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Potassium permanganate is mostly used for lightening denim in the textile industry. It is an inorganic chemical compound and an
oxidizing agent. PP is sprayed to denim with a spray gun as microparticles. During the spraying process, these microparticles can be
inhaled by workers causing lung diseases in the long term. PP spray is one of the most dangerous practices in the textile industry for
the health and safety of workers. Robots can carry out PP spray instead of humans to protect workers’ health. Also, robots offer less
labor cost, no labor mistake, fast production, and standardization in every product. The use of robots requires the teaching of tasks
to robots. For this teaching procedure, it is necessary to record the teaching tool’s movements with high precision and accuracy. In
this study, it is aimed at measuring the position and orientation, i.e. the pose, of the teaching tool in six dimensions using an inertial
measurement unit (IMU) and six string encoders. In addition to this, the measured pose information is transferred to a robot
manipulator for tracking the recorded trajectory. In that way, the operator’s movements can be copied and then used by robots
to regenerate the best product while protecting the health of workers. The pose measurement system was designed and
experimentally tested. The obtained results show that the system satisfies accuracy and precision expectations for the target
application.

1. Introduction

Potassium permanganate (KMnO4) is an odorless, dark pur-
ple salt and is an inorganic chemical compound. It is easily
dissolvable in water. It is mostly used in air pollution treat-
ment, water treatment, waste treatment, fruit preservation,
fire services, medical purposes, and metal plating industry
[1]. In the textile industry, a liquid solution prepared with
water and PP (with PP being potassium permanganate, about
2-5% concentration of PP depending upon the desired results
and fabric types) is applied with a spray gun to the desired
area of the denim to obtain a brighter and abraded look than
the other parts of the denim. Besides being an effective proce-
dure, it poses a risk for human and environmental health. It
contains manganese which is a chemical element. Also, man-

ganese is a heavy metal and is nonbiodegradable. During the
spraying process, chemical microparticles can be inhaled by
workers and can cause lung diseases in the long term. There-
fore, it is necessary to minimize the contact of PP with
workers. It can be an effective solution if the spraying process
is performed by a robot. A robot, which is trained by an
employee who is an expert in the PP spray, can do the job
continuously and without any error. And also, robots offer
less labor cost, no labor mistake, fast production, and stan-
dardization in every product. Although studies are being car-
ried out to find alternatives to potassium permanganate, the
major benefit of this proposed method is fast and standard-
ized production.

Robots have become indispensable tools of today’s world
due to the many benefits they provide. In the literature,
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different types of robots have been introduced specifically for
their intended use and application types [2, 3]. The use of
robots requires that tasks be taught to robots, and this
requires programming them. There are a few different
methods for robot programming. The most common prac-
tice is to program a robot with a teach pendant [4]. A teach
pendant is a human-machine interface (HMI) device which
is connected to the robot by a cable for on-site monitoring
of the state of the robot. While programming a robot by a
teach pendant, the operator must manually define each
parameter such as target points, commands, functions,
speeds, and motion modes. This method is easy and fast for
jobs such as welding and screwing, where only a few specific
points are taught to robots. However, for jobs that include
continuous paths, such as spraying, painting, and flame cut-
ting, this method is insufficient. In this work, we focused on
the Programming by Demonstration (PbD) method, whose
aim is to enable humans to program the robot by guiding it
without any robot programming knowledge. The demonstra-
tion part of this method can be in various ways such as kin-
esthetic or teleoperation [5]. In the kinesthetic
demonstration, the robot needs to be physically guided by a
human teacher, while teleoperation teaching does not require
physical guidance. The teacher and the robot may be away
from each other, and the teacher does not need to see the
robot. Instead of physical guidance, a teleoperation device
called the teaching tool is used to establish the connection
between the robot and the human teacher. The robot end-
effector imitates human arm movements (teaching tool’s
movements) by using teleoperation. The designed system’s
purpose is to have the robot imitate the performed move-
ments by a human teacher regardless of the user’s knowledge
of robotics or programming. The movements of the teaching
tool must be recorded continuously by using a tracking sys-
tem to successfully achieve the imitation process. An accurate
and precise recording process can be performed with a teach-
ing tool and a tracking system suitably designed for the study.

Various types of trajectory tracking systems have been
introduced in the literature, and they are used in many differ-
ent fields of application [6, 7]. Tracking systems can be real-
ized with different systems, which are
microelectromechanical (MEMS), acoustic, electromagnetic,
optical, radiofrequency, and mechanical systems. Each sys-
tem has cons and pros, and therefore, the selection of the
tracking system is made based on the application require-
ments. For example, in places where there are strong mag-
netic field sources, the use of electromagnetic-based
tracking systems is not convenient [8]. Vision-based tracking
systems provide high accuracy, but they have some draw-
backs because of the external factors, which are the intensity
of light, occlusion, or reflection [9]. In terms of accuracy, the
laser tracking systems are the best, but they have a lengthy
calibration procedure, and they are expensive and highly
dependent on the external effects [10].

