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Theoretical digging force is an important performance parameter of the hydraulic excavator. Due to the multi-linkage mechanism,
the digging posture of an excavator is ever-changing; thus, it is not easy to calculate the theoretical digging force. Traditionally, the
theoretical digging force is calculated by selecting a limited number of postures of the excavator based on experience, which
cannot reflect the force condition of each posture in the excavation process. In order to calculate the theoretical digging force of
any posture in the excavation process, this paper uses the principle of the analytical method to establish a theoretical excavation
force mathematical model of bucket excavation and uses Matlab software to solve the theoretical excavation force mathematical
models. In order to verify the model’s correctness, the experimental method is used to determine the actual maximum excavation
force of the excavator. The test results showed that there was little difference between the actual maximum digging force and the
theoretical maximum digging force, which verified the correctness of the theoretical digging force mathematical models and
provided a theoretical digging force calculation method and reference for the structural design and optimization of the excavator.

1. Introduction

Theoretical digging force is an important index to measure
the performance of the hydraulic excavator as well as the
basis for calculating the power of the hydraulic system and
the power system. Therefore, theoretical digging force is the
most important performance parameter concerned by the
designer in the design stage of the excavator [1]. In addition,
it is also one of the boundary conditions for the structural
finite element analysis of the working device of the excavator
and other components. Therefore, it is extremely important
to obtain the accurate theoretical digging force. There are
countless digging postures during excavator operation. The
theoretical digging force varies with different digging pos-
tures. It is very complicated to calculate the theoretical
digging force. It is almost impossible to manually calculate
the theoretical digging force corresponding to each digging
posture. Therefore, the traditional calculation method of
theoretical digging force selects the typical working con-
ditions and postures of the excavator according to experi-
ence and then conducts a general survey and calculation

with the analytical method [2]. This calculation method is
limited by only calculating the digging force of a limited
number of digging postures, and the posture of the maxi-
mum digging force of the excavator is often difficult to
determine accurately. Therefore, the traditional calculation
method cannot fully master the stress condition of the
excavator [3], and the calculation result may not be the
maximum theoretical digging force of the excavator.
Based on the limitations of the traditional calculation
method of theoretical digging force, this paper used the
principle of the analytical method to establish the theoretical
digging force mathematical model of bucket digging and the
theoretical digging force mathematical model of bucket rod
digging, respectively. The theoretical digging force mathe-
matical models could calculate the theoretical digging force
of any posture of the excavator. Matlab software was used to
solve the theoretical digging force mathematical models and
draw the theoretical digging force map, so as to more in-
tuitively reflect the stress state of the excavator in the whole
digging posture. In order to verify the correctness of the
theoretical digging force mathematical models, the
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FIGURE 1: Structure of the working device. (1) bionic boom, (2)
hydraulic cylinder of bionic boom, (3) hydraulic cylinder of bucket
rod, (4) bucket rod (5) hydraulic cylinder of bucket, (6) swinging
rod, (7) linkage, and (8) bucket.
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FIGURE 2: Force analysis of the bucket digging device.

maximum theoretical digging force of the excavator was
tested on the spot. The test data showed that there was little
difference between the measured maximum digging force
and the theoretical maximum digging force, which verified
the correctness of the theoretical digging force mathematical
models and provided the basis and reference for calculation
of the theoretical digging force for the structural design and
improvement of the excavator.

2. Establishment of Theoretical Digging Force
Mathematical Models

During excavator operation, the bucket teeth cut into the soil
and the tips of the bucket teeth are affected by soil resistance,
which is called the digging resistance. The digging resistance
and the theoretical digging force are in the action-and-re-
action relationship, and the theoretical digging force of the
excavator is obtained by solving the digging resistance. A
digging posture will be formed as long as the hydraulic
cylinder moves a unit length during excavator operation. An
infinite number of digging postures can be formed within
the stroke range of the hydraulic cylinder. When establishing
the theoretical digging force mathematical models, an ar-
bitrary digging posture within the stroke range of the
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FIGURE 3: Force analysis of separated linkage and the bucket.

hydraulic cylinder was taken as the research object without
considering the self-weight of the working device and the
weight of the soil in the bucket, and the efficiency of the
hydraulic system and linkage mechanism [4], The structure
of the working device of the excavator is shown in Figure 1.

