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Abstract: The efficient and sustainable design of robotic manufacturing cells is a critical
aspect of modern industrial processes, for which energy and time efficiency play significant
roles in achieving sustainability goals. In industrial practice, robotic cell design often
involves methods such as predefined layout templates, empirical rules for positioning, and
simulation-based validation. While these approaches provide a practical starting point,
they may not fully account for the complex interdependencies between robot configuration,
energy consumption, and operational efficiency. Consequently, opportunities for optimiz-
ing resource usage are frequently overlooked. This paper presents a novel methodology
for optimizing the deployment of industrial robots and their peripherals, focusing on
minimizing energy and time costs to enhance the sustainability of industrial processes.
The proposed approach, grounded in experimental measurements and simulations, was
validated through an experimental model of a welding robot station. The methodology
integrates the analysis of the relationship between the robot base position, trajectory, and
energy consumption. The results indicate that adjusting the relative positions of robots
and work points can achieve energy savings of approximately six percent. Specifically,
optimization reduced energy consumption by 1.6731 Wh per work cycle, translating to an
annual savings of 0.8794 MWh for a 60 s clock cycle. These findings highlight the practical
applicability of the proposed methodology, demonstrating its potential to significantly
improve the energy and time efficiency of robotic workplaces.

Keywords: energy consumption; industrial robot; methodology; optimization;
workplace layout

1. Introduction
Small- and medium-sized enterprises (SMEs) and research and development teams

are responding to increasing demands for productivity and quality by adopting industrial
robots. These systems improve efficiency, address labor shortages, and enable specialized
tasks such as welding, assembly, and painting, making them a vital component of modern
production systems [1–6].

Traditionally, the design of robotic work cells relied on standardized methods and
practical experience. While effective, these approaches are now enhanced by advanced
technologies, like simulation, digital twins, and virtual commissioning. These tools allow
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for iterative testing and the optimization of work cell layouts, enabling enterprises and
research teams to explore alternative configurations, improve workflows, and validate
designs before physical implementation [7–11].

Well-designed workplace layouts maximize productivity, resource efficiency, and cost-
effectiveness. Conversely, poorly planned layouts can lead to inefficiencies, increased costs,
and energy losses, highlighting the importance of systematic design approaches [12,13].

Among various aspects of robotic workplace design, energy efficiency plays a sig-
nificant role, as factors like robot positioning, optimized motion trajectories, and the
effective use of robotic capabilities directly impact energy consumption and operational
costs [14–16].

Inefficiencies, such as the redundant use of robots or poorly coordinated move-
ments, can hinder these optimization efforts by increasing costs and extending produc-
tion times [17,18].

To address these challenges, methodical and systematic planning and optimization
are crucial. Tools such as simulation and digital twins enable the early identification and
mitigation of potential inefficiencies during the design phase. Additionally, advanced
algorithms and machine learning methods further enhance these optimization efforts by
reducing energy consumption and improving time efficiency [19,20].

This article introduces a comprehensive approach to robotic workstation design,
focusing on layout optimization, energy efficiency, and theoretical principles. The proposed
methodology bridges gaps in existing approaches by integrating energy efficiency as a
critical factor throughout all stages of robotic layout design. Each of the six steps, from
conceptual layout planning to trajectory optimization and validation, has been enhanced
to align with industrial demands.

The background highlights key concepts in robotic cell design, including layout
methodologies, energy efficiency, and theoretical relationships, identifying limitations
in existing methods for measuring energy consumption. These insights underpin the
development of a systematic methodology that optimizes robot base positions to enhance
energy efficiency while maintaining productivity.

The proposed methodology, illustrated through a development diagram, incorporates
established practices alongside novel insights. It systematically addresses six steps of
robotic layout design, integrating energy consumption analysis and optimization tech-
niques. The framework was validated through a case study in the automotive industry,
which demonstrated significant energy savings and productivity improvements. Ad-
justments were made during implementation to address real-world challenges, further
validating its practicality.

The discussion highlights the energy savings achieved compared to traditional meth-
ods, emphasizing the methodology’s industrial relevance and potential for refinement. The
study concludes with directions for future research to expand and adapt the framework to
diverse industrial applications.

2. Background
To comprehensively address robotic workstation design and optimization, it is es-

sential to focus on key areas such as robotic cell concepts, layout methodologies, energy
efficiency, and the theoretical basis for analysis. Advanced methods like simulations, digi-
tal twins, and computer-assisted systems enable precise calculations for determining the
optimal number of machines and robots, optimizing trajectories, reducing cycle times, and
achieving efficient layouts [21].

However, it is crucial to focus on the theoretical relationships that underpin these
approaches, as they provide the foundation for understanding and deriving these practical
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solutions. This chapter emphasizes the importance of integrating these theoretical prin-
ciples with practical applications to meet industrial demands for productivity, efficiency,
and sustainability.

2.1. Robotic Manufacturing Cell

A robotic cell is a defined workspace containing one or more robots, designed to
perform tasks efficiently and safely. An optimally designed robotic cell not only boosts
productivity but also minimizes energy consumption and supports sustainable production.
Achieving this requires systematic methods and experimental approaches that focus on
selecting appropriate concepts, tools, and techniques to refine the structure and interrela-
tionships of the cell’s components [22].

Determining the optimal number of machines and robots within a robotic cell is a
crucial aspect of its design, involving an analysis of system utilization and throughput.
Formula (1) is often used to calculate the resources required for efficient part processing [23]:

MT =

[
D · Tm

A · Tp

]
(1)

where MT is the number of machines needed, D is the total demand (number of parts to be
processed in a certain period of time), Tm is the processing time per part on the machine,
A is the uptime of the machine (the relative time the machine is operational, e.g., 0.9 for
an uptime of 90%), and Tp is the available production time per period (e.g., the number of
working hours per day) [24].

Capacity analysis [25], based on Formula (2), which considers the available time,
operations, and efficiency, is key because it provides accurate data to improve productivity,
reduce costs, and minimize downtime, thereby directly supporting the competitiveness of
the production system:

U =
∑n

i=1 Ti

Tcycle · n
(2)

where U is the capacity utilization of the robot cell, Ti is the time during which the robot i
executes the tasks, Tcycle is the total cycle time of the cell, and n is the number of robots.