A more suitable method utilizes string encoder-based
tracking systems. They give noise-free outputs and provide
high accuracy. However, these systems have minor structural
defects, such as string length uncertainties, dimensional devi-
ations related to the production tolerances, or string loose-

ness [11]. The higher the number of strings, the higher the
force applied to the movable object, and this creates difficulty
for moving the object at high speeds [12, 13].

Another tracking device is the MEMS-based inertial mea-
surement unit (IMU) which consists of a triaxial accelerom-
eter and a triaxial gyroscope. Some IMUs are also
accompanied by a triaxial magnetometer to increase the
accuracy of the device. Accelerometers measure linear accel-
eration, whereas gyroscopes measure angular velocity and
magnetometers measure magnetic flux density in three
mutually orthogonal directions. The pose of the IMU is
determined by these sensors’ readings. The IMU has several
advantages, but its main drawback is that the movement of
an object cannot be tracked for a long time. Essentially, this
disadvantage of the IMU comes from the integration of the
sensor’s output data, which is necessary to calculate the posi-
tion of the IMU. The increase in output errors over time is
entirely due to the integration of noisy sensor data in IMU
measurements [14]. IMU errors are categorized into system-
atic errors and random errors. Systematic errors are perma-
nent, but it is possible to eliminate them by calibration
methods. However, random errors are based on the sensors’
unpredictability. They have a much more significant impact
on the results and cannot be completely eliminated [15]. In
addition, magnetic interferences and mechanical vibrations
also affect the performance of the IMU. IMUs are used
together with other sensors to address these problems and
build more accurate systems.

Hybrid systems, consisting of an IMU and a position sen-
sor, can be employed in a variety of applications to track the
pose of moving objects more accurately. The IMU can be
coupled with an ultrasonic position sensor [16], an optical
position sensor [17], an odometer sensor [18, 19], a
radiofrequency-based system [20], or a vision-based position
sensor [21, 22].

There are many studies related to hybrid systems com-
bining IMU and string encoders [14, 23, 24]. Generally, in
these applications, an IMU is used to obtain the orientation,
whereas string encoders are used to obtain the position of
moving objects.

The string encoder position sensor, consisting of an opti-
cal encoder, a spring-loaded spool, and a stainless steel flexi-
ble cable, measures one-dimensional displacements from a
reference point. While the sensor is mounted on a fixed ref-
erence point, the end of the string is connected to a moving
object. The sensor generates a signal proportional to the lin-
ear extension of the string. This signal is converted into a lin-
ear measurement by means of a controller. In applications
where more than one string encoder is used, the position
(and even orientation) of the moving object in 3D space
can be calculated using some special computational tech-
niques. The law of cosines, trilateration, multilateration,
and triangulation are some of these special techniques [25].

In this study, a sensor system that consists of an IMU and
six string encoder position sensors to measure and record the
6D pose of a teaching tool which is controlled by an operator
during a teaching process is proposed. The combination of
IMU and string encoders provides calculation convenience,
fast response, independence from environmental factors,
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and relatively high accuracy. In addition, placement selection
of string encoder bodies and their wire ends together with
used calculation techniques, which are explained in the fol-
lowing sections, makes this study have better results in com-
parison to similar studies [14, 23, 26–28]. Moreover, yaw
angle calculation by using two additional string encoders
eliminates the need for the yaw angle output of IMU which
has random walk and drift problems due to its nature. In
conclusion, six string encoder position sensors are used to
locate the 3D position of the tip of the teaching tool and to
find the yaw angle of the tool (rotation around the z-axis)
by using the law of cosines. One IMU is used to find the roll
angle (rotation around the x-axis) and pitch angle (rotation
around the y-axis) of the teaching tool. The measured pose
data is then sent to the robot via the transmission control
protocol/internet protocol (TCP/IP) to command the robot
in order to move its tool within the same continuous path
as the teaching tool.

2. Materials and Methods

2.1. Overview of the Designed System. The designed system
consists of two cabinets. The first one is themovement record
cabinet, where the teaching tool is located, and an operator
performs the movement record process. The second one is
the application cabinet, where the robot is located to execute
the recorded movements. The dimensions of these cabinets
are 2200mm × 1370mm × 1480mm (h × d ×w). Figure 1
shows the technical drawings of these cabinets.

The movement record cabinet has built-in sensors, as
shown in Figure 2. This structure consists of one IMU fixed
on the teaching tool and six string encoders mounted on
the cabinet at a certain distance and direction to each other.
Four of the strings from these string encoders were fixed to
a point at the front end of the teaching tool, and the other
two were fixed to a point at the rear end of the teaching tool.
The information received from two string encoders fixed to
the front end of the teaching tool was used to calculate and
measure the x, y, and z positions of the tool. The information
received from two string encoders fixed to the rear end and
two string encoders fixed to the front end of the teaching tool
and the pitch angle taken from the IMU are combined and
used to calculate and measure the yaw angle. All of these cal-
culations were performed based on the law of cosines.

