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CkiHYeHHOeIeMEeHTHMIT aHAJII3 MepenpoeKTYBAHHS 3UJ1eHOBAHO-TeJIeCKOMYHOT0
NiAiOMHOr0 KpaHa JJisl MIAHATTS MepPCOHATY

X. A. [liocaano-/le na Ilena, A. X. banBanTin, I1. A. Jlimon-JleiiBa, I1. A. Ilepec-OJiBac
dakynprer MammMHOOYyBaHHs, YHiBepcuteT ['yanaxyato, Canamanka, ['yanaxyaro, Mekcnka

Haseoeno uucenvhuti po3paxynox nioiomMHo2o Kpana 0asi NIOHAMMA NepcoHany Ha OCHOBI CKIHUeHHO-
eNeMeHmMHO20 aHani3y, Niomeepodcenull eKCnepuUMenmalbHUMU OaHUMU NO CKAAO0BUX 1020 KOMNO-
nenmax. OpucinanbHa Mooenb niOUOMHO20 KPAHA 6KIIOUAE 34NeHOBAHT CeKyii KOMNIAHAPHUX CMpin |
meneckoniyHoi cexyii KonineapHux cmpin. Maxcumanvhi HA8aHMAdCEHHA MA iX 6NAUE HA CKIAO08I
KOMNOHEeHmMuU RIOUOMHO20 KPAHA GusHaueHo 32i0Ho 3i cmanoapmom ANSI/SIA 92.9, wo euxopuc-
mogyemucsi 0isk Mooenell NiOUOMHO20 KPAHd, PO3N0BCIOONCEHUX [ Komepyianizoeanux y Mexcuyi.
CxinyennoenemeHmuull ananiz 6azyemovcs Ha Memooi CKIAOAHHA KIHeMAMUYHUX nap 3 ypaxyeaHHsIM
OUHAMIYHO20 HABAHMANCEHHS MA iX pe3ynvmylouoi peakyii Ha KooceH enemenm. Mexaniuni xapak-
MepUCmuKY KOJICHO20 KOMHOHEHMA OYIHIOIOMbCA 3a NApAMempoM MIHIMAbHO20 hakmopa Ge3nexu.
Oonak y mux KoMnomenmax, oe yeit (pakmop He 6iOnosioac cmanoapmy, NponoHyemvcs 0esniy
MOOUGiKayitl Onsk nepenpoeKkmy8ants 0aH020 KOMRoHeHmda. [Iposedeno demanvHuti CmpyKmypHuil
amaniz 3anponoHosanoi ix moodepuizayii 1 ompumano Oinbul BUCOKI pakmopu be3nexu NOpPIGHAHO 3
opuziHanvHo Moldennro. YHucenvHi pe3yibmamu 3anponoHO8AHOI MOOepHizayii niomeeporceHo
eKCnepuMeHmanbHUMU SUMIPIOBAHHAMU Oeopmayiil npu GUKOPUCIANHI MEeH300amYUKie, yCmanos-
JIeHUX Ha npomomuni niOUoMHO20 KpaHa, AKUll 6U20MO6IeHO 32I0H0 I3 3anpONnoHO8AHOI0 nepenpoex-
MOBAHOI0 MOOEILIO.

Knrouosi cnosa: migiioMHud KpaH IS MiTHATTS IEPCOHATY, CKIHYCHHOCICMECHTHHI aHaIi3,
KOHCTPYKTHBHE MEPENPOCKTYBaHHSI, METO]| CKJIaIaHHs KIHEMAaTHYHUX I1ap, aHaji3 i3 ypaxy-
BaHHSAM JMHAMIYHOIO HABAHTAXKECHHS.

Introduction. Commonly, the design of cranes is carried out in accordance with the
manufacturer’s experience or applying reverse engineering on existing designs [1, 2]. These
development processes result in frequent repairs to the constituent components of the crane,
without any numerical validation of their mechanical performance to any standard [3, 4]. In
order to avoid such inconveniences, a variety of support technologies and analysis methods
have been used on the design of this kind of machinery.