Optimizing the robot’s motion trajectory minimizes time or energy consumption [26–28].
The total energy consumption for the entire trajectory is computed by Formula (3), integrat-
ing the power over the time duration of the trajectory [29]:

E =
N

∑
i=1

pi △ t (3)

where N is the total number of trajectory points, E is energy, and pi is the total power usage.
The total cycle time (Tcycle) is a key indicator [30] of the efficiency and energy intensity

of production, and optimizing it increases productivity, reduces costs, and promotes system
sustainability, as shown in Formula (4):

Tcycle = Tload + Toperate + Tunload + Tdelay (4)

where Tcycle is the total cycle time, Tload is the time required to load the material, Toperate is the
operation (production and processing) time, Tunload is the time required to unload the mate-
rial, and Tdelay represents time delays caused by setups, tool changes, and other downtime.
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2.2. Robotic Cell Layout

Robotic cell design includes a requirements analysis, robotic technology selection,
equipment design, and an optimal workstation layout to maximize throughput, ensure
safety, and simplify maintenance [31–34].

2.2.1. Theoretical Aspects for the Creation of a Robotic Cell Layout

Determining the optimal number of robots and equipment depends on the cycle
time, daily demand, and resource availability. Optimizing these parameters reduces
material movement costs and increases the efficiency and return on investment [35–37].
The minimization is calculated as follows in Formula (5):

Min Z =
n

∑
i=1

n

∑
j=1

fij · dij (5)

where Z is the total cost of the movement of materials, fij is the frequency of movement
between workplaces i and j, dij is the distance between workplaces i and j, and n is the
number of workplaces [38].

The optimization of the placement of robotic cells was addressed by a study [39],
which proposed Formula (6) for minimizing the workspace and defining a safe robot
workspace (Asafe), thus enabling multivariate arrangements and more efficient installation:

Asa f e = (2·(X + Y + C))2 (6)

where X is the maximum reach along the x-axis, Y is the maximum reach along the
y-axis, and C is the safety distance. This calculation provides a simplified estimation,
assuming a square workspace, and helps in planning the layout to ensure safety margins
are maintained.

Formula (7) is used to calculate the optimum position of workstations based on
frequency weights to calculate the centroid of the workstation. This formula allows one to
determine the optimal location of workstations in order to minimize distances and improve
the efficiency of the layout:

xc =
∑n

i=1 fij · xi

∑n
i=1 fij

, yc =
∑n

i=1 fij · yi

∑n
i=1 fij

(7)

where xc, yc are the coordinates of the optimal site location, fij is the frequency of movement
between sites, and xi, yi are the coordinates of the existing sites [40].

2.2.2. Robotic Cell Layout Design Methodology

The design of robotic workplaces follows a systematic methodology rooted in empirical
knowledge gained through industrial practice. This approach addresses key challenges,
such as effective layout design, efficient investment utilization, the optimized use of robots,
and cycle time reduction. It builds on decades of experience from companies, supported by
multiple studies [41–44], and integrates these insights into a universal framework.

In this study, practical insights into robotic workplace design were summarized into
six systematic steps, as shown in Figure 1. These steps form a structured methodology
rooted in empirical practices and address key challenges [45] in layout planning and
robotic integration.
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Figure 1. Six steps of workstation layout planning: component design, material flow analysis, work
point determination, robot positioning, reach test, trajectory design, and final simulation to verify the
optimal layout.

The first step focuses on the conceptual layout of components, where relationships
between activities are analyzed using tools such as the relationship chart and from–to chart.
This step assesses material flow and determines the spatial requirements for processes,
machines, and equipment.

The second step, defining work points, involves developing a relationship diagram to
establish the proximity of and interconnections between components. This is followed by
preparing a space diagram to serve as a foundation for alternative layout designs.

The third step emphasizes semi-automatic robot positioning, in which the initial place-
ment of components is carried out to evaluate their influence on workstation functionality.
Simulation tools, such as smart place, are used to refine the positioning of components and
enhance efficiency in alternative layouts.

The fourth step, the reachability testing of objects, ensures that the robot can access
all necessary work points. Any required modifications to the robot’s position are made to
achieve optimal reachability and performance.

In the fifth step, trajectory design, robot movement trajectories are created based on
the optimized layout and positioning. The focus is on reducing time and energy usage
while maintaining precision.

Finally, the sixth step involves simulations and final layout selection, in which sim-
ulations are performed to validate the trajectories and proposed layouts. The process
concludes with finalizing the most efficient layout and implementing it in the workspace.

While this six-step methodology provides a robust framework for layout design, it
does not sufficiently address critical factors such as energy efficiency and ergonomics. To
meet modern demands for sustainable production systems, the methodology must be
extended with advanced analyses of robot positioning, motion trajectories, and energy
consumption. This study highlights the importance of adapting traditional steps to align
with contemporary requirements for energy efficient and flexible robotic systems.

2.2.3. Current Research on Layout Optimization and Their Methodologies

The design of robotic systems requires iterative work by experts, which is time-
consuming but essential for accuracy and innovation.

Mata and Tubaileh [46] investigated the deployment of single-robot workstations,
while Lueth [45] developed automatic layout planning for 3D layout optimization with
collision-free trajectories without simulations, minimizing costs and increasing productivity.
This system optimizes the positioning of robotic components against tasks and plans.

Fang and Zhang [47] proposed a solution for a collaboration between CAD and CAR
software, in which reference objects such as points and coordinate systems enable the
conversion of CAD designs into CAR software, such as ABB’s RobotStudio 5.61.

Cycle time is a key productivity indicator that needs to be optimized by design. Han
and Cook [48] addressed the placement of the robot base in the CNC machine room, while
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Nelson and Donath [49] focused on optimizing robot motions and singularities in the
workspace. Izui et al. [50] proposed a method to optimize cell layout using sequence
pair representation.

Robotic cell layout development involves requirements analysis, environment design,
and simulation configurations, combining theoretical knowledge with practical investi-
gations. Research focuses on the use of advanced algorithms, machine learning, and
optimization techniques, with an emphasis on productivity, flexibility, and energy effi-
ciency [50,51]. This paper proposes a novel multi-objective layout optimization method for
the conceptual design of robot cellular manufacturing systems, which can simultaneously
determine the positions of manufacturing components as well as task scheduling [52].

