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Abstract. Accurate simulation of bridge and gantry
cranes is essential to predict a crane system’s material
flow performance. This paper presents an overview of
crane system design methods, evaluates the state of the
art of crane modelling in material flow simulation soft-
ware, and introduces CraneFlow, an open-source Python
framework specifically tailored for simulating material
flows in bridge and gantry crane systems. We identify lim-
itations in the modelling of jerk-limited motion, motion
sequences, and multi-crane interactions in current sim-
ulation software. CraneFlow addresses these shortcom-
ings while retaining computational efficiency. Through a
case study of an automated coil storage yard, we demon-
strate that increased motion modelling detail can signifi-
cantly alter throughput estimates.

Introduction

Bridge and gantry cranes perform essential transport
tasks within various production and logistics systems,
especially in steel production, rail and sea terminals,
and warehousing [1, 2]. When integrated into contin-
uous production processes, these cranes typically oper-
ate at high utilisation rates, making the correct design
of these process cranes essential for uninterrupted op-
erations. To design such cranes, one has to determine
the specifications of the crane, such as its maximum
speed or the load-handling equipment used, as well as
the number of cranes needed to achieve the desired sys-
tem performance. The crane system’s performance is

further influenced by its behaviour, such as the motion
sequences of the cranes or their control logic, as well as
by the production or logistics systems the crane acts in.
While extensive sets of standards exist for the techni-
cal design of a crane based on given specifications, the
determination of the crane specifications themselves is
often based on experience, empirical values, or a static
analysis of the expected activities of the crane system.
These methods can lead to suboptimal designs, partic-
ularly in more complex operation environments. Such
environments can be modelled using material flow sim-
ulation, leading to more robust design decisions. How-
ever, existing material flow simulation software often
treats cranes as one means of transport among many,
modelling a crane’s motion and behaviour in a simpli-
fied manner and thereby limiting the model accuracy.
To address this issue, this paper

* provides an overview of the state of the art in crane
system design, including static methods and dy-
namic simulation approaches,

* systematically evaluates the crane modelling capa-
bilities of major material flow simulation software,

* introduces CraneFlow, an open-source framework
that enables detailed modelling of bridge and
gantry cranes with jerk-limited motion sequences,

* demonstrates how increased motion modelling de-
tail impacts simulation results and system design
decisions in a case study.

The paper is organised as follows. Section 1
examines motion sequences and cycle times in crane
systems, while Section 2 briefly introduces the state
of the art in crane system design, presenting both
static and dynamic approaches. Section 3 evaluates the
crane modelling capabilities of existing material flow
simulation software.
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Section 4 presents CraneFlow, our open-source
framework for detailed crane simulation. Section 5
demonstrates the practical application of CraneFlow
and its implications in a case study on an automated
coil storage yard. Section 6 provides a conclusion.

1 Motion Sequences in Crane
Systems

Bridge and gantry cranes form a three-axis motion sys-
tem in which movements along the axes are generated
by independent drives. A bridge (or gantry) movement
occurs along the x-axis, the trolley movement takes
place along the y-axis, and the hoist handles movement
along the z-axis (Figure 1). The cycle times of a crane
therefore depend on the performance of these drives,
which is expressed in their limits on speed, accelera-
tion, deceleration, and jerk. The maximum values of
these parameters apply individually to each drive. Mo-
tion along each axis can be modelled in various levels of
detail, ranging from simple constant velocity assump-
tions to comprehensive models that include constant ac-
celeration and even more detailed modelling with jerk
limits, resulting in dynamic acceleration values. Jerk
(the rate of change of acceleration) is particularly im-
portant for realistic modelling of heavy cranes, as they
require smooth motion to reduce mechanical stress on
the crane structure. Additional crane movements may
include the opening and closing of the load-handling
attachment and, in some crane designs, rotation of the
trolley. The cycle times of a crane depend not only on
individual axis movements but also on the superimpo-
sition of these movements. For safety reasons, some
cranes only begin movements along the x- and y-axes
once the hoist has been fully raised, leading to sequen-
tial motion. Others allow complete or partial superim-
position of movements, enabling parallel operation of
all drives and thus shorter cycle times. These motion
sequences can significantly alter crane performance and
should therefore be accurately represented in simulation
models. For multi-crane systems, additional complex-
ity arises from the interaction between cranes sharing
the same rails and working areas. Collision avoidance
strategies and scheduling algorithms can create waiting
times that significantly increase transport cycle times,
so a crane simulation model needs to incorporate these
as well.
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2 Design of Crane Systems

