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Abstract

In this study, it is aimed to investigate and perform the static structural and natural frequency analysis of the
mini spider crane which is designed to lift 0-500 kg load and 0-3 meters extend range, by using computational
mechanics software. The crane works and driven by hydraulic system and in order to get the more realistic
result, hydraulic cylinders modeled as springs instead of stiff rigid bodies in the analysis. This simulation
approach provides a different method than the conventional method. Detailed analysis show that the spider
crane statically can lift 1200 kg before the plastic region, so its safety factor is 2.4 when it is lifting 500 kg and
its natural frequencies are 16.2 Hz and 50 Hz.

Keywords: Spider Crane, Static Analysis, Hydraulics, Finite Elements, Computational Mechanics, Design.

HESAPLAMALI MEKANIK YAZILIMIYLA ORUMCEK ViNCiN STATiK MUKAVEMET VE
HARMONIK TiTRESIM ANALIZLERININ YAPILMASI

0z

Bu calismada, 0-3 metreden 0-500 kg yiik kaldirmak tizere tasarlanmis bir mini 6riimcek vincin statik
yapisal ve dogal frekans analizlerinin arastirilmasi ve hesaplamali mekanik yazilimi kullanilarak uygulanmasi
hedeflenmistir. Hidrolik sistemle ¢alisan ve tahrik edilen vincin hidrolik silindirleri daha gercekgi bir sonug
almak icin kati bir cisim yerine yay olarak modellenmistir. Bu simiilasyon yaklasimi geleneksel metoda gore
farkli bir metot saglamaktadir. Detayl analizler sonucunda, 6riimcek vincin plastik bolgeye ge¢meden en

fazla 1200 kg yUk kaldirabilecegi yani 500 kg ytkte iken givenlik katsayisinin 2.4 oldugu, dogal frekansinin
ise 16.2 Hz ve 50Hz oldugu saptanmistir.

Anahtar Kelimeler: Oriimcek Ving, Statik Analiz, Hidrolik, Sonlu Elemanlar, Hesaplamali Mekanik, Tasarim.
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1. INTRODUCTION

Engineering software programs are developing every day and they provide to design, analysis and
manufacture complex machines and structures. Also, thanks to Finite Element Methods, complex
mathematical problems can be solved in a short time by the computers and it provides us to model,
simulate and analyze the mechanical system on the computer by using minimum material and sources.

In this study, a mini spider crane was modeled and analyzed under the different loading conditions and
maximum load capacity has been obtained with a realistic approach by using ANSYS software. Furthermore,
natural frequency of the crane was obtained to avoid resonance failures by using modal and harmonic
response analysis. In order to get the realistic results, hydraulic cylinders modeled as springs because
as Drexler indicates that hydraulic oil is compressing under the high pressure and acting like a spring
instead of transmitting the force directly like a rigid body and also damping the vibration (Drexler et al,,
1988; Sochacki and Bold, 2016; Bold et al., 2018).

Computational engineering software programs also provide us to realize the weak and strong parts of
the design before the manufacturing phase so that we can re-design and make the necessary changes
to obtain an optimum model as made in this study as well.

Another advantage of the software is that it allows us to change the input variables like loading forces and
it calculates the outputs such as total stress and deformation values parametrically, so solution envelope
of the model could be obtained easily.

2. RESEARCH OBJECT AND MATERIAL

The Spider Crane which used for analysis was designed for“Design and Manufacture of Mini Spider Crane”
project by using Autodesk Fusion 360 CAD program. The Crane is designed to carry 500 kg load when
the maximum extend is 3 meters and It has 3 booms which one of them is knuckle and another one
is telescopic. The booms are made up of Domex700, high strength low alloy steel, with 700 MPa yield
strength and 210 GPa Young’s modulus (Ahmad, 2011).

The main parts of the spider crane can be seen in Figure 1 as booms, chassis, slewing drive, outriggers,
solid tires and hydraulic cylinders. Also, the booms and the cylinders can be seen with their numbers in
Figure 2 and general dimensions of the spider crane can be found in Figure 3.
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Figure 1. Isometric view of the spider crane.
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Figure 2. Booms of the Spider Crane.
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Figure 3. General dimensions of the spider crane.

