o001
007 roma modal: |
o3 .
Edrorma mocat 3E3)

Figure 15: Modal analysis results.
Figure 16 shows the shaftds resonance fr eqawhclkuynikar ound

the static is higher, but is still below the yield strength limit of the material. Ahdsita maximum displacement of
0.034 mm.

UPB- INVESTIGACION & DESARROLLQ@9WI.1: 73-93(2019) 81



BURGOS Y ZURITA

von Mises vs. Frecuencia Despl i vs. Fr
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Figure 16: Von Misses stresses and displacement of the shaft first mode.

5.2 The System Suspensiah StressStructure Analysis

First, it was carried out the calculation of the reaction forces on the rolling bearings. Figure 17 shows a free body
diagram with reactions forces and the displacement to be calculated due to the unbalances forces.

Figure 17: Free body diagram ohe reactions forces.

The main suspension system in Figure 18 is isolated from the suspension system with supporting springs. This is
because, it has to support the object to measure and reduce the influence of external forces.

Rodamiento Arandela de retencién

Suje Rg, = 160.723 [N] Rg, = 160.723[N]

Perno 9/16

Placa

Figure 18 a) Suspensiomainsystemand b) Free body diagram with resulting forces.

The bearings reaction forces and the horizontal displacement of 2 mm were determined to assume to generate the
unbalance force. The obtained calculated unbalance forces wera R% , and’Y p @ .
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The second static Finite Element Method was carriedoauhe suspension system. It can be seen Figure 19; the
maximum stress concentration is given in the bearing cage with a value of 50 Mpa. The stress value is below the yield
limit of the bearing material of 620 MPa. The safety factor valugbisut2. The maximum displacement occurs when

the reference mass is mounted with a value of 0.00586 mm. #lsabe stressed out that the main suspension system

will not fail.

Figure 19: Main suspension system
Taking into account the mass of unbalance, we have the fggee4 N, causing a randomly vibration amplitudes, due

to that force a displacement of 2 mm in the horizontal direction is obtained. As a result of that, any component will
come into resonance with the axis.

16 [HZ]

Figure 20: A) Suspension system froview, b) Overall view of the suspension system

The dynamical stress analysis was performed, as input speed with 16 Hz. Firstly, Figure 21 illustrates the stress analysis
with the first five resonance modes: 1232, 1735, 2230, 2475 and 2711 Hz, respectiaiyaliacbe stressed out that
there is no risk for any resonance phenomena can happen between the rotating speed and the main suspension system.

Finally, it was performed the entire suspension structure stress system analysis, see Figure 22 a) fdrhdetails.
resonance obtained frequencies are 84, 97, 177, 287, and 290 Hz, resp&itjuedy22b) denotes the maximum stress

value of 40 Mpa at frequency of 98 Hz, which is related to the second resonance of the system. The obtained value is
lower of the reérence value, which does not exceed the elastic limit of the material of 180 Meae3onant
frequencies are quite high, indicating that any resonance phenomena can happen in the developed suspension system.

To complete this entire section of suspensgstem analysis the following is concluded: All the analysis is for a rotor

mass of critical conditions of 60 Kg, the suspension system will not fail when working at its operating frequency of 17
Hz. The rotating speed is lower than the structure resenmaaquency. It is one requirement of the ISO 1240
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Modalanalysisl232Hz (AM1) Modalanalysisl735Hz (AM2) Modalanalysis2230Hz (AM3)

Modalanalysis2475Hz (AM4) Modalanalysis2711Hz (AM5) Maximumamplitude(mm)
AM1 2.323
AM2 3.761
AM3 2.79
AM4 1.837
AM5 3.003

Figure 21: The first five resonance mode responses of the main suspension system

Figure 22: a) Overall stress analysis of the suspension system and b) the highest stress tension in the structure

5.3 Structure Machine Bench Stress Analysis

This section contains an extensive study of the structure bench stress analysis. Figure 23 shows the force applied in the
structure with the anal y sotes loads, shafthsaspensiod systemipuaiiey. Theostno r 6 s v
gives a total weight of 665 N, this load is divided by four supporting points on the bench, in which there is a force of
166 N at each point, discan be seen in Figure 23.
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