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The purpose of this work is to compare, with the same digging diagrams,
the velocity, accelerations and dynamic performances of two excavators
with different arm configurations. In particular, constructive solutions
involving the use of two and three mobile arms will be examined. For
excavators the different construction geometry (2-3 arms) is mainly
dictated by reasons of use, in fact the 3 arms solution is normally used in
areas that allow poor mobility of vehicle and present obstacles during the
excavation phase. The dynamic comparison between the two solutions is
performed on real working conditions to which they can be subjected
during the exercise. The elaborations are performed both analytically and
numerically. Essentially the analysis shows that in the condition of leveling
and lifting at minimum distance from the rotation axis the dynamic
performances are similar, there are significant differences in the lifting
condition at the maximum distance. The diversity also implies significant
variations in the forces of the hydraulic cylinders used to move both the
load and the arms, an aspect which finds greater emphasis even in the case
in which the arms are made by adopting unconventional materials for their

realization as aluminum and composites.
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1. INTRODUCTION

Excavators are very versatile earth-moving machines,
they have a wide payload range (from 5000kg to 50000
kg) which obviously also corresponds to a different load
diagram (for example digging depth from 3m to 12m
and distance from the rotation axis from 4m to 15m) [1].
In general these machines can be differentiated by the
number of arms. With equal fundamental components
such as the frame, cab, engine (mainly endothermic),
hydraulic system, etc., there are two types of excavators:
the first with two arms and the second with three arms
(Figure 1). The choice between the two possible
configurations is carried out by the costumer in relation to
personal experience than to objective evaluations. This
work fits into this perspective and the main goal is an
objective evaluation of the performance of the same type
of excavator (medium-large excavator) with two and
three arms. Since the working conditions are different,
three specific working situations have been chosen,
considering these as the most usual and significant
methods of use of an excavator, they are: leveling, lifting
at the minimum and maximum distance from the rotation
axis. Through different approach (analytical and
numerical) the dynamic performances of the arms have
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been studied, comparing the results in graphic form and
summarizing the same in tabular form. The last part of
the work concerns the implications of the results obtained
on the forces generated by the hydraulic cylinders
(suitable for moving the arms) also considering the
possibility of a structural lightweighting of the arms.

2. DESCRIPTION OF THE MACHINES

The vehicle chosen to perform this comparative study is
the excavator PC 210 of the Komatsu company. The
choice of this machine was made because the excavator
in question is widely used in the field of material
handling and in the ordinary maintenance of roads and
waterways. Another fundamental aspect for the choice
was the fact that it had available for experimental test
and also to have some technical information available.
A further point in favor of this machinery is the
possibility of being able to choose the configuration
with two or three arms, taking as a basis the complete
engine/cabin and track unit, practically modifying only
the geometrical configuration of the arms (Figure 1).

Table 1. Main dimensions for two and three arms excavator

PC 210 [mm] 2 arms 3 arms
A 2500 2500
B 3035 3035
C 3000 3000
D 3190 3090
E 9555 9420
F 5700 5970
G 4080 4080
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Figure 1. PC 210 two and three arms configuration
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Figure 2. Digging diagram for two arms configuration
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Figure 3. Digging diagram for three arms configuration

The digging diagrams of the machine are shown in
the two different configurations (Figure 2, Figure 3).
As can be seen, there is not a noticeable difference in
the excavation diagrams as in the dimensions shown in
Tablel. The choice of a double or triple articulated
excavator can be dictated by the fact that the work may
require more flexibility in reaching a certain point. In
fact, although the two configurations guarantee almost
the same work area [2] (Figure 2, Figure 3), the exca-
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vator in triple articulation configuration, presenting an
additional degree of freedom, allows to reach the same
point of a double articulated excavator, but with greater
flexibility, managing to overcome any obstacles present
on the course or in the excavation area.

2.1 Load conditions

In order to compare the possible movements of the two
solutions, three load conditions have been imposed
which can be seen as the basic movements during a
work cycle.
The load conditions chosen are the following:

-Load condition 1 (leveling): in this phase the arms are
completely extended with the bucket resting on the
ground, the movement consist in the bucket approaching
the body of the excavator;

Figure 4. Load condition 1: (a) start, (b) end

-Load condition 2 (lifting at the minimum distance):
during this phase the arms are arranged so as to be able to
carry out a lifting action with the bucket positioned as close
as possible to the body of the vehicle under examination;

Figure 5. Load condition 2: (a) start, (b) end

-Load condition 3 (lifting at the maximum distance):
with this configuration the machine appears as in the
leveling condition, with the only difference that in this
case the arms will not have the carry out a leveling
action, but a lifting action and therefore the bucket will
have to perform a movement in a vertical direction and
not a horizontal one.

