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+e digging resistance in a normal state is the key to excavator design and automated excavation. It is difficult to accurately predict,
simulate, or directly measure the digging resistance in a normal state due to uncertainties in the soil properties and excavation
parameters. In this paper, a research idea is proposed that uses the working device as the entry point to indirectly calculate the
digging resistance in a normal state by measuring the motion parameters and the cylinder pressure intensity. Based on the rule of
combination for spatial force systems, a method for combining and projecting the system of the digging resistance is proposed in
which the system is projected as six parts, and the tangential force, normal force, and bendingmoment in the plane of symmetry of
the working device are the objects of the solution to avoid redundant equations. Based on kinematics and dynamics models of the
excavator and the force and moment equilibrium conditions of the working device, equations for the active-side calculation of the
incomplete digging resistance are derived. Based on these equations, the motion parameters of the working device and data on the
cylinder pressure intensity obtained by measurement are used to calculate the incomplete digging resistance. +e validation
scheme and process proposed use the incomplete digging resistance as the external load to obtain the simulated stress of the
working device through transient analysis. +e simulated stress and the measured stress corresponding to the position of the
measurement point are extracted and compared. +e results show that there is a difference in the size of the numerical value
between the simulated and measured stress, but the variation law is highly consistent, which validates the calculation method. In
this paper, an active-side calculation method is provided for the incomplete digging resistance in a normal state without
considering the soil-tool interaction relationships, which lays a theoretical foundation for the study of the digging resistance
characteristics in a normal state, as well as excavator design and automated excavation.

1. Introduction

In earthwork operations, the digging resistance is not only
used in the design of an excavator and its working device but
also the premise of automated excavation [1]. +e studies
about the digging resistance mainly focus on early soil-tool
interaction relationships and the current digging resistance
simulation modelling.

Based on the assumptions that the soil is homogeneous,
continuous, and isotropic and that the bucket has a simple
shape and moves stably, many scholars have proposed soil-
tool interaction models, especially the equations for

expressing the tangential force of the digging resistance and
the empirical formulas for the digging resistance that are
more broadly applied in terms of excavator design and
automation. Using the soil-tool interaction model, some
scholars have predicted and assessed the digging or traction
force required in the excavation of extraterrestrial rock strata
[2, 3], and some scholars have also analysed and compared
the cutting forces predicted by different models [4, 5]. +e
results show that under the same conditions of soil pa-
rameters and digging parameters, there are great differences
in the digging resistance results calculated based on different
models [5].
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With the development of numerical simulation tech-
nology, to more accurately predict the digging resistance, the
discrete element model has become a research hotspot in
connection with soil that has different properties (co-
hesionless, cohesion, and adhesion) [6–11]. Coetzee and Els
[6] established a two-dimensional simulation model for the
digging process of cohesionless granular materials, and the
results show that the discrete element method is more ac-
curate in predicting the amount of soil loading and the area
and location of soil deformation but has comparatively low
accuracy in predicting the material failure surface, traction
force, and traction energy. Obermayr et al. [7, 8] used a
triaxial compression test to check parameters such as the
internal friction angle of the soil. Considering the macro-
mechanical characteristics of the soil and by setting up the
cohesive forces between the granular elements, a prediction
model for the traction force of cohesive soil was established
on the basis of the prediction model for the traction force of
cohesionless soil. +rough this model, the effects of the
cutting depth and width on the traction force were predicted,
and the traction force of cohesive soil was found to be three
times that of cohesionless soil.

Furthermore, based on the study of diggability and
excavator system identification, many scholars have carried
out research work related to automatic digging [12–16].
Tafazoli et al. [12] developed a novel approach for experi-
mental determination of the link parameters and friction
coefficients. +is method is beneficial to indirect measure-
ment of the external forces and compensation for the link
weights in teleoperated excavator. Hall and Daneshmend
[13] summarized some practical techniques for reliability
analysis and reviewed the maintenance data requirements,
sources, and issues. Tafazoli et al. [14], Saeedi et al. [15], and
Marshall et al. [16] have researched on the teleoperated
excavator and autonomous excavator.

In summary, existing research methods have established
soil-tool interaction models and simulation models for
predicting the digging resistance based on idealised as-
sumptions about the soil characteristics and modes of op-
eration. However, there are great complexities and
uncertainties in general excavation work, both in the soil
characteristics and modes of operation. We refer to the
general excavation actions of an excavator at a construction
site (nonideal state) as excavation in a normal state. Research
on the digging resistance in a normal state is the key to
excavator design and automated excavation. However, the
soil characteristics and modes of operation in a normal state
of excavation are generally variable and difficult to predict,
causing the digging resistance in a normal state to be difficult
to accurately predict, simulate, or directly measure.