2.3. Theoretical Basis of Energy Consumption

The robot’s energy requirement depends on the position of the base, the trajectory of
the movement, and the tasks to be performed [53]. Theoretical models make it possible to
analyze these relationships and identify opportunities for optimization, thereby reducing
the energy intensity. The integration of energy efficiency into cycle time optimization is
crucial, especially in manufacturing plants with high energy consumption, supporting the
development of methodologies for more sustainable robotic systems [54–57].

Initially, an energy consumption model for the robot is established, taking into ac-
count its operational parameters. The fundamental equation describing this model can be
expressed in Equation (8) as follows [58]:

E =
n

∑
i=1

Pi·Ti (8)

where E is represented as the total energy consumption, Pi is defined as the power input
during the ith phase of the operation, and Ti is defined as the duration of the ith phase.

Considering the characteristics of energy optimization and the potential for energy
savings, the aim is to determine an energy efficient trajectory along a defined tool path
while accounting for geometric, process, and joint drive constraints. The trajectory planning
problem along the specified path can be formulated (9) as follows [59]:

min E∑ = ∑D
i=1 △E∑ ,i (9)

where EΣ is the total energy consumption of the real trajectory. For articulated robots, the
energy consumption can be analyzed by considering the torques and angular velocities
of individual joints. The instantaneous power P(t) at a given time t can be expressed in
Formula (10) as follows [53]:

Pt =
n

∑
i=1

τ(t)·ωi(t) (10)

where n is the number of joints, τi(t) is the torque at joint i at time t, and ωi(t) is the angular
velocity at joint i at time t. In general, the energy consumption of a robot is calculated
by extending its power usage over the operational period. This involves integrating
instantaneous power consumption over time, considering the robot’s dynamic parameters,
such as velocity, acceleration, and applied torques, along with external factors like payload
and trajectory constraints. The comprehensive calculation can be expressed as Equation
(11) as follows [60]:

E =
∫ T

t=0

N

∑
j=1

(
ωj(t)τj(t) +

Rjτm(t)
2

k j
2

)
(11)
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where ωj(t) is the angular velocity of the j-joint at time t, τj(t) is the torque of the j-joint at
time t, τm(t) is the torque of a motor of the j-joint at time t, Rj is the electrical resistance
of a motor of the j-joint, and kj is the torque constant of a motor of the j-joint. The power
consumed in each joint is calculated, and then the total power consumption is calculated
by adding all of the joints’ power consumptions.

2.4. Methods for Measuring and Optimizing Energy Consumption

Optimizing the energy consumption of industrial robots is essential for achieving sus-
tainable production and reducing operating costs [61–64]. This process involves adapting
the robot trajectories, improving the work weight placement, and implementing intelligent
control algorithms that use advanced simulation tools such as MATLAB R2014b, Simulink
R2015a, or ABB RobotStudio 5.61 [65]. These tools allow for a detailed analysis of the
impact of the base position, trajectories, and dynamic parameters on the overall robot
performance, thus identifying the most efficient configurations.

Simulations allow for theoretical solutions to be verified and practical configurations
to be developed, which are then tested under real conditions by monitoring the energy
consumption [61]. Differences between simulations and reality may be due to wear, external
factors, or model inaccuracies, which highlights the need for an iterative approach [66].

Energy efficiency is influenced by many factors, including the design of the arm, its
range of motion, and its ability to manipulate various objects. Heavier arms require more
energy, while optimizing the position of the base reduces the length of the movements and
therefore the power consumption. The momentum and the moment of inertia are critical
for understanding how speed and direction changes affect energy requirements [67].

2.5. Motivation

The need to reduce energy consumption and enhance the efficiency of industrial
production processes underscores the importance of this study. Traditional robotic layout
design methodologies often address layout optimization, trajectory planning, or energy
efficiency in isolation, lacking a cohesive framework that integrates these aspects. Simu-
lations and digital twins have advanced iterative design processes, but they fall short in
fully addressing the interplay among robot positioning, motion trajectories, and energy
consumption. This gap highlights the need for a systematic methodology that incorporates
energy consumption as a fundamental factor in robotic workstation design.

To address these challenges, this study develops a comprehensive methodology that
integrates robotic workstation layout optimization with a focus on energy consumption
and time efficiency. By analyzing the relationships among robot layout, motion trajectories,
and energy consumption, the proposed framework ensures efficient resource utilization
while maintaining productivity. A key research question drives this effort: What is the
relationship between the position of the base of an industrial robot, its trajectory, and its
energy requirements, and how can this relationship be exploited in the design of efficient
robotic workplaces?

The methodology expands on traditional practices by introducing a dedicated step
for energy efficiency and enhancing all six steps of robotic layout design with practical
considerations. It emphasizes optimizing robotic base positions to minimize unnecessary
movements, optimize device placement, and reduce energy losses. Strategic positioning
eliminates delays and allows for future adjustments without compromising efficiency,
promoting sustainability and cost-effectiveness.
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3. ptimizing the Position of Robotic Bases to Improve the Energy Efficiency
Before developing the proposed methodology for optimizing robotic workstation lay-

outs, it was essential to conduct a foundational study to understand the impact of the robot
base position on energy consumption. This preliminary research aimed to analyze how
the relative position of the robot’s base in relation to its trajectory affects energy efficiency.
Building on our earlier work [68], which focused on measuring the energy consumption of
industrial robots, this study served as a critical step in identifying key factors influencing
energy consumption and establishing the groundwork for the methodology presented in
this paper.

3.1. Study Description

Qualitative methods combining simulation and experimental models were used dur-
ing the study. The initiation phase involved verifying the accuracy of the simulated values
by comparing the measurements with those obtained on an ABB IRB 120 industrial robot
(ABB, Zurich, Switzerland) in the ABB RobotStudio 2024.1.1 environment. This comparison
provides important information about the reliability of the methodology used, as shown
in Figure 2.
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Figure 2. Workflow for comparing energy consumption of a simulated and real ABB IRB 120 robot
using ABB RobotStudio 2024.1.1. The chart highlights the impact of robot base positioning on energy
efficiency, comparing measured energy values (blue bars) and simulated energy values (orange bars)
to analyze discrepancies and trends in energy consumption at varying heights from the robot base.

Subsequently, the study was extended to a wider sample of six-axis industrial robots
of similar designs to investigate the effect of the base position on energy efficiency. For this
purpose, standardized parametric trajectories were used to ensure consistent energy and
time consumption measurements.