Figure 6. Load condition 3: (a) start, (b) end
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2.2 Background theory for excavator with 2 arms

In order to be able to compare the results of the arm
movements and so be able to estimate the accelerations
and velocities present during the performance of the
three different loading conditions previously described,
it was decided to impose on the attachment area of the
bucket of both constructive solutions, the same law of
motion. We will then proceed to the study of the cases
under examination through two different approaches:
one analytical, and one by simulation through the use of
software dedicated to the study of movements.

Figure 7. Two arms schematization

To be able to define the position of the bucket, for
the two and three arm configuration we used the Dena-
vit-Hartemberg convention[3,4], which provides to
define the position and orientation of the consecutive
arms (1) and (2).

Position of the ends of the arms:

cos(®,) —sin(®@,) 0 g cos(P,)
Hypos = Sm(o‘bz) 005(0‘1’2) (1) a Sino(q’z) 1
0 o o 1 |
[cos(®,) —sin(®,) 0 a cos(P,)]
H, - sin(OCD2) cosE)d>2) (1) a sino(c1>2) @
0 0 0 1
Bucket end position
H = Hpoom - Hgick ©)

Known the matrix H (3) it is now possible to obtain
the components of the position in x and y of the end of
the stick as reported by equations (4) and (5).

x =aj cos(Py ) +a, cos(Py +D,) 4)
y =aysin(®p)+a, sin(®; +D,) (3)

2.3 Background theory for excavator with 3 arms

The same procedure can be repeated for the three arms
configuration. So obtaining the positions (6), (7) and (8)
of the arms and the position of the end of the stick in x
(10)and y (11).

cos(&)) —sin(&) 0 acos(d})
L _|sin(@) cos(d) 0 asin(d) ©
! 0 0 1 0
0 0 0 1
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cos(¢h) —sin(dh) 0 a cos(h)
4. | sin(@) cos(8) 0 aysin(8,) ™)
2700 0 1 0
0 0o 0 1
[cos(d) —sin(d) 0 a cos(dh)
Hy = sin(¢h) cos(d) 0 asin() @)
0 0 1 0
.0 0 0 1
H = H H,H, ©

x=aycos(d))+ay cos( + &) +azcos( +5) (10)
y=apsin(])+aysin( +d ) +aysin(+) (11)

Figure 8. Three arms schematization
3. PARAMETERS FOR THE MOVEMENT SIMULATION

To conduct the comparison it will be necessary to use
the same parameters [5] related to both the laws of
motion of the three different load conditions and the
characteristics of the moving elements [6,7] (length,
duration of the movement in terms of time and space)
[8,9]. In order to conduct a simulation in a 3D work
environment it is necessary to create the solid models of
the elements [10,11] that we want to analyze [12-14],
for this reason arms of both excavator solutions, two
and three arms, have been created. As can be seen from
Figure 9, the representation of excavators has been
considerably simplified, in fact for both solutions the
frame and the arms have been reported alone going to
leave out components such as the hydraulic cylinders or
the bucket. This choice was made both to simplify as
much as possible the model, so to lighten the simu-
lation, but also because in this way it is possible to bring
back the geometry of the arms of an excavator to the
geometry of a SCARA robot taken as a base of study for
this comparative work [15,16]. To proceed with the si-
mulation [17,18], once the components have been made
and the necessary constraints and couplings have been
set, it was decided to place a “motor” at the end of the
stick, in correspondence of the fixing pin between the
bucket and the stick going to set the law of motion.

Figure 9. Motor position (red arrow)
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In this way the movement of the arms is induced by
the movement and the position of the point where the
motor is applied.
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Figure 10. Diagram of the leveling movement for the two
arms excavator

In order to determine the parameters of the law of
motion such as: the distance covered by the bucket and
the times, we proceeded with an experimental test of the
movement going to take the total run of the movement
and the time needed to complete it. In accordance with
the experimental test, some of which are present in [19],
and with the characteristics of the present hydraulic sys-
tem (maximum flow rate 450 I/min) it was possible to
estimate the velocity of motion of the cylinders and there-
fore the parameters of the laws of motion of the arms.

Parameters of the law of motion (Figure 10):

- total travel: 7000mm

The velocity and the acceleration were obtained algeb-
raically having assumed a transient time, in which the
element accelerates, equal to 0.33s and considering that
the element performs a movement of 7000mm in 4s.

