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Abstract

Railway switches are critical for network flexibility but remain a significant source of
operational disruptions, particularly when foreign objects become trapped between the
switch and stock rails during actuation. Such obstructions can prevent proper switch
closure, causing delays and increased maintenance costs, or, in cases of local gauge
narrowing, raise the risk of derailment if undetected. It is therefore of interest to detect
such disturbances as efficiently as possible. This study explores whether switch rail
end position detection can be achieved using drive output alone, without supplemen-
tary sensors that require additional systems and maintenance. When an obstruction
is present, the drive must exert additional force to close the induced gap, altering its
force and current profile in a way that may indirectly reveal the presence of a foreign
object. To better quantify this influence and allow for future development of detection
algorithms, a multi-body system (MBS) model of switch actuation under a trapped
foreign object is developed and calibrated against field measurements of forces in ac-
tuation rods and foreign object. After calibration of the slide chair friction coefficient
and drive stiffnesses, the simulated results show good agreement to field measurement



results. The model therefore provides a foundation for combining simulation and field
data to develop an efficient detection method for foreign objects.

Keywords: railway switch, point machine, trapped foreign object, field measurement,
multibody dynamics simulation, model calibration

1 Introduction

Switches and crossings (S&Cs) are integral to modern railway infrastructure, provid-
ing the network flexibility required to route trains between different tracks [1,2]. How-
ever, this critical functionality comes with a substantial operational burden; because
S&Cs contain complex moving parts, they are susceptible to mechanical faults that
trigger traffic disruptions and significant maintenance. Consequently, the unreliability
of a single switch can propagate delays across the railway network [3].

An important contributor of switch faults is the intrusion of foreign objects such
as ballast stones, metal debris, snow, or ice etc, lodged between the switch rail and
the stock rail during actuation [4,5]. According to data from the Swedish Transport
Administration (Trafikverket), approximately 14% (1,188 out of 8,597) of all recorded
switch faults in 2017 were caused by trapped foreign objects, predominately ice and
snow. Detailed classifications of these failure modes are documented in [6,7].
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Figure 1: Schematic top view of the studied switch panel in a UIC60-760-1:15 S&C
setting [6].

In standard Swedish S&C designs, the task of detecting these obstructions relies
on a combination of electromechanical drives (point machines) and specialized end
position sensors known as Tungkontrollkontakt (TKK, or switch rail control contacts)
[5,8,9], as illustrated in Figure 1 (see [6, 7] for detailed design specifications). The
number of drives and TKK pairs vary with the size of the S&C. The TKK reports
a fault (not in control) if the gap between switch and stock rail reaches or exceeds
a maximum of 13 mm [10]. The physical actuation of the switch rail between the
through route and the diverging route is driven by two drives, each capable of exerting
a maximum force of 6 kN [10, 11]. The drives maintain control and confirm locking
only if the rail gap at the drive location is less than a maximum of 5 mm [10]. A critical



vulnerability of this framework is the reliability of the locking detection mechanism
and the TKK sensors themselves that require timely maintenance and adjustment.

To address these limitations, a non-intrusive approach can be derived from the me-
chanics of the obstruction itself. When a switch rail encounters a trapped foreign
object during actuation, the drives must exert additional force to overcome the local-
ized resistance in an attempt to close the gap within acceptable tolerances by bending
the switch rail around the object. This mechanical resistance directly alters the force
and electrical current profiles of the drives. By characterizing these variations against
a nominal baseline, an end position detection system can be developed to identify
trapped objects or emerging faults by analyzing drive outputs.

To better understand the magnitude of these variations as a function of foreign
object location, size and operational conditions, this paper develops a multibody sim-
ulation model of a switch panel with actuation that is calibrated to field measurements.
This model can then be applied for development of object detection algorithms.

The remainder of this paper is organized as follows. First, a detailed overview
of the measurement campaign with some example results is provided. Next, the MBS
model of the switch actuation is described followed by the model calibration w.r.t fric-
tion coefficient between bottom of the switch rail and slide chair and individual drive
stifftnesses. This is followed by a conclusion which summarizes the key contributions
and sheds light on future work.

2 Field measurements

A two-day measurement campaign was conducted at Trafikverksskolan in Angelholm,
Sweden, on 3—4 November 2025. The tests were performed on a UIC 60-760-1:15
S&C assembly that is dedicated to the training of track engineers. The S&C is ac-
tuated by two JEA 73 drives, each consisting of an electric motor coupled to a gear
mechanism that provides the required mechanical actuation as can be seen in Figure
2. Before starting the measurement campaign, the clutch of the motors are adjusted to
slip at 2 A of current.

An overview of the instrumented switch setup can be seen in Figure 2. The setup
consisted of:

1. Drive rod force measurements: The drive rods connecting the drive motor to the
switch rail are equipped with strain gauges to measure bending-induced strain
which is converted into actuation force. A free-body diagram of an instrumented
drive rod is shown in Figure 3. The drive rod is connected to the switch rail at
point A and to the drive motor at point B. Due to eccentricity in the attach-
ment geometry and applied loading, the region of the drive rod immediately
below the attachment point experiences the maximum bending moment (under
the assumption that M, = 0) as seen in Figure 3. Strain gauges are therefore
installed at this location to capture the peak bending response of the rod. Four
gauges were installed (two gauges in a T-configuration on top and bottom of the
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Figure 2: Overview of the instrumented switch setup consisting of drive rods and amp
clamps connected to the data acquisition (DAQ) system. The numbers indi-
cate sleeper number w.r.t the first set of TKKs.

rod) and configured in a Wheatstone bridge for a single bending strain output.
The lateral switch rail actuation force R,y was then estimated from the bending
strain via the bending moment and knowledge of the height offset 4 between the
instrumented section and the switch rail connection at point 1.

