
Citation: Sperling, M.; Kurschilgen, T.;

Schumacher, P. Concept of a

Peripheral-Free Electrified Monorail

System (PEMS) for Flexible Material

Handling in Intralogistics. Inventions

2024, 9, 52. https://doi.org/

10.3390/inventions9030052

Academic Editor: Stefano Rinaldi

Received: 28 March 2024

Revised: 22 April 2024

Accepted: 25 April 2024

Published: 30 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

inventions

Article

Concept of a Peripheral-Free Electrified Monorail System (PEMS)
for Flexible Material Handling in Intralogistics
Marvin Sperling* , Timo Kurschilgen and Pietro Schumacher *

Institute for Material Handling and Logistics, Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany
* Correspondence: marvin.sperling@kit.edu (M.S.); pietro.schumacher@kit.edu (P.S.)

Abstract: With the emergence of Industry 4.0 in intralogistics, the need for flexible material handling
solutions is increasing. While conventional conveyor systems are often too inflexible to meet changing
requirements. Automated guided vehicles offer an answer, additional solutions are required for
companies relying on already busy and crowded shop floors. This paper presents a concept for
a periphery-free electrified monorail system (PEMS) that enables flexible material transport with
minimal floor requirements. The PEMS is based on classic electrified monorail technology, and
requires no additional peripheral devices within the rail system. Installation and maintenance costs
are kept to a minimum through simplified branching elements and a battery-powered energy supply
for the vehicles. The modular design of the rail elements further allows transport on standardized
Euro-pallets. Moreover, a taxonomy for evaluating the passivity of branching elements of electrified
monorail systems is introduced. The functionality of the PEMS was validated by conducting real
experiments using a prototype, The results show that the PEMS provides high flexibility in terms of
layout design and usage, allowing for fast adaption to the changing requirements of intralogistics.

Keywords: trolley; electric monorail system (EMS); automated guided vehicle (AGV); overhead
monorail system; intralogistics; material handling

1. Introduction

As Industry 4.0 takes hold in intralogistics, flexibility concerning constantly changing
requirements for transported goods and material flows is more important than ever. This
flexibility can no longer be solely provided by static conveyor systems such as belt and
roller conveyors. Automated guided vehicle systems (AGVS) provide one possible way
to increase the flexibility of floor-based material transport. They can easily be adjusted to
changes in their environment, and system throughput can be maximized by increasing the
size of the fleet.

For companies that require flexible material transport but for whom the shop floor
offers little to no additional room for material handling solutions, other approaches are
required. This paper presents a concept for a periphery-free electric monorail system
(PEMS) that can handle material transport with a minimum of floor space. The concept is
based on the technology of a classic electric monorail system in which the vehicle moves
on a rail running along the hall ceiling. It should be emphasized that the concept presented
here additionally eliminates the need for any peripherals within the track layout. This
includes the simplification of turnout elements, which no longer require sensors, actuators,
and control devices. Furthermore, continuous energy transmission is replaced by battery
operation, which makes it possible to eliminate the layout-wide energy supply system.
The PEMS aims to reduce installation and maintenance costs compared to conventional
monorail systems while maximizing flexibility for changing operation conditions and
layout design.

At the beginning of this paper, related work and inventions are described. Sub-
sequently, a taxonomy is presented by which electric monorail systems (EMS) can be
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evaluated concerning the passivity of their branching elements. The third section intro-
duces the PEMS concept, including the technical details of the invention as well as the
intended and potential fields of application. A first validation of the concept through real
experiments on a prototype is presented. Finally, the concept is summarized and open
development steps are described.

2. Materials and Methods

This section describes work and inventions from the fields of public transportation
and intralogistics that are related to the concept presented in this paper. The term ‘trolley’
is used as a synonym for a vehicle, whereby a driven trolley is defined as a ‘drive-trolley’
and a non-driven trolley as an ‘idle-trolley’, according to VDI4441 [1].

In [2], the authors described an invention with a drive-trolley and a passive track
system designed as a rectangular profile (8), with welded flanks for branching (2–3).

The drive-trolley consists of four track support wheels (7), two additional support
wheels for turnout functionality, each with an electric drive (4–6), and four load-bearing
wheels (1). Figure 1 shows the track system on the left and the trolley on the right. The
trolley hanger is suspended through the gap on the underside of the track.