3. STATIC STRUCTURAL ANALYSIS

The steps of the static structural analysis can be divided into these parts such as selecting the material,
choosing the connection and/or joint types, if more than one body exist in the analysis, meshing the
bodies and finally setting the conditions of the analysis which is obtaining that from where the structure
will be fixed and from where the force is applied.

3.1 Static Analysis For Booms:
3.1.1 Choosing the Joint and Connection Types Between the Bodies of the Model

Choosing accurate joint/connection type is very crucial step for the static structural analysis. For example,
when the connection type between the booms are “bonded” (acts like a rigid body) instead of the
“revolute” joint, very high stress results occurred around the joint elements (ANSYS Inc., 2013). In order
to obtain the more realistic results, joints and connections were chosen as seen in Figures 4-7. Figure 4
shows the frictionless connection between the first boom and body and revolute joint between the first
boom and the shaft because the first boom is turning around the shaft. Figure 5 and 6 show the revolute
joints around the shafts as well. Figure 7 shows the telescopic connection as translational joint between
the second and third booms.
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Figure 4. Frictionless connection between walls of the first boom and body (Left), Revolute joint between the first
boom and shaft at the body (right).

> Statc Soructural> Soution

Figure 5. Revolute joint between the second boom and shaft at the first boom (left), Revolute joint between the
support parts which connects the first and the second booms and the connection shaft between them (right).
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Figure 6. Translational joint between the second and third booms.
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Figure 7. Revolute joint between the support parts, second cylinder connection part and shaft between second
and third booms.
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3.1.2 Setting the Conditions of the Static Structural Analysis

Figure 8. Static structural of the model.

First of all, the model has to be fixed in the space that is why booms are fix supported at point A which
is a connection surface between the body and the chassis as seen in Figure 8. Secondly, downward load
applied from the holes at the end of the third boom which can be seen in Figure 8 at point B as 5000 N
load. Also, Standard Earth Gravity accounted into the analysis to calculate booms’ own weight as well.

3.1.3 Von Misses Stress Distribution Results

The Maximum Stress will be occurred when the crane is working at zero degree, where it is the farthest
point and therefore, the moment will be the maximum. Results of the analysis seen in Figure 9 show
that while 5000 N load applied at the end of the third boom, the maximum stress occurred around the
shaft between the first boom and the body as 328 MPa, which means approximately half of the 700 MPa
Yield strength and the factor of safety is equal to 2.1. Also note that, the crane is tested with 500 kg load
but for continuous work it will be better to use with 250-300 kg load so, safety factor will be 3-3.5 for
continuous working conditions.

8,1123e-10 Min

Figure 9. Von misses stress distribution because of 500kg load.
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3.1.4 Total Deformation Results

We could obtain the amount of the elongation from the deformation results. Three important point can
be drawn from Figure 10, first cylinder is compressed almost as calculated as in the “modelling a hydraulic
cylinder as a spring”. There is around 60 mm difference between the connections of the third cylinder. It
shows relatively high deformation on the third cylinder, in order to avoid from bending situation, some
hydraulic oil can be kept in front of the piston.

B AU~

Figure 10. Total deformation because of 500 kg load.
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Table 1. shows the values and graph of Load versus- Stress/Deformation chart for different loading conditions.
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Parametric analysis allows us to see the difference between Stress/Deformation results under the different
loading conditions. This parametric result shows that in the worst situation for load of booms’ position
(minimum angle and furthest elongation working), Crane can carry max 1200 kg statically while factor
of safety is equal to 1 and just before the passing through the plastic region.

3.2 Static Analysis For Outriggers:

The maximum load on the foots will be occurred in the position as seen in Figure 11. From moment
calculation below, max load for one foot for 500 kg was found as 11 kN.

Figure 11. The maximum load on the foots.

3.2.1 Setting the Static Structural of the Outrigger Model

Foot is fix supported at point B which has the connection surface to the chassis and 11 kN force is applied
at point A as seen in Figure 12.

0.00 350,00 700,00 (mm)
1

175,00 525.00

Figure 12, Static structural of the model.
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3.2.2 Von Misses Stress Distribution Results

Figure 13 and 14 show that the maximum stress occurred only around the one point which is located
next to the fix supported area as shown as point B in Figure 14.