The acquired data were analyzed to identify the optimal position of the robot
base while minimizing the energy consumption and maintaining efficiency. The results
showed that the position of the robot’s base has a key impact on its energy efficiency,
allowing for the design of workstations that are not only more efficient but also more
environmentally friendly.
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In this study, parametric trajectories were used to test the robot performance according
to the specified operations and trajectories, including pick-and-place operations. These
trajectories were loaded into the robot controllers and included the robot motions at
different ranges and heights, allowing for accurate measurements of the robot’s baseline
energy efficiency under simulated conditions.

A key aspect of the simulations was the total motor energy analysis, which represented
the cumulative energy consumption of the motors during operation. This figure is essential
for assessing the energy efficiency of the robots and allowing for the optimization of their
operational settings to minimize energy consumption.

The results of our study confirmed that positioning the tool center point (TCP) near the
center of the robot’s workspace leads to lower energy consumption than positions closer to
the base or at the maximum range. This effect was consistent for robots of a similar design,
suggesting that the optimal TCP position at approximately 50% of the robot’s range is the
most energy efficient.

A total of 274 trajectories were tested, with 173 satisfying the required constraints,
indicating that the ideal working distance along the x-axis is approximately 50% of the
robot’s maximum range. This position also optimizes the energy consumption; lowering
the z-axis decreases the energy consumption but increases the time, whereas increasing the
height decreases the time but increases the energy requirements, as shown in Figure 3.
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Figure 3. Methodology for measuring energy consumption of ABB robots. A universal parametric
trajectory was created in Siemens Tecnomatix Process Simulate 2402 and simulated for selected
robot types. Subsequently, an offline robotic program (OLP) was generated, which was uploaded
to ABB RobotStudio 2024.1.1 as a RAPID program for each robot type. In RobotStudio, the energy
consumption was measured during the simulation. The measured data was exported to Excel, where
it was analyzed and visualized in graphs to evaluate the energy consumption based on the robot
base positioning.

These findings suggest that the robot design characteristics, such as the balancing
mechanisms and weight distribution, significantly affect the energy efficiency. The practical
applications of these results require consideration of these factors when designing robotic
workstations to optimize energy use in industrial applications.
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Based on the collected data, a detailed analysis was performed to identify the optimal
position of the robot base to minimize energy consumption while considering the time
efficiency. These analyses revealed that the position of the robot base has a critical impact
on its energy consumption; therefore, it is possible to design workstations that are not only
more efficient but also more environmentally friendly.

3.2. Electrical Power Measurement for a Selected Sample of Industrial Robots

Tables 1–6 summarize the power consumption values when performing the parametric
trajectory at different altitudes and distances. The limitations of the robot design prevented
the execution of some trajectories, as indicated by the crosses in the tables. Of the original
274 trajectories, the number of suitable trajectories was reduced to 173 due to the limits
of the rotation of the joints usable in practice. Trajectories exceeding the 5% rotation limit
are indicated in black, and the energy consumption is illustrated by a color-coded scale
ranging from the lowest (green) to the highest (red) value measured in Wh.

Table 1 summarizes the power consumption of the ABB IRB 5710 robot. Of the
44 measurements, 15 were unusable because the joint rotation limits were exceeded. The
working position with the lowest power consumption (20.46 Wh) was at X 50% and Z 30%
because the lowest value of 18.83 Wh exceeded the limits. The highest consumption of
33.44 Wh was measured at X 70% and Z 60%, revealing a 38.9% difference between the
highest and lowest values.

Table 1. Measured power consumption of ABB IRB 5710 in Wh. The letter x indicates positions where
measurements were not possible because the robot could not reach some points of the trajectory.

X\Z 20% 30% 40% 50% 60% 70% 80%

80% x x x x x x x

70% 19.00 22.17 24.76 27.26 32.78 x x

60% x 23.80 25.17 26.40 28.29 33.44 x

50% x 26.32 26.58 26.73 27.46 29.52 x

40% x 32.11 28.54 27.02 26.91 28.15 32.35

30% x x x 26.04 25.89 26.93 30.04

20% x x x 23.30 24.23 25.64 28.77

10% x x 18.83 20.74 22.56 24.47 28.34

0% x x x 19.48 21.42 23.85 29.98

−10% x x x 19.31 21.09 24.42 x

−20% x x x 19.26 21.85 x x

−30% x x x 20.46 x x x

−40% x x x x x x x

Table 2 shows the power consumption data of the ABB IRB 5720 robot, which per-
formed trajectories in 59 different positions. Of these 19 measurements, 19 were invalid
because they exceeded the limits. The lowest valid power consumption value (19.26 Wh)
was measured at X = 40% and Z = 40% coordinates. The highest valid value (35.16 Wh) was
observed at X 50% and Z 80%. These values show a difference of 15.90 Wh, representing a
45.2% variability between the lowest and highest levels of consumption.
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Table 2. Measured power consumption of ABB IRB 5720 in Wh. The letter x indicates positions where
measurements were not possible because the robot could not reach some points of the trajectory.

X\Z 20% 30% 40% 50% 60% 70% 80%

80% 19.02 22.64 26.52 35.16 x x x

70% 20.24 23.46 26.21 28.96 33.67 x x

60% 22.16 25.38 27.00 28.35 30.21 34.82 x

50% x 28.16 28.62 28.86 29.61 31.45 39.76

40% x x 31.62 29.93 29.56 30.39 33.72

30% x x 35.25 30.34 29.13 29.50 31.70

20% x x x 28.71 27.83 28.36 30.45

10% x x x 25.28 25.87 27.02 29.62

0% x x 20.44 22.43 24.03 25.88 29.53

−10% x x 19.58 20.85 22.82 25.38 31.60

−20% x x 19.47 20.19 22.47 26.32 x

−30% x x 19.30 20.34 23.59 x x

−40% x 18.41 19.26 22.39 x x x

Table 3 shows the power consumption of the ABB IRB 6710 robot. Due to design
constraints, the model could not operate below its base level, allowing it to perform
only 41 trajectories, 20 of which exceeded the specified limits. The lowest consumption
(22.47 Wh) was recorded at X 50% and Z 10% coordinates, whereas the highest consumption
(34.69 Wh) was recorded at X 50% and Z 80%. This difference of 12.22 Wh indicates that the
consumption variability between these two positions is 35.2%.

Table 3. Measured power consumption of ABB IRB 6710 in Wh. The letter x indicates positions where
measurements were not possible because the robot could not reach some points of the trajectory.