A button is mounted to the teaching tool to spray the dye
by the operator during the movement record process. Spray-
ing starts when the button is pressed and stops when the but-
ton is released. The state of the button is recorded together
with the pose information.

There is a robot manipulator inside the application cabi-
net. The robot was mounted on a stationary metal stand.
Nozzle end-effectors were mounted to the tool end of the
robot and the teaching tool.

2.2. Sensors and Infrastructure Used. The overall system setup
includes a robot, an IMU, six string encoder sensors, two
designed system controller boards, one designed system pro-
gram, and one personal computer (PC).

2.2.1. IMU. The ADIS16480 MEMS IMU [29], developed by
Analog Devices, has been chosen for this system. The
ADIS16480 is an inertial measurement unit which consists
of a triaxial accelerometer, a triaxial gyroscope, a triaxial
magnetometer, a pressure sensor, and a sensor fusion algo-
rithm for dynamic orientation estimation. Some important
properties of the ADIS16480 are given in Table 1.

According to Table 1, the ADIS16480 has a dynamic
accuracy of 0.3° for the roll and pitch angles and 0.5° for the
yaw angle. As a result of the tests performed, it was seen that
the ADIS16480 had a dynamic accuracy of about 1° for the
roll and pitch angles, but there were no precise results for
the yaw angle. Some dynamic movement tests on the
ADIS16480 showed that the yaw angle error could reach up
to 10° within 30 seconds. Even if the ADIS16480 is kept sta-
tionary, the error grows fast. Test results of the ADIS16480
on the dynamic movement and stationary state can be seen
in Figure 3.

It can be inferred from Figure 3 that the ADIS16480 has
high attitude drifts on its outputs, especially on the yaw angle
output. The yaw angle output has random walk and bias sta-
bility problems. For these reasons, the roll and pitch angle
outputs of the ADIS16480 are used, but the yaw angle output
is not used in this system.

2.2.2. String Encoder Position Sensor. String encoder position
sensors are used for one-dimensional displacement measure-
ments in many industrial applications. By combining these
sensors with a correct configuration, the position and even
the orientation of a movable object can be measured. The
best-known feature of a string encoder position sensor is its
high stability and noiseless measurement capability. These
features ensure the creation of a system with high accuracy.

The proposed system contains six string encoder position
sensors. These sensors have two parts: a wire draw mecha-
nism and an incremental encoder. The wire draw mecha-
nisms of these sensors are SICK-PFG13-A1CM0544, and
encoders are SICK-DFS60B-S1AC04096. The measurement
range of the wire draw mechanism is 0 to 5m with
≤0.5mm reproducibility. The maximum operating speed is
4m/s, and the maximum wire acceleration is 4m/s2. The
incremental encoder produces 4096 pulses per revolution,
and it has a 0.09mm resolution. The maximum output fre-
quency of the sensor is 600 kHz. Figure 4 shows the string
encoder position sensor used in the designed system.

String encoder bodies are mounted to the movement
record cabinet, and each of the six wires is passed through
separate guidance components to prevent tangles. Wire start-
ing points are assumed as these components’ positions.
Hence, the positions of string encoder bodies are not impor-
tant. Ends of these wires are attached to the teaching tool, as
seen in Figure 2, to create triangles between the wire starting
points and the teaching tool. These triangles are used for the
measurements of the positions and the yaw angle, which is
explained in Section 2.3. Positions of the wire starting points
of the string encoders on the movement record cabinet can
be found in Table 2. These positions are given in the sensor
coordinate system, and it is not related to the global coordi-
nate system.
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Another benefit of the string encoders is that they help
the operator to carry the teaching tool’s weight. Because the
string encoder bodies are mounted at higher points than

the teaching tool operation site, the pulleys apply a force to
carry the teaching tool. On the other hand, this force could
worsen the response of the teaching tool at high speeds.

Teaching 
tool

(a)

Robot
arm

Textile
product

(b)

Figure 1: (a) Movement record cabinet with the teaching tool and sensor system. (b) Application cabinet with the robot arm.

S1 S2
S4 S5

S6

S3

(a)

IMU

Spray
button

(b)

Figure 2: (a) Structure of the sensor system. (b) Teaching tool.
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However, this does not affect the proposed designed system
because the system will be used in jobs such as spraying,
which do not require high speeds.