Among the methods commonly used for the analysis of the constituent mechanisms of
a crane, the synthesis of kinematics and its solution through numerical methods [5-9] and
the analytic models for optimization [10, 11] are highlighted. Nevertheless, the most
frequently used technologies include computer-aided design and engineering software
(CAD and CAE), which are used for modeling a given three-dimensional geometry [12, 13]
and its subsequent simulation under different working conditions [14]. Some of these
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programs use the finite element method (FEM) to synthesize the constituent components
and to assess their behavior under a variety of applied loads [15].

Using commercial finite element analysis software, different kinds of cranes have
been studied with different features such as workshop cranes [13, 16], tower cranes [1, 9,
17-20], marine platform cranes [5, 21], caterpillar cranes [14, 15], telescopic cranes [6, 7,
22, 23], bridge cranes [10-12, 24-26] and jointed cranes [8]. In most of these studies,
structural static analysis has been carried out to determine the performance of the crane
under live and dead loads [1, 10, 12, 14, 16, 18, 21-23, 25]. In addition, some studies
include inertial effects through a dynamic load factor in a static analysis [21] or with an
analysis of explicit dynamic loads [18, 22]. Han et al. [21] combined finite element and
finite volume methods in order to add the effect of wind on a structure of a marine platform
crane. Other authors aimed their studies towards the behavior of the structure under cyclic
loads such as mechanical vibrations, so that modal and harmonic analysis have been
necessary [17, 20, 24, 26]. The validation of a finite element analysis is commonly made by
comparing analytic data, based on solid mechanics, and experimental data measured by
strain gauges [18, 23-25]. The analysis of static loads might result in numerical data with
error factors less than 5% in comparison to the experimental data [23]. However, a model
with dynamic loads is more reliable to simulate a failure, even when its correlation with
experimental data has a greater deviation [22].

Traditionally, the experimental measurements of stresses are carried out through
measurements of strains from the structure when is loaded [24, 27]. However, there are
some components whose strains cannot be easily obtained, given the risks of measuring for
the equipment or the personnel responsible for performing the analysis. For this reason,
recently technologies such as strain gauges have been widely used, given the need for
measuring strains in remote or risky working areas [27-30]. Moreover, other technologies
have been useful in combination with strain gauges, such as data transmission through
Wi-Fi [31-33]. However, a common issue with this kind of data transmission is that it
might be interfered with by other transmission channels. Also, factors such as electric and
combustion engines, vibrations of the mechanical system, etc., might induce noise to the
signal transmitted. Recently, diverse techniques for signal conditioning have been reported
in the literature [34]. Additionally, devices such as the Wheatstone bridge have a set of
amplifiers and filters to attenuate and improve the transmitted signal from the strain gauges
[34, 35].

In this paper the constituent components of a crane, designed with two traditional
configurations, are analyzed. The design of the crane consists of a jointed section with
coplanar arms and a telescopic section with collinear arms. This crane design reaches a
maximum height of 13 m and it is intended to be carried by a motor vehicle. For the
numerical analysis, the original design of the constituent components of the crane were
designed from the experience of the manufacturer (company with location and distribution
in Mexico), and validated under the standard ANSI/SIA 92.2 for aero devices of elevation
and rotation assembled on vehicles [4]. This assessment was made considering loads
recommended by the standard and their effects on the components during the elevation of
the personnel from the initial position to the desirable working position. In this structural
analysis, different working positions and dynamic loads on the constituent components
were considered. The referential parameter of mechanical performance of each component
is the minimum security factor (MSF). On the basis of results from the analysis, some
modifications, or even a total redesign, are proposed, on those components with insufficient
MSF value in order to meet the standard. Finally, the numerical analysis of the proposed
redesign was validated with experimental data from strain gauges attached to a 1:1 scale
prototype of the crane. A detailed description of materials and methodology used in this
work is given in the following Section.
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1. Materials and Methodology.