2.1. Establishment of the Theoretical Digging Force Mathe-
matical Model of Bucket Digging. When the excavator
operates in the way of bucket digging, the bucket hydraulic
cylinder drives the bucket to move, the hydraulic cylinder of
the bucket rod and the hydraulic cylinder of the bionic boom
are in the locked state, and the bucket teeth tips are affected
by the digging resistance F,, and perpendicular to the EQ
connecting direction. The stress is shown in Figure 2,
wherein, A is the hinge point formed by the hydraulic
cylinder of bucket rod and the bucket rod, B is the hinge
point formed by the hydraulic cylinder of bucket rod and the
bucket rod, C is the hinge point formed by the hydraulic
cylinder of the bucket and the swinging rod and linkage, D is
the hinge point formed by the linkage and the bucket, E is
the hinge point formed by the bionic boom and the bucket,
G is the hinge point formed by the bionic boom and the
swinging rod, H is the hinge point formed by the bionic
boom and the bucket rod, and F is the thrust of the hy-
draulic cylinder of the bucket. The thrust F can be divided
into two components of F-p and F, in which the com-
ponent F.p, is along the hinge points C and D, and the
component F is along the hinge points G and C, as shown
in the figure. Based on the principle of vector decomposition,
the following is deduced as

The moments of the thrust F, of the hydraulic cylinder
of the bucket before and after decomposition to the hinge
point G are the same, as given in the following formula:
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FC . LBG - sin LCBG = FC D" LCG . sin LDCG. (2)

The big chamber thrust F of the hydraulic cylinder of
the bucket is calculated by the following formula:

2
7Dy

Fc=Py-A, = - P, (3)

The stress by taking the linkage and the bucket as re-
search objects is shown in Figure 3. For the hinge point E,
based on the principle of moment balance, the following is
deduced as

Few - Leg = Fop - Lpg - sin 2CDE. (4)
The following is deduced by substituting formulas (2)
and (3) into formula (4), we get

7D} Ly - sin £CBG- Ly - sin ZCDE
4 . LCG M Sin LDCG . LEQ

FCW: Py, (5)

where Ly is the the distance between the hinge points B and
G; L is the the distance between the hinge points C and G;
Lpg is the the distance between the hinge points D and E;
L is the the distance between the hinge points E and Q; P,
is the rated pressure of the hydraulic system; and D, is the
inner diameter of the hydraulic cylinder of the bucket.

For formula (5), 2CBG, £CDE, and £DCG change with
the digging posture, and they are all the functions of the
length of the hydraulic cylinder of the bucket. Therefore, the
digging posture angle function is established with the length
Lye of a hydraulic cylinder as the independent variable.
According to the triangle cosine theorem, the following is
deduced as

2 2 2
£CBG = arccos Lsc + Lo ~ Leg , (6)
2-Lpc-Lyg
L% +L%, — L2
£/CDE = arc cos(CDDECE , (7)
2-Lep-Lpg
L%+ L. —L?
+DCG = arc COS(M , (8)
2-Lep-Leg
LA+ L2 — LA
¢BGC = arc cos(M , 9
2 Lpg - Leg

+(DEG = £CEG + £CED
L, + L% — L?
_ arccos( ce T Lec ~ Leg
2-Leg-Lig

2 2 2
Log + Lpg — Le D)
2-Leg - Lpg

(10)

+ arc COS(

Leg = \/Léc +Ly;—2-Leg - Lyg - cos(£BGE - £BGC),
(11)

FIGURE 4: Force analysis of the bucket rod digging device.

Lpg = \/LéG + L, —2-Lyg-Lpg- cos .DEG,  (12)

where Ly is the the distance between the hinge points B and
C; L, p is the the distance between the hinge points C and D;
L is the the distance between the hinge points C and E; L,
is the the distance between the hinge points E and G; Lp is
the the distance between the hinge points D and G.

The theoretical digging force mathematical model of
bucket digging can be obtained by substituting formulas (6-
12) into formula (5). When the hydraulic cylinder of the
bucket expands and contracts within its stroke range, the
theoretical digging force of any digging posture can be
solved by using the theoretical digging force mathematical
model, so as to obtain the theoretical digging force of any
posture during bucket digging.