2.2.3. Robot. After detailed research in the robot market, the
UR10 robot was chosen for this study. The UR10 [31] is a
6-DOF serial robot which consists of six revolute joints. Each
joint is driven by one motor separately, and each of them has
a ±360 rotation range and 120-180°/sec speed limit. Its work-
ing radius is 1300mm from the base joint, it has a repeatabil-
ity of ±0.1mm, and its weight is 28.9 kg. The UR10 has a
general-purpose I/O (GPIO) port inside the control box
which contains 8-bit digital input, 8-bit digital output, 2-bit
analog input, and 2-bit analog output. It also has a tool I/O
port at the tool end of the robot which provides 2-bit digital
input, 2-bit digital output, and 2-bit analog input ports. All
these GPIO ports can be used for adding equipment to the
robot, such as sensors, motors, grippers, pneumatic valves,
and safety equipment, or for communicating with other sys-
tems. The UR10 is a collaborative robot so that it has a force
sensor on each joint. It is provided with force limits and col-
lision detection systems. Thus, it allows operating without
any additional safety sensors. The robot is equipped with
an aluminum tool flange as an end-effector. It allows easy
integration of a tool or sensor to the end-effector. The maxi-
mum payload handled by the robot attached to the end-
effector is 10 kg.

The UR10 has three different programming levels: the
Graphical User Interface Level (PolyScope GUI installed on
a 12″ touchscreen teach pendant), the Script Level
(URScript), and the C-API Level. The URScript is a robot
programming language developed by Universal Robots for
the UR series robots. The URScript language has its own var-
iables, data types, flow control statements, and functions for
use in monitoring and controlling the movements of the
robot and I/O ports. The URScript programs are executed
in real time in the URControl RuntimeMachine (RTMa-
chine). The URControl communicates with the robot at a fre-
quency of 125Hz, so the maximum sampling rate that the
robot can be controlled at is 125Hz. Programming a robot
at the Script Level requires writing a client application (run-
ning on a different computer) and connecting to the URCon-
trol using a TCP/IP socket [32]. After establishing a

successful connection, the URScript programs can be sent
from the computer to the URControl as a form of strings over
the socket. The URControl performs calculations such as
inverse kinematic calculations, torque calculations, and force
calculations to get the tool center point (TCP) of the robot to
the target points. Then, it generates and sends control com-
mands to motor drivers of the UR10.

In this study, the designed system program written in the
Pascal programming language creates a script program using
built-in functions, e.g., get_inverse_kin, servoj, and movel,
and variables of the URScript programming language. This
script program includes information such as the target posi-
tion and target speed for the TCP of the robot. The designed
program communicates with the URControl at a sampling
rate of 40Hz to send commands. The actual status of the
robot, e.g., the actual pose of the end-effector, is acquired
by the Real-Time Data Exchange (RTDE) interface designed
by Universal Robots.

2.2.4. Position Estimation Using the Law of Cosines. In trigo-
nometry, the law of cosines is used for the following situa-
tions in a nonright triangle:

(i) If the lengths of two sides and the angle between
these sides are known, the length of the third side
can be computed

(ii) If the lengths of all three sides are known, all angles of
the triangle can be computed

In an ABC triangle, let a, b, and c be the lengths of a tri-
angle and α, β, and γ are the opposite angles of these sides,
respectively.

The law of cosines states that

γ = arccos a2 + b2 − c2

2ab

 !
: ð1Þ

In this study, by using the measurements taken from the
string encoders, triangles with known side lengths are
obtained. In these triangles, the law of cosines is applied by
using Equation (1) and the desired calculations are done. A

Table 1: Properties of the ADIS16480 MEMS IMU [29].

Property ADIS16480

Angular random walk 0.3°/√hr

Velocity random walk 0.029m/sec/√hr

In-run bias stability 6°/hr

Roll Pitch Yaw

Accuracy
Static 0.1° 0.1° 0.3°

Dynamic 0.3° 0.3° 0.5°

Gyroscope (°/sec) Accelerometer (g) Magnetometer (mGs)

Dynamic range ±450 ±10 ±2500
Output noise 0.16 0.0015 0.45

Filter options Adaptive extended Kalman filter (EKF)
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detailed description of these calculations is given in Section
2.3.

2.2.5. Designed Spray System. A spray system with nozzle
end-effectors was designed. The parts of the spray system
are as follows: a programmable logic controller (PLC) unit,
an HMI, two nozzle end-effectors (also called a spray gun),
a dye reserve tank, a manual air pressure regulator, three elec-
tropneumatic air pressure regulators, three mist separators,
relays, valves, a compressed dry air inlet, rubber hoses, an
electric panel box, and two communication cables. Nozzle
end-effectors were mounted to the tool end of the UR10
robot and the teaching tool. The PLC unit and other electrical