X\Z 20% 30% 40% 50% 60% 70% 80%

80% 18.98 22.48 26.27 34.69 x x x

70% 20.20 23.13 25.76 28.40 32.97 x x

60% x 24.34 25.83 27.19 29.28 33.93 x

50% x 26.13 26.73 27.36 28.45 30.69 38.53

40% x 29.38 27.66 27.31 27.86 29.36 33.28

30% x x x 26.29 26.90 28.23 31.32

20% x x x 24.25 25.51 27.08 30.20

10% x x x 22.47 24.19 26.17 29.89

0% x x x 22.13 23.44 25.82 x

−10% x x x x x x x

−20% x x x x x x x

−30% x x x x x x x

−40% x x x x x x x

Table 4 presents the results of power consumption measurements of the ABB IRB
6720 robot, which was able to perform 50 trajectories, but 21 of them exceeded the specified
limits. The lowest recorded power consumption value (19.20 Wh), which was, however,
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outside the allowed limits, was located at 20% of the distance and 80% of the height from the
base. Thus, for practical purposes, 21.61 Wh at X coordinates of 50% and Z coordinates of
−10% is considered the lowest consumption value. Similarly, the highest value (36.37 Wh)
was recorded beyond the limit, and 32.00 Wh was recorded as the highest acceptable value
at X 80% and Z 40% coordinates. This difference of 10.38 Wh represents a 32.5% difference
in consumption between the lowest and highest acceptable values.

Table 4. Measured power consumption of ABB IRB 6720 in Wh. The letter x indicates positions where
measurements were not possible because the robot could not reach some points of the trajectory.

X\Z 20% 30% 40% 50% 60% 70% 80%

80% 19.20 22.45 25.62 31.65 x x x

70% 20.41 23.20 25.42 27.63 31.23 x x

60% 21.49 24.17 26.17 27.62 29.24 32.90 x

50% x 25.85 26.98 27.53 28.40 30.12 36.37

40% x 28.62 27.89 27.57 27.93 28.99 32.00

30% x x 28.25 27.17 27.28 28.07 30.28

20% x x 25.96 25.75 26.18 27.09 29.21

10% x x 22.15 23.63 24.84 26.12 28.62

0% x x 21.38 22.12 23.68 25.45 28.80

−10% x x 21.41 21.61 23.08 x x

−20% x x x x x x x

−30% x x x x x x x

−40% x x x x x x x

Table 5. Measured power consumption of ABB IRB 6730 in Wh. The letter x indicates positions where
measurements were not possible because the robot could not reach some points of the trajectory.

X\Z 20% 30% 40% 50% 60% 70% 80%

80% 20.77 24.53 28.46 36.42 x x x

70% 22.13 25.41 28.14 30.93 35.56 x x

60% x 26.80 29.32 31.01 33.05 37.86 x

50% x 29.36 30.64 31.17 32.18 34.41 42.69

40% x x 32.42 31.51 31.75 33.12 37.15

30% x x 33.37 31.05 30.97 32.06 35.11

20% x x x 28.98 29.56 30.91 33.92

10% x x 23.97 26.07 27.88 29.78 33.38

0% x x 23.56 24.21 26.47 29.09 x

−10% x x x 23.70 x x x

−20% x x x x x x x

−30% x x x x x x x

−40% x x x x x x x

Table 5 shows the power consumption data of the ABB IRB 6730 robot, which could
execute 44 trajectories, 20 of which did not pass the conditions set for exploitation. As
with the other robots, the lowest (20.77 Wh) and highest (42.69 Wh) consumption levels
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were recorded in the limit-violating position. For practical use, the lowest acceptable
consumption was 24.21 Wh at X 50% and Z 0% coordinates, whereas the highest acceptable
consumption was 36.42 Wh at X 50% and Z 80% coordinates. This difference, amounting to
12.21 Wh, represents a 33.5% variability in consumption between the two positions.

Table 6. Measured power consumption of ABB IRB 6740 in Wh. The letter x indicates positions where
measurements were not possible because the robot could not reach some points of the trajectory.

X\Z 20% 30% 40% 50% 60% 70% 80%

80% x x x x x x x

70% 30.53 34.47 37.72 41.05 46.79 x x

60% x x 40.06 41.98 44.32 50.24 x

50% x 38.91 40.63 41.23 42.53 45.50 58.82

40% x 42.57 41.38 40.79 41.39 43.32 49.00

30% x x x 39.11 39.96 41.67 45.95

20% x x x 35.45 37.55 40.09 44.29

10% x x x 32.81 35.25 38.49 43.71

0% x x x 32.11 34.05 37.61 x

−10% x x x x x x x

−20% x x x x x x x

−30% x x x x x x x

−40% x x x x x x x

Table 6 shows the measured power consumption values of the ABB IRB 6740 robot,
in which 36 measurements were recorded, 17 of which exceeded the specified limits. The
lowest (30.53 Wh) and highest (58.82 Wh) measured electrical consumption values fall into
the category of violating the constraints. In the X 50% and Z 10% coordinates, the lowest
acceptable energy consumption measured was 32.81 Wh, and in the X 80% and Z 40%
positions, the highest acceptable consumption was found to be 49.00 Wh. The difference
between these values, amounting to 16.20 Wh, represents approximately 33.1% of the
variance in the energy requirements of the robot at these positions.

4. Systematic Methodology for Design/Layout of Robotic Systems
The introductory chapter provides an overview of existing practices and challenges

in the design of robotic workplaces, highlighting the critical need for energy efficiency in
modern manufacturing systems. Traditionally, a six-step process has been used to design
robotic workstations. Although this process forms the basis of many methodologies, it does
not explicitly consider energy consumption, which has become a critical factor in robot lay-
out optimization. The absence of energy considerations limits the adaptability of traditional
approaches to the requirements of sustainable and efficient manufacturing systems.

Based on these findings and addressing the shortcomings outlined in the introduc-
tion, the proposed methodology extends and refines the traditional six-step process to a
seven-step framework. This framework is not merely an adaptation of existing methods,
but incorporates original insights and empirical knowledge gained from practical expe-
rience in designing and optimizing robotic workstation deployments. The methodology
systematically guides the process from conceptual layout planning to the final verification
of the robotic system, integrating energy efficiency into each phase.
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The methodology starts with a conceptual layout design that analyzes material flow
and space requirements to ensure the efficient placement of components and peripherals.
This is followed by defining the robot’s key operating points to guarantee availability
and functionality. Using simulation tools, the optimal basic robot location is determined,
ensuring that operational constraints are taken into account. Once the layout has been
planned, the reachability of the robot to all work points is verified and adjustments are
made to eliminate inefficiencies.

