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Abstract

This paper presents a concept for integrating geometric
tolerance analysis into system simulations using Func-
tional Mock-up Units (FMUs). While various methods
and tools for tolerance analysis exist in the mechanical
domain, there is currently no standardized or widely es-
tablished approach for their integration into multi-domain
system simulation. This work proposes a structured
FMU interface based on the Functional Mock-up Interface
(FMI) standard, enabling a modular and reusable repre-
sentation of tolerance behaviour. The concept is demon-
strated in a case study, in which an FMU for static toler-
ance calculation was implemented and successfully veri-
fied against a commercial analysis tool. Furthermore, the
use of the FMU with FMUGym illustrates the potential of
the FMI ecosystem to flexibly combine tolerance models
with other simulation environments and analysis methods.
The results demonstrate that FMUs can provide a suitable
and tool-independent interface for integrating geometrical
tolerance effects into system-level simulations and model-
based engineering processes.

Keywords: geometric tolerances, ISO GPS, tolerance
analysis, MBSE, system simulation, Functional Mock-up
Interface

1 Introduction

Geometrical tolerances of mechanical parts, in particu-
lar shape and position tolerances, play a central role in
the precise definition of technical systems. They are de-
fined by the geometric product specifications (GPS). Al-
though there are already numerous simulation approaches
for these tolerances in the mechanical domain, there is
a lack of standardised approaches for integrating them
into multi-domain simulations which are used for Model
Based System Engineering (MBSE). The aim of this
work is therefore to investigate a possible solution to en-
able the integration of geometrical tolerances for such
simulations and to evaluate Functional Mock-up Units
(FMU) (Blochwitz et al. 2011) as a possible interface.
FMUs could serve as the connection between commer-
cial Computer-Aided Tolerance (CAT) management pro-
grams or other analysis models and the system simulation,

Model of a real
Component with
Tolerances

Components Compliant
to ISO-GPS

Simulation

Figure 1. Our concept for the integration of geometric toler-
ance simulations into the product development process with sys-
tem simulation via FMUs, influenced by ISO-GPS (red) and the
modelling method used (blue).

as shown conceptually in Figure 1.

Several challenges show the necessity of such an ap-
proach. Firstly, CAT with commercial tools is often re-
garded as a black box by the user, as the underlying meth-
ods are not accessible in detail (Kosec, Skec, and Miler
2020). This makes it difficult to adapt the models to new
applications under changed boundary conditions. In ad-
dition, there is still no standardised methodology for set-
ting up mechanical tolerance simulations, which impairs
the comparability and reproducibility of results (Morse et
al. 2018). The usability of existing scientific solutions
also poses a problem, as many approaches are either too
complex, not accurate enough for certain problems or not
sufficiently user-friendly (Walter et al. 2021). There are
also approaches from the field of MBSE to solve geomet-
ric problems using library elements (Moers et al. 2025).
However, these are much less flexible and less precise than
tolerance simulations that are specifically tailored to the
problem of mechanical part geometry.

Precise tolerance simulation requires expert knowledge
and a deep understanding of the respective domain (Ram-
nath et al. 2018). Modularisation of the modelling task
therefore appears to be a promising approach to reduce
complexity and facilitate access for users.

This work focuses on the simulation of rigid mechan-
ical assemblies, with the aim of enabling static tolerance
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analysis in the context of system simulation - similar to
existing commercial tools such as CETOL, MECAmaster,
or 3DCS. While dynamic and transient simulations of tol-
erances have been addressed in initial research (Husch and
Walter 2024), this paper deliberately focuses on static sce-
narios as a first step. Future extensions could build on
these results to support more complex, dynamic applica-
tions.
The main contributions of this paper are:

* An analysis of the state of the art in tolerance simu-
lation methods, with a focus on their interfaces and
applicability within system simulation.

¢ The introduction of a new FMU-based concept for
transferring specialised tolerance analysis methods
to system-level simulations, demonstrated through a
case study.

* The demonstration of additional use cases for FMUs
within the FMI ecosystem, illustrated by performing
a Monte Carlo simulation using the FMUGym tool-
box.

2 Related Work and Methods

In order to effectively implement a mechanical tolerance
model, it is essential to first consider both the standards
and regulations that define geometric specifications, as
well as the scientific methods used to simulate and anal-
yse them. The relevant aspects of FMUs in relation to this
application are important as well and thus, are also sum-
marized below.