2.2. Establishment of the Theoretical Digging Force Mathe-
matical Model of Bucket Rod Digging. For bucket rod digging
operation, the theoretical digging force generated by the hy-
draulic cylinder of the bucket rod is related to the stroke of the
hydraulic cylinder of the bucket rod and the rotation angle «,
that is, the stroke of the bucket hydraulic cylinder. During
bucket rod digging, the hydraulic cylinder of the bucket rod
drives the bucket rod to move, and the bucket rod drives the
bucket to move to dig. Both the hydraulic cylinder of bionic
boom and the hydraulic cylinder of the bucket are locked. The
theoretical digging force Fp,,, is equal to the digging resistance
of the bucket teeth tips in the opposite direction and is per-
pendicular to the straight line HQ (the connecting line between
the hinge point H and the bucket teeth tips Q). The digging
resistance force arm is Ly, as shown in Figure 4, and K is the
hinge point formed by the hydraulic cylinder of the bucket rod
and the bionic boom. For the hinge point H, according to the
principle of moment balance, the following is deduced as

Fp - Lyg - sin ZAKH = Fpy, - Lyo. (13)

Then the theoretical digging force during bucket rod
digging is



FiGuRre 5: The cutting angle of the front edge of the bucket teeth and
the rear cutting angle.

Fp-Lyg - sin ZAKH
LHQ '

Fpw = (14)

In formula (14), £AKH varies with the digging posture
and is a function of the length of the hydraulic cylinder of the
bucket rod. According to the triangle cosine theorem, the
following is deduced as

L’ +1%, -1}
£AKH = arc cos(AKHKAH , (15)
2-Lyg-Lyg

Ly = \/LéH + LEQ —2-Lyy - Lpg- cos(m—a).  (16)

The big chamber thrust F, of the hydraulic cylinder of
the bucket rod is calculated by the following formula:

2
- D

Fp=Py-A, = - P, (17)

The theoretical digging force mathematical model dur-
ing bucket rod digging is deduced by substituting formulas
(15), (16), and (17) into formula (14):

m-D3- Ly - sin ZAKH
FDWz4 L + 13
“\Lgg + Lgqg =2+ Lgy - Lpg - cos(m - a)

- Py,

(18)

where Ly is the the distance between the hinge points H
and K; Lgy is the the distance between the hinge points E
and H; « is the the rotation angle of the bucket relative to the
bucket rod; D, is the inner diameter of hydraulic cylinder of
the bucket rod.

As shown in Figure 5, the included angle formed y by the
front side of the bucket teeth and the horizontal line is called
the cutting angle of the front edge of the bucket teeth, and
the included angle § formed by the rear side of the bucket
teeth and the horizontal line is called the rear cutting angle.
For bucket rod digging, the change of the rotation angle «
will change the size of the cutting angle of the front edge of
the bucket teeth and the rear cutting angle. From Figure 5, it
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FIGURE 6: Critical posture of bucket rod digging.

can be seen that normal digging can be carried out only
when the rear cutting angle is greater than 0° in which the
bucket teeth tips contact the soil before the bottom of the
bucket. When the bucket rotation angle « turns to the
position as shown in Figure 6, the bottom of the bucket
contacts the soil first, the bucket teeth tips cannot contact the
soil, and the bucket rod cannot excavate normally. This
posture is called the critical posture of bucket rod excava-
tion, and the rotation angle of the bucket relative to the
bucket rod is called the critical rotation angle &;,. When
« < oy, that is, the length of the bucket hydraulic cylinder is
less than that of the hydraulic cylinder in the critical posture,
there is a rear cutting angle of digging, the bucket teeth tips
contact the soil first, and the bucket rod can excavate
normally. When a > «,, that is, the length of the hydraulic
cylinder of bucket is greater than or equal to the that of the
hydraulic cylinder in the critical posture, the rear cutting
angle is less than or equal to 0, so the bucket rod cannot dig
normally.
The following is deduced in the critical posture as

a, = m— LHEQ,, (19)
0 0

2 2 2
Liy + Lo, — Lig,

LHEQ, = arccos . (20)

2 Ly - Lig,

Lyq, = Lgg, - cos(% —/3) + \]LéH - [LEQO . sin(;—T - ﬁ)]z,
(21)

where «, is the critical rotation angle of bucket and f is the
included angle between the EQ, connecting line and the
bucket teeth.