+e working device, as the side that exerts the digging
action in the digging process, is referred to as the active side,
and the soil, as the side that is passively deformed and
displaced, is referred to as the passive side. In this paper, a
research idea is provided that uses the working device as the
entry point to indirectly calculate the digging resistance by
measuring the motion parameters of the working device and
the cylinder pressure intensity. First, a method for com-
bining and projecting the system of the digging resistance is

proposed, and then on the basis of kinematics and dynamics
models of the excavator, a method is proposed that uses the
measurement data of the working device to calculate the
incomplete digging resistance, which no longer relies on the
complex tool-soil interaction model. Moreover, the bending
moment is considered in this method, which avoids the
problem of redundant equations in solving for the digging
resistance. Finally, the idea of consistency in the variation
law of the stress is used to validate this method through
experiments on excavation in a normal state.

2. Combining and Projecting the System of the
Digging Resistance

Due to the nonuniformity of the soil, in addition to the
positive load, the digging resistance also includes the offset
load and the lateral force. In general situations, however, the
offset load and the lateral force are relatively small, and due
to the bilateral symmetry of the working device, most
scholars have simplified the digging resistance as a planar
force system in the bilateral symmetry plane of the working
device; that is, only the action of the positive load is
considered.

As shown in Figure 1(a), Hemami et al. [17] divided the
digging resistance into six parts. In the figure, f1 to f6
correspond to the force to compensate for the weight of the
loaded soil, the compacting resistance of unloaded soil, the
friction forces, the cutting resistance, the inertial force (for
the loaded soil), and the force to move the empty bucket.
+is method classifies the complex system of the digging
resistance into six forces with different properties; although
it helps to reveal the soil-tool interaction mechanism, the
magnitude of the force is difficult to quantify. +e digging
resistance model with a flat, wedge edge is used as a ref-
erence. Chen et al. [18] simplified the system of the digging
resistance acting on the bucket-shaped device as the tan-
gential force and normal force acting on the tips of the
bucket teeth (Figure 1(b)) and proposed a method for
measuring and calculating the digging resistance based on
this. +e specific calculation process is to arbitrarily select
two equations from the threemoment equilibrium equations
of the working device and solve for the two unknown
numbers, the tangential force and normal force, which leads
to the problem of redundant equations. +e results indicate
that there are great differences in the tangential force and
normal force obtained from different equations.

To solve the above problem, it is necessary to return to the
real state of bucket excavation. In the process of excavation in
a normal state, the bucket and the soil are in direct contact
and interact. +e inner and outer contact surfaces of the
bucket are subjected to the force of friction and the force of
extrusion, and the bucket teeth and cutting edge are subjected
to the crushing resistance generated by soil fault and flow.
+e soil resistance experienced by the entire bucket con-
stitutes a complex spatial force system that changes over time,
which is referred to as the system of the digging resistance.
Based on the rule of combination of force systems, an ar-
bitrary force system in space can be combined at any point to
become a resultant force and a resultant force-couple, and it
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can also be projected onto an arbitrary Cartesian coordinate
system.

e cutting edge is one of the key parts for with-
standing the action of soil obstruction. To facilitate re-
search, the J-point (the midpoint of the cutting edge) is the
point of synthesis for the system of the digging resistance
(the origin of the coordinate system), and the motion
trajectory of the J-point is referred to as the digging tra-
jectory. e plane on which the digging trajectory is lo-
cated (assuming there is no rotational motion in the
digging process), that is, the bilateral symmetry plane of
the working device, is a projection surface for the system of
the digging resistance. On this projection surface, the
tangential direction and normal direction of the digging
trajectory are used as the X-axis and Y-axis of the Cartesian
coordinate system, and the Z-axis is determined according
to the right-hand rule. As shown in Figure 2(a), the
projected coordinate system JXYZ of the digging re-
sistance is established. e system of the digging resistance
is combined at the J-point to become a resultant force and
a resultant force-couple, and it is projected onto the X, Y,
and Z axes. In accordance with the direction of action, the
projections of the resultant forces on the X, Y, and Z axes
are referred to as the tangential force Ft, normal force Fn,
and lateral force Fl, respectively; in accordance with the
characteristics of the action, the projections of the re-
sultant force-couples on the X, Y, and Z axes are referred to
as the torque moment Mt, rotational moment Mr, and
bending moment Mb, respectively.