2.1

Mechanical tolerance simulation in this paper’s context
specifically refers to the simulation of geometric devia-
tions in components arising from their dimensions (size),
shape (form), orientation, position (location), profile, and
run-out in relation to one another. The underlying stan-
dard is the ISO-GPS system (ISO International Organiza-
tion for Standardization 2011). The unique aspect here
is that these tolerances go beyond pure scalar dimensions
and therefore require special calculation methods for link-
ing several tolerances.

Before the established analysis models are presented,
two terms that are equally relevant for all of the methods
need to be explained:

Mechanical Tolerance Analysis

e Functional Requirement (FR): This is sometimes
also referred to as a functional condition and de-
scribes the geometric entity that is relevant for the
correct function of the assembly in the technical
application and has to stay inside of certain lim-
its. Depending on the calculation method used,
this describes either a scalar (a distance) or the
three-dimensional boundary of a resulting position
in space. Defining this condition is the task of the

user for all available methods. There are approaches
for systematically or even automatically determining
this condition, which can be used when solving spe-
cific tasks (Anselmetti 2006). FRs still have to be
interpreted afterwards. Frequent target variables are,
for example, the clearance of a fit or the misalign-
ment in an assembly. The FR is an edge in the con-
tact graph.

* Contact Graph: Or assembly graph is used to model
the network of mating contacts and constraints be-
tween features in an assembly. This graph defines
the relationships that form the tolerance chains - the
paths through which individual part variations accu-
mulate to affect a functional requirement. In com-
mercial CAT software, the contact graph can be de-
rived from the 3D CAD model, sometimes with the
help of additional user input. For manual analyses
according to the methods presented below, it must be
created by the user, for which systematics are sug-
gested in the literature (Haghighi et al. 2014).

The following paragraphs describe six analysis meth-
ods as well as groupings of tolerance models with their
primary literature sources. There exist various modifi-
cations of most of the methods, for which numerous re-
views (Hallmann, Schleich, and Wartzack 2020; Chen et
al. 2014; Cao, Liu, and Yang 2018; Shah et al. 2007; Shen
et al. 2005) provide a good overview. A summary of the
most relevant aspects can be found in Table 1.

Vector Loop

(Chase et al. 1996)
The Vector Loop method models assemblies as closed
kinematic loops, using vectors to represent nominal di-
mensions and constraints for mating conditions between
parts. Tolerances are represented by small adjustments at
the joints. Nominal dimensions, tolerance values, and as-
sembly constraints are required as inputs. The calculated
result is a point to point distance, which is interpreted
as the FR. The method is able to calculate worst-case
as well as statistical results with consideration of input-
distributions. It can handle serial tolerance chains well
but is not capable to represent complex, parallel tolerance
chains in its basic form due to its limited ability to model
intricate geometric interactions.

Matrix TTRS

(Desrochers and Riviere 1997)
The Matrix TTRS (Technologically and Topologically Re-
lated Surfaces) method uses homogeneous transformation
matrices to model tolerances as small permissible dis-
placements. It requires the nominal geometry, tolerance
zone constraints, and assembly connections. The output
is a range of variation in a critical assembly dimension
based on solving inequality constraints. This represents
the worst case calculation. It can theoretically handle
complex parallel tolerance chains, but solving large con-
straint sets is computationally expensive, making it im-
practical for very detailed assemblies.
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Table 1. Overview of tolerance analysis models with their relevant characteristics.

Method / Model Result Tolerance Representation Comment
and Calculation
Vector Loop distance, point to solution for joint point based method (not well
point conditions, concatenation suited to represent form
of linearized deviations), no parallel chain
transformation matrices calculations
Matrix TTRS distance, point to TTRS with non-linear point based method, statistics only

point

constraint inequalitys

from Monte Carlo

Jacobian Torsor

interval of FRs

multiplication of jacobian

partly represents form tolerances,

position and rotation
(6D)

matrix with SDT (interval
arithemtic)

handles certain parallel chains

boundaries of
tolerance zone in
deviation space (6D)

Deviation-Domain

coordinate transformation
and polytope calculation

good compatibility with ISO-GPS,
complicated implementation

Parametric Variation
& Skin Model Shape

one or multiple
measurements with
statistic distribution

variation of parameters
and 3D-contact solving
with solids or mesh bodies

requires a sophisticated solution to
solve the 3D contact problems

Jacobian Torsor

(Desrochers, Ghie, and Laperrie ‘re 2003)

The Jacobian Torsor method combines Jacobian matrix
transformations with Small Displacement Torsors (SDTs)
to represent tolerances in six degrees of freedom. It re-
quires assembly constraints, SDT representations of toler-
ances, and a functional requirement definition. The output
is the variation range of a key dimension, computed using
interval algebra. It handles complex and to some extent
also parallel tolerance chains, making it usable for larger
assemblies while maintaining computational efficiency.