Figure 1. Invention of an overhead monorail active guider and bogie with active guider [2].

A similar invention was described in [3] and shown in Figure 2. In the invention,
each trolley (10) comprises at least two driven trolley units (30, 31). Each drive-trolley unit
consists of four track support wheels (50L, 50R), two additional support wheels for turnout
functionality (32L, 32R) with one electric drive each (34), and two load-bearing wheels (18L,
18R). As in the previous invention, the track system is designed as a rectangular profile (25)
with welded-on flanks for steering the trolley at turnouts (40M, 40B).

Figure 2. Invention of an overhead conveyor trolley using a plurality of main and branch rails [3].
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The inventions in [4–11] are similar, with [11] already being invented in 1969. The tech-
nical characteristics of all previously mentioned inventions can be found in the following
Table 1.

Regarding scientific publications, ref. [12,13] showed two further ultralight EMS
concepts for the transport of goods up to 20 kg over long distances. The system described
in [13] includes a battery-powered trolley (cf. Figure 3) for bridging long transport distances
in intralogistics environments or for placing sensors in hard-to-reach areas. The trolley
runs on various support structures, such as rectangular profiles, flat profiles, and steel
cables. Semi-passive turnout elements without actuators, sensors, or controllers are used.
Figure 4 shows the battery-powered trolley with a load of 20 kg on a rectangular profile
rail. Figure 3 shows that gradients of 20◦ can be implemented.

Figure 3. Battery-powered test trolley with single load-bearing wheel and support wheel for turnout
functionality on the top [14].

The concept in [13] is based on [12,15], in which the EMS trolley moves on either
steel wire ropes or round profiles. Turnout functionality is achieved through laterally
and linearly extendable actuators, which steer the trolley in the corresponding direction
of movement.

With a focus on the expensive infrastructure required for continuous energy supply,
ref. [16] described a battery-powered EMS, which is shown in Figure 5. Instead of continu-
ous power rails, the system features mobile energy storage systems that can be recharged
at charging stations.
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Figure 4. Test trolley with 20 kg load on rectangular profile track [14].

Table 1 compares the characteristics of the previously-mentioned preliminary works.
The characteristics include classification of the trolleys, the tracks, and the overall aspects
of the system. Battery-powered systems that do not require a continuous energy supply
through the track system are indicated with (•). A (•) in the Weld-Free column indicates
that the track construction does not require any welding for installation, instead relying
on screw connections or standardized milled or cut parts. The Two-Way and Three-Way
Turnout characteristics indicate whether the respective type of turnout is technically feasible
or foreseen. Finally, if the system can be operated bidirectionally, it is marked with (•).

The adjacent quantitative characteristics compare the different trolley concepts in
terms of the number of wheels for track support, track support during turnouts, and load-
bearing, and number of drive units for lane changing with activation of the track support
wheels for turnouts. Concepts that foresee the use or technical feasibility of ramp elements
are indicated with (•).

The level of turnout passivity is used to classify the EMS concepts in terms of their
branching type according to the taxonomy described in Table 2, with P standing for passive,
S for semi-passive, and A for active branching elements.
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Figure 5. Battery-powered EMS from Pentanova GmbH [17].

Table 1. Patent and literature review of electric monorail systems with passive turnout tracks or
power systems.
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[2] N/A 4 2 4 2 • - N/A - N/A P
[3] N/A 8 4 4 4 • - N/A - - P

[18] N/A N/A 0 16 8 - - - - • -
[4] N/A 8 4 2 + 2 2 • - N/A - N/A P
[5] N/A 4 8 4 2 - - N/A - N/A P

[6] N/A 4 2 + 1 4 2 • - N/A - N/A P
[7] N/A 4 2 4 1 • - N/A - N/A P
[8] N/A 8 4 4 4 • - N/A - N/A P
[9] N/A 10 1 4 1 • - • - • P

[10] N/A 8 2 4 1 N/A N/A N/A N/A N/A N/A

[11] - 6 8 2 1 ... 2 • - N/A - • P
[13] • 2 1 1 1 • - • - N/A S
[12] • 1 0 1 1 • - • - N/A P

PEMS • 1 ... 2 2 8 1 ... 2 • • • • • P

As shown, only two out of the thirteen concepts have a battery-powered energy
system, and none of the track concepts can be assembled or installed without welding. It
is also notable that none of the concepts allow for three-way turnouts. In most cases, the
number of load-bearing wheels is four, which enables stable driving behavior of the trolley.
Each trolley requires at least one drive for lane changing. The last row in Table 1 classifies
the PEMS concept concerning the same above-mentioned characteristics. It meets all of the
defined characteristics for a periphery-free EMS with low installation effort.
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Table 2. Taxonomy of the level of passivity of turnout tracks. Illustration sources from top to
bottom: [1,19], own illustration.