Due to the uncertainties in the object of digging and the
mode of digging, it is almost impossible to achieve the direct
solution of the resultant forces and the resultant force-
couples. A method that can be tried is solving for their
projections on the coordinate axes, that is, solving for the six
components in Figure 2(a). However, it is not easy to si-
multaneously solve for these six components. erefore, in
this paper, the three unknown quantities for the system of
the digging resistance projected onto the working device’s
plane of symmetry are solved �rst, that is, the tangential
force Ft, normal force Fn, and bending moment Mb, as
shown in Figure 2(b). In this paper, these three components
are referred to as the incomplete digging resistance. e
process for solving the incomplete digging resistance not
only avoids the complexity of the system of the digging

resistance but also avoids the problem of redundant equa-
tions caused by simpli�cation.

3. Active-Side Calculation Method for the
Incomplete Digging Resistance in a
Normal State

A hydraulic excavator has multiple degrees of freedom.
ere are many compound actions in the digging process of
a normal state. To determine the pose and coordinates of
each component, a kinematics model needs to be estab-
lished.e digging process is a dynamic process. To solve for
the digging resistance, a dynamics model needs to be
established �rst, and then the model for solving the digging
resistance is �nally obtained through force analysis.

3.1. Kinematics Model. e D-H coordinates system of the
hydraulic excavator is established (Figure 3) [19, 20]. e
relationship between adjacent coordinates systems (oixiyizi
and ojxjyjzj) can be expressed by the following four pa-
rameters: o�set distance sj (the distance from axis xi to axis
xj along axis zi), angle θj (the angle from axis xi to axis xj
along axis zi), rod length hj (the distance from axis zi to axis
zj along axis xj), and torsion angle αj (the angle from axis zi
to axis zj along axis xj). Also, sj is set positive when co-
incident with the positive direction of axis zi; θj is set
positive when counterclockwise; hj is set positive when in
coincident with the positive direction of axis xj; and αj is set
positive in the counterclockwise direction.

According to the establishment principle of the D-H
coordinate system, S0 is the distance from the boom with
mounting hinge point A to the height of the shutdown
surface, and S1 � S2 � S3 � 0. h0 is the distance from the
boom with mounting hinge point A to the rotational axis Z0
of the main engine, and h1, h2, and h3 are the lengths of the
boom AB, the arm BQ, and the bucket QJ, respectively.
α0 � π/2, and α1 � α2 � α3 � 0. Let the coordinates of any
point p in space under the i-th coordinate system be [ri] �
[xi, yi, zi]

T and the coordinates under the j-th coordinate
system be [rj] � [xj, yj, zj]T.

Set irp �
ri
1[ ] and jrp �

rj
1[ ]; then,

f1

f2

f3f4

f5

f6

(a)

Ft

Fn

(b)

Figure 1: Existing method for simplifying the digging resistance.
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jrp � Mij[ ]jrp,
jrp � Mji[ ]jrp,


 (1)

where [Mij] and [Mij] are, respectively, the transformation
matrices between adjacent coordinate systems ojxjyjzj and
oixiyizi.

Mij[ ] �

cos θi − sin θi cos αi sin θi sin αi hi cos θi
sin θi cos θi cos αi − cos θi sin αi hi sin θi
0 sin αi cos αi Si

0 0 0 1




,

Mji[ ] �

cos θi sin θi 0 − hi
− sin θi cos αi cos θi cos αi sin αi − Si
sin θi sin αi − cos θi sin αi cos αi 0

0 0 0 1




.




(2)

3.2. Dynamics Model. e general form of the dynamics
equation for the Lagrangian system is [12, 14]

Ti �
d

dt

zL

z _qi
−
zL

zqi
, i � 1, 2, . . . , n, (3)

where L � K − P is referred to as the Lagrangian function,
where K represents the kinetic energy of the system and P
represents the potential energy of the system; Ti is the
force or moment acting on the i-th coordinate system; n is
the number of generalised links; q represents the gener-
alised coordinates; and _q represents the generalised ve-
locity. For the excavator, Ti is the moment acting on
the coordinate system Oi, n � 4, the boom, arm, and
bucket are, respectively, the second, third, and fourth
generalised links, and q and _q correspond to θ and _θ,
respectively.

Let p be any one point on the generalised link i.
According to formula (1),

0rp � Hi
irp, (4)

where Hi represents the transformation matrix from the
local coordinate system Oi to the basic coordinate system
O0: Hi � [M01][M12] · · · [M(i− 1)i].

e velocity of the P-point is

Q

B

A

J
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Z1

X0 θ0
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Figure 3: e D-H coordinate system of the hydraulic excavator.
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Figure 2: Combination and projection for the system of digging resistance.
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0
Vp �

d

dt

0
rp  � _Hi

i
rp � 

i

j�1

zHi

zθj

_θj
⎛⎝ ⎞⎠i

rp � 

i

j�1
Uij

_θj
⎛⎝ ⎞⎠i

rp.