Figure 3: Free Body Diagram of the drive rod attached between the switch rail and the
motor

2. Drive current measurements: The JEA 73 drives are powered by DC motors.
Variations in motor current associated with the presence of trapped foreign ob-
jects were measured using non-intrusive Hall-compensated current clamps sup-
plied by Dewesoft. The clamps have a measurement range of 30 A (AC or DC
peak) and a sensitivity of 100 mV/A. The amp clamps connected to the data
acquisition system (DAQ) can be seen in Figure 2. The current clamps were
factory-calibrated.

3. Force measurements on the foreign object: The compressive force exerted by
the drive on a foreign object trapped between the switch rail and the stock rail
was measured using a force load cell adapted to replicate the geometry and



placement of a representative foreign object. The load cell has a sensitivity of
1 mV/V and a nominal capacity of 20 kN, as shown in Figure 4a. The height
of the load cell is 13 mm. To mount the load cell onto the inclined surface of
the switch rail, custom rigs (as seen in Figure 4b) were fabricated using additive
manufacturing.
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Figure 4: (a) Force load cell used in the measurements. (b) Square rig to hold the load
cell. Additional spacers can be added to the rear of the load cell

A Dewesoft Sirius modular DAQ system, with a capacity to record 8 channels si-
multaneously was used in these measurements. In total 5 channels i.e. strains from
drive rods 1 and 2, current in drives 1 and 2, and force from the load cell were mea-
sured at a fixed sampling frequency of 1 kHz.

Prior to the measurement campaign, the drives were tuned to operate under standard
operating conditions. The main measurement campaign consisted of tests conducted
at all eleven sleeper locations between the two drives as can be seen in Figure 2. At
each location, foreign objects of increasing sizes (0, 5, 10, 13, 16, 18, 21, 23, 26, 29,
and 31 mm) were introduced. The foreign objects were represented by spacers and/or
load cell with the load cell present for all objects 13 mm and larger. The foreign object
size was incremented stepwise until one of the drives experienced slip, defined as a
failure to lock and thereby not being in control.

Raw measurement data were filtered using a moving-average filter with a 0.1 sec-
ond window to reduce high-frequency noise and smoothen the signals for subsequent
analysis. The filtering parameters were selected to reduce measurement noise without
affecting the timing, magnitude, or qualitative trends of the measured responses. An
example of the resulting time histories for all measured quantities, corresponding to
the case where the object is located at the first TKK (refer to Figure 2), is shown in
Figure 5.

The results show that all measured quantities exhibit an increasing response with
increasing object size. Relative to the baseline case without a foreign object (0 mm),
the change associated with an object size of 5 mm is not distinguishable in any of
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Figure 5: Time histories of load cell force, clamp currents (Drive 1 and Drive 2), and
drive-rod forces for varying object sizes (0-31 mm) located on sleeper 6
(location of the first TKK). Load cell results only available for objects 13
mm and larger.

the measured signals. In contrast, for object sizes of approximately 10 mm and 13
mm, both the current and force responses from Drive 2, are clearly distinguishable
and display regions of increased magnitude, reflecting the higher resistance induced
by the foreign object. Drive 2 delivers more force than expected as a worn clutch made
it difficult to tune the force level. This is a result of the switch not being maintained
to track standard as it is solely employed for educational purposes.

3 Multibody simulation model

MBS of switching operations were carried out in Simpack [12]. Rails are modelled as
flexible bodies from Timoshenko beam elements using the non-linear flextrack mod-
ule. The varying properties of the switch rails due to their tapered ends are accounted



for [13]. All rails are condensed into super elements using a Craig-Bampton reduc-
tion [14]. Sleepers are omitted to reduce computational demands, given the quasi-
static nature of the switching operation as dynamic wheel loads are excluded. Each
drive is modelled as a moving marker under displacement control, actuating the switch
rail through a bi-linear bushing connection. The corresponding force—displacement
curve comprises two regions: an initial linear increase in force until a saturation level
is reached, beyond which the stiffness is near-zero. This near-zero stiffness in the
second region is retained for numerical stability, ensuring the integrator remains well-
conditioned during simulation. The stiffness of the initial linear region is calibrated
against field measurements, as is the friction coefficient between the bottom of the
switch rail and the slide chair.

The foreign object is modelled as a bi-linear spring, with a linear stiffness of 40
kN/mm upon contact and inactive otherwise. A detailed description of the switch
modelling framework adopted in this study is provided in [6]. The topology of the
MBS model used can be seen in Figure 6.

Link

Dri:ve U Drive | ; 1
: / 1

L} ) 4

1/4 \J’Q;[’L%&l

Foreign object
positions !

Y ——

Switch rail to slide chair Switch rail
contact region fastening region

| switch rail | [ Stock rdil ]

Figure 6: Topology of the MBS model illustrating the different parts as well as support