A distinctive feature of this methodology is the inclusion of a dedicated energy analysis
step, which involves measuring and optimizing energy consumption based on the robot’s
positioning and motion trajectories. The methodology further addresses trajectory opti-
mization, ensuring that the motion trajectories are accurate, energy efficient, and capable of
minimizing cycle times. Finally, the entire system is simulated to verify its effectiveness,
detect potential collisions, and ensure the design complies with industry standards.

This methodology is characterized by the integration of empirical knowledge and
practical experience gained from real robotic layout design projects. Each stage has been
enriched with its own sub-steps that make this approach unique and adapted to current
industrial needs. By addressing the limitations of traditional methods and focusing on
energy efficiency, the methodology provides a comprehensive and adaptable framework
for designing sustainable and efficient robotic workplaces.

The methodology consists of seven steps (Figure 4), which cover the entire process
from the design of the workstation layout to the simulation and optimization of the robot
trajectories and periphery placement (Appendix A). It includes optimizing the layout of
components, verifying the reachability of work points, creating and testing trajectories,
and simulating the entire system to detect collisions and optimize transition points. When
problems such as reachability or collisions are identified, adjustments are made to the
roles and positions of the robot and peripherals. The methodology also incorporates
safety aspects and has been validated on ABB IRB 5710-6740 models, demonstrating its
adaptability and practical effectiveness.

4.1. Initial Layout Design of the Station Components

The initial layout of the components in a robotic workplace refers to the first three
steps of creating a robotic workplace (Figure 5). Thus, it is a conceptual layout of peripheral
devices in which work points can be defined and the industrial robot positioned to them.

4.2. Positioning Based on Working Distance from the Robot Base

The conceptual layout of peripherals is determined by the size of the robotic worksta-
tion and the constraints that limit layout options. Peripheral work points vary by operation
type; manipulation tasks involve pick-and-place points, while processes like welding or
gluing require multiple points for execution.

After peripheral placement, the methodology defines the robot’s effector and uses
modern tools for semiautomatic robot positioning, optimizing its placement based on
work points. Correct robot and effector selection is essential, with handling tasks using a
handling effector and process operations requiring specific tools, either on the robot’s axis
or static peripherals (Figure 5).

As shown in Section 3, the energy consumption of industrial robots depends on the
position of the working object relative to the robot base. Activities performed closer to the
base and at lower heights significantly reduce energy consumption.
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and working time verification, ensuring optimal robot-peripheral positioning and safety compliance.
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Figure 5. Flowchart illustrating the initial stages of robotic workstation design, including defining
work points, conceptual layout of peripherals, and semi-automatic robot positioning. The diagram
also incorporates decision-making steps for adjusting the robot’s position, base height, and peripheral
placement to ensure the reachability of all work points and alignment with operational requirements.
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4.3. Verification of the Reachability of Work Points

If the position of the peripherals can be adjusted, they can be moved closer to the
robot base, or their working height can be reduced. If the design of the peripherals does
not allow for such adjustments, the height of the robot itself must be changed, for example
by modifying its base (Figure 6).
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Figure 6. Flowchart detailing the decision-making process for verifying and adjusting the position
of the robot and its peripherals. It includes steps for assessing reachability, compliance with task
requirements, and ensuring proper alignment. Adjustments such as modifying the robot’s posi-
tion, altering peripheral placement, or changing the base height are iteratively evaluated to meet
operational constraints and improve efficiency.
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After the components are deployed, the robot is tested to determine whether it could
reach all the required working positions. If not, the position of the robot or peripherals is
changed, and the constraints of the workplace may require the use of additional devices
such as a seventh axis to move the robot or a base to raise its height. Extension flanges
between the robot and tool can be used to achieve higher or aligned points.

4.4. Creating Device Movements and Defining Positions

To increase the complexity of the simulation, it is necessary to animate all the com-
ponents with which the robot interacts, including the tool and peripheral components
(Figure 6). The movements of the devices are crucial for verifying the collision-free state of
the workstation, for example, when opening clamps or changing the angle of the welding
pliers. Once the motions are defined, their positions are set. Simple devices have three basic
positions (default, open, and closed), while more complex devices require more positions
according to the movement scheme. Finally, the robot’s default position is set, which is also
used in the program.

4.5. Creation of Safety Zones

Today’s robotic workplaces must consider operator safety, especially in situations
where a human enters a shared space with a robot or moves near a robot. In these cases,
safety zones are defined (Figure 7) that the robot must not cross. If a zone is violated, the
robot is obligated to immediately stop or shut down.

4.6. Trajectory Generation

Once the components have been deployed, a safe working area is defined, the kine-
matics of the moving parts are established, and then trajectories are generated (Figure 7).
A trajectory contains at least two points: a starting point and a process or traversal point.
Process points are used for direct operations, such as welding and handling, while traversal
points allow for safe movement between locations. Trajectories are created manually or
semi-automatically using algorithms.

When creating trajectories manually, the programmer checks each point based on their
experience, which is time-consuming. The semi-automatic trajectory generation process
is accelerated using algorithms that create the remaining points based on the given start
and end points and the TCP tool. Modern approaches focus on collision-free trajectory
generation and energy reduction; however, not all software supports such technology.

After creating the trajectory, its parameters are defined. The motion command de-
termines how the robot moves between points: a linear motion follows a straight line, a
circular motion describes a circular arc, and PTP (point-to-point) motion allows the con-
troller to optimize the trajectory for a smaller energy load and shorter time. PTP motions
are not suitable for precise positioning or process points.

Other parameters include velocity (in mm/s), acceleration (in mm/s2), and a zone
that defines the distance of the TCP as it approaches the trajectory point. Zone 0 (in the
case of the RAPID programming language) indicates an accuracy of 0.3 mm, and higher
zone values provide a smoother motion and shorter trajectory times. The tool data and
work object parameters specify the position of the tool endpoint, its center of gravity, and
the position of the work object relative to the robot base to which the trajectory work points
are linked.