AL

R —

Figure 13. Von misses stress distribution because of 500 kg load, 11 kN.

44

- When it is zoomed to the vertex which maximum stress occurred and checked the stress distribution
next to this point shows us that the actual stress is relatively high because of supporting method. That is
why we can ignore this point and assume that we are in safe region but in the limits.

Max =

1
6143 | 25557 3 Force: 11000 N

= ‘ [B] Fixed Support
40853 3

Figure 14. Maximum stress area (Left), Maximum stress occurred because of fix supported face (right).

3.3 Modelling a Hydraulic Cylinder as a Spring

Hydraulic cylinders are acting like more a spring than a rigid body under the high pressure (especially 150
Bar and above). Drexler et al., 1988 says that “in the case of a fluid containing no air bubbles the volume
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reduces by 0.7% when the pressure is increased by 100 bar”. According to this ratio, volume will reduce
by 0.14% with 200 Bars.

Calculating Spring Coefficients:

Tad®

Area of the piston is defined as 41 = 2 (1)

Volume of the cylinder= Areax Stroke =V = A *5 (2)

Compressed volume under 200 Baris Ve = V = 0.0014 (3)

¥

i
Compressed Stroke is Compressed Volume / Area = Sc = e {4]

Stiffness coefficient of the spring is i = £ _:— (5)
x '

When the first cylinder is completely open, volume of the first cylinder is 0.46 L, stroke is 370 mm and
Diameter is 40 mm, so the stiffness coefficient of the spring is calculated as k=1290 N/mm.

Ansys used for testing the stiffness coefficient (k) of the spring which is obtained from the above mentioned
calculation. First cylinder’s piston diameter and stroke length modeled with the spring and the same
pressure applied to the first piston (200 Bar = 20 MPa). Also, gravitational acceleration was applied.

Figure 15. Static structural set.
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Material None
Type Longitudinal
Spring Behavior Both

Longitudinal Stiffness 1290, N/mm
Longitudinal Damping |0, Nes/mm

Preload Nane
Suppressed No
Spring Length 370, mm

Table 2. Properties of the spring.

Figure 16. Directional deformation of the spring.

This test shows us that springs can be used as hydraulic cylinders. Instead of having more realistic result
another advantage of using springs that we do not have to mesh bodies of the cylinders, so solving
time and the number of elements are reduced (Rodriguez et al,, 2017). On the other hand, when we do
not use the cylinders as a body, their weights are not accounted in the analysis. Note that when the first
cylinder is closed (0 degree and maximum elongation horizontally) stroke is 4.7 cm. Spring coefficient of
cylinders are calculated by using the values shown in Table 3.

Cylinder  Piston Area (cm?) Stroke (cm) Volume (cm?) Compressed Volume (cm?) Compressed Stroke(cm)  Force (N) Spring Coefficient (N/mm)

1. 12,56 4,7 59 0,0826 0,06583 21040 319594‘
2. 78,54 30 2356,19 3,29 0,42 144050 342976
3. 39,4 57 2245 3 0,79 7350 9303

Table 3. Values which are used to calculate the spring coefficients for each cylinder.
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4. HARMONIC RESPONSE ANALYSIS

Harmonic Response Analysis shows us that how and in which directions the structure is responding when
the natural frequency values are applied to the overall assembly. It is known that vibration plays a crucial role
for fatigue and crack failures. In order to get Harmonic Response results firstly natural frequency intervals
were found from Modal Analysis and then by using these interval, natural frequency can be found from
the harmonic response analysis. Sochacki and Bold explain that the hydraulic cylinders are damping the
vibration by an important amount (Jiang et al., 2016; Feng et al., 2017). That is why, using the springs for
simulate the hydraulic cylinders provided a more realistic result for harmonic response analysis as well.

Mode ||7 Frequency [Hz] |

B 875061
2 |2 16,415
3 |3 35,069
4 |4, 39,084
5 |5 50,925
6 |6 92,46

7| 100,1

8 |8 108,73
2l 125,83

Table 4. Natural frequency interval found from Modal Analysis.