The critical rotation angle «, of the bucket under the
critical posture can be solved by substituting formulas (20)
and (21) into formula (19). When a<a and Ly > Liq,
there is a rear cutting angle of digging. At this time, the
bucket rod can dig normally, that is, once the hydraulic
cylinder of the bucket changes one unit length every time
within the range of critical rotation angle «,, the hydraulic
cylinder of the bucket rod expands and contracts within its
stroke range for digging. In bucket rod digging, the
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FIGURE 7: Relationship between theoretical digging force of bucket
digging and stroke of the hydraulic cylinder of the bucket.

theoretical digging force of any posture within the range of
the critical rotation angle can be obtained with formula (18).

2.3. Solution of the Theoretical Digging Force Mathematical
Model. In order to accurately and quickly solve the theo-
retical digging force, the powerful computing function and
the convenient programming method of Matlab numerical
calculation software were used to transform the theoretical
digging force mathematical model into the Matlab pro-
gramming language and then realize the programming and
automatic solution of the theoretical digging force, and the
theoretical digging force was drawn into intuitive map
output.

2.4. Solution of Theoretical Digging Force of Bucket Digging.
The installation distance of the hydraulic cylinder of the
bucket was 1378 mm and the stroke was 885mm,
ie, Lpo = [1378 ~ 2263]. The other information were as
follows: inner cylinder diameter: D; = 90 mm; rated pres-
sure of hydraulic system: P, = 34.3 MPa; Lp; = 1834.6 mmy;
Log =495 mm; Lpp =390 mm; Lgp=1239 mm
Lc p =450 mm; L = 332 mm; £BGE = 169°. The Matlab
program was compiled and solved according to the theo-
retical digging force mathematical model of the bucket, and
the relevant data and initial values were substituted into the
program for automatic solution, so as to obtain the theo-
retical digging force of any posture during bucket digging, as
shown in Figure 7. It can be seen from the figure that when
the bucket hydraulic cylinder stroke is 320mm (i.e., the
length of the hydraulic cylinder of the bucket is 1698 mm),
the theoretical digging force of the hydraulic cylinder of the
bucket reaches the maximum value of 73.144 KN.

2.5. Solving of Theoretical Digging Force of Bucket Rod Digging.
The installation distance of the hydraulic cylinder of the
bucket rod was 1700 mm and the stroke was 1175 mm, i.e.,

Fpw (N)

1.5 i i 1 1 1
0 200 400 600 800 1000 1200

AL (mm)

FIGURE 8: Relationship between theoretical digging force of bucket
rod digging and stroke of the hydraulic cylinder of the bucket rod.

FIGURE 10: Test of maximum theoretical digging force.

L,k = [1700 ~ 2875]. The other information were as fol-
lows: inner cylinder diameter: D, = 90 mm; rated pres-
sure of hydraulic system: P, = 34.3 MPa; Ly = 2267 mm;
Lap =700 mm; Lggy =2250 mm; Lpg = 1239 mm. The
Matlab solution program was compiled according to the
theoretical digging force mathematical model of the bucket
rod, and the relevant data and initial values were substituted
into the program for solution, so as to obtain the theoretical
digging force of any posture during bucket rod digging, as
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TaBLE 1: Comparison between measured values and theoretical values of maximum theoretical digging force.
. Length of
Maximum Engl.ne hydraulic Len.gth O.f Ist test - 2nd test 3rd test Average/  Calculate  Error
digging force rotation cylinder of hydraulic cylinder value/  value/  value/ KN value/KN  rate (%)
88 speed/rpm bucket/mm of bucket rod/mm KN KN KN
Maximum
digging force of 2060 1698 -- 68.5 68.2 69.1 68.6 73.144 6.60
bucket
Maximum
digging force of 2060 2155 2132 56.1 56.6 56.4 55.2 59.699 8.20
bucket rod

Note: error rate = calculated value of maximum theoretical digging force — tested value of maximum theoretical digging force/tested value of maximum

theoretical digging force.

shown in Figure 8. It can be seen from the figure that when
the stroke of the hydraulic cylinder of the bucket rod is
455 mm (the length of the hydraulic cylinder of the bucket
rod is 2155 mm) and the rotation angle of the bucket is 90.5°,
the theoretical digging force of the hydraulic cylinder of the
bucket rod reaches the maximum value of 59.699 KN.