The first step is to create safety envelopes (Figure 8) on the moving parts of the robot
and its tool, which define the area of possible interference with the environment. The
envelopes on the third and fifth axes are spherical, while those on the fourth axis and the
tool are capsule-shaped. The robot and the tool may cannot extend beyond these envelopes.
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The next step is to define safety zones in the workplace that provide safe spaces for
robot movement without endangering people. These zones, created at a distance of at least
200 mm from the fence, protect the operator from being hit, even if the operator puts his or
her fingers over the fence. The braking distance of the robot, which depends on its speed
and the weight of the loaded load, must also be considered.

4.7. Verification of Collision-Free Status

The collision-free state is a key requirement in the design of trajectories for industrial
robots (Figure 9). Collisions are prevented by software control that uses collision sets. These
sets divide the objects on the job site into two groups: the first consists of the controlled
objects, such as the industrial robot, its tool, and the manipulated object; the second consists
of all potential obstacles, such as peripheries, fences, poles, and jigs.

The position for the removal or insertion of the parts was checked, as well as the
movements of the centering pins and clamps and the opening of the welding pliers. The
software also verifies that the tool does not meet the robot body or its attachments. When
objects from different groups come into contact, collisions are indicated in red. Collisions
are resolved by adjusting the trajectory or making design changes to the tools or fixtures.
The collision-free status is verified.

4.8. Verification of Adherence to the Duty Cycle Tact

The last step of the proposed methodology (Figure 9) is to verify that the work tact
is followed. If the duty cycle time is satisfactory, no changes are required. If the limit is
exceeded, the clock can be reduced by modifying the trajectories, reducing the number of
points, and changing the order of the trajectories or the position of the robot relative to the
peripheries. The measurements in Section 3 show that the robot works faster when it is
higher and closer to the base axis.
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Figure 9. Flowchart depicting the final stages of robotic workstation design, including verification
of compliance with the work cycle tact, trajectory adjustments, and collision-free status verification.
Iterative steps for editing trajectory order and adjusting the mutual position of the robot and fixture
are performed if the specified duty cycle time is exceeded. The process concludes with workplace
simulation and robotic program generation.
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5. Case Study from Automotive Industry
An experimental model of a welding station used in the automotive industry was used

to demonstrate the different energy and time consumptions of industrial robots depending
on their working height. This welding station was designed according to a commonly used
methodology in practice and thus two main conditions had to be met: adherence to the
specified working time and reachability to all work points.

The work points in this case are located on the side of the car, which is positioned
in the center of the workstation on a turntable. Four industrial robots (ABB IRB 6740,
ABB IRB 6720, ABB IRB 5720, and ABB IRB 6710; ABB, Zurich, Switzerland) were located
around the turntable and used welding pliers as tools. Furthermore, the workstation has
an elevated platform on which additional equipment such as welding pliers can be placed.
The platform is also used by service technicians. The remaining parts of the workstation
were hidden to improve visibility.

The initial model of the experimental site (Figure 10) can be considered as a starting
point for the following comparison. The original trajectories are also part of this work-
station and can be used to determine the working range of single-unit robots along the
x- and z-axes.
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The ABB IRB 6740 robot operates from 25% to 65.8% of its maximum x-axis range. The
working range in the z-axis is 36.8% to 56.5% of its maximum range from the robot base. To
perform this trajectory, this robot consumed 8.7739 Wh.

The ABB IRB 6720 and 5720 industrial robots have a similar working range. The
working range of the ABB IRB 6720 industrial robot in the x-axis is 26.9% to 83.2% of its
maximum reach, and in the z-axis, it is 26.9% to 46.9% of the maximum reachable height
from the base. The power consumption in this case was 7.5665 Wh.
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The ABB IRB 5720 industrial robot has an operating range of 26.1% to 75.2% in the
x-axis and 26.1% to 56.1% in the z-axis. Its measured power consumption was 8.7216 Wh.

The last industrial robot, ABB IRB 6710, is the robot with the largest working range
among the selected ones. Its x-axis working range is 35.3% to 80% and its z-axis working
range is from 5.3% to 80% of its maximum range. The measured energy consumption for a
given operation is 8.835 J.

Given that the proposed robotic workstation layout methodology deals with the initial
layout design of the components in a robotic workstation, it was challenging to apply the
proposed changes to an existing workstation. For this reason, changing the x-axis position
of the industrial robots was not possible and the changes were only applied by changing
the z-axis position of the industrial robots.

However, the changes were not only related to the position of the industrial robots
themselves, but also their trajectory had to be partially modified by changing the initial
position. This was adjusted so that the robot did not exceed its axis limits and did not create
an obstacle for the rotary table tool during the fixture change by rotating.

Based on the developed methodology, this workstation was modified to reduce the
working height of each industrial robot to the lowest possible level. This change was
achieved by increasing the z-axis position of each robot, as shown in Figure 11.

The base of the ABB IRB 6740 industrial robot has been moved upwards by 1760 mm.
This achieved a change in the z-axis working range from 36.8% to 56.5% to −12.2% to 0.3%
of its maximum z-axis range from the base. The change in z-axis position or x-axis working
range was also affected. From a range of 25% to 65.8%, the working range was changed to
38% to 66.4% of its maximum x-axis range. The effect of this change was to reduce power
consumption by 0.5415 Wh, which is approximately 6.17%.

A similar change was made to the ABB IRB 6720 industrial robot, in which the position
of the robot base was increased by 1500 mm. This resulted in a change in its working
range in the z-axis from 26.9% to 46.9% to −10.7% to 3.4% of its maximum reach from the
base. There was also a change in the x-axis range from 26.9% to 83.2% to 29.5% to 76.6%.
A reduction in power consumption of 0.4463 Wh, or 5.9%, was achieved by changing
the position.

The position of the ABB IRB 5720 industrial robot has been increased by 1600 mm.
This changed its working range in the z-axis from 26.1% to 56.1% to −17.5% to 12.5%. In
the x-axis, the working range was changed from 26.1% to 75.2% to 32% to 75.3% of the
maximum range. This change resulted in a reduction in power consumption of 0.5793 Wh,
or 6.46%.