The goal of crane system design is to describe a crane
system that fulfils its transport tasks while adhering to
specified key performance indicators. Target values
may include, for example, the maximum waiting time
for transport goods, crane utilisation rates, or through-
put capacity. The resulting specifications of the crane
system should include the number of cranes as well as
the performance parameters of the cranes with their in-
dividual drives and load-handling systems.

2.1 Static Design According to VDI 3573

VDI standard 3573 presents a static method for de-
signing crane systems [3], calculating the throughput
of a crane system based on the duration of one work-
ing cycle. The working cycle is determined based on
the travel distance, the maximum values for speed, ac-
celeration, and deceleration of the crane, as well as
the durations of additional activities such as load pick-
up/set-down, (fine) positioning, and load weight detec-
tion. To determine the travel distance or cycle time
of a representative crane trip, VDI 3573 refers to VDI
4446, which provides three different methods for this
purpose [4]. The first method is applicable when the
cranes’ transports have fixed start and destination posi-
tions. The second method defines the cycle time cal-
culation for completely filling and emptying a storage
area. The third calculation method addresses work-
ing cycles for storage areas with stochastically chang-
ing fill levels. Here, stochastic inbound and outbound
movements are taken into account, which continuously
change the contents of the storage area. For the cycle
time calculation, two representative points in the stor-
age area for inbound and outbound movements are de-
fined such that the average cycle time between these
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Figure 1: Motion axes of a bridge crane.
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points corresponds to the mean cycle time of all stor-
age locations. The average system throughput is cal-
culated using the cycle time and the available operat-
ing time. While static design methods use detailed cy-
cle time calculations for the representative transports,
they have inherent limitations. They cannot account
for external dynamic influences such as stochastic vari-
ations in request patterns or the impact of failure sce-
narios. Furthermore, static methods assume determin-
istic cycle times, whereas real-world operations can ex-
hibit significant variability due to factors such as load-
dependent performance, operator behaviour, and envi-
ronmental conditions. Static crane system design also
fails when dealing with cranes operating in a shared
workspace.

2.2 Dynamic Design Using Simulation

Dynamic design methods come into play when static
design methods are not sufficient to describe a crane
system [5, p. 5]. Dynamic design takes (stochastic) op-
erational conditions into account, such as arrival times,
service times, and failure rates. Material flow simula-
tion is used to model crane systems in those conditions.
It provides a model of dynamic processes in order to
gain insights that are transferable to reality through sim-
ulation experiments [6]. These experiments can be eval-
uated within a simulation study and allow the observa-
tion of a wide range of key metrics, such as waiting
times of transport orders or the utilisation of individual
crane drives. Simulation models in material flow sim-
ulation software can often be visualised, which is used
for validation as well as presentation purposes [6].

3 Crane Systems in Material
Flow Simulation

Material flow simulation models are widely used to
model production and logistics systems. Core elements
are material handling systems and loads, as well as
process resources and buffers. The system behaviour
emerges from the interaction of various elements within
the simulated environment. In material flow simulation
software, crane systems typically appear as part of a
material handling system library. However, the imple-
mentation details vary between different software. To
the best of our knowledge, a systematic survey on crane
systems in material flow simulation software has not
been published yet. While simulation software evalu-
ation and selection methodologies exist [7, 8, 9], these

studies focus on general features of the simulation en-
vironment rather than the modelling of specific mate-
rial handling equipment. Studies using simulation of
crane systems can be found in the field of crane schedul-
ing [10], but none offer a comparison of crane mod-
elling in different simulation environments. We there-
fore fill this research gap by evaluating how crane sys-
tems and their movements are modelled in current sim-
ulation software. First, we use the work of Dias et al.
[11], Lang et al. [12], and Swain [13] to identify widely
used material flow simulation software. Then, we as-
sess whether any given simulation software offers sup-
port for crane systems based on manuals and marketing
material. Last, we evaluate the level of detail in which
each software models crane systems by using the soft-
ware and analysing its documentation.