(5)

+e square of the velocity of the P-point is
0
Vp 

2
�

0
Vp  ·

0
Vp  � Trace 0

Vp  ·
0
Vp 

T
 

� Trace 
i

j�1


i

k�1
Uij

i
rp

i
rp 

T
Uik( 

T _θj
_θk

⎡⎢⎢⎣ ⎤⎥⎥⎦.

(6)

Set dm as the mass of the P-point; then, its kinetic energy
is

dki �
1
2

0
Vp 

2
dm

�
1
2
Trace 

i

j�1


i

k�1
Uij

i
rp

i
rp 

T
dm Uik( 

T _θj
_θk

⎡⎢⎢⎣ ⎤⎥⎥⎦.

(7)

Integrate the above equation over link i to obtain the
kinetic energy of link i:

Ki � 
Link i

dki �
1
2
Trace 

i

j�1


i

k�1
UijIi Uik( 

T _θj
_θk

⎡⎢⎢⎣ ⎤⎥⎥⎦, (8)

where Ii � Link i
irp · (irp)T · dm is the pseudoinertial matrix

of link i. In formulas (5) to (8), Uij and Uik represent the
derivations of the i-th and j-th generalised coordinates by the
transformation matrix Hi, respectively.

+e kinetic energy of the driving device of the link i is

Kai �
1
2
Iai

_θ
2
i . (9)

+e total kinetic energy of the excavator system is ob-
tained in accordance with formulas (8) to (9):

K �
1
2



4

i�1


i

j�1


i

k�1
Trace UijIi Uik( 

T
  _θj

_θk +
1
2



4

i�1
Iai

_θ
2
i .

(10)

+e total potential energy of the excavator system is

P � − 
4

i�1
mig

T 0
Tiri . (11)

Substitute formulas (10) and (11) into formula (3) to
obtain the dynamics equation of the hydraulic excavator
system:

Ti � 
4

j�1
Dij

€θj + Iajq
€θ + 

4

j�1


4

k�1
Dijk

_θj
_θk + Di, i � 1, 2, 3, 4,

(12)

where Dij � 
n
p�max(i,j)Trace(UpjIpUT

pi), Dijk � 
n
p�max(i,j,k)

Trace(UpjkIpUT
pi), and Di � 

n
p�i − mpgTUpi

prp, where
Upjk represents the second-order derivative of the trans-
formation matrix Hp with regard to the two generalised j-th
and k-th coordinates.

3.3. Calculation Model for the Incomplete Digging Resistance
in a Normal State. As described above, Ti in formula (12) is
the moment acting on coordinate system Oi. To establish the
digging resistance model, it is first necessary to perform a
force analysis to obtain the resultant moments acting on
each coordinate system of the excavator’s working device.

According to the combination result of the system of the
digging resistance at the symmetry centre J-point of the
cutting edge in the second section, with the exception of
having power, the force situation in the symmetry plane of
the hydraulic excavator’s working device is as shown in
Figure 4. Fbo, Fa, and Fbu represent the thrusts of the hy-
draulic cylinder of the boom, the hydraulic cylinder of the
arm, and the hydraulic cylinder of the bucket, respectively,
and FKL represents the force of the link KL acting on the
hinge point L. +ere is a definite relationship between FKL
and Fbu, that is, FKL � f(Fbu).+e resultant moments acting
on the coordinate system of the boom O2, the coordinate
system of the arm O3, and the coordinate system of the
bucket O4 are

T2 � AC
��→

× Fbo
��→

+ AJ
�→

× Ft
→

+ AJ
�→

× Fn
�→

+ Mb,

T3 � BH
��→

× Fa
�→

+ BJ
�→

× Ft
→

+ BJ
�→

× Fn
�→

+ Mb,

T4 � QL
��→

× FKL
��→

+ QJ
�→

× Ft
→

+ QJ
�→

× Fn
�→

+ Mb.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(13)

+e simultaneous use of formulas (12) and (13) results in
moment equilibrium formula (14) containing the three
components of the digging resistance. +e incomplete
digging resistance can be obtained by solving for these
equations, but all six components for the system of the
digging resistance cannot be completely obtained; therefore,
these equations are referred to as the calculation model for
the incomplete digging resistance in a normal state:

