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Abstract
A hydraulic excavator is one of the most used machines in mining, construction and geotechnics. Monitoring its produc-
tivity can provide benefits such as savings in fuel consumption and maintenance, cost optimization of working param-
eters and a higher working efficiency. A measurement system for such a purpose can be complex and expensive, as it 
 requires special equipment from the manufacturer and does not exist as an out of the box solution that would measure 
working parameters such as bucket trajectory, digging energy, digging force, etc.
A measuring system was designed to monitor productivity and gather working parameters. It consists of three pressure 
transmitters for measuring cylinder pressures, three draw wire sensors for cylinder elongations, one inertial measure-
ment unit for the measurement of swing angle and one logger unit for data acquisition and storage. The logger unit, 
equipped with an SD card module and 12-bit AD converter, is based on Atmega328 microcontroller, which allows for the 
usage of Arduino IDE and already developed libraries.
The system was tested in a laboratory to determine its accuracy, resolution and usable sample rate. Cylinder pressure can 
be measured in the range of 0-500 bar with an excellent accuracy of 0.026 % FSO and 0.15 bar resolution. Cylinder elon-
gation can be measured in the range 0-2300 mm with an accuracy of 0.087 % FSO and 0.58 mm resolution. Swing angle 
measurement accuracy is 1.2° per circle or 0.33 % FSO. The usable sample rate of the system is found to be 39 Hz-588 Hz, 
depending on the logger executing code.
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1. Introduction

The productivity of mining equipment depends on 
many different factors. One of the most important is the 
force of interaction between the working tool and the 
rock mass. Korman et al. (2015) was investigating the 
forces of cutting rock by chain saw, Antoljak et al. 
(2018) explores the forces of interaction during rock 
drilling and Richardson-Little and Damaren (2008) 
describes soil-bucket interaction forces at digging.

A hydraulic excavator is the one of the most used 
pieces of equipment in mining, construction and geo-
technics. Basically, it consists of a traveling body, swing 
body and front digging manipulator (see Figure 1) 
which includes three links: boom, arm and bucket 
(Mitrev et al., 2017). The main advantage of this ma-
chine is multifunctionality (Soon-Kwang et al., 2008) 
based on its robust design, adapting to field work and its 
ability to use different work tools. The bucket is the most 

used working tool for digging, loading and moving dif-
ferent types of materials.

Measuring the productivity of an excavator can pro-
vide several benefits. First of all, the simplest definition 
of an excavator’s productivity is the quantity of material 
that the excavator can move, dig or load in a certain 
time. This information is important for calculating the 
capacity of larger systems that include excavators. As a 
production monitoring value, it is important from a man-
agement and economical point of view. Furthermore, 
analysing influential factors like working conditions, 
digging depth, tool condition, etc. enables savings in en-
ergy and fuel consumption, excavator maintenance and 
higher working efficiency. Recent research studies deal 
with optimal bucket trajectory with respect to bucket 
forces and digging energy consumption (Du and Dor-
neich, 2015; Kusmierczyk and Szlagowski, 2008). 
Some of them focus on the optimisation of digging depth 
and teeth angle of attack, also using energy and digging 
forces as criterion (Chen et al., 2013; Lee et al., 2008; 
Richardson-Little and Damaren, 2008).
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Continuous measurement of productivity requires 
several elements to be measured simultaneously. If we 
consider excavator productivity as a mass/volume of 
material transferred in a unit of time, then simply the 
cycle time and bucket load are enough to calculate the 
productivity. Different approaches to estimate produc-
tivity can be more complex and require multiple ele-
ments to be known. Among them can be swing angle, 
excavation height or depth, slice depth and digging path 
length.

Likewise, to back analyze productivity, a measure-
ment system must be able to measure those elements or 
provide values that can later be derived from.

2.  Measuring productivity  
and its components

Depending on the measurement system, some values 
can be measured directly, such as swing angle, but most 
of them need to be derived.

Bucket load mass can be calculated from boom cylin-
der pressure as the difference between a full and empty 
bucket in the same position (Kim et al., 2013). Cylinder 
pressure is a function of bucket coordinates and bucket 
load weight. If the empty bucket function is known, then 
the weight difference of an empty to full bucket can be 
calculated in any position during the cycle. The transfor-
mation of pressure to bucket load weight will depend 
upon kinematic relations and the cylinder piston diame-
ter. Additionally, load weight can be transformed to 
mass, or volume if bulk density of the material is known.