Deviation Domain Methods

(T-Map (Davidson, Mujezinovic, and Shah 2002) and
Polytope (Homri, Teissandier, and Ballu 2015))

The methods working in the Deviation Domain explicitly
compute the geometric region of variation using opera-
tions on the tolerance space, which represents the possi-
ble translation and rotation of a feature (6D). The required
input includes tolerance zones, assembly constraints, and
mating feature definitions. The output is a geometric vol-
ume of possible variations, enabling worst-case and statis-
tical analysis. It can theoretically handle parallel tolerance
chains but suffers from exponential computational com-
plexity, making it suitable for small critical assemblies
rather than large systems.

Parametric Variation
(Gupta and Turner 1993)
The Parametric Variation method applies Monte Carlo
simulation to a parametric CAD or analytical model, vary-
ing dimensions based on statistical distributions. It re-
quires a parametrised assembly model, tolerance distribu-
tions, and assembly constraints. The output is a proba-
bilistic distribution of functional variation. It can handle

complex and parallel tolerance chains within the limits of
the used geometric contact solver (for parametric CAD)
but may require thousands of runs, making it computa-
tionally expensive.

Skin Model Shape
(Schleich et al. 2016)
The Skin Model Shape method (SMS) simulates tol-
erance effects by generating randomized part surfaces,
assembling them virtually, and measuring the outcome. It
requires a detailed CAD model, tolerance distributions,
and assembly constraints. The output is a statistical distri-
bution of assembly variations, considering realistic form
deviations. It can handle complex and parallel tolerance
chains, but the computational burden is extremely high,
making it impractical for routine design work but useful
for high-precision simulations. It can be considered a
further development of the parametric variation approach.

All analysis methods have in common that they take in-
formation from both the nominal geometry (3D model)
and the defined tolerances as input - including posi-
tions, interactions according to the contact graph, toler-
ance types and tolerance zone widths. The output is an FR
in one or more dimensions, either as a scalar value or as a
value range.

22 FMU

An FMU is a self-contained executable file that facilitates
integration and simulation within various development en-
vironments that adhere to the FMI standard (Blochwitz
et al. 2011), such as Modelica based tools or MATLAB
Simulink. The idea behind the FMI standard is to enable
comprehensive digital modelling of complex systems. If
a real-world product consists of multiple interacting com-
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ponents, each governed by intricate physical laws and as-
sociated control systems - including electronic, hydraulic,
and software-based controls - then it should likewise be
possible to digitally assemble a virtual counterpart from
individual models representing these subsystems. Each
FMU is packaged as a zip archive comprising an XML
file with static meta-information, and a C library used for
evaluating model equations and their derivatives. This
library can be provided in source form or as a dynami-
cally linked compiled library (DLL), and is suitable either
for static or dynamic linking. FMI defines two primary
forms of interconnection: model exchange, in which in-
teractions occur at the level of a differential-algebraic sys-
tem of equations (DAE), and co-simulation, which han-
dles discrete input-output interactions at specific commu-
nication time points. The FMI standard 3.0 further in-
troduces the scheduled execution format supporting con-
current computation of model partitions on a single com-
putational resource (e.g. specific CPU-core). Although
primarily designed for transient simulation scenarios, the
FMI standard has been applied in previous research to
perform steady-state (design-oriented) simulations, typi-
cally involving static single-step computations (Gohl et
al. 2024). Similar to our intended use-case, FMUs have
also been used as transfer interfaces for three dimensional
FEM models (Godecke et al. 2012).