As seen from Table 2, we are interested in first 5 modes which generally electrical motors work
0-3000 rom eauals to 0-50 Hz. That is whv in harmonic response analvsis 0-60 Hz interval accounted.
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Figure 17. Natural frequency interval founded from harmonic response analysis.
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Frequency [Hz] | Amplitude [Pa] | Phase Angle [] Frequency [Hz] |I¥ Ampiitude [Pa] [ Phase Angle [
1|06 49337 180. 0 13k 12373 0.
3 |18 49829 180, 32 |32 10702 0.
4 24 50269 180, 53 1318 9675, 0.
5 |3 50846 180, 34 I i 0.
6 36 51572 180, 55 |33, 77971 0.
7 laz 52459 180, se 338 69305 0.
8 48 53524 180, 57 |34.2 61064 0.
o |c4 4768 180, 58 348 5354.1 0.
10_|6 56278 180, 35 e et L
I =i e 60 |3s, 37269 .
12 |72 60084 180, 61_|366 2994, 0.
P Eer PR 62 |37.2 22704 0.
1 |15 ha o 63 |378 15636 .
15 |9, 68371 180, 64 |384 916,51 0.
16 |96 = 160, 65 |39, 17406 0.
17_[10.2 77810 180, 66 _|39.6 1153.7 180,
T e i 67 |402 18087 180,
19 114 91490 180. S8 1408 2617 L
20 12 1.0126e+005 180, a3 I =il et
21 |126 1,1419e+005 180, Ll s el
22 |132 13205e+005 180, Il 428 23141 190
23 |138 15823e+005 180, ;i :Z': fﬁ;g'i :ﬁ
24 |144 20015e+005 180, S o e
25 |15 27779e+005 180, : :
E 16.2 1.7356e+006 180, 76 |456 13316 180,
28 |168 94549e+005 0. 77 |46.2 15867 180,
29 [174 35099e+005 0. 78 |46.8 19097 180,
30 |18, 21792¢+005 0. 79 |47.4 23355 180,
3 |186 15395e4005 O, 80 |48 29281 180,
32 192 1.176e+005 0. 81 |486 38172 180,
33 138 94178 0. 82 |49.2 53131 180.
34 1204 17856 = 83 (498 83880 180,
=3 fcl el L 84 |504 18461e+4005 180,
el o &5 |51, 1317200006 0,
EL 2 86 |51.6 1,5017e+005 o,
W7 g lse2 o o
F‘M, 34296 0 88 |52.8 56181 0,
TR = o, 89 [53.4 43278 0,
42 |252 27746 0 20 (54, 35369 0.
43 |258 25008 o 91 |546 30010 0,
a4 | 26,4 22765 0. 92 |55.2 26128 Q.
45 |27, 20693 0. 93 |558 23180 0.
46 [276 18837 0, 94 |56.4 20860 0.
47 |282 17164 0. 95 |57, 18982 0.
48 |288 15644 0. 96 |57.6 17428 0,
49 (294 14256 0. 97 |582 16119 0,
30 [30. 12973 0. 98 |58.8 14998 0,
99 (594 14027 0.

Table 5. Natural frequency interval found from harmonic response analysis
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Table 5 and Figure 17 show that 16.2 Hz (around 1000 rpm) and 50 Hz (3000 rpm) are natural frequencies
for this structure. That is why, electrical motor should not work continuously exactly in these rpms. 1500
rpm (25 Hz) can be chosen as a safety area.

5.CONCLUSION

In this study, loading capacity and natural frequencies of the spider crane are obtained and results of the
analysis enabled us to claim where the maximum stress occurred and in which frequencies the structure
have the natural frequencies. Selecting the appropriate connection/joint types between the bodies and
modelling the hydraulic cylinders as the springs are crucial steps for this kind of analysis which has many
connections and joint parts. According to the static structural analysis results, strokes of the cylinders are
optimized in the design process to avoid bending failures, because of high deformation values especially
on the third boom. Furthermore, harmonic response analysis’ results enabled us to determine the working
rpm of the electrical motor in order to avoid from fatigue or crack failures based on the resonance
problems. The natural frequency of the model can be changed by adding some supports or changing
the material/thickness in the design if it is necessary.

This study can be a reference for the future studies such as reducing the vibration at the end of the booms'’
of the cranes or optimizing the model of the booms and the cranes.
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