1.1. Materials. In the modeling of the constituent components of the crane, standard
materials suitable for the construction of this kind of mechanisms were considered. For the
numerical analysis of such components by finite element, mechanical properties, such as
the Young modulus (E), yield strength (§,), Poisson’s ratio (v), and density (p) of
materials, are required. Such mechanical properties were mainly provided by the supplier
(Serviacero [36]) and found in literature in the web (MatWeb [37]) as can be observed in
Table 1. Note that the properties values of E, v, and p (E£= 200 GPa, v= 0,26, and
p="T7850 kg/m3 ), were similarly considered for the different kinds of steels.

Table 1
Properties of Steels Used in the Crane
Material Yield strength (MPa)

A36 250

A500 Gr A 228

A500 Gr B 290

AISI 1018 370

A53 Gr B 241

API 5L x42 1290 290

1.2. Methodology. The methodology used in this work, involved the modeling of the
original crane, which was designed in commercial CAD software. Subsequently, after an
initial structural analysis was performed by finite element models, main parameters were
established to assess the mechanical performance of each constituent component at a
certain working position, previously determined. The distribution of the loads and reactions
along the components are also shown, when modeled by finite element.

1.2.1. Referential Standard. The establishment of loads and the mechanical performance
criteria were in accordance with the standard AISI/SIA 92.2-2009 [4]. This standard states
the maximum strength for designing a crane, which should be a function of the structural
load capacity and its own weight. In addition, the design strength should not exceed 50% of
the yield strength in ductile materials and 20% of the ultimate strength in fragile materials,
stipulations also written as security factors 5 and 2, respectively. The standard also
indicates to take into account stress concentrations, dynamic loads, loads due to working
operation at a slope of 5°, room temperature, loads due to transportation and movements,
wind effects on the structure, loads due to manual operation (25 kg per operator) and
column loads.

1.2.2. CAD Modeling. The original design of the crane was provided by the
manufacturer and it was synthetized in a CAD software program named CATIA V5®. The
original design of the crane along with a list of the main constituent components of the
crane to be studied can be observed in Fig. 1. Nevertheless, this work discards the analysis
of commercial components.

Once the CAD crane model was ready, some critical positions were proposed in
accordance with the standard and the maximum strength that the structure might show at
these critical positions. Figure 2 shows the position parameters, where « is the inclination
angle of the telescopic arm, which runs from 0 to 80° S is the inclination angle of the
parallel arms, which runs from 0 to 87°, and ¢ is the linear displacement of the inner arm
that runs from 0 to 2,868 mm. According to these parameters, seven critical positions were
established, which represent working positions and some transitions of the whole mechanism
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ID|Component

| |Basket

2 |Inner arm

3 |Outer arm

4 Joint

S |Inner parallel arm
6 |Outer parallel arm
7 |[Elevation cylinder
8 [Bearing

9 [Pedestal
10[Rotational base
11|Folding cylinder
12|Leveling cylinder
13|Base of the basket|

Fig. 1. Original model of the crane and its constituent components.

o) .

(0 Q.
Position| o | 8
1 ]0°]0°
2 |0°45°
3 |0°87°
4  45°87°
5 |80°87°
6 145°0°
7 [80°0°

Fig. 2. Parameters of position, «, 8, and J, and its configurations of analysis.

between one given point to another. Every position, therefore, was considered with the
parallel arms fully extended, given that this condition results in maximum momentum at the
base of the crane.

1.2.3. Establishment of Dynamic Loads. With the purpose of determining dynamic
loads, the original model of the crane was imported to the CAD module of the structural
analysis software ANSYS 15®. During this process every constituent component was
changed into surfaces with their respective thickness of profiles and plates while maintaining
the geometrical shapes. Subsequently, the structural analysis of the components took place.