While the FMI standard and FMUs are well suited for
modular modelling and simulation, integrating uncertainty
handling and automation features remains an active area
of development. The Modelica Credibility Library (Otter
et al. 2022), for instance, offers structured mechanisms to
represent uncertainty directly within Modelica models and
supports traceability, credibility assessment, and transpar-
ent documentation of assumptions. However, it has not yet
been used in our concept for two main reasons: first, the li-
brary lacks interfaces for automated simulation workflows
or integration with Python-based environments; second,
the current data is derived solely from predefined GPS, so
detailed traceability is not yet a priority. Recent contri-
butions such as FMUGym (Wrede et al. 2024) have ex-
tended FMI applicability to machine learning scenarios.
FMUGym is a Python-based interface that supports rein-
forcement learning-based control of FMUs and accommo-
dates model uncertainty. It handles co-simulation FMUs
compatible with FMI 1.0, 2.0, and 3.0, linking simulation
environments with reinforcement learning libraries. In a
simplified manner, FMUGym also allows a standardized
evaluation of simulation model outputs under specified
input distributions and varying system parameters. This
makes it suitable for analysing the tolerances of technical
systems.

3 Proposed Concept for Geometric
Tolerance FMUs

This chapter presents how FMUs can be set up for the sim-
ulation of geometric tolerances of mechanical components

<«—» distance

@ 01 (A @ 6D-Ozrone

Ttol,m

Figure 2. FMU Concept: Tolerance zone size T;, from ISO
feature control frame as input and Functional Requirement FR as
output depending on the method used for tolerance calculation.

and which interfaces they provide. The actual computa-
tion of the tolerance values is not subject of this paper, as
this depends heavily on the selected method and the con-
sidered application - a brief explanation and assessment of
the suitability of various methods can be found in subsec-
tion 2.1. The goal is rather to formulate a generic specifi-
cation of interfaces in line with the FMI standard, in par-
ticular with regard to possible inputs and outputs as shown
in Figure 2. For the static case considered in this paper,
both parameters (p) and input variables (u), as well as lo-
cal variables (w) and output variables (y), can be treated
equivalently to represent mechanical tolerances. It should
be noted, that a differentiation between these categories
would be necessary in the context of dynamic simulations
(e.g. with external forces).

The idea for structuring the interfaces is based on the
elements of the tolerance feature control frame according
to ISO-GPS. The scalar values of the tolerance field vari-
ables are provided as input variables - i.e. the numerical
value in the second box of the ISO tolerance field (see
Figure 2). Further information, such as the specific tol-
erance type, geometric datum references or other model-
dependent details, are only included in the internal struc-
ture of the FMU. This separation makes it possible to keep
the external interface stable and generic, while the inter-
nal modelling can be flexibly adapted to different anal-
ysis methods. The FMU must also be capable of mod-
elling several FRs at the same time, as complex systems
can rarely be reduced to a single FR. This results in the
need to integrate several analysis models within an FMU.
To the outside world, each tolerance defined in the CAD-
model or drawing only appears as a single parameter 7;,;
representing the size of the tolerance field. An exemplary
realisation of this structure can be found in the case study
in section 4.

The output of the FMU are the individual FRs, which
can take different forms depending on the model type and
analysis objective. In the simplest case, the output is a
scalar, e.g. to describe a distance between two points.
However, even in these simple approaches, the result is
typically given as a range with statistical or worst-case
limits for this distance - effectively requiring two output
variables per FR to represent minimum and maximum
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values. For more complex models such as the Jacobian
torsor or the deviation domain, deviation ranges or three-
dimensional spaces can be expected as outputs. The actual
reduction to interpretable individual values, such as worst-
case values, then proceeds outside the FMU. Probability
distributions could also theoretically be the output. How-
ever, we suggest to carry out the actual statistical evalua-
tion outside of the FMU, as the FMU should only provide
the geometric tolerance calculation.

The choice of FMUs as the basis for this approach is
suitable in particular because they allow modular, stan-
dardised integration into existing simulation environments
and promote the reusability of complex analysis logic.

4 Case Study

The following case study shows an example of how a geo-
metric tolerance simulation can be integrated into an FMU
and subsequently used as such. The starting point is the
analysis of an assembly with the commercial simulation
tool CETOL. Based on this analysis, an FMU is created
that calculates the same FRs as the reference analysis in-
ternally and uses the interfaces described in section 3.

4.1 Application Example

The example shown in Figure 3 shows a simplified model
of a stepper motor with translational output. A magnetic
field is generated in the stator (S), which causes the mag-
netic rotor (R) to rotate. The rotor is held between two
balls (B) and drives the nut (N) via a spindle (not shown
here), which converts the rotary movement into a linear
movement. The assembly is completed by the end cap
(C), which also serves as a linear bearing for the nut.

The contact graph in Figure 4 illustrates the relation-
ships between the individual components and contains the
labels of all relevant connection points, whose interactions
are explained in more detail in the following subchapter.
The values and types of tolerances are listed in Table 2.