Classification Illustration Description

Active

The turnout elements are active
elements containing electric,
pneumatic, or hydraulic drives, as
well as sensors and a control unit.

Semi-passive

The turnout element features a
movable mechanical element. The
mechanical actuation is performed by
the trolley (cf. [13]).

Passive

The design of a passive turnout
element is static. The trolley does not
make any changes to the turnout
element. Branching is only performed
by the trolley (cf. [2–9,11,12]).

3. Methodology

This section describes typical applications of the PEMS as well as the technical imple-
mentation of the rails and details of the trolley.

3.1. Application Concepts

The PEMS allows for a flexible layout by shifting the material transport to the hall
ceiling. The PEMS can handle material flow in both production and logistics environments
without requiring additional floor space. The passivity of the turnout elements eliminates
the need for track maintenance almost entirely. The trolleys can be easily added to or
removed from the system for fleet extension or trolley maintenance. The installation of
sensors and actuators for turnout elements is no longer necessary compared to active
systems with active turnout elements from the state of the art. The decentralized operation
of the trolleys eliminates the need for sensors and actuators on the entire track system,
which also eliminates the need for contact-based communication systems. All necessary
communication can be replaced with wireless systems such as those in use for AGVs. The
decentralized operation ensures the scalability of the layout and the entire system, which
makes it possible to extend the system at any point in time.

In addition to transporting materials and goods, the system can be equipped with
electric chain hoists to serve as a flexible lifting system in the production environment. In
the distribution environment, it is possible to equip the PEMS with sensors or light laser
systems for use as an automated inventory checking system or as an assisting system for the
manual picking process. For this purpose, the trolley of the PEMS can drive autonomously
through the aisles of the warehouse racks in which stock inspection should be performed.
By installing a visual projector on the trolley, the PEMS effectively functions as a movable
pick-by-light system.
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Finally, [20] described the use of ultralight overhead conveyor systems for the rapid
transport of goods for cross-docking and trans-shipment applications, which can also be
implemented with the PEMS.

3.2. Track and Turnout Construction

The track elements consist of two parallel running rails with a gap in between. The
space between the tracks serves to centrally guide both the trolley and the hanger for the
load-handling equipment. The two tracks are supported by C-shaped profiles and can be
mounted on hall ceilings, pillars, or walls.
For turnout functionality, grooves in the outer running rails within the turnout track
element are required. Figure 6 shows a turnout element with a branch to the right and the
two grooves. However, tests have shown that a branching groove is only necessary for
the branches deviating from straight-ahead movement (cf. Section 4). It can seen that the
grooves for directional guidance are designed much more narrowly than the gap in the
center of the rail.

Figure 6. Two-way turnout with branching grooves inside the rail.

The modular rail elements can be screwed together, reducing the amount of effort
required during installation. To simplify the transport of the track elements prior to instal-
lation, a modular concept is opted for. The idea for an easily transportable modular track
system is based on the approaches presented in [21,22]. The two modular concepts for
segmented bridge cranes allow for a simplified transport, as no component exceeds the max-
imum dimensions of a Euro-pallet according to DIN EN 13698-1 [23] of 1200 mm × 800 mm.
Table 3 shows the elements of the modular track system.

It can be seen that all possible track elements, namely, the turnouts, curves, straight
tracks, and crossings, are defined as standard parts. Curves and straight tracks can be
further varied in length and curvature radius in order to adapt the system to specific layout
conditions. The choice of material for the running rails is mainly influenced by the load
requirements posed by the specific application. Steel, for example offers good material
properties for the given requirements. The material thickness and width of the running rails
must be scaled to support the given transport load. A definition of the load dimensioning
for small load applications is provided in VDI 4441 Part 1 [1] with m ≤ 500 kg.
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Table 3. Elements of the modular track system. Grid resolution: 100 mm × 100 mm.