The first stage consists of a structural analysis of the support base of the crane, where
the weight of two operators (1079 N each) and the weight of the basket carrying working
tools (981 N) were considered. Note that such weights were applied on the mass centre of
the operators and objects. In addition, a horizontal load is added at the top of the basket
(444.8 N) which represents loads due to working manoeuvres by the operators, as shown in
Fig. 3.

In the dynamic analysis, the reaction loads at the base of the basket determine the load
applied at the top of the crane, as shown in Fig. 4. The aim of the dynamic analysis is to
know the reaction loads at the joints of the constituent components and their effects due to
the elevation process. The only constraints for these parameters are the structural load
capacity and its own weight. Moreover, these reactions represent flexion and column loads
on the components. Hence, it is established that the piston rod from the elevation cylinder is
totally extended in around 13 s, whereas the piston rod from the folding cylinder is
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C: Static Structural FULL
Static Struckural
Tinwe: 1. 5

Simply Supported: 0. mm
B simply Supported 3: 0. mm
Buckek: 931, N

[ workert: 1079, 1
Worker2: 1079, N
Horizontal Force: 444.8 N

Standard Earth Gravity: 98086 mmfs?

0.0 300,00 600,00 (rm)
[ B ESS—

150.00 450,00

Fig. 3. Loads at the base of the basket in the finite element model: simple supports (4 and B), weight
of the basket with tools (C), weight of the operators (D and E), load due to working manoeuvers (F),
and effect of gravity (G).

A: Elevation of telescopic and parallel arms
Transient
Time: 25. ¢

[&] standard Earth Gravity: 9806,6 mmjs?
[B) remote Force: 7780.1 N

[Bl remote Force 2: 6577.2 N

. Remote Force 3 T943.6 N

. Remaote Force 4: 7735.4 N

. Remote Force 5: 450. N

B scint - Displacement: 770. mm

. Joint - Displacement 3: 525, mm

0.00 1500.00 3000.00 {rm)
[ B S

750.00 2250.00

Fig. 4. Loads used in the dynamic analysis of the crane. (4) weight, (B—F) loads transferred from the
base to the basket, and (G, H) displacements in the folded cylinder and in the elevation cylinder.

extended in around 12 s. Hence, the total elevation of the whole crane is estimated to take
around 25 s in accordance with the requirements of the manufacturer. For the structural
analysis, the material properties were applied to the respective constituent components,
excluding effects due to temperature, wind and working operation at a slope of 5°.

As mentioned previously, the assembly method of kinematic pairs was used during the
analysis for obtaining correlations of evolution of loads as passing of time in every joint of
the mechanism. Figure 5a shows the reaction momentum on the rotational base at the
beginning of the elevation of the mechanism. As shown in Fig. 5b and successively in
Fig. Sc, this momentum reaction shows a given variation as time increases. Finally, Fig. 5d
shows the evolution of the reaction at each time moment previously defined to be studied.
Once the relative time-positions are determined, loads and momentums can be assigned to
the components modeled by finite element method, as can be observed in the following
section, where loads and momentums are revealed for each component for each working
position.
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E
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0. 4, 8. 12. 16. 20. 25
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1 2 |
Position 1 a=0°, Position 2 a=0°, Position 3 a=0°, Position 4 a=45°, Position 5 a=80°,

B=0"andt=0s B=45°,andt=6.5s B=87°andt=13s PB=87°andt=19.5s P=87°andt=25s

d

Fig. 5. Reactions on the rotational base: (a) position 1; (b) position 3; (c) position 5; (d) evolution in
function of simulation time.