components were mounted inside the panel box, and the
HMI was mounted on the front side of the panel box. The
program of the PLC is written in the Ladder Diagram (LD)
programming language on Control FPWIN Pro program-
ming software, which is developed by Panasonic Corpora-
tion. GUI of the HMI is designed in EasyBuilder Pro
software, which is developed by Weintek Labs. The PLC unit
has communications between the PC and the HMI through
the RS-232 protocol. The reserve tank was used to reserve
the liquid dye solution, which can be prepared by using
potassium permanganate (PP) and water or any other dye
materials. There is a mixer on top of the reserve tank to pre-
vent the formation of residues inside the tank. The manual
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Figure 3: Test of the Euler angle outputs of the ADIS16480 on the dynamic movement and stationary state. (a) Roll angle output. (b) Pitch
angle output. (c) Yaw angle output. (d) Roll angle error. (e) Pitch angle error. (f) Yaw angle error.
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air pressure regulator was used to regulate the compressed
dry air to desired levels and supply the air-driven compo-
nents. Mist separators were used to clean the inlet com-
pressed air from mist and particles. Outlets of the mist
separators were connected to the electropneumatic air pres-
sure regulators. The outlet of the electropneumatic regulator
was connected to the reserve tank to adjust the dye pressure
on the outlet of the tank, and outlets of the other two electro-
pneumatic regulators were connected (commonly) to the
nozzle end-effectors to adjust atomizing air pressure and
spray pattern size. Electropneumatic regulators are commu-
nicating with the PLC unit through 4-20mA analog commu-
nication. Pressure parameters of these electropneumatic
regulators can be set and monitored from both the HMI
and the PC. The other components are auxiliary components
used to operate the spray system. The designed spray system
and nozzle end-effectors are shown in Figure 5.

The operator can spray the dye solution into the desired
areas of the denim by pressing and releasing the button,
which was placed on the teaching tool. Pressing and releasing
times are recorded with timestamps by the computer
together with the positions and orientations of the teaching
tool. Working periods of the spray gun of the robot are con-
trolled according to this record.

In order to test the precision of the spray system, an
image with a size of 450 × 618 pixels was used. Contours of
the image were calculated and transformed to pose data. A
paper is placed in front of the robot, and the pose data was
sent to the robot. Total spraying time was around 2 seconds
for this test. The result of the test is shown in Figure 6.

According to this test, the spray system works perfectly and
it satisfies the precision expectations of the target application.

2.2.6. Designed System Controller Boards. In this system,
there are two designed and developed controller boards,
which are shown in Figure 7. The first one is mounted on
top of the teaching tool and called the orientation board.
There are one ADIS16480 IMU, one microcontroller, one
USB port, and various electrical components on the board.
The microcontroller is STM32F407 MCU which has a 32-
bit ARM Cortex-M4 core running at 168MHz. The program
of the microcontroller was written in the C++ programming
language on the Keil Microcontroller Development Kit
(MDK). This controller board’s primary purposes are to sup-
ply the ADIS16480 IMU, to communicate with the IMU via
the Serial Peripheral Interface (SPI) protocol, and to perform
data transmission with the PC via the Universal Serial Bus
(USB) port. The orientation angle values measured by the
IMU can be read from the PC via this board. Also, all setting
parameters of the IMU can be accessed and adjusted from the
PC.

The second controller board works as a data acquisition
board. There are one microcontroller, six 8-pin female con-
nectors, six buffer amplifiers, one USB port, one 16-pin
input-output socket, and various electrical components on
the board. This microcontroller is also STM32F407 MCU,
and the program of the microcontroller was written in the
C++ programming language on the Keil MDK. Each string
encoder produces an electrical signal proportional to its
wire’s linear extension. These signals are transferred to the
controller board through 8-pin connectors (one for each
encoder). These signals are processed on the buffer amplifiers
and sent to the microcontroller. After that, the microcontrol-
ler transmits these signals to the PC via the USB port.

2.2.7. Designed System Program. The data collected from the
controller boards are transferred to the PC via USB ports.
The PC runs the designed system program which is written
in the Pascal programming language by using the Delphi
integrated development environment (IDE). This program
calculates and records the x, y, z, roll, pitch, and yaw values
of the tip of the teaching tool at a 40Hz sampling rate during
movement. Then, all these calculated values are rearranged in
a form by using built-in functions and variables of the
URScript and transferred to the controller of the robot
(URControl) as a script code. The robot can perform these
recorded movements at any time.

The program also has an interface to interact with the
operator and shows the information about the system such
as the real-time pose of the teaching tool and initialization
parameters of the string encoders and IMU. The operator
can start and stop the movement record, can see the list of
all recorded movements, and can also select one of them to
transfer it to the robot using the interface.

2.3. Measurement of the Pose of the Tip of the Teaching Tool.
Figure 2 shows the developed sensor mechanism which com-
bines six string encoders and one IMU to measure the posi-
tion and orientation of the tip of the teaching tool.

Incremental
encoder

Wire
end

Figure 4: Wire draw mechanism and incremental encoder of the
string encoder position sensor [30].