AC
��→

× Fbo
��→

+ AJ
�→

× Ft
→

+ AJ
�→

× Fn
�→

+ Mb

� 
4

j�1
D2j

€θj + Iaj
€θ2 + 

4

j�1


4

k�1
D2jk

_θj
_θk + D2,

BH
��→

× Fa
�→

+ BJ
�→

× Ft
→

+ BJ
�→

× Fn
�→

+ Mb

� 
4

j�1
D3j

€θj + Iaj
€θ3 + 

4

j�1


4

k�1
D3jk

_θj
_θk + D3,

QL
��→

× FKL
��→

+ QJ
�→

× Ft
→

+ QJ
�→

× Fn
�→

+ Mb

� 
4

j�1
D4j

€θj + Iaj
€θ4 + 

4

j�1


4

k�1
D4jk

_θj
_θk + D4.

(14)

For a given excavator, the geometric size and mass
distribution are known. Using the kinematics and dynamics
models of the excavator established in the previous text, the
functions for the relative angle θ, angular velocity _θ, and
angular acceleration €θ between various coordinate systems
are given on the right side of the equations in formula (14).
+erefore, if these motion parameters aremeasured, then the
right part of the equations can be determined. At the same
time, if the relative angle θ between various coordinate
systems is measured, in accordance with the kinematics
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model of the excavator, the direction of each acting force on
the left side of the equations in formula (14) as well as the
moment arm vectors corresponding to various acting forces
can also be determined. If data on the cylinder pressure
intensity are collected, then the thrusts applied to the
working device by the hydraulic cylinders can be obtained,
so Fbo, Fa, and Fbu can be determined. According to the
force transfer mechanism, the thrust FKL (FKL � f(Fbu))
transferred from the bucket’s hydraulic cylinder to the link
KL to ultimately act on the hinge point L can be calculated.

In summary, if the motion parameters of the compo-
nents and the data on the cylinder pressure intensity can be
measured, with the exception of the incomplete digging
resistance, the other variables in formula (14) can all be
determined. e incomplete digging resistance variables Ft,
Fn, andMb can be obtained by solving formula (14). In this
method, there is no need to take into account the soil
characteristics, bucket shape, and digging parameters, and
there is also no need to take into account the soil-tool in-
teraction relationship; the incomplete digging resistance can
be calculated by measuring the active-side motion param-
eters of the excavator’s main engine and collecting data on
the cylinder pressure intensity. We refer to this method as
the active-side calculation method for the incomplete dig-
ging resistance in a normal state.

4. Experimental Validation

A validation scheme was designed for the active-side cal-
culation method for the incomplete digging resistance in a
normal state (Figure 5). First, the motion parameters of each
component and the data on the cylinder pressure intensity
collected were substituted into formula (14) to calculate the
incomplete digging resistance. en, each component load
of the working device was calculated according to the force
and moment equilibrium equations for the boom, arm, and
bucket, using transient analysis to obtain the simulated stress
for each component. Finally, the simulated stress and
measured stress were compared. If they were consistent with
each other, then the load applied for the simulation was
correct. e correctness of the load then suggested that the
incomplete digging resistance was correct, so the active-side

calculation method for the incomplete digging resistance in
a normal state could be validated in the reverse direction.

According to the validation scheme, it is necessary to
measure the motion parameters of each component in the
digging process in a normal state as well as collect data on the
cylinder pressure intensity and working device stress.

4.1. Building a Measurement Platform

4.1.1. Angular Displacement Measurement. ree NS-RB
type angular displacement sensors were used to separately
measure the angular displacement θ of the boom relative to
the frame, the arm relative to the boom, and the bucket
relative to the arm. e rotation axis of the angular dis-
placement sensor remained concentrically and �rmly con-
nected with the pin axis of the component being measured
through the shaft coupling. e outer casing of the angular
displacement sensor was �rmly connected with the com-
ponent being measured through the mounting rack.

4.1.2. Pressure Intensity Measurement. Six NS-F type pres-
sure sensors (0∼50MPa) were used to separately acquire
data on the pressure intensities of the rod cavity and rodless
cavity for the hydraulic cylinders of the boom, bucket rod,
and bucket. eir mounting positions were the reserved
pressure measurement points of each drive hydraulic
cylinder.

4.1.3. Stress Measurement. Right angle-45° type strain ro-
settes were used to separately measure the strain at mea-
surement points in the 0°, 45°, and 90° directions. e
approach used for bridging the strain rosettes was the 1/4
bridging method, and compensation lines were used to
compensate for the conductor resistance.e dynamic stress
was more obvious at the positions on the working device
with greater stress as the load changed, and the correlation
with the digging resistance was stronger. Selecting these
positions as the measurement points could better validate
the digging resistance. Eight dynamic stress measurement
points were selected according to the form of failure for the
excavator’s working device and the general law of the stress
distribution in combination with the need to adhere the
patch of the strain gauge. e layout for some of the
measurement points is as shown in Figure 6.