The study focuses on the gap widths FR1 and FR2
marked in Figure 3. FRI1 describes the air gap between
the stator and the rotor through which the magnetic field
flows, while F'R2 relates to the mechanical fit of the linear
bearing on the output. The upstream analysis in CETOL
also serves to identify those tolerances within the defined
mechanical chain that have a relevant influence on the FR
under evaluation. Parameters that are not categorised as
relevant in this analysis are not taken into account in the
subsequent FMU implementation. This approach is useful
as only the relevant parameters should be included, even
in the event of a future automated FMU export. For the
present case study, this reduces the manual calculation ef-
fort when implementing the FMU.

The following additional boundary conditions for the
implementation of the FMU result from the example ap-
plication and the setup of the CETOL analysis. These are
particularly relevant in regard to the comparison of the cal-
culations implemented here with the previously presented
analysis methods from the literature:

Ball B1

Rotor R

Ball B2

Bl “ ‘ B2

Figure 3. CAD model of a stepper motor with component labels
and FR positions used for the case study. The assignment of the
labels for the geometric tolerances is shown as an example for
S4 and R4.

* Rigid solids without deformation are assumed.

* Contacts between components only occur at defined
connection points.

* Shape tolerances are not fully mapped in accordance
with ISO standards.

* The assembly sequence specifies manually defined
kinematic dependencies between the components.

* Parallel tolerances are simplified by making assump-
tions about their degrees of freedom.

4.2 Implementation as FMU

In this example, the analysis of the mechanical tolerances
is limited to a 2D plane. This simplification is acceptable
due to the predominantly rotationally symmetrical compo-
nents; minor deviations in the non-rotationally symmetri-
cal nut (N) and end cap (C) are accepted for the benefit of
clarity. It is not the scope of this paper to demonstrate how
complex 3D analysis methods can be automatically trans-
lated into executable code, but rather to show the basic
process of using an FMU to transfer the tolerance analysis
model. Therefore, the internal content of the FMU must
still be manually created and verified. A simplified case
such as the one presented here is particularly beneficial
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Figure 4. Contact graph of the motor with part labels and links
between tolerances

in this context, as it allows for transparent modelling and
easier validation of the implemented logic.

As described in subsection 2.1, the existing analysis
methods differ fundamentally in their calculation logic.
Accordingly, the internal code within an FMU also varies
depending on the underlying method. For this case study,
the following procedure was chosen to build the FMU:

1. Analysation of the tolerances and joints defined in
CETOL

2. Derivation of the kinematic chain and constraints

3. Analytical calculation of the influence of all part tol-
erances on the investigated FR

4. Implementation of the resulting equations as an
Modelica algorithm, including the summation of the
final results

5. Export of the Modelica model as FMU

Table 2. Type and size of tolerance zone T;,; of all tolerances
relevant for calculating the FRs

In combination with the previously defined boundary
conditions, the approach is similar to the vector loop
method. To simplify the implementation, a solver algo-
rithm for determining the linking states is not used. In-
stead, all relevant cases are solved analytically and are in-
tegrated into the FMU as equations.

For FR1 and FR2, this results in a compact set of equa-
tions for the relevant tolerances listed in Table 2. R1 and
S2 describe the simple linear variation of the air gap FR1
on both sides. The same applies to C5 and N2 with regard
to the fit of F'R2. The tolerance variations of C4 and S4 re-
sult in different tilting movements of the kinematic chain,
which influences both FRs. R4 is also a tilting move only
affecting FR2.

To determine the resulting worst-case tolerance, the ef-
fects on the target dimension are calculated separately
for each individual tolerance along the kinematic chain
- as shown below. Finally, all partial solutions FRn; are
summed up and added to the nominal value of FRn.

Our calculation is based on the radius (y-axis in Fig-
ure 5), which is why all diameters are halved. In the linear
cases (see Table 2), the tolerances in this example - due to
the symmetrical tolerance zones - are each taken into ac-
count in the calculation with half the value of their toler-
ance zone width. The individual contributions thus result
directly from the width of their corresponding tolerance
zone Ty,;:

FRni,max = +7;ol/4
FRn;in = —Ti01 /4

(D
2

The rotational deviations can be derived geometrically
from the kinematic joints by combining several vectors
from the loop. The tilting cases with relevant geometric
parameters for deriving the equations are shown in Fig-
ure 5.