Bucket trajectory can be calculated from cylinder 
elongation and kinematic relations of the boom-arm-
bucket system. The elongation of cylinders can be meas-
ured by draw-wire sensors (Kim et al., 2013) or by mag-

netostrictive sensors (Vladeanu and Vladeanu, 2017). 
Many researchers have described the kinematics of a 
hydraulic excavator. Most of them presented Denavit-
Hartenberg’s analytical approach with the transforma-
tion matrix as a relation of coordinate frames positioned 
in joints (Koivo, 1994; Xu and Yoon, 2016; Spong et 
al., 2006). Bucket trajectory which directly depends on 
the kinematics of an excavator, can be shown with trigo-
nometric equations on each link. Besides measuring cyl-
inder elongation, another way to determine bucket posi-
tion is to measure the relative angle at every joint in the 
boom-arm-bucket system. This approach was used by 
Feng et al. (2017). Including the swing angle to bucket 
trajectory gives a three-dimensional position of the 
bucket.

Knowing the bucket teeth trajectory enables the mon-
itoring of different working parameters such as digging 
height or depth, cutting depth and length, swing angle 
and cycle time. Figure 1 presents possible working pa-
rameters along with the arrangement of the measuring 
system.

Cycle time usually requires observation, so the start 
and end bucket position can be determined. These posi-
tions will depend upon the type of operation that the ex-
cavator performs. During excavation and loading opera-
tions, start and end positions can be mathematically de-
termined using the bucket vertical and horizontal 
position, with the addition of swing angle. A combina-
tion of their minimums and maximums during the cycle 
determines the start/end position.

3. Elements of the measuring system

The measurement system consists of three draw wire 
sensors, one for each cylinder elongation, and three 
pressure sensors. The sensor used for rotational swing is 

Figure 1: Measurement system mounting
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an inertial measurement unit (IMU) with the ability of 
absolute angular orientation. All sensors are connected 
to an Atmega328p based logger unit, equipped SD card 
module and 12-bit ADC converter, as shown in Figure 
2. In addition, a Bluetooth module is mounted to enable 
wireless data transfer to a desktop PC or laptop.

means that the output signal is proportional to the power 
supply voltage. WPS-2300-MK88-CR-5 has a measuring 
range of 2300 mm and linearity below 0.15 % FSO (Mi-
croEpsilon, 2015). Potentiometric output gives quasi in-
finite resolution, which in turn depends upon the AD con-
verter. Figure 3 shows the operational principle of a draw 
wire sensor (Stuhler, 2015) and its typical construction.

3.2. Pressure transmitter

Pressure transmitters are usually constructed with a 
membrane that deforms under pressure. This deforma-
tion can be measured using strain gauges and is related 
to the measured pressure value. Transmitters are availa-
ble with a variety of output signals, including current 
output (4 mA-20 mA), millivoltage output, amplified 
voltage and ratiometric output. Most of these options re-
quire a power supply in the range from 8 V-30 V. One 
exception found here is the ratiometric (3-wire) trans-
mitter with 0.5 V-4.5 V output (Wika, 2011). It requires 
a nominal 5 V but can operate on lower voltages and 
possibly a bit higher than 5 V. The output is 10 % of the 
power supply voltage at zero pressure and 90 % at the 
range maximum. This way the transmitter can operate 
on other voltages, but accuracy might be affected, since 
it is specified for 5 V. Figure 4 shows a typical pressure 
transmitter and its operational principle.

3.3. Analog to digital converter

The AD converter used in this research is the Micro-
chip MCP3008-BI/P. It is a 12-bit converter that can be 
configured as 8-channel single-ended inputs, or 4-chan-

Figure 2: Block diagram of the measurement system

Figure 3: Draw wire sensor

Figure 4: Pressure transmitter

3.1. Draw wire sensors

Draw wire sensors are simple linear displacement 
measurement devices. Linear displacement is trans-
formed into a rotational motion of the shaft via a wire 
(see Figure 3). Rotation of the shaft is measured by sens-
ing an element, usually potentiometer or any kind of ro-
tational encoder. In this case, potentiometric output was 
selected due to its simpler implementation and lower 
price. Such analog sensors can be powered by a wide 
range of voltage, which is convenient for field use with 
battery power sources. Their output is ratiometric, which 
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Figure 5: Inertial measurement unit BNO055 (Bosh, 2014) and Adafruit PCB (Adafruit, 2018)

nel differential inputs (Microchip, 2002). It is designed 
for single supply operation voltages 2.7 V to 5.5 V, 
which is very convenient for battery powered projects. It 
has a maximum sampling rate of 100 kSps. Maximum 
specified errors amount to 1 LSB for nonlinearity, 3 LSB 
for offset and 5 LSB for gain. The configuration of the 
converter and data acquisition is accomplished via 
4-wire SPI interface.