Straight Curve Turnout Crossings

Short [800 mm] Small [45 ◦] with r = 1.0 m Left Crossing with α = 90◦

Long [1200 mm] Large [30 ◦] with r = 2.0 m Right Crossing with α = 45◦

Customized
[400...800 mm]

Customized [1 ... 45 ◦]
with r = 1.0 ... rn m

Three-Way

3.3. Trolley Construction

Centrally mounted track support wheels are located on the bottom of the trolley at
both ends to enable bidirectional movement. When the direction of movement is changed,
the roller in the current rear of the trolley is extended, whereas the roller in the front is
retracted. This is necessary to prevent the trolley from jamming when driving tight curves.
For changing the current branch at the turnout elements, rocker systems on both ends of
the trolley are used. When not passing a turnout element, both rockers are in the neutral
(horizontal) position. In the event that a lane change at a turnout element is desired, the
front rocker of the trolley tilts in the desired direction before reaching the start of the
guide groove of the respective direction. This causes the corresponding support wheel
on the rocker to slide into the guide groove. The resulting contact steers the trolley in the
desired direction.

A stepper motor moves the rocker into the corresponding position of the desired
turnout direction, whereby three positions are possible:

• The left support wheel for turnout slips in the left guide groove for left turnout;
• The right support wheel for turnout slips in the right guide groove for right turnout;
• The neutral position, where neither support wheel is active, allowing for straight passing.

Alternatively, the functionality of the rocker can be achieved through vertically ex-
tendable support wheels on all four corners of the trolley. Regarding the dimensioning and
determination of the necessary number of load-bearing wheels, it must be kept in mind
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that not all of the wheels remain in steady contact with the rail during changes of direction,
resulting in changing load distributions.

3.4. System Control

An EMS with complex layouts, bidirectional operation, and high transport flexibility
requires intelligent control approaches, such as those found in AGVs. A distinction must
be made between centralized and decentralized order allocation. In a centralized system,
a computing unit is in charge of distributing orders and managing traffic, whereas in
a decentralized system the trolleys communicate among themselves. For the PEMS, a
decentralized approach is suggested in order to maintain easy scalability of the fleet size by
decreasing setup effort, minimizing central periphery, and facilitating real-time adaptation
to local conditions. Other aspects, such as navigation, localization, and positioning can
also be adopted from AGVs; for example, this includes navigation with the aid of a laser
scanner for environment mapping as well as for monitoring routes to avoid collisions.

3.5. Energy Supply

To make the rail system as maintenance-free and low-installation as possible, there are
no centrally powered active conductor rails. Instead, battery operation is opted for. This
reduces the probability of system downtime, as no layout-wide power supply is required.
Mobile energy storage systems in the form of electrochemical or electrical energy storage
systems are suitable with the provision of compact and rechargeable energy sources. This
type of energy supply is widely used in AGVs as well [24]. For the recharging process,
both contact-based and inductive charging stations are viable [16]. Similar to autonomous
mobile robots, energy storage systems for battery-powered monorail systems require high
energy densities to guarantee high vehicle availability. According to [25], lithium-ion or
lead–acid batteries are suitable for this purpose.

3.6. Direct Comparison of the PEMS and Traditional EMS

To summarize the presented concept, Table 4 highlights the five most important
aspects addressed above. Both the PEMS and traditional EMS are compared regarding
these aspects.

Table 4. Qualitative comparison between traditional monorail systems and the PEMS concept.

Aspect Traditional Monorail System PEMS Concept

Track construction Often custom-designed track elements that
require welding for installation

Standardized track elements with screw connections
simplifies installation

Turnout elements Actuators and sensors within the turnout
elements require regular maintenance

Passive turnout elements require no additional
maintenance effort

Layout flexibility Weld-construction makes layout changes
more difficult

Faster layout adaptations through weld-free
installation and standardized track elements

System control Unidirectional movement with waiting times
for turnout limits throughput

No switching times and bidirectional movement allow
for optimized routing and reduced waiting times

Energy supply Often contact-based continuous electric power
supply requires layout-wide infrastructure

Battery operation only requires charging stations and
reduces system downtime probability

4. Results and Discussion

A prototype (cf. Figure 7) was set up at the Institute for Material Handling and Logis-
tics at the Karlsruhe Institute of Technology in order to validate the basic functionality of
the concept. The prototype consists of a suspended track construction with a single turnout
element and a test trolley. For the rail construction, 5 mm thick steel was chosen, as it is
a suitable material in terms of its load-bearing and machinability properties. The exact
dimensions of the test track construction can be found in Figure A1. Industrial aluminum
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profiles with external dimensions of 40 mm × 40 mm were used for the framework. Stan-
dardized industrial aluminum profiles provide easy screw mounting and are scalable in
terms of their load-bearing capacity. The design of the test track is shown in Figure 6.