Table 2: Positions (in mm) of the wire starting points on the
movement record cabinet in the sensor coordinate system.

Sensor
number

x position
(mm)

y position
(mm)

z position
(mm)

S1 0 0 0

S2 0 0 0

S3 0 0 434

S4 0 1378 0

S5 0 1378 0

S6 -400 1378 0
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(a) (b)

(c)

Figure 5: (a) Spray system. (b) Nozzle end-effector mounted to the robot. (c) Nozzle end-effector mounted to the teaching tool.
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The roll, pitch, and yaw angles are restricted to within ±
75° about the reference frame. This working range is enough
for the aim of the application.

2.3.1. Measurement of the x, y, and z Positions of the Tip of the
Teaching Tool. First of all, string encoder position sensors

consist of incremental encoders, and due to the nature of
encoders, they start counting from zero. Therefore, the teach-
ing tool is fixed to a known location, which can be seen in
Figure 1, called the home position. The home position is
assumed at the ð0, 0, 0Þ point in the global coordinate system.
The initialization process of the string encoders is always

(a) (b)

Figure 6: (a) Original image. (b) Result of spray by the robot.

(a) (b)

Figure 7: (a) Orientation board. (b) Data acquisition board.
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done while the teaching tool is in the home position. The wire
lengths of the string encoders at the home position are mea-
sured manually, and this data is entered into the system pro-
gram. After the initialization process is finished, the
calculation process of the x, y, and z positions is automati-
cally started inside the system program. Henceforth, the
movement record process can be started by pressing the start
recording button on the system program.

The selection of the positions of the guidance compo-
nents and the measurements of the positions of the tip of
the teaching tool is described as follows:

(1) Two points are selected on the movement record cab-
inet. The first point can be chosen arbitrarily. How-
ever, the second point must be chosen on a different
location on the observed axis and the same locations
on the other two axes. This means that if the x-axis is
the observed axis and if the first point is chosen as ð
x = 0, y = 0, z = 0Þ, then the second point must be
chosen as ðx = c, y = 0, z = 0Þ and variable c can take
any value. These points are defined as anchor points,
and guidance components are mounted to these
points. The fixed distance between the anchor points
is measured

(2) The cables that come out of two anchor points are
fixed to the same point in front of the teaching tool

(3) There is a triangle with all three side lengths known.
The distances between two anchor points are known
(fixed), and the distances between anchor points to
the teaching tool are also known (read from the string
encoder). Now, the law of cosines can be applied to
this triangle

(4) Calculate the observed axis position of the teaching
tool according to the formulas below. Figure 8 illus-
trates the calculation procedure of the x position

On the triangle in Figure 8, TTF is the teaching tool front
junction point of the four string encoders (S2, S3, S5, and S6).
The x length is the distance to be calculated. The c length is
the distance between guidance components of the string
encoders S5 and S6, and this length is fixed to 400mm. The
a and b lengths are read from S5 and S6 string encoders.
Using the formula in Equation (1), the law of cosines can
be applied to the triangle S5TTFS6 and cos α can be calcu-
lated. On the triangle TTFS5B, the x length can be calculated
using the following equation:

x = cos α ∗ b: ð2Þ

The y- and z-axis position measurements are done with
the same rules. For the y-axis position measurement, S2
and S5 string encoder measurements are used. For the z
-axis position measurement, S2 and S3 string encoder mea-
surements are used. String encoder numbers are defined in
Figure 2.

2.3.2. Measurement of the Yaw Angle.When the teaching tool
is stationary, IMU measurements must be constant. How-

ever, as explained before, it is not possible to take constant
measurements from IMU due to its nature. Notably, the
yaw angle is very noisy since the z-axis is parallel to the grav-
ity vector. The roll and pitch angle measurements of IMU
always have better accuracy than the yaw angle measure-
ment. In order to increase the system accuracy, the yaw angle
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S6

TTF
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b
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𝛼
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x

. .
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B

Figure 8: Visualization of the calculation of the x position.

.
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a b

dy

𝜓x

y

Figure 9: Visualization of the calculation of the yaw angle.

Figure 10: Test environment.
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is measured using string encoder position sensors, as shown
in Figure 9. Hereafter, this angle will be referred to as mea-
sured yaw, while the yaw angle of the IMU will be referred
to as IMU yaw.

In Figure 9, TTF is the teaching tool front junction point
of four string encoders, whereas TTB is the teaching tool back
junction point of two string encoders. The y position of the
TTF is measured using S2 and S5 string encoders, and the y
position of the TTB is measured using S1 and S4 string
encoders. The dy length is the difference between these two

measurements. a is a fixed distance with a length of
123.5mm. The yaw angle can be calculated using the follow-
ing equation:

ψ = arcsin dy
a ∗ cos β

� �
∗
180
π

, ð3Þ

where β is the pitch angle of the teaching tool which is read
from the IMU.
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Figure 11: Position and orientation measurements on the independent movement test. (a) x position measurement. (b) y position
measurement. (c) z position measurement. (d) Roll angle measurement. (e) Pitch angle measurement. (f) Yaw angle measurement.
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In contrast to the yaw angle output of the IMU, this solu-
tion provides stable and accurate results without any noise or
error accumulation.