The evaluation results are presented in Table 1. We
list the axes in which the maximum speed (v, ), maxi-
mum acceleration and deceleration (a4, and a,,;,), and
maximum jerk (jqy) are supported. We distinguish be-
tween the movements of the bridge, trolley, and hoist
(x-, y-, and z-axis), and further between lifting and low-
ering (z1/z)). If these parameters can be adjusted at
runtime, we indicate this using prime notation (x’). We
denote motion concurrency options with dashes repre-
senting a complete stop of all crane drives: for example,
Z-xy-z means that to move a load, a crane first moves
the hoist, then moves along the x and y axes simulta-
neously before moving the hoist again. Some simula-
tion environments allow a selection of predefined mo-
tion sequences, while others allow freely defined se-
quences. For multi-crane systems, we assess whether
the collision avoidance logic can be changed (collision
= custom), is fixed (collision = fixed), or is not provided
in the software (collision = none). Similarly, crane
scheduling can be fixed (scheduling = fixed), customis-
able (scheduling = custom), or not supplied (scheduling
= none).

While all tools simulate bridge and trolley move-
ments with constant acceleration, the level of detail in
hoist movement varies. AutoMod and ProModel lack
z-axis modelling completely, while AnyLogic models
hoist motion with constant velocity. Plant Simula-
tion accounts for acceleration and deceleration along
the z-axis, and both Simio and FlexSim further re-
fine this by differentiating between lifting and lower-
ing. However, none of the commercial simulation en-
vironments include support for jerk limitations on any
axis. Only AnyLogic, Plant Simulation, AutoMod and
Visual Components support runtime adjustment of mo-
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Vmax Qmax Amin Jmax Motion Concurrency | Collision | Scheduling

AnyLogic 8.9.3 x.y’.z2 xy’ Xy’ - Z-X-y-Z, 2-XYy-Z, ZXyZ custom custom
FlexSim 25.0.2 X,y,z1,z) x,y,z1,z) X,y,z1,z) - configurable custom custom
Plant Simulation 2404 x.y’.z x\y’.z x.y.z2 - Z-XYy-Z none custom
ProModel 10.11.187 X,y X,y X,y - Xy fixed custom
Simio 15.240 x.y,z1,z) x,y,zT,z) X.y,zT,z) - Z-Xy-Z fixed fixed

AutoMod 14.0.1 Xy’ xy’ Xy’ - Xy none custom
Enterprise Dynamics 10.6.1 X,Y,Z X,Y,Z X,Y,Z - configurable fixed custom
Visual Components 4.10 x.y’.z2 x.y’.z = —max - configurable none custom
CraneFlow 1.1 Xy’ z1,z)’ xLy'.z1.z)’ xy’,z1’,z)’ x.y’.z configurable custom custom

Table 1: Level of detail in crane system modelling across material flow simulation software.

tion parameters. Regarding concurrent axis movement,
two groups become apparent: AnyLogic and FlexSim
allow for different concurrency patterns, with FlexSim
even enabling trajectory-based hook movement. The
others allow for a single type of motion sequence with
concurrent bridge and trolley movement. All software
solutions support multiple cranes on shared rails, but
AutoMod and Simio require collision avoidance logic
to be provided by the modeller. Of the others with this
logic built-in, only FlexSim and AnyLogic allow for its
customisation.