The test trolley (cf. Figure 8) was built with Lego® Technic and consists of two motors
for bidirectional movement and two further motors that act as the actuators for the support
wheels for turnout functionality. For the experimental setup, a color sensor was used to
detect the end of each of the lanes (cf. Positions (A), (B), and (C) in Figure 9). The motors and
the color sensor were controlled using a Lego® Technic EV3 and powered by the integrated
battery. The state machine used to control the trolley and carry out the experiments was
programmed in Python.

Figure 7. Prototype used to validate the functionality of the overall PEMS concept.

Figure 8. Battery-powered test trolley with eight load-bearing wheels and two support wheels for
turnout functionality on the bottom.

A test cycle was defined to validate the functionality. Starting at position (A), a forward
movement to (B) was carried out, followed by a reverse movement back to (A). A branching
movement to (C) was then carried out, then the trolley was again reversed back to (A). This
test cycle was repeated a total of 500 times at a maximum speed of 0.6 m/s.
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A B

C

Figure 9. Schematic representation of the experimental track setup.

Observations during testing showed that a directional groove is not necessary when
driving straight forward. It was also observed that the prototype trolley did not require a
second track support wheel underneath the trolley to enable stable bidirectional movement.
As shown in Figure A1, the directional groove begins 300 mm after the start of the rail
element. The turnout begins at a total of 650 mm from the start of the track. This means that
the turnout support wheel must be activated within the available distance of d = 350 mm.
With a trolley speed of v = 0.6 m/s, a maximum system response time of t = 583 ms is
required, which increases proportionally if the directional groove is shortened or the vehicle
speed is increased according to t = d/v. With this system response time requirement,
no faults or issues were detected in any of the 500 test runs. The tests demonstrated
the bidirectionality of the PEMS concept trolley. Furthermore, the passive branching
functionality was successfully validated. The Video S1 available in the Supplementary
Material shows this functionality.

As already described in Section 3.3, the directional rocker can assume three different
states (left, right, neutral). The finding that no additional guide groove is required in
the track to maintain straight forward movement allows the rocker to be used to switch
between a left and a right guide groove, which enables three-way turnout functionality.
A schematic representation of a three-way turnout element with two directional guide
grooves is shown in Table 3.

5. Conclusions

This paper presents an innovative concept for a periphery-free electrified monorail
system. Based on traditional electrified monorail technology, where trolleys move along a
track system mounted on the ceiling, the need for active peripherals within the track layout
is eliminated. This is achieved through simple, passive branching elements, which require
no additional sensors, actuators, or control technologies. Additionally, the traditional
continuous energy transmission is replaced by battery operation, removing the need for
a layout-wide energy supply system. The peripheral-free electrified monorail system
aims to reduce installation and maintenance efforts compared to traditional systems while
maximizing flexibility in layout generation.

The PEMS concept addresses the challenges of limited floor space and the need
for flexibility in intralogistics. The use of standardized track elements ensures shorter
manufacturing times and facilitates transport on standard Euro-pallets. The key aspect in
regard to reducing installation effort is the use of assembly methods that do not require
welding. Simplifying the installation and maintenance processes allows for a fast and
cost-effective setup and flexible layout adaptations. The inherent flexibility of the PEMS
concept facilitates further applications, such as use as a moving pick-by-light system or as
a lifting assistance system.

The concept was validated through real-world experiments on a prototype. The
validation determined the basic functionality of the concept and revealed the potential for
the realization of a three-way branch element. Moving forward, several aspects require
further investigation and exploration. These include validating the functionality of the
three-way branch and further specifying the modular design of the system through a
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larger test setup. In addition, the applicability of the VDA5050 communication standard
for automated guided vehicles could be investigated to facilitate the integration of PEMS
vehicles into a holistic control system for mobile transport units.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/inventions9030052/s1, Video S1: Video showing the proto-
type of the PEMS concept in operation.
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Figure A1. Technical drawing of the test track, dimensions in mm.
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