2.3.3. Reading of the Roll and Pitch Angles. The roll and pitch
angle values of the teaching tool are directly read from the
ADIS16480 IMU at a 40Hz sampling rate. The yaw angle
values are also read from the IMU for comparison with the
measured yaw angle, but the yaw angle output of the IMU
is not used in the system due to the relatively high errors.
Internal EKF of the ADIS16480 is enabled for better orienta-
tion estimations. It was observed that the yaw angle output of
the EKF has noticeably slow response times when the
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Figure 12: Position and orientation errors on the independent movement test. (a) x position error. (b) y position error. (c) z position error.
(d) Roll angle error. (e) Pitch angle error. (f) Yaw angle error.

Table 3: RMS errors of position and orientation measurements on
the independent movement test.

Observed data RMS errors

x (mm) 1.4054

y (mm) 0.5842

z (mm) 1.0868

IMU roll (°) 0.5177

IMU pitch (°) 0.1401

IMU yaw (°) 0.2259

Measured yaw (°) 0.1331
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magnetometer of the IMU is enabled. The magnetometer is
disabled to prevent this problem.

3. Results

In order to test the accuracy of the pose measurement system,
a test environment was created. The robot was moved from
the application cabinet to the movement record cabinet,
and the teaching tool was attached to the end-effector of
the robot. The robot was used as an absolute reference, and
the measurements taken from the pose measurement system

were compared with the absolute pose of the robot. The test
environment is shown in Figure 10.

In the first experiment, the position and orientation mea-
surements were tested independently. The reason for this is
to see whether any calculation or software mistakes are pres-
ent. In the first step, the robot is moved along the x-axis
direction from 0 to -400mm and then back to 0mm,
followed by a few repetitive movements. In that time, the
pose data was read from both the robot and the sensor system
at a 40Hz sampling rate. At the end of this test, the measured
x position data is compared with the robot’s measured x
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Figure 13: Position and orientation measurements on the compound movement test at 100% robot speed. (a) x position measurement. (b) y
position measurement. (c) z position measurement. (d) Roll angle measurement. (e) Pitch angle measurement. (f) Yaw angle measurement.
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position data. This experiment is done independently for the
x, y, and z position measurements and the roll, pitch, and
yaw angle measurements. Measurements of each pose data
of the sensor system and the robot are plotted as a function
of time in Figure 11. Also, the errors (the difference between
the measured pose by the sensor system and the robot pose)
in measurements for each pose data are plotted as a function
of time in Figure 12. Root mean square errors (RMSE) of the
position and orientation measurements are shown in Table 3.

In the second experiment, a record which has been previ-
ously recorded by an operator in the movement record cabi-
net is sent to the robot. This record contains about 35.5
seconds of compound movements. Same as in the first exper-
iment, pose measurements and robot pose data have been
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Figure 14: Position and orientation errors on the compound movement test at 100% robot speed. (a) x position error. (b) y position error. (c)
z position error. (d) Roll angle error. (e) Pitch angle error. (f) Yaw angle error.

Table 4: RMS errors of position and orientation measurements on
the compound movement test at various robot speeds.

Observed data
RMS errors at various robot speeds

20% 40% 60% 80% 100%

x (mm) 4.3398 4.2952 4.3013 4.2866 4.3603

y (mm) 2.7378 2.7135 2.6621 2.7068 2.7323

z (mm) 4.5901 4.6159 4.5780 4.5721 4.7349

IMU roll (°) 0.5484 0.3009 0.2795 0.2657 0.3144

IMU pitch (°) 0.4362 0.3606 0.4358 0.5180 0.5627

IMU yaw (°) 7.4704 5.3151 3.7204 2.7342 2.0912

Measured yaw (°) 0.8195 0.7958 0.8306 0.8317 0.8390
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recorded at a 40Hz sampling rate during this movement. To
observe the pose measurement system accuracy, the robot is
moved with the same recorded data at various speeds: 20%,
40%, 60%, 80%, and 100%. 100% speed represents the origi-
nal record speed of the operator, while 20% speed represents
five times slower than the original record speed. Measure-
ments of each pose data of the sensor system and the robot
are plotted as a function of time in Figure 13. Also, the errors
in measurements for each pose data are plotted as a function
of time in Figure 14. RMS errors of the position and orienta-
tion measurements are shown in Table 4. The 3D position
graph of the compound movement test is shown in Figure 15.