Changes in the tolerance of C4, as defined by the joint
configuration, result in a tilting of the rotor R around the
contact point at B1 (Point O in Figure 5), caused by mov-
ing B2 by t = T¢4 along the y-axis. Under this assumption,
the tilt angle can be calculated:

t
= arcsin 3
Olc4 < et FB> 3)

Changes in R4 are a simple rotation of part N on part
R around the center of the cylinder axis. This results in a

Tol ‘ Type Tiol Kinematics FR direct influence of the tolerance zone rotation on the final

R1 | diameter 0.1 mm linear FR1 result. The total rotation angle is determined by the char-

$2 | diameter 0.1 mm linear FR1 acteristic length cp4, which corresponds to the length of

S4 | position 0.2 mm tilt FRI, FR2 the cylindrical surface defined by the geometry of part R

C4 | profile 0.1 mm tilt FRI, FR2 for the runout tolerance R4 (see Figure 3):

C5 | diameter 0.2 mm linear FR2

R4 | runout 0.1 mm tilt FR2 Tra

N2 | diameter 0.1 mm linear FR2 Oy = arctan (CR4> “)
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Figure 5. Geometric relationships for calculating the tilt angle o of the rotor between the bearings B1 and B2

Changes in the tolerance of S4 result in a tilting of the
rotor R around the contact point at O at Ball B1, as well
as a tilting of the cap C around the ball B2. During these
movements, contact between the cap C and the stator S
in the x-direction is maintained (with the contact defined
at a fixed distance ac). The tolerance variation affects the
angle f3 in this case, which is calculated by using the toler-
ance zone width Tgy: Bsa = arctan(Ts4/cs4). The charac-
teristic feature length cg4 can be derived from the geome-
try of part S. S4 defines the tolerance of the outer cylindri-
cal surfaces shown in Figure 3. Corresponding to Figure 5,
0ls4 can then be determined using this equation:

ac-cos(ﬁ54)+lR—|—rB—ac) 5)

Olg4 = arccos
< lr+7B

The tilt angles ¢ can be used to determine the change of
FRn; in relation to these measuring points via the position
vector of the FRn. For FR2, it should be noted that in the
case of S4 the reference point for measurement in part C
is also rotated by the angle Bsy.

Finally, the partial contributions determined in this way
are summed up:

Fanax/min = FRnyominal +ZFRni,max/min (6)

The values of FRn,,. and FRn,,, calculated in this
way form the output of the FMU for this example. The
equations are transferred to a Modelica model (Appendix
Listing 1) and subsequently exported as an FMU using
OpenModelica.

4.3 Results and Verification

A comparison of the results calculated with the FMU and
CETOL is shown in Figure 6. The worst-case calcula-

tion is performed directly within the FMU based on a pre-
defined set of model inputs, which correspond to those
used in the CETOL analysis. The values calculated by
the method described above are very close to the result
of CETOL with deviations from the worst case values
of less than 3%. These minor deviations result from the
fact that the assumptions made in this paper regarding the
kinematic chain do not exactly reproduce the specific be-
haviour of the numerical solver used for the joint configu-
ration in CETOL. This FMU can now be integrated into a
system simulation to calculate the two FRs and the influ-
ence of the mechanical tolerances can be analysed across
domains.

To further demonstrate the applicability of the FMU
and at the same time present a complementary verifica-
tion method for the results, additional testing was car-
ried out using FMUGym as a feasible tool for this pur-
pose. The FMU implementation presented above calcu-
lates only worst-case values and does not perform any sta-
tistical analysis internally. Therefore, a Monte Carlo sim-
ulation with 1000 samples was conducted with FMUGym
to compare the statistical results with those from CETOL.
As in the reference analysis, a process capability index
(Cpk) of 1.0 (equivalent to =3¢ limits) was assumed for
all input variables, with random variation around the mean
value following a normal distribution.

The results of this Monte Carlo simulation are also plot-
ted in Figure 6. It can be seen that the statistical results
from the FMU simulation also match the reference values
from CETOL very well. While CETOL computes statis-
tical parameters and sensitivities using the method of mo-
ments, based on first-order approximations derived from
the partial derivatives with respect to individual variables,
our approach leverages Monte Carlo simulation, which
may lead to slight differences in the results.
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Results for FR1 Results for FR2
) \
FMU min FMU max FMUpin FMU ax
0.3706 0.6294 -0.0552 0.3552
/ ! 192594
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FMU MC CETOL statistic FMU MC CETOL statistic
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Figure 6. Results of FMU for Worst Case (WC) analysis and Monte Carlo Simulation (MC) as well as the results of the analysis
with CETOL. It can be seen that both WC and statistical results of the two methods are close to each other. The deviations result
from the assumptions regarding the kinematic chain and the different approaches to determine the statistical results.