AS,y; =AS; +AS, +ASy = %atf +(anty )+

+[att latzj
1ty ——at3
2

where:

a= acceleration

t,;= acceleration time

t,= time with constant acceleration
t;= deceleration time

with t=t3

Obtaining:

- maximum acceleration: 1432 mm/s’
“maximum velocity: 477 mm/s

500.0

= 400.0

z

£ 300.0

£

= 200.0
100.0

10 20 3.0 4.0
[s]

Figure 11. Law of motion
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4. COMPARISON BETWEEN 2 AND 3 ARMS
SOLUTION

Comparison of the simulations of the leveling condition
between MeCad, free software developed by the Uni-
versity of Brescia for the modeling of articulated
systems and cams [20] and Soliworks software.

[ — I

Figure 13. Position of the survey points (A and B) for two

arms excavator
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Figure 14. (a) acceleration and velocity MeCad, (b) acce-
leration SolidWorks, (c) velocity SolidWorks for the point A
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Figure 15. (a)acceleration and velocity MeCad, (b) accele- i i . . L
ration SolidWorks, (c) velocity SolidWorks for the point B Flgur(:; 9. Acceleration (a) and velocity (b) simulation in
point
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Once compared and given the reliability of the results
obtained, we have moved on to simulate using Solid-
b . works, but this time considering as the acceleration
L point, not the position previously reported, but the

X center of gravity of each arm, so to estimate the beha-
Figure 16. Position of the survey points (C,D and E) for vior of the arms through .the principle _Of D’Alembert
three arms excavator and to obtain the trends Figure 21-22 Figure 24-31 and
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Figure 18. Acceleration (a) and velocity (b) simulation in Figure 22. Trend of angular acceleration module point G
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As you can see from the graphs of Figures 14aind
15, the values obtained through the implementation with
MeCad and Solidworks software provide coincidents
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Figure 24. Trend of angular acceleration module point H

Figure 30. Trend of linear acceleration module point |
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Figure 31. Trend of linear acceleration module point L

5. CONSIDERATIONS

The two geometric solutions have the same overall
dimensions, the same excavation diagram and more or
less the same load capacity, moreover the overall weight
of the excavator, passing from the two to the three arms
solution, substantially does not vary; the slight increase
in weight present in the triple articulation solution is due
to the presence of an additional hydraulic cylinder.
Below are reported the results for linear and angular
accelerations, maximum and minimum values, for the
three different loading conditions. Table 2 shows the
accelerations of the center of gravity of the arms for the
two configurations (2 and 3 arms) related to the load
condition 1 (leveling) in which we considered as the law
of motion the one shown in Figure 11. Regarding the
accelerations for the load condition 2 (lifting at
minimum distance) and the load condition 3 (lifting at
maximum distance) the results, of the accelerations of
the center of gravity, are reported respectively in Table
3 and in Table 4, for these two load conditions a cons-
tant lifting speed of 500mm/s has been set.

Table 2. Maximum and minimum linear and angular accele-
ration values for load condition 1- leveling
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Figure 28. Trend of linear acceleration module point G
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Figure 29. Trend of linear acceleration module point H
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Amax Amin wmax wmin

[mnVs”] | [mn/s”] | (o] | o)
F 1303 33 26 1
2 ARMS G 1965 52 63 0
H 1201 20 46 1
3ARMS | 1 2200 44 11 0
L 1519 43 59 1

Table 3. Maximum and minimum linear and angular accele-
ration values for load condition 2- lifting at the minimum

distance
Amax Amin a)max a)min
[mm/s”] | [movs®] | o] | (o]
2 arms F 22.7 21 0.11 0
G 51 47 0.11 0
H 33 19 1.3 0.7
3 arms 1 31 16 2.2 0
L 90 40 32 1.4
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Table 4. Maximum and minimum linear and angular accele-
ration values for load condition 3- lifting at the maximum
distance

Amax Amin wmax wmin
[mn/s’] | [mm/s’] | o] | s
2 arms F 9.07 8.96 0.02 0
G 23.55 23.26 0.02 0
H 101 35 3.7 1.3
3 arms I 168 35 2.5 1.6
L 92 34 3.2 0

6. RESULTS AND IMPLICATIONS

On the basis of the results reported in Tables 2-4 and on
the basis of the work concerning the lightweighting [21-
23] of the arms of an excavator using aluminum and
composite materials [19-24] and also of other com-
ponents [25], an evaluation of the actions that the hyd-
raulic cylinders must generate to move the load and the
arms was made [26].

In particular, Figure 32 shows, as an example, the
distribution of the Von Mises stresses present in the
arms of the excavator of the two geometric
configurations defined in the present work or with two
and three arms, at the start of the loading condition 3
which constitutes the most critical condition for the
structure.