4 An Open-Source Material Flow
Simulation Framework for
Crane Systems

Our evaluation shows a limited level of modelling de-
tail of crane systems in existing material flow simu-
lation environments. The absence of jerk-limited mo-
tion modelling and restricted customisation options is
particularly notable. The closed-source nature of com-
mercially available simulation software further limits
changes to the inner workings of the included crane
models, reducing the ability to accurately model real-
world crane systems. To address this issue, we de-
veloped CraneFlow, an open-source framework provid-
ing fully customisable crane behaviour. CraneFlow
is a specialised material flow simulation environment
for bridge and gantry cranes, which accounts for jerk-
limited, seven-phase motion on all motion axes. We
built CraneFlow on the following principles:

* Detailed motion modelling: Support for jerk-
limited trajectory planning and multi-crane sys-
tems.

* Configurability: Extensive options for customis-
ing a crane system’s behaviour.

T s [

* Performance: Fast computation times for exten-
sive simulation experiments.

* Open source: Fully open-source Python imple-
mentation enabling individual adaptations and ex-
tensions.

CraneFlow leverages established open-source
frameworks by integrating salabim’s discrete-event
simulation environment [14] with ruckig for time-
optimal trajectory planning [15], enabling detailed
motion modelling with independent velocity, accelera-
tion, deceleration, and jerk constraints for each motion
axis. Collision and deadlock avoidance mechanisms
for multi-crane systems, developed in our previous
work [16], are also integrated. When executed without
animation, the framework offers short computation
times and is therefore suitable for comprehensive
simulation studies, machine learning applications, and
real-time environments.

4.1 Modules and Features

CraneFlow is structured as a modular framework con-
sisting of several components that work together to
model the crane and its operations. In addition, Crane-
Flow provides basic implementations of material han-
dling equipment to model the loads coming into and
leaving the crane system. The main modules used to
simulate a crane system are the following:

Block Module: The Block module represents an
area serviced by cranes. This module manages the spa-
tial organisation of stored loads and the management of
crane orders. We use the well-established naming con-
vention of bay, row, and tier, with the bays denoting
the storage slots along the main movement axis of the
crane, the row the positions along the trolley’s move-
ment, and the tiers indicating the vertical stacking levels
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[17]. With the tiers being a direct result of the height of
the stored items themselves, a block can be defined by
bays, rows, and the spacing between them (Figure 2).
Defining additional pick-up and delivery points outside
the grid of bays and rows is possible.

bay_spacing
<> 2
‘c
- 2
1 ¢”|
rows
g
O pudt
/—
crane o 1 2 3
bays

from craneflow import Block

block = Block(n_bays=4,
n_rows=3,
bay_spacing=6.5,
row_spacing=2.3)

Figure 2: Defining a Block.

Crane Module: The Crane module is the central
component of the framework. It models the crane
behaviour and implements motion modelling of the
bridge (or gantry), the trolley, and the hoist of the crane,
supporting independent configuration o f movement
parameters for each axis. The parameters defining
the individual drives’ movement are the limits for
velocity (v_max, in m/s), acceleration (acc, in m/s2),
deceleration (dec, in m/sz), and jerk, the rate of change
of acceleration (jerk, in m/s®). The hoist is specified by
the same parameters, but these can be set independently
for each direction of travel (v_max_up, v_max_down,
...). We can also add waiting times to load or unload
the crane (t_connect, t_disconnect), representing the
time required for load pick-up/set-down and related
operations. It further provides customisable order se-
lection rules for crane scheduling, manages movement
concurrency, and implements collision detection and
deadlock avoidance for multi-crane systems. This level
of detail enables accurate representation of different
crane types and sizes. The superimposition of move-
ments in the motion sequence can be freely defined,
allowing a partial superimposition to also be modelled.
This makes it possible, for example, to implement the
start of crane travel upon reaching a safety clearance.
A simple example crane can be created as follows:

from craneflow import Gantry, Trolley,
Hoist, Crane
crane = Crane (block=block,
gantry=Gantry (v_max=6.5),
trolley=Trolley (v_max=2.3),
hoist=Hoist (v_max_up=1,
v_max_down=2,
travel_height=6,
t_connect=1,
t_disconnect=1),
movement_concurrency='z-xy-z’,

parking_pos=(0, 0))