5 Discussion

5.1 Evaluation of the Implemented Approach

In the presented case study, the FMU was successfully
used to perform a Monte Carlo simulation via the exter-
nal tool FMUGym. While this demonstrates one specific
application scenario, the general concept of using FMUs
for tolerance analysis is not limited to this context. All
functionalities of FMUs - ranging from simple parameter
sweeps to integration in full system simulations - remain
applicable.

The FMU developed in this work focuses solely on
computing geometric quantities related to the defined FRs.
However, in a broader system simulation, these results
could be interpreted and used across domains. For ex-
ample, as described in the case study, the air gap (FR1)
influences torque generation in the magnetic circuit of the
stepper motor, while the guide clearance (FR2) can in-
troduce friction forces at the mechanical output. These
interactions imply how geometrical tolerances can have a
measurable impact on system-level behaviour and perfor-
mance.

5.2 Usefulness of the FMU Approach

The use of FMUs enables seamless integration of toler-
ance analysis into complex system models, facilitating
cross-domain simulation workflows. This modularization
allows tools like FMUGym or Modelica-based environ-
ments to interact with geometrically defined tolerances
without reproducing detailed internal logic on the system
level. The FMU outputs can thus be interpreted either in
purely geometrical terms or as system-relevant input vari-
ables, depending on the simulation context.

The benefits of standardized, automatable interfaces for
solving geometry-related problems in 3D system models
has also been supported by recent literature in the field of
MBSE (Lehner et al. 2025).

In the future, FMUs offer significant potential for ex-
tended applications, such as dynamic simulations with
time-dependent input and output variables. This could in-
clude non-rigid components or evolving relationships be-
tween assembly parts, enabling the modelling of effects
like deformation under load, wear, or reconfiguration of
mechanical constraints during operation. In the long term,
the FMU approach may also allow internal processes and
models to be manipulated externally for example, by se-
lecting tolerance types, defining contact graphs, or detect-
ing contact zones. These advanced capabilities, however,
are highly dependent on the specific analysis method used
and would need to be evaluated individually for each ap-
plication.

5.3 Limitations

The approach demonstrated in this case study is subject
to several limitations that currently restrict its broader ap-
plicability. Most notably, the FMU represents a static
analysis of rigid-body behaviour and does not account for
dynamic effects, deformation, or time-dependent interac-
tions. As such, the FMU output reflects only a snapshot
of the geometric relationships under worst-case or statisti-
cal assumptions. Without dynamic analyses or automated
FMU exports, the approach therefore currently only in-
volves additional implementation effort.

Moreover, the internal structure of the FMU is tightly
coupled to the specific tolerance scheme used during its
generation. Any modification to the tolerancing concept
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- such as changes in the type or arrangement of tolerance
elements, beyond the mere numerical values - requires the
FMU to be re-generated manually. This limits flexibility,
particularly in early design phases where such schemes are
subject to frequent change.

Based on the results presented in this paper, a fully
automated export of FMUs is not yet feasible. Possible
approaches to enable such automation could include sys-
tematically translating the methods from subsection 2.1
into DAE systems or representing their behavior using
response surfaces as meta-models. A key prerequisite
for enabling such automation would be the availability of
freely accessible toolchains for geometric tolerance analy-
sis. To our knowledge, the only freely available tool in this
domain is politopix (Delos and Teissandier 2015). How-
ever, since politopix is based on Deviation Models, inte-
grating it into an automated FMU generation workflow
would be significantly more complex than with methods
such as the Vector Loop approach. Nevertheless, its open
accessibility could make it a valuable starting point for fu-
ture developments in this direction.

6 Conclusion and Outlook

This work introduced a structured concept for integrating
geometric tolerance analysis into system simulations us-
ing FMUs. A consistent interface based on the FMI stan-
dard was proposed, enabling the encapsulation of toler-
ance logic in a modular and reusable format. Through
a case study, the practical feasibility of implementing a
manually derived FMU was demonstrated and success-
fully verified against a commercial analysis tool.

While the current implementation is limited to static,
rigid-body models and requires manual derivation of code,
it shows that FMUs can represent mechanical tolerances
with sufficient precision for system-level applications.
With future development, including automation of model
generation and support for dynamic or deformable sys-
tems, FMUs could serve as a practical bridge between de-
tailed mechanical analyses and multi-domain system sim-
ulations.