Table 5. Variation of forces according to the construction
material

[kN] Steel Aluminum | red.% | Composite | red.%
Fl1 471.2 382.0 19 325.7 31
F2 238.8 216.1 10 201.8 15
F3 135.7 - - - -
F4 754.0 432.6 43 367.5 51
F5 659.7 553.2 16 486.1 26
F6 596.9 547.8 8 507.9 15
F7 261.1 - - - -
Sollecitazione

Von Mises F2 (a)

N/(mm~2)

100

90 F3

80

70 Fl

Sollecitazione
Von Mises
NAmMmM~2)

Figure 32. Stresses present in the two (a) and three (b)
arms configuration

Table 5 shows the values of the maximum forces
that the cylinders must exercise to balance the load
handled, the weight of the arms and the weight of the
accessories. The table shows a considerable reduction in
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the forces exerted by the hydraulic cylinders, also
considering the variability of the material hypothesized
for the realization of the arms and the actuators. The
value of the forces exerted by the hydraulic cylinders F3
and F7 is unchanged since it depends on the bucket and
not on the structural optimization of the arms. The range
varies from 8% to 50% thus made possible a significant
reduction in the maximum forces. It is important to
underline that also hydraulic cylinders can be object of
weight optimization [27-28], thus reduce their incidence
on the overall weight of the arms.

7. CONCLUSION

The present research concerns the kinematic and
dynamic analysis of a two and three excavator arms
comparing their behavior on real load conditions
evaluated experimentally. The comparison was per-
formed analytically and numerically with two software
obtaining a substantial convergence in the values and in
the acceleration trends for the different points that
identify the arms. These values were used to optimize
the weight of the arms of the excavators, focusing also
on the hydraulic cylinders needed to move the load and
the arms. From the results it emerges that the two con-
figurations (two or three arms) have a similar dynamic
behavior, only the lifting condition at maximum
distance shows significant divergences. The weight
optimization by adopting different materials for the
realization of arms such as aluminum or composite
materials instead of the classical construction steel,
considering the different load conditions analyzed and
considering the dynamic effects, leads to a significant
reduction of forces exercised by the hydraulic cylinders
to move the arms and the load. The research is being
developed especially for what concern the study of an
excavator in which not only the arms, but also the
cylinders (and in general the whole structure of the
machine) are made with unconventional materials. At
the same time, the research is carried out on the
performance about the dynamic behavior of the vehicle,
in particular its stability in relation to the load handled
and to the material used for the construction of the
whole machine, all in function of the ground,
specifically the overcoming slope.
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BATEP CA IBOJEJIHOM WJIHU TPOJAEJTHOM
CTPEJIOM: UMINVIMKAIIWJE JTUHAMWYKOI'
INOHAIIABA 1 KOHCTPYKIIMJE

®.hepesonn

Hws pama je na ce xopumhemeM HMICHTHYHHX
JyjarpaMa HCKONaBamka W3BpIIM yrnopehuBame 1Ba
Garepa ca pazIMYuTOM KOH(QUTYpalLljoM CTpese, IpemMa
Op3uHu, yOp3amy ¥ JAWHAMHYKAM mephopMaHcaMma.
Hcnutyjy ce KOHCTPYKIHMOHA pellelma KopHuihema
IBOJENTHE ¥ TpoJeiHe MoOwmiHe crpene. KoHcTpyk-
LUOHY TreoMeTpujy (ABOIeNHa M TpOJENHA CTpena)
Oarepa onpeljyje cBpxa kopuiihema. Perieme ca Tpo-
JICITHOM CTPEJIOM C€ KOPUCTH y MOIpyYjuMa Koja
onemoryhaBajy BeJIMKy MOOWIHOCT Oarepa u TAe Cy
IIPUCYTHE IIPEIpeKe IpU HCKoNaBamwy. JIMHAMUYKO
nopeheme 1Ba pemema, aHAIUTHYKO W HYMEPHUKO,
M3BPILICHO j€ Y peaJHUM pajJHUM YyCJIOBUMa. AHalu3a
MOKa3yje 1a Cy y YCJIOBMMa HM3paBmaBama M NOAM3amba
TepeTa Ha MHHAMAIHOM pPacTojalby OJ OCe pOTaluje
IUHAMUYKe TMepopMaHce CIHYHe, ald [a TOCTOjU

VOL. 48, No 2, 2020 = 279



3HaYajHa pa3iiKa y YCIOBHMAa MOJHM3alba Ha MaKCH- M3pAXKEHO Y Ciydyajy Kaja je crpena uspaheHa of
MaJIHOM pacrojamy. Pasnuka Ttakohe moapazymena KOHBEHI[MOHAIIHUX MaTepHjajia Kao IITO Cy alyMUHH]yM
3HAYajHO BapHpamEe CWIA XUAPAYJIMYHHX [HIHHIApa Y KOMIIO3UTH.

Kaja Mokpelly Teper W CTpeny, a IITO je jOUI BHIIE
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