Load Module: The Load module represents the
loads moving through the simulation model. At a min-
imum, the dimensions of the load need to be defined.
A weight can also be added, which can in turn be used
to alter crane performance. A load’s height defines how
far the hoist needs to be lowered to get the load or to
place another load on top of it. To move a load, an Or-
der is created, which specifies the desired destination
of the load:

from craneflow import Load, Order

load = Load(length=6, width=2, height=2)
block.add_load(load, stack=(1l, 0))
block.add_order (Order (load, to_stack=(3, 2)))

CraneSimulation Module: The CraneSimulation
module provides the overarching simulation environ-
ment, offering runtime and visualisation control. The
simulation model can be run with 2D, 3D, or without
visualisation. The visualisation enables visual verifi-
cation that the crane model behaves as expected, sup-
ports communication of simulation results to stakehold-
ers and facilitates the development of the simulation
model. A simple simulation model made of the exam-
ple code snippets produces the visualisation shown in
Figure 3 using the following code:

from craneflow import CraneSimulation
cs = CraneSimulation (
components=[block, crane])

cs.run (animate=True)

4.2 Validation

Given that FlexSim provides the highest level of detail
of crane movements among existing tools out-of-the-
box, we use it to validate our implementation. To
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Figure 3: visualisation of the example crane.

achieve this, we model a crane with the same spec-
ifications i n b oth C raneFlow and F lexSim. Working
through a given list of jobs, both models show the
same behaviour and take the same amount of time to
process the tasks. The correct consideration of jerk
constraints in the CraneFlow model cannot be validated
against FlexSim, as jerk constraints are not available in
that software. However, CraneFlow shows consistent
results when adding jerk limitations to the model, with
motion profiles showing the characteristic seven-phase
motion patterns expected from jerk-limited trajectory
planning.

5 Case Study

We applied our framework in a case study based on a
real-world use case to demonstrate the practical appli-
cation of CraneFlow and to assess the implications of
detailed crane motion modelling. The case study cov-
ers the design of an automated coil storage yard of a
steel mill. CraneFlow was used to simulate the crane
system to determine the throughput gains of a second
bridge crane.

5.1 System Description

The coil yard has a capacity of 880 coils in an area ap-
proximately 30 m long and 12 m wide. The incoming
coils from the rolling mill are fed to the yard through
a conveyor. The coils differ in type and are stored ac-
cording to a storage plan. Production runs in a three-
shift system (24 h/day) with constant output. The out-
going coils are retrieved by trucks, with the coil yard
serving as a buffer between the two. The trucks arrive
between 6 am and 4 pm and order a type and number

T 0 [

of coils according to a given probability distribution.
The crane system retrieves the coils from the conveyor,
stores them in the yard, and transfers them onto the
trucks (Figure 4). The total length of the work area of
the crane system from the conveyor to the truck parking
spots is approximately 40 m.

©

e =1
conveyor © L % 5 I?]
(incoming) | tricks

crane (outgoing)

Figure 4: Schematic of the coil yard layout.

To measure the maximum throughput of the system
in different configurations, we adapted the production
input and retrieval processes: for each coil taken off the
conveyor by the crane, another one is loaded onto the
conveyor. On the retrieval side, a new truck arrives as
soon as one leaves. For this experiment, we simplified
the scenario further by modelling only one type of coil,
and choosing the storage position of the incoming coils
as well as the outgoing coils randomly.

5.2 Experimental Design

We tested four configurations, differing in the move-
ment constraints of the crane(s):

1. A single crane with velocity, acceleration, and de-
celeration limits (without jerk limits),

2. A single crane with the same constraints as 1, ex-
tended to include jerk limits,

3. Twin cranes with both cranes modelled as in 1,

4. Twin cranes with both cranes modelled as in 2.

The individual crane parameters for each configura-
tion are shown in Table 2.

Axis Vmax[M/8] | Amax, amin[M/s2] | jmax[m/s%]
Bridge 0.75 0.375 0.05
Trolley 0.42 0.21 0.1
Hoist (Up) 0.125 0.0625 0.3
Hoist (Down) 0.15 0.07 0.3

Table 2: Movement constraints of the crane drives.
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To evaluate the performance of the different config-
urations, we ran 100 simulation runs for each configura-
tion with a simulation period of one day. We recorded
the number of coils leaving the yard as a measure of
system throughput and measured simulation speed to
assess computational efficiency. A visualisation of the
simulation model is shown in Figure 5.