4.1.4. Data Acquisition System. A NS-DAC3000 multi-
channel data acquisition system was used to simultaneously
acquire the feedback signals from three angular displace-
ment sensors and six pressure sensors. A DRA-30A mul-
tichannel dynamic-static strain gauge was used to acquire
the feedback data at the eight dynamic stress measurement
points. e time interval of data acquisition was set to 10
milliseconds during the test.

e measurement object was a 36-t backhoe hydraulic
excavator. e testing location was a certain proving ground
in Huzhou, China. e excavation object was Class III soil
mixed with small stones (the active-side calculation method

Q
N

B

L

K

EHD
C

A

F

Fa Fa

Fbo

Fbu

Fbu

Ft

Fn

Mb

FKL

J

Figure 4: Force analysis in the symmetry plane of the excavator’s
working device.
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for the digging resistance proposed in this paper was un-
related to the soil-tool interaction model; therefore, char-
acteristics such as the soil density and viscosity were not of
concern during the measurement process). A comprehen-
sive measurement platform that includes angular displace-
ment, pressure intensity, and stress measurements is shown
in Figure 7.

4.2. Calculating the Incomplete Digging Resistance in a
Normal State

4.2.1. Conversion of Measurement Data. e actual angles
between the boom and the mounting, the arm and the boom,
and the bucket and the arm were
θi � θimin + θimeasurement − θimeasurement′ , i � 1, 2, 3, (15)

Measurement point 3Measurement point 4

(a)

Measurement point 6

(b)

Figure 6: Layout of the stress measurement points.

Calculation model for incomplete
digging resistance in normal digging 

process (equation 14)

Kinematic parameters 
of each component

�rust of 
hydraulic cylinder

Is the simulated
 stress consistent with the 

measured stress?

Simulated stress

Test data

Measured 
stress

Dynamics model Kinematics model

Incomplete digging resistance (Ft, Fn, and Mb)

Balance equation of force and moment 
for boom, arm, and bucket

Load acting on each hinge point of the 
working device

Validation succeeds

Validation 
fails

Yes

No

Finite element analysis method
(transient analysis)

Figure 5: Validation scheme for the digging resistance-stress measurement.
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where θimin is the starting value (minimum value) of the
joint space variable of the working device, while θimeasurement′
and θi measurement are, respectively, the initial value and real-
time measurement value of the three angular displacement
sensors.

+e thrusts for the hydraulic cylinders of the boom, arm,
and bucket were

Fbo �
πD2

1a

4
P1a −

π D2
1a − D2

1i( 

4
P1i n1,

Fa �
πD2

2a

4
P2a −

π D2
2a − D2

2i( 

4
P2i n2,

Fbu �
πD2

3a

4
P3a −

π D2
3a − D2

3i( 

4
P3i n3,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(16)

where p1i, p1a, p2i, p2a, p3i, and p3a are the measured
pressure intensities of the rod cavity and rodless cavity for
the hydraulic cylinders of the boom, arm, and bucket; D1i,
D1a, D2i, D2a, D3i, and D3a are the diameter intensities of the
rod cavity and rodless cavity for the hydraulic cylinders of
the boom, arm, and bucket; and n1, n2, and n3 are the
number intensities of the hydraulic cylinders for the boom,
arm, and bucket.

4.2.2. Fitting of Measurement Data and Calculation of
Digging Resistance. To eliminate the effects of noise and
impact in the measurement process, a fitting process was
first carried out on the converted data for the angular
displacement and cylinder thrust.+e angular velocity ωwas
obtained by taking the derivative of the fitting function θ for
the angular displacement data with respect to time, and the
angular acceleration α was obtained by taking the derivative

of the angular velocity ω with respect to time. +e motion
parameters (angular displacement θ, angular velocity ω, and
angular acceleration α) of each component after fitting and
the data on the hydraulic cylinder thrusts were substituted
into formula (14) to calculate the tangential force Ft, normal
force Fn, and bending moment Mb.