When Tables 3 and 4 are compared, it is seen that RMS
errors in Table 4 are larger than the ones in Table 3 in all
position measurements. The reason for these larger errors
on positions is the unintentional changes that occur at wire
lengths due to the interaction of the wires at the junction
points during the 6-dimensional compound movement of
the teaching tool. Also, the accuracy of the IMU is affected
by compound movements, especially in the yaw angle. This
is an expected result for the reasons explained earlier.

As seen from the position values given in Table 4, RMS
errors are hardly ever affected by different robot speeds.
When IMU RMS errors are examined, the roll and pitch axes
are slightly affected with respect to the yaw axis. While the
IMU yaw RMS error is 7.47° at 20% robot speed, it is 2.09°

at 100% robot speed. However, measured yaw RMS errors
are not affected by different robot speeds, as seen from
Table 4. The correction rate obtained in 20% robot speed is
approximately 89%, while it is 60% in 100% robot speed. This
result shows that measured yaw is much more stable and reli-
able compared to IMU yaw.

4. Discussion

Experimental results show that the 3D RMS position and ori-
entation errors of the designed system are about 1.87mm and
0.55° in the independent movement test and 6.99mm and
1.06° in the compound movement test, respectively. If the

yaw angle values are read from the IMU instead of calculating
with string encoders, then the 3D RMS orientation error rises
to 2.19° in the compound movement test. In comparison to
the previous version of this work [24], one can see that both
the position and orientation errors are reduced due to using a
better initialization procedure of the string encoders and the
new method to measure the yaw angle. According to the
results of [26], the average position and orientation errors
of the system are about 5mm and 6°, respectively. In [27],
it can be seen that the position and orientation errors of the
system are about 200mm and 9°, respectively, in compound
motion. In [28], the cable-driven parallel robot system has
9.4mm position and 1.2° orientation errors, respectively.
However, there is no information about the motion type,
motion duration, or motion size. In [23], it is reported that
the maximum position error is 37mm.When all these results
are evaluated, it can be seen that the proposed designed sys-
tem gives a better position and orientation accuracy and
precision.

This system is also tested in a real-time application. The
results show that the robot follows the operator’s movements
with a time delay of 25ms. This time delay can be further
reduced by increasing the communication speed between
the URControl and the system program. For the UR10 robot,
the time delay can be reduced down to 8ms approximately.

5. Conclusion

In this paper, a custom-designed pose measurement system
which is used to record movements of the tip of the teaching
tool is presented. In addition to this, a spraying application
which uses the designed system in teleoperation of a robot
manipulator is presented. The designed system includes an
IMU, six string encoder position sensors, a UR10 robot
manipulator, a spraying system, two custom controller
boards, and a custom system program. The x, y, and z posi-
tions of the tip of the teaching tool are measured by using
four string encoders, the yaw angle is measured by adding
two more string encoders, and the roll and pitch angles are
read from the IMU. A significant accuracy improvement
has been achieved by measuring the yaw angle with string
encoders instead of using the yaw angle output of the IMU.
The law of cosines is applied for measurements of the x, y,
and z positions and the yaw angle. First, the designed system
measures the position and orientation of the tip of the teach-
ing tool and records movements which are provided by a
human operator. At the same time, the system also records
spraying periods during the movement record. Then, the
recorded movements and spraying job are executed by an
industrial robot at the same speed or up to four times faster
than the operator without compromising quality. For data
acquisition, two controller boards were designed for an
IMU-and-string encoder system. A user interface program
for the designed system was developed in the Pascal language
by the Delphi compiler. The performance of the designed
system is tested with a configuration where the robot is
moved to the movement record cabinet, and the teaching tool
is fixed to the end-effector of the robot. The 3D RMS errors
are about 1.87mm in positioning and 0.55° in orientation
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15Journal of Sensors



angles in the independent movement test and 6.99mm in
positioning and 1.06° in orientation angles in the compound
movement test. Experimental results show that the designed
system satisfies the accuracy and precision expectations of
the target application. Besides, it is seen that the designed sys-
tem has better accuracy and precision than similar systems
which also use string encoders and/or IMU. The offline and
real-time implementations of the proposed system are possi-
ble. The application area of the designed system is not limited
to the spraying process. The designed system can be used
successfully in industrial automation applications such as
bleaching, painting, and palletizing without any robot pro-
gramming knowledge.

The future work of this study is planned in two phases.
The first phase is aimed at correcting yaw angle deviations
by processing raw data from the gyroscope, accelerometer,
and magnetometer of IMU using sensor fusion algorithms.
In the second phase, it is aimed at improving the created sen-
sor fusion algorithm so that it can calculate both position and
orientation with high accuracy. These planned future studies
will simplify the design by reducing the number of string
encoders so that this will add portability to the movement
record system and increase the variety of target applications.
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