3.4. Inertial measurement unit

Measuring the elongation of the cylinders can only be 
used to calculate position in the plane of the excavator’s 
boom and arm. The means for the measurement of swing 
and excavator’s tilt from horizontal plane are also need-
ed in order to measure the 3-dimensional trajectory. The 
inertial measurement unit Bosch BNO055 is a combina-
tion of a three-axis gyroscope, accelerometer and mag-
netometer. A built-in microprocessor fuses the data from 
all three sensors and calculates the orientation. Raw 
data, relative orientation or absolute orientation can be 
acquired depending on the selected mode of operation 
(Bosch, 2014).

The chip itself normally operates at 3.3 V, but the 
PCB is equipped with a voltage regulator and logic level 
converter and thus a voltage supply of up to 5 V can be 
applied. Communication with a microcontroller can be 
established via UART or I2C bus. Figure 5 shows an 
internal block diagram and PCB for BNO055.

3.5. Logger unit

A logger unit is an essential part of the measuring sys-
tem which acquires measured values from sensors, does 
data processing as needed and forwards data to a storage 
unit or other communication devices. In this case, the 
logger unit is based on the Atmega328p microcontroller 
which controls all other elements of the system in ac-

cordance to the uploaded code. The main idea is to loop 
through the procedure of reading all sensors’ data, stor-
ing data to an SD card, then sending data to a Bluetooth 
module and repeating this procedure at defined time in-
tervals. The addition of a Bluetooth module gives the 
ability to send data wirelessly to a computer, which in 
turn allows for data storage and/or real-time display of 
the measured values.

4. Basic algorithm

The developed logger unit is based on an Atmega328 
microcontroller. It is the same microcontroller that the 
Arduino platform started from. This way the Arduino 
IDE with its already developed libraries and knowledge 
bases can be used to program the logger unit.

Arduino is an electronics platform used to read input 
and, if needed, turn the collected data into output. The 
best thing about Arduino is its low cost and easy-to-use 
hardware and software with an open-source community. 
It was developed from a project in 2005 whose goal was 
to enable fast prototyping, aimed at students without a 
background in electronics and programming. (Arduino, 
2018).

The Arduino Integrated Development Environment - 
or Arduino Software (IDE) - contains a text editor for 
writing code, a message area, a text console, a toolbar 
with buttons for common functions and a series of men-
us. It connects to the Arduino hardware to upload pro-
grams and communicate with them. Every IDE code 
contains two functions – setup and loop). The function 
setup() is the function that only runs once upon control-
ler reset, to initialize variables, pin modes, start using 
libraries, etc. After creating a setup() function, which 
initializes and sets the initial values, the loop() function 
does precisely what its name suggests, and loops con-
secutively, allowing a program to change and respond 
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until reset of the board. It is used to actively control the 
Arduino board.

Possibilities with the Arduino board are immense be-
cause of its huge open-source community especially re-
garding the Arduino Software (IDE). That vast choice of 
possibilities is enabled by the use of libraries. Through 
the use of libraries, the environment of IDE can be ex-
tended, just like most programming platforms. Libraries 
provide extra functionality for use in sketches (written 
lines of code saved as a program), e.g. working with 
hardware or manipulating data.

The basic algorithm is shown in Figure 6. Several 
variants of the algorithm were used as a combination of 
three main options. One option is to give raw values 
(counts) from an AD converter versus using static char-
acteristics in order to give data in measurement units. 
Floating point arithmetic is generally more demanding 
for a microcontroller, slowing down code execution and 

reducing the maximum sample rate that can be estab-
lished. The other two options refer to data transfer and 
storage. Storage to an SD card and/or sending data to 
UART can be chosen. One of the latter options must be 
turned on to preserve measurement data, but both may 
be active as well. A combination will affect the maxi-
mum sample rate.