For this measurement, multiple instances of digging
were completed under different working conditions. +e
digging process of working condition I selected in this paper
illustrated the processing of the measurement data and the
solution and validation of the digging resistance. Working
condition I was a digging experiment in which a skilled
operator fully loaded the bucket in a normal state according
to the habitual manner of operation in the main operation
area of the excavator. Figure 8 shows the raw data and fitting
data of the angular displacement θ, the angular velocity ω,
and the angular acceleration α, as well as the raw data and
fitting data of the hydraulic cylinder thrusts corresponding
to the digging process of working condition I. It can be seen
from Figure 8 that there were great changes in the angular
displacement of the bucket relative to the boom and the arm
in this instance of the digging process. +e angular velocity
and angular acceleration showed continuous fluctuation,
and the hydraulic cylinder of the boom was in a passive state
of tension prior to 4 s and then started to actively extend
outward to carry out the lifting action. Using the angular
displacement data and the kinematics model of the exca-
vator, the restored trajectory of the digging process was
obtained (Figure 9). As shown in Figure 9, the boom, arm,
and bucket have more linkage actions in the digging process,
indicating that composite digging is a commonly used
operation mode for digging in a normal state.

Figure 10 shows the calculation results for the in-
complete digging resistance in the digging process of
working condition I. F represents the resultant force for the

Synchronous data acquisition system

�e signals of angular 
displacement, pressure, and stress 

Sensors 

Excavator

ε90°
ε45°

ε0°

Figure 7: Comprehensive measurement platform.
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system of digging resistance projected onto the symmetry
plane of the working device, and F

→
� Ft

→
+ Fn

�→
. +e results

of Figure 10 indicate that the tangential force Ft is the main
component of the resultant force F as the normal force is
relatively small and its direction changes continuously with
the digging process. +e effect of the bending moment Mb
is smaller than the moment effect from the tangential force
on each hinge point. +e acquisition of the incomplete

digging resistance in a normal state lays the foundation for
research on the characteristics of the digging resistance,
which will help with checking the strength characteristics
and optimising the structural design of excavators, as well
as with research on automated excavation.

4.3. Calculating the Measured Stress and the Simulated Stress

4.3.1. Measured Stress. +e three-direction strain rosette
could acquire in real time the strains εx, εy, and ε45°, which
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corresponded to the measurement points in the directions of
0°, 90°, and 45°. +e elastic modulus E and Poisson’s ratio μ
for the material at the measurement points of the working
device were known. +e maximum and minimum normal
stresses at the measurement point were

σ1 �
E εx + εy 

2(1 − μ)
+

E

2(1 + μ)

�������������������������

εx − εy 
2

+ εx + εy − 2ε45° 
2



,

σ3 �
E εx + εy 

2(1 − μ)
−

E

2(1 + μ)

�������������������������

εx − εy 
2

+ εx + εy − 2ε45° 
2



.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(17)

+e equivalent stress of the measurement point was
calculated according to the fourth strength theory:

σr4 �

��������������

σ21 + σ23 − σ1 ∗ σ3


. (18)

+e curve for the change in stress in the digging process
corresponding to the measurement point could be calculated
by substituting the strain data obtained from the mea-
surement into formulas (17) and (18).

4.3.2. Simulated Stress. When the bucket touches the soil
and leaves the ground, the digging resistance will change
obviously, which can determine whether the excavator is in
the digging state. +e trajectory in the digging state is se-
lected as the object of simulation analysis.

Using the incomplete digging resistance and the thrusts
of the various hydraulic cylinders obtained in Section 4.2, the
force at each hinge point of the working device was cal-
culated according to the force and moment equilibrium
equations of the boom, arm, and bucket, that is, the dynamic
load spectrum of each component in the operation process
in a normal state.

A three-dimensional model of the boom and the armwas
established in Creo. Hypermesh was used to carry out mesh
generation on it and to define the material attributes and
element attributes. +e preprocessed model was introduced
into Patran. +e boom and arm were both regarded as
cantilever structures, and corresponding constraints and
loads were applied. +e loads include the gravity load and
the dynamic load on each hinge point that varied with time,
and all loads needed to be converted to the corresponding
coordinate system of the body. Afterwards, calculations for
the simulation of the dynamic stress were carried out to
obtain the variation law of the stress with time for the boom
and arm under various digging working conditions.

5. Results and Discussion

5.1. Comparing the Simulated Stress with theMeasured Stress.
+e stress spectrum at the location of each measurement
point was extracted from the simulation results in Section
4.3.2 and compared with the measured stress. +e stress
comparison diagram of each measurement point on the
boom and arm in the digging process of working condition I
is shown in Figure 11.

+rough the correlation of the values of the simulated
stress and the measured stress in Figure 11 and each of the
other working conditions, it can be seen that the variation
laws for the simulated stress and the measured stress were
highly consistent; the measured stress was generally larger
than the simulated stress, with measurement point 3 and
measurement point 5 showing the most obvious differences,
close to 30% of the measured stress.