1.2.4. Finite Element Model. As previously mentioned, each constituent component
was simulated with a set of surfaces, helpfully synthetized by using shell elements, in the
ANSYS 15® software. The inputs in this software included materials, mechanical properties,
applied loads and working conditions. For instance, the materials used were considered as
elastic isotropic and the applied loads and inclination degrees were parameterized in the
software with the purpose of speeding up the outputs from the scenarios described above.
Note that, in every scenario, the respective weights were added to the model, such as the
support base of the basket observed in Fig. 3, the inner and outer arms, the inner and outer
parallel arms, joint, the rotational base and the pedestal, as shown in Figs. 6a and 6g.
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Fig. 6. Finite element models with respective loads in: (a) inner arm, (b) outer arm, (c) inner parallel
arm, (d) outer parallel arm, (e) joint, (f) rotational base, and (g) pedestal.

Once the structural analysis was carried out for each constituent component under the
proposed loads, the data was useful to calculate security factors for the original model
which are exposed in the section of results.

2. Results. As mentioned in the last section, the security factors obtained by the
distortion energy theory, used by the ANSYS I5® software, are revealed for each
constituent component of the crane.

2.1. Original Design. The MSF were obtained for each constituent component
according to the defined loads and positions, parameters which defined the critical positions
of the crane. Table 2 summarizes the applied loads and the consequent MSF for each
component from the original design. These parameters reveal that the constituent components
are insufficient to meet the standard. Therefore, a number of structural modifications are
proposed to the original design in order to improve the mechanical performance of the whole
crane. Such modifications are described in the next section.

Table 2
Summary of MSF and Critical Position of the Original Design
Component Applied load Critical | MSF
position
Base of the basket Loads described in Section 1.2.3 1-7 1.15
Inner arm Reactions transferred to the base of the basket 4,6 1.57
Outer arm Load and bending momentum at the end 4.6 1.60
Joint Reactions at the joints with the outer arm 1-3 0.89
and the folding cylinder
Inner parallel arm Pure tension load 3 0.90
Outer parallel arm Load at the pin shelter 3 0.73
Rotational base Reactions of the parallel arms and elevation cylinder 3 0.05
Pedestal Load and momentum transferred by the rotational base 3 0.50
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2.2. Modifications Proposed. In this section, various strategies for structural
modifications were assessed in order to increase the respective MSF values of the
constituent components which failed to meet the standard. The first strategy consists in
increasing the thickness of the components, the second one in modifying some geometries
and finally the total redesign of some components was implemented. The specific strategies
for structural modifications and their effect on mechanical performance are described as
follows.

In base of the basket, a simple increase of thickness from 4.8 to 6.4 mm was
implemented, and as a result the MSF value increased to until a value of 2.0, which,
satisfies the standard as can be seen in Fig. 7.

The inner arm was simply modified by increasing the thickness of the inserted canal
from 7.9 to 12.7 mm; as a consequence, the MSF value increased to 2.15 at its critical
position, as shown in Fig. 8.

Similarly, the outer arm was modified by increasing the thickness of the reinforcement
on the component from 4.8 to 7.9 mm, which satisfies the standard with a MSF value of
2.18, as shown in Fig. 9.

Type: Safety Factor
Time: 1

15 Max
10

2.01 Min

o
Fig. 7. Security factor in the base of the modified basket, 2.01.

Type: Safety Factor Type: Safety Factor
Tirne: 1 Time: 1
15 Max 15 Max
_IBT] ‘ 10
| 2.15 Min 1 2.18 Min
a ‘ o

Fig. 8. MSF of the modified inner arm, 2.15.  Fig. 9. MSF of the modified outer arm, 2.18.

Nevertheless, the joint was considerably modified, firstly, by changing the thickness
of the vertical plates from 7.9 to 9.5 mm, then, by increasing the schedules of the upper and
lower tubes that make up the component. Moreover, the geometries of the support bases
were modified in order to reduce stress concentrations, and steel flat bars were attached to
the back and hole of the central plate. As a result, the security factor increased to a value of
2.02 at a critical position in comparison to the original design. However, these proposed
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modifications changed the critical positions of the original design, positions 4 and 6
becoming the new critical positions of the element with a MSF value of 1.75. Even though
this MSF value still remains insufficient according to the standard, these modifications
increased the MSF value by approximately 97% with respect to the original design, which
is located in an area with no mobile parts, as shown in Fig. 10.