A special case of increasing the position occurred with the ABB IRB 6710 robot, as in
this case, it was only possible to increase the position of the robot base by 300 mm. This is
due to the fact that when changing the base position to a higher height, some points became
unreachable and a complete change in trajectory was required. Despite this small change
in position, it was possible to adjust the working range in the z-axis from 5.3% to 70% to 4%
to 50% of its maximum range from the base. There was also a change in the x-axis range,
where the original range of 35.3% to 80% became a working range of 25.6% to 70%. This
subtle change resulted in a reduction in power consumption of 0.106 Wh, or 1.19%.
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6. Discussion
6.1. Findings

The results of previous measurements clearly demonstrate that the relative positioning
of an industrial robot and its surrounding peripherals has a significant impact on both
energy and time consumption. The proposed methodology adapts traditional industrial
practices by introducing an additional step focused on the precise positioning of objects
based on their working distance from the robot base. Additionally, the simulation step has
been refined to emphasize both energy and time optimization.

The validation of this methodology on an experimental workstation showed measur-
able improvements. Specifically, positioning working points at approximately 50% of the
robot’s maximum x-axis range and 10% below the base height in the z-axis minimized
energy consumption. For time-critical tasks, positioning at 50% of the x-axis range and
70% above the base height achieved faster cycle times. These adjustments reduced en-
ergy consumption by 1.6731 Wh per duty cycle, translating to an annual energy savings
of 0.8794 MWh, as shown in Table 7. While this corresponds to a financial savings of
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EUR 131.03 (the average market price of electricity for businesses for 2024 is set at EUR
149/MWh [69]), this only reflects the robot’s energy use and excludes other equipment in
the workstation.

Table 7. Annual savings of industrial robots of the experimental site.

Robot Measurement
1 (MWh)

Measurement
2 (MWh)

Savings
(MWh) Savings (%) Savings

(EUR)

ABB IRB 6740 4.61156184 4.32694944 0.2846 6.17 42.4054
ABB IRB 6720 3.9769524 3.74237712 0.2346 5.90 34.9554
ABB IRB 5720 4.58407296 4.27959288 0.3045 6.64 45.3705
ABB IRB 6710 4.6691676 4.613454 0.0557 1.19 8.2993

Overall 17.8418 16.9624 0.8794 Average 5.98 131.03

6.2. Benefits

The proposed methodology offers significant benefits that go beyond financial savings.
Applied to multiple robotic workstations, it enables significant cumulative energy savings,
especially in high-production environments. By addressing energy efficiency in addition
to time optimization, the methodology supports sustainability goals and environmental
compliance, as well as enhances the reputation of organizations as socially responsible.
In addition, optimizing robot movements reduces component wear and tear, extends
equipment life, reduces maintenance costs, and minimizes downtime, thereby increasing
productivity and reliability.

The versatile and customizable nature of the methodology provides a practical frame-
work applicable to a variety of industries and robotic applications. It improves workplace
functionality, reduces inefficiencies, and minimizes costly adjustments during commission-
ing. Its simplicity and low computational requirements make it accessible to small- and
medium-sized businesses and facilitate efficient workstation design without the need for
advanced optimization tools.

In addition to immediate savings, the methodology introduces a standardized process
for energy-conscious design and the measurement of energy consumption. This allows for
consistent comparisons, identifies inefficiencies, and supports data-driven decisions for
layout adjustments. It also promotes energy efficient practices at the organizational level,
improving resource allocation, environmental reporting, and compliance with standards
such as ISO 50001 [70].

Finally, the real-world validation of the methodology through experimentation ensures
its practical applicability, increasing its relevance for both academic research and industrial
use, while aligning it with Industry 4.0 goals for sustainable, adaptive, and competitive
production systems.

6.3. Challenges and Limitations

The methodology introduces challenges related to the accessibility of equipment for
operators and technicians. Positioning the robot at an optimal height to minimize energy
consumption may hinder access for maintenance, requiring the use of steps or other tools,
which can increase safety risks. Similarly, lowering peripheral devices to avoid a high robot
base may compromise ergonomics for operators and technicians. These trade-offs must
be carefully evaluated by simulation engineers to balance energy efficiency with safety,
ergonomics, and operational requirements.

6.4. Comparison with Other Approaches

Existing methods for energy optimization, such as mixed integer linear programming,
heuristic algorithms, and energy-saving robot modes, often achieve up to 20% energy sav-
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ings by optimizing trajectories and robot speed [71–75]. In contrast, the proposed method-
ology focuses on repositioning industrial robots and peripherals within the workstation.
While simpler than advanced optimization techniques, this approach effectively reduces
energy consumption by minimizing inefficiencies associated with the robot’s moment of
inertia and working range. Its low computational demands and ease of implementation
make it particularly appealing for practical use.

7. Conclusions
This paper addresses reducing the energy and time consumption of industrial robots

by optimizing their positioning relative to peripheral components. The theoretical section
analyzes current trends, limitations, and tools in robotic workplace design, highlighting
that energy efficiency is often excluded from traditional methodologies, which focus on
work point reachability and adherence to cycle time.

The proposed methodology minimizes energy consumption by adjusting the relative
positions of industrial robots and their peripherals. Initial simulations were validated
against real-world measurements using a sample of ABB industrial robots with similar
designs and ranges. A parametric trajectory was developed in Process Simulate 2401 to
assess energy consumption across different heights and distances, with 173 out of 274 tested
trajectories meeting the required constraints.

The results revealed that optimal robot positioning is 50% of its maximum range
on the x-axis, while adjustments along the z-axis present trade-offs: lowering the robot
reduces energy consumption but increases the cycle time, and raising it has the opposite
effect. The experimental application of this methodology reduced energy consumption by
33.95 Wh per cycle, corresponding to EUR 131.03 annually, though this calculation excludes
peripheral and workplace equipment.

The methodology enables up to 45% energy and 30% time savings by optimizing
component layouts. However, achieving maximum savings may require significant ad-
justments in the positions of peripherals, which must consider design constraints and tool
compatibility. Simulation engineers must evaluate how much adjustment is feasible while
maintaining safety and efficiency.

The primary scientific contribution lies in addressing robotic workplace design from an
energy optimization perspective, an area often overlooked in favor of time efficiency. Most
existing research focuses on software-based energy-saving methods, while this method-
ology emphasizes dispositional solutions. The findings provide a foundation for further
research into optimizing robotic systems based on work point distance and height from the
robot base.

This methodology offers practical value by streamlining the design process and in-
tegrating energy-saving strategies. It has potential applications across various industries,
particularly in the automotive sector. Future advancements could include automated
algorithms for component placement, adaptive trajectory control, and renewable energy
integration to enhance sustainability. Combining this practical approach with advanced
optimization techniques may further improve energy efficiency and time savings, making
robotic systems more adaptable and economically viable.
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