5.2. Discussion. Comparing the measurement process and
the simulation process, there are several possible reasons for
the above difference: (1) +e actual system of the digging
resistance in the measurement process was composed of six
parts, but only the incomplete digging resistance solved in
this paper was applied in the simulation model. +e in-
complete external load applied to the simulation process
caused the simulated stress to be smaller than the measured
stress. (2) +ere were influencing factors, such as welding
seams and dead weight in the measurement prototype.+ese
factors, which were not considered in the simulation pro-
cess, caused the simulated stress to be smaller than the
measured stress. (3) +ere was a certain deviation between
the coordinate position of the stress extracted in the sim-
ulation model and the position of the actual measurement
point, which caused a certain deviation in the simulated
stress.

Measurement point 3 and measurement point 5 were
symmetrically distributed at vertex positions of the box-
shaped structure on both sides of the boom’s bending beam.
Because they were located on both sides of the box-shaped
structure, they were most affected by the lateral force; at the
same time, due to their proximity to the two welding seams
at the position where the thickness of the steel plate changed,
they were subjected to the greatest effect of the concentrated
stress caused by the welding seams. +e lateral force was not
considered in the simulation process, and the concentrated
stress caused by the welding seams was also not taken into
account. +ese are the main reasons why the measured
stresses at measurement point 3 and measurement point 5
were obviously larger than the simulated stresses.

In comparing the simulated stresses and measured
stresses of the eight measurement points under all working
conditions measured, the results were consistent with
Figure 11: the simulated stress was highly consistent with
the measured stress in terms of the variation law, but there
were certain differences in the numerical values (the
simulated stress was generally smaller than the measured
stress). +e high consistency between the simulated stress
and measured stress in the variation law verifies the cor-
rectness of the calculation model (formula (14)) proposed
in this paper, and the difference in the numerical value
indicates that the completeness (accuracy) of the model
needs to be improved.

As shown in the validated relationship in Figure 5, the
high consistency in the variation law indicates the reliability
of the calculation process for the simulated stress.+e load is
the premise of the simulation, and the reliability of the
simulation process indicates the correctness of the load. +e
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Figure 11: Continued.
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load is obtained by solving for the incomplete digging re-
sistance, and the correctness of the load indicates the cor-
rectness of the incomplete digging resistance and thereby the
correctness of the active-side calculation method for the
incomplete digging resistance in a normal state.

As described above, the main reason for this difference is
that the active-side calculation method for the digging re-
sistance in a normal state proposed in this paper could only
obtain the incomplete digging resistance, and the remaining
three components for the system of the digging resistance
were not calculated; hence, there was no way for them to
become loads to be applied to the simulation model. We
speculated that if the remaining three parts of the system of
the digging resistance could be calculated to make the
simulated load closer to the actual load, the difference be-
tween the simulated stress and the measured stress would be
further reduced.

6. Conclusion

To solve the problem of solving for the digging resistance in a
normal state, the rule of combination for spatial force
systems was used to propose a method for combining and
projecting the system of the digging resistance, and the
incomplete digging resistance became the target to be solved
in this paper. An active-side calculation method for the
incomplete digging resistance in a normal state was pro-
posed based on kinematics and dynamics models of the
excavator and the moment equilibrium equations of the
working device. +is method does not require consideration
of the soil characteristics, bucket shape, or digging pa-
rameters; the incomplete digging resistance is instead cal-
culated according to the motion parameters of the working
device and data collected on the cylinder pressure intensity
during the digging process in a normal state. +is provides
preconditions for research on the digging resistance in a
normal state and lays a theoretical foundation for excavator
design and automated excavation.

To validate the active-side calculation method for the
incomplete digging resistance in a normal state, a scheme for

measuring, calculating, and validating the digging resistance
was proposed. +rough the comprehensive measurement
platform, the angular displacement and pressure intensity
data needed to calculate the digging resistance and the stress
data needed to validate the digging resistance were syn-
chronously acquired. +e calculated incomplete digging
resistance in a normal state was used to calculate the load on
each hinge point according to the force and moment
equilibrium equations of the working device, and the sim-
ulated stresses of the boom and arm were obtained through
the transient analysis method. In comparing the simulated
stress extracted from the position corresponding to a
measurement point with the measured stress, the results
show that there is a difference in magnitude (the maximum
value of the difference is close to 30% of themeasured stress),
but the variation laws are highly consistent.

+e method for combining and projecting the system of
the digging resistance and the calculation method for the
incomplete digging resistance provide a theoretical foun-
dation and have meaning as a reference for completely
solving the six unknown quantities in the system of the
digging resistance.
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