In the case of the inner parallel arm, the increase in thickness, the change in geometry
and adding supporting elements resulted in an insufficient and unacceptable MSF value
according to the standard. Thus, a total redesign of the component was proposed with a
tube API 5L x42 1L.290, with a nominal dimeter of 63 mm as a base. As a consequence, the
MSF value of the component increased to a value of 2.21 as shown in Fig. 11.

Type: Safety Factor

Time: 1
Type: Safety Factor 15 Max
Time: 1
10
2.21 Min
0

Fig. 10. MSF in the modified joint, 1.75. Fig. 11. MSF in the modified inner parallel arm, 2.21.

The outer parallel arm was modified with diverse changes of thickness and geometry.
These modifications consisted of changing the main body of the component with a 25%
higher HSS profile, as well, changing the shape and thickness of the upper, medium and
lower supports. As a result, the MSF value increased to a value of 1.80 at the critical
position, approximately 1.5 times higher than the original design of the component, as can
be seen in Fig. 12.

Type: Safety Factor
Time: 1

15 Max
10

Fig. 12. MSF in the modified outer parallel arm, 1.80.
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As can be observed in Table 2, the rotational base is the component with lower MSF
in the original design of the crane. Hence, this component was seriously modified by
changing thickness and geometry; new elements were also included as inner supports in
order to increase the MSF to a value of 2.06, as shown in Fig. 13.

Finally, the pedestal was modified by increasing the thickness of the tube from 6.4 to
7.9 mm, inclining the lateral supports to 45° and increasing their thickness and height to
increase the stiffness of the assembly. The thickness of the lower plate and the upper flange
were also increased to 28.6 and 50.8 mm, respectively. As a result, the MSF increased to a
value of 1.93, barely 3.5% below the target as shown in Fig. 14. In the following Section,
the experimental system is described with the methodology used for validation of data.

Type: Safety Fackor
Time: 1

Type: Safety Factor
Time: 1

15 Max 15 Max
10 10

2.06 Min 1.93 Min
0 0

Fig. 13. MSF in the modified rotational base, 2.06. Fig. 14. MSF of the modified pedestal, 1.94.

2.3. Experimental Validation. On the basis of results from the modeling, a new design
was proposed which would be suitable for the expected loads that the crane is subjected to.
The new design was shown to the manufacturer, who ratified the feasibility of the
experimental prototype. Once the mechanism of elevation was built and mounted on a
motor vehicle, the experimental validations of the finite element models were carried out.
To do this, the use of strain gauges attached to constituent components of the crane was
proposed, with the purpose of measuring strains under the known loads. The piezoresistive
sensor selected for measuring strains was the rosette CEA-06-250US-350 for general
purposes. This sensor has a configuration of four meshes distributed to 90° with a gauge
factor of 2.08 and a range of stress of + 5%, with a sensing area of 2.5 X 2.0 cm. The mesh
configuration allows the induced variations due to electromagnetic noise to be balanced
[28]. In addition, the use of a telemetric system for the data transmission was considered.

The configuration of an experimental system for the transmission of the signal from
the strain gauges consists of a terminal National Instrument (NI) 9949 that connects the
sensor to the module NI 9237 for the conditioning and interpretation of signals, as well as a
wireless chassis NI 9191 for data transmission via Wi-Fi. Subsequently, the wireless signal
is acquired by a computer, where a virtual instrument (VI) for the acquisition, visualization,
processing and storage processes of signals is employed. The VI used was built using
LabView 2015® commercial software. The schematic of the experimental system for
acquisition, transmission and processing of signals is shown in Fig. 15.