5. Testing the measurement system

The system was tested in laboratory conditions to de-
termine the accuracy and usable sample rate. During the 
procedure, calibrated instruments were used as a refer-
ence to compare output values, including perforated 
steel tape, a precision protractor and a precision pressure 
acquisition system. Temperature drift and time drift are 
neglected in this case. Testing conditions were not al-
lowing for this at the moment, but future tests can be 
performed in different conditions. All deviations from 
reference output are calculated regarding the best fit 
straight line, with the exemption of the draw wire sensor 
where polynomial regression was more appropriate to 
increase accuracy.

Draw wire sensors were tested using perforated steel 
tape with equally spaced perforations at 10 mm inter-
vals. A typical response from the draw wire is presented 
in Figure 7 (left). Nonlinearity is obvious with this type 
of sensor. Slight hysteresis can also be observed as de-
viation is shifted, comparing output with the pulling and 
retracting direction. The static characteristic is used to 
convert raw sensor data, ADC counts in this case, into 
useful measurement units. The application of linear re-
gression gives the static characteristic function present-
ed in Figure 7 (left). The maximum error is found to be 
± 6 mm, or 0.26 % FSO in this case. An absolute error of 
6 mm is acceptable considering the measurement range, 
but it might cause intolerable errors in certain positions 
of the excavator bucket. For this reason, polynomial re-
gression is performed to give mathematical functions of 
the third order. This way, sensor nonlinearity is de-
creased and the maximum error drops to only ± 2 mm or 
0.086 % FSO, as presented in Figure 7 (right).

Figure 6: Logger unit algorithm

Figure 7: Draw wire calibration
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Table 2: Maximum sample rate

Raw Data Characteristic 
Functions

No Data (read sensors only) 588 Hz 588 Hz
UART only 344 Hz 172 Hz
SD Storge only 58 Hz 51 Hz
UART + SD Storage 56 Hz 39 Hz

Table 1: Measurement system characteristics

Cylinder 
pressure

Cylinder 
extension Swing angle

Accuracy 0.026 % FSO 0.087 % FSO 0.33% FSO

Resolution 0.15 bar 0.58 mm 0.0625°  
(16 LSB = 1°)

Range 0 bar-500 bar 0 mm-2400 mm 0°-360°

Pressure transmitters were tested in the range from 0 
bar to 100 bar, since this is the limit of the reference 
transmitter. Testing was done applying two passes in the 
pressure rising direction and two passes in the pressure 
falling direction. Nonlinearity nor hysteresis can’t be ob-
served in this case (see Figure 8). Output shows only 
Gaussian distribution of error, probably caused by noise. 
These transmitters are found to have great linearity and 
a very low error of ± 0.15 bar, or 0.026 % FSO for the 

Figure 8 Pressure transmitter calibration

Figure 9: IMU unit calibration

tested range. Linear regression is more than enough for 
very accurate conversion to measurement units.

The BNO055 unit was tested in ‘IMU Fusion’ mode 
(Bosch, 2014) where only the accelerometer and gyro-
scope are active. Output data given this way is orientation 
relative to the position during power-up. The unit has a 
built-in magnetometer that could provide absolute orien-
tation relative to the Earth’s magnetic field, but it is as-
sumed that the massive iron construction of an excavator 
would influence its accuracy and thus it’s avoided in this 
case. A precision protractor was used as a reference de-
vice, testing with two passes in a right rotation and two 
passes in a left rotation. The unit outputs relative rotation 
directly, in the form of a signed 2-byte integer, where 16 
bits represent one degree of rotation. The conversion to 
degrees is performed internally within the BNO055 li-
brary. As shown in Figure 9 (left), direct sensor output 
contains an offset of 6.7° per circle. Slight hysteresis can 
be observed, but there is no apparent nonlinearity. To get 
more accurate readings, a correction function can be ap-
plied to the sensor output. Linear regression analysis gave 
the equation shown in Figure 9 (right). As can be seen, 
the correction function eliminates the offset and reduces 
the maximum error to ± 1.2° or 0.33 % FSO.

Different code options were tested for usable sample 
rates, as explained in Chapter 4. The highest sample rate 
is achieved while reading sensors without any data pro-
cessing or storage. Sending data to a serial port is the 
fastest option for data transfer, while storage to an SD 
card slows down code execution multiple times. Using 
mathematical functions with floating point arithmetic 
also reduces the sample rate significantly, which can be 
observed while sending data to UART only. Tables 1 
and 2 summarize the testing results.