3. Test of Maximum Theoretical Digging Force

In order to verify the correctness of the theoretical digging
force mathematical model, the test method is used to test the
maximum theoretical digging force of the excavator. The test
value and the calculated value of the maximum theoretical
digging force are analyzed and compared to verify the
correctness of the theoretical digging force mathematical
models. The mathematical models are wrong when the error
rate of the calculated value exceeds 10%, or else, they are
correct. The principle of maximum theoretical digging force
test is shown in Figure 9. The mechanical sensor dyna-
mometer is used for testing. The excavator model is com-
pletely consistent with the excavator model used to calculate
the theoretical digging force. The test process is as follows:

(1) Adjust the excavation posture of the excavator to the
maximum theoretical excavation force posture.

(2) Connect the steel wire rope at one end of the dy-
namometer to the bucket, and the steel wire rope at
the other end to the fixture and make the dyna-
mometer in a tension state.

(3) Adjust the engine speed to the rated pressure of the
hydraulic system and keep this state for a certain
time and record the reading value of the
dynamometer.

Repeat the test for 3 times and take the average value as
the test value of the maximum digging force. The test site is
shown in Figure 10, and the test results are shown in Table 1.

The above test data show that the error between the
calculated value of the maximum theoretical digging force
and the measured value of the maximum digging force of
bucket digging is 4.5KN, and the error between the cal-
culated value of the maximum theoretical digging force and
the measured value of the maximum digging force of bucket
rod digging is 3.3 KN. Since the calculation of the theoretical
digging force did not consider the factors such as the back

pressure of the hydraulic cylinder, the friction at hinge
points and the efficiency of linkage, and the thrust of the
hydraulic cylinder needs to overcome the useless work
factors such as the back pressure of the hydraulic cylinder
and the friction at each hinge point in the test process, the
measured value is smaller than the theoretical value, but the
error is within a small range. Therefore, it can be considered
that the calculated value of the maximum theoretical digging
force is consistent with the test value. It shows that the
calculation method of theoretical digging force is correct and
feasible and further verifies the correctness of the theoretical
digging force mathematical models.

4., Conclusion

To solve the limitations of the traditional calculation method
of the theoretical digging force of the hydraulic excavator,
this paper established the theoretical digging force mathe-
matical models by using the principle of the analytical
method and solved it by using Matlab software. Firstly, the
theoretical digging force mathematical models of two dig-
ging methods of the excavator were established, which were
then transformed into the Matlab programming language.
The complicated manual solving of the theoretical digging
force mathematical models was solved by using the powerful
computing function of computer, and the theoretical digging
force under any excavator posture was rapidly calculated.
The maximum theoretical digging force of the excavator was
tested on site in order to verify the correctness of the
established theoretical digging force mathematical models.
The test data show that the errors between the measured
values and calculated values of the maximum theoretical
digging force of bucket digging and bucket rod digging were
small, which further verifies the correctness of the theoretical
digging force mathematical models. The theoretical digging
force mathematical models can calculate the theoretical
digging force of any digging posture. The calculation pro-
gram of theoretical digging force mathematical models can
help the engineers of excavator manufacturers calculate the
digging force quickly. The engineers only need to input the
structural parameters of the excavator, the rated pressure of
the hydraulic system, and other parameters to calculate the
theoretical digging force quickly, which greatly improves the
design efficiency.
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Based on the theoretical digging force mathematical
models established in this paper, the later research work will
use Matlab software, Visual Basic programming language,
and other software to develop a program for calculating
theoretical digging force, so as to provide convenient ser-
vices for enterprise engineers to calculate the digging force
accurately and rapidly. The application of lightweight
technology in the field of construction machinery will also be
paid more and more attention as energy conservation and
environmental protection have been paid more and more
attention all over the world. Lightweight plays a vital role in
reducing oil consumption, reducing emissions, and im-
proving performance of excavators. Therefore, the future
research will focus on the lightweight research around ex-
cavators, optimize theoretical digging force, and improve the
performance of excavators.

However, there are also deficiencies in this paper. Only
single hydraulic cylinder digging was considered when the
theoretical digging force mathematical models were estab-
lished, and when digging, the composite digging method was
often adopted, i.e., the hydraulic cylinder of bucket rod and
the hydraulic cylinder of the bucket drove the buckets to dig
at the same time. It is more complex to establish the the-
oretical digging force mathematical models of the composite
digging method, thus, in-depth research will be carried out
on the composite digging method of the excavator, and we
will try to establish the theoretical digging force mathe-
matical models of the composite digging method in the
follow-up work. [5-15].
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