The experiments consisted in positioning the crane prototype in a set of positions of
interest, similar to those considered in the numerical analyses, with a known load in the
basket (209 kg, concrete blocks) and five iterations. In these positions, strains were
measured at central points of three components of the prototypes: pedestal, outer arm and
outer parallel arm. These measurements were carried out with the data acquisition system
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Data acquisition

NI 9949
System
NI 9237 E

)

Fig. 15. Experimental system for acquisition, transmission and processing of signals.

a C

Fig. 16. Strain gauges in: (a) pedestal, (b) outer parallel arm, and (c) outer arm.

Fig. 17. Movement sequence to position the prototype crane in the working position 3: elevated
parallel arms (B = 87°) and extended and horizontal telescopic arms (0 = 2800 mm, « = 0).

ISSN 0556-171X. IIpobaemvr npounocmu, 2017, Ne 3 73



J. A. Diosdado-De la Peiia, A. J. Balvantin, P. A. Limén-Leyva, and P. A. Pérez-Olivas

18

16 £

14 £

12E X
FIOE *
S Fx
Z g
g
g 6
7 F —-¢-Experimental

4 £

E X FEA
2_
S S S S S S
0 10 25 40 55 70 85
B, deg

Fig. 18. Comparison of numeric and experimental data of strain values of pedestal.

described previously. Figure 16 shows the strain gauges placed on the components
mentioned. Figure 17 shows a movement sequence of the prototype to reach the working
position 3, detailed in Fig. 2.

The finite element models were repeated considering only the load of 209 kg in the
basket and strains were obtained from similar central points to the experimental prototype.
These numerical results were compared with the averages of experimental data. Figure 18
shows a plot of strain versus position S of numerical and experimental data. Comparisons
of data from other components showed that they were similar. Thus, it can be established
that the finite element models of the proposed crane design are suitable to simulate the
mechanical performance of the mechanisms of the cases studied.

Conclusions. This study has analyzed a crane used for elevation of personnel which
combines two configurations: jointed and telescopic sections. The original design of the
mechanism is based only on the experience of the designer and manufacturer. The
numerical analysis involves dynamic and inertial loads applied on different constituent
components of the crane.

The loads applied on the crane were obtained from the standard ANSI/SIA A92.2.
Such loads were determined per constituent component from the general movement of the
in-service crane. The resulting data allows loads at each component to be correlated with
previously determined working position.

The analysis of the original jointed-telescopic design of the crane revealed an
insufficient mechanical performance with security factors within a range from 0.05 to 1.6,
that are significantly below the value of 2 specified by the standard. Therefore, a number of
analyses and consequent different modifications in diverse components were suggested,
which MSF values within a threshold from 1.75 to 2.21 to be reached. In those cases,
where the MSF values were insufficient to meet the standard, it was observed that the MSF
became more than twice the original values in the redesigned model. Thus, it might be
considered that the manufacture of the first prototype is functional.

The critical conditions for the components mounted over the joint are those where the
inclination angle of the telescopic arms (@) is 45°. Such elements required minor
modifications to increase the mechanical performance.

In addition, the components below the joint show their critical positions when the
parallel arms are at their maximum inclination (8 = 87°) and the telescopic arms are at the
minimum inclination (a= 0). At this position, the maximum horizontal position is
reached. Hence, the considered loads and the upper components result in the maximum
momentum for rollover, it being the lower components that counteract the rollover
momentum. Thus, these components are significantly modified. As a consequence of the
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proposed modifications, an improved mechanical performance of the crane was obtained, in
comparison to the original design.

Finally, once the proposed modifications were assessed, the project proceeded to the
manufacture of a prototype, where functional tests and an experimental study by measuring
strains were carried out to validate the finite element models. A comparison of numerical
and experimental data shows consistency of strain values; it can be concluded, therefore,
that the models used are suitable to simulate the mechanical performance of the jointed-
telescopic crane. Hence, in case of future modifications to the mechanism, these can firstly
be implemented into the finite element models, in order to subsequently improve the
prototype.

On the basis of the results obtained, it can be established that the analysis here
presented is essential for designing specialized equipment.
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