In the long term, enabling FMU export directly from
commercial CAT tools would be a desirable step to facili-
tate a broader application of geometric tolerance analysis
within MBSE processes.
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A Appendix

Listing 1. Modelica model with all equations before FMU-
export

model geom_tol
// removed in— and outputs to save space

// real inputs: R1, S2, C4, S4, C5, R4, N2

// real outputs: FR1min, FR1 max, FR2 min,
FR2__max

protected

parameter Real Char_I_S4 = 27.5;
parameter Real Char_IL_R4 = 17.2679;
parameter Real 1_R = 30.5;

parameter Real r_B = 1.0;

parameter Real a_C = 10.0;

parameter Real Pos_FR1_R_x = 13.96;
parameter Real Pos_FR1_R_y = 7.25;
parameter Real Pos_FR2_RN_x = 31.25;
parameter Real Pos_FR2_RN_y = 1.25;
parameter Real Pos_FR2_N_x = 13.21;
parameter Real Pos_FR2_N_y = 1.25;
parameter Real Pos_P_R x = 31.5;

parameter Real Pos_P_R vy = 0.0;
parameter Real Pos_FR2ref C_x = -0.25;
parameter Real Pos_FR2ref C_y = 1.25;
parameter Real FR1_nom = 0.

parameter Real FR2_nom = 0.

Real alpha_C4;

Real S4_pos;

Boolean S4_negative;

Real beta_S4;

Real alpha_S4;

Real FR1_54;

Real XM, YM, XB, YB;

Real FR2_S4;

Real alpha_R4;

Real FR2_R4;

equation

/] C4 effect

alpha_C4 = asin(C4/2 /

// S4 sign logic

S4_negative = S4 < 0;

S4_pos = if S4_negative then -S4 else S4;

beta_S4 = atan(S4_pos / Char_1L_S4);

alpha_S4 = acos((a_C * cos(beta_5S4)
r B - acC) / (1_R + r_B));

FR1_S4 = (Pos_FR1_R_yx (1 - cos(alpha_S4)) +
Pos_FR1_R _xxsin(alpha_S4)) = (if
S4_negative then -1 else 1);

XM = Pos_FR2_RN_x * cos(alpha_S4) -
Pos_FR2_RN_y +* sin(alpha_S4);

YM = Pos_FR2_RN_x * sin(alpha_S4) +
Pos_FR2_RN_y * cos (alpha_S4);

XB = Pos_P_R x * cos(alpha_S4) - Pos_P_R_y
% sin(alpha_S4) + Pos_FR2ref_C_x x cos(
beta_S4) - Pos_FR2ref C_y * sin(beta_S4
)i

YB = Pos_P_R_x * sin(alpha_S4) + Pos_P_R y
* cos (alpha_S4) + Pos_FR2ref_ C_x x sin(
beta_S4) + Pos_FR2ref_C_y % cos(beta_S4
)

FR2_S4 = sqgrt ((XB — XM)"2 + (YB — YM)"2) =
(if S4_negative then -1 else 1);

// R4 effect

alpha_R4 = atan(R4 / Char_L_R4);

FR2_R4 = Pos_FR2_N_y*x (1 - cos(alpha_R4)) +
Pos_FR2_N_xxsin (alpha_R4);

// Final outputs

FR1_min = FR1_nom - R1/4 - S2/4

- (Pos_FRI_R_y* (1 - cos(alpha_C4)) +
Pos_FR1_R_xx*sin(alpha_C4))

- FR1_S4;

FR1_max = FR1_nom + R1/4 + S2/4

+ (Pos_FR1_R_yx (1 - cos(alpha_C4)) +
Pos_FR1_R_xx*sin(alpha_C4))

+ FR1_S4;

FR2_min = FR2_nom - C5/4 - N2/4

- (Pos_FR2_RN_yx (1 - cos(alpha_C4)) +
Pos_FR2_RN_xxsin(alpha_C4))

- FR2_S4

- FR2_R4;

FR2 _max = FR2 _nom + C5/4 + N2/4

+ (Pos_FR2_RN_yx (1 - cos(alpha_C4)) +
Pos_FR2_RN_xxsin (alpha_C4))

+ FR2_S4

+ FR2_R4;

end geom_tol;

= oo

14
5;

(1_R + r_B));

+ 1_R +
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