Figure 5: visualisation of the coil storage facility with two
bridge cranes.

5.3 Results

When comparing configurations with and without jerk
limits (Table 3), we see a mean throughput decrease
from 244 to 229.8 coils for the single crane system
(—5.8 %), while the throughput of the twin crane sys-
tem decreases from 468.5 to 437.8 coils on average
when introducing jerk limits (—6.6 %). This is a sig-
nificant change that would affect system design deci-
sions. Adding a second crane increases throughput by
approximately 92.0 % in the without-jerk configuration
and 90.5 % in the with-jerk configuration. This demon-
strates the potential of multi-crane systems to increase
system throughput, but also shows the limited marginal
utility of an additional crane. Regarding computational
efficiency, CraneFlow achieves a simulation speed of
over 100,000 x relative to real time for the twin crane
system, enabling the simulation of one day in roughly
one second. The simulation speed for the single crane
system was over 170,000x. Using detailed motion
modelling with jerk limits did not result in a significant
computation time penalty. The results were achieved
on a consumer notebook with a CPU clock speed of 4.4
GHz.

The case study demonstrates that the choice of mo-
tion modelling detail has a significant impact on simu-
lation outcomes. If a system designer were to base de-
sign decisions on a simulation without jerk limits in this

Configuration Coils Out Simulation Speed
mean | SD mean SD
1. Single without jerk | 244.0 | 1.1 | 177,870x | 1,766x
2. Single with jerk 229.8 | 1.0 | 176,706x | 1,911x
3. Twin without jerk 468.5 | 3.4 | 105257x | 1,170x
4. Twin with jerk 437.8 | 3.1 | 104,198x | 1,594x

Table 3: Number of outgoing coils and simulation speed for
different crane system configurations (SD = standard
deviation).

use case, they might overestimate the throughput capac-
ity of the intended crane system, potentially leading to
undersized systems that cannot meet actual operational
requirements.

6 Conclusion

Material flow simulation is an important tool for the
design and evaluation of bridge and gantry crane sys-
tems, supporting their reliable and economic opera-
tion. However, as shown in this paper, standard ma-
terial flow simulation software provides limited support
for detailed crane motion modelling. While most tools
support velocity, acceleration, and deceleration for the
bridge and trolley axes, the hoist is often modelled in
a simplified way. None support jerk-limited motion on
any axis, and customisation options for motion concur-
rency are restricted. The closed-source nature of com-
mercial simulation software further limits the ability to
accurately model crane systems. CraneFlow addresses
these limitations of current simulation software by in-
cluding detailed motion modelling in a discrete-event
material flow simulation environment. CraneFlow is a
fully open-source Python framework, giving full access
to the crane model’s internal logic and thus allowing for
a closer alignment of crane models with their real-world
counterparts. The case study of an automated coil stor-
age yard demonstrates that increased motion modelling
detail can significantly alter simulation outcomes, with
throughput estimates decreasing by up to 10.1 % when
jerk limits are accounted for. This highlights the impor-
tance of using accurate motion models when designing
heavy crane systems with significant jerk restrictions:
if design decisions were based on a simplified crane
model, one would risk either oversizing systems and in-
creasing capital costs, or undersizing them and facing
performance issues in operation.
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Data Availability

CraneFlow is publicly available at https://tlsc
m.mw.tu-dresden.de/scm/repo/git/Cra
neFlow/.

Publication Remark

This contribution is the revised version of the con-
ference version for ASIM SPL 2025 - 21. ASIM-
Fachtagung Simulation in Produktion und Logistik -
Dresden 2025, published in Simulation in Produktion
und Logistik 2025, ASIM-Mitteilung Nr. 194, ISBN
978-3-86780-806-4, e-ISBN 978-3-86780-809-5, Vol-
ume DOI 10.25368/2025.233, Article DOI
10.25368/2025.272
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