5. Discussion and conclusions

Testing of the system was carried out with neglected 
temperature and time drift, since laboratory conditions 
were not allowing for more complex tests. These can be 
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performed at a later time as necessary, with different 
temperature conditions and after a period of usage.

Accuracy of the pressure transmitters is excellent de-
spite a power supply of 3.7 V, as they are declared to 
operate on 5 V. They were tested in the range of 100 bar 
because of the reference transmitter limitation, but we 
assume that acceptable accuracy is retained through the 
full range.

Draw wire sensors have acceptable accuracy, consid-
ering the needed measurement range. Nevertheless, an 
absolute error of 6 mm in cylinder elongation could 
cause unacceptable inaccuracy in the determination of 
the bucket teeth coordinates. This may happen for cer-
tain bucket positions in the boom-arm-bucket kinematic 
system, where angles between triangles are narrow. For 
this reason, a polynomial static characteristic is created, 
which offers more accurate readings.

Direct output of the inertial measurement unit shows 
a drift error of 6.7°/circle. This is acceptable for the 
swing angle measurement, since the excavator rarely 
turns multiple times, but rather changes direction twice 
per cycle. Nevertheless, to maintain accuracy in case of 
multiple turns, a correction function is created that al-
lows for accuracy better than 1.2°

The lowest achieved sample rate of the logger unit is 
39 Hz. This is found to be more than enough compared 
to the excavator cycle, which typically amounts to more 
than 20 s. This gives at least 780 data points within one 
cycle. Higher sample rates can be achieved by removing 
SD storage, depending on data transfer options via 
UART. Another way is to remove static characteristic 
functions from the algorithm, but this is at the expense 
of accuracy. In this case, raw data can be processed af-
terwards.

Laboratory testing proved the measurement system to 
be functional and acceptably accurate, also having re-
quired measurement ranges and a sampling rate. Further 
research should be performed in the field to validate the 
system in different conditions and test for its reliability. 
Special concerns may be vibrations, temperature condi-
tions and battery life.
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SAžETAK

Konstrukcija i ispitivanje sustava za praćenje učinka bagera

Hidraulični bager jedan je od najčešće korištenih strojeva u rudarstvu, graditeljstvu i geotehnici. Kao takav korisnicima 
predstavlja  i važnu stavku u troškovima goriva  i održavanja. Detaljna mjerenja učinka ovoga stroja  izvode se u svrhu 
 poboljšanja efikasnosti odnosno uštede. Mjerni sustav s takvom svrhom može biti složen i skup, tražiti specijalnu opre-
mu proizvođača stroja te ne postoji kao gotovo rješenje koje bi omogućavalo praćenje radnih parametara poput trajekto-
rije lopate, sila i energije kopanja, visine radnoga čela i sl.
Iz toga razloga osmišljen je i testiran sustav za praćenje radnih parametara i učinka bagera. Sustav se sastoji od triju pre-
tvornika linearnoga pomaka i triju pretvornika tlaka, za mjerenje produljenja i tlakova hidrauličnih cilindara, te jednoga 
žiroskopa za mjerenje kuta zakretanja bagera. Pretvornici su spojeni na jedinicu za prikupljanje podataka, opremljenu 
SD karticom i 12-bitnim AD pretvaračem. Jedinica je bazirana na Atmega328 mikrokontroleru, što omogućava primjenu 
Arduino sučelja za programiranje i razvijenih biblioteka koda.
Mjerni sustav testiran je laboratorijski radi određivanja točnosti, rezolucije i moguće brzine uzorkovanja podataka. Tla-
kovi mogu biti mjereni u rasponu 0 bar – 500 bar s točnošću od 0,026 % MO i rezolucijom 0,15 bar. Izvlačenje cilindra 
može biti mjereno u rasponu 0 mm – 2300 mm, s točnošću od 0,087 % MO i rezolucijom 0,58 mm. Točnost mjerenja kuta 
zakretanja iznosi 1,2° po okretu ili 0,33 % MO. Testirana brzina uzorkovanja iznosi 39 Hz – 588 Hz, ovisno o programsko-
me kodu.

Ključne riječi:
rudarstvo, bager, učinkovitost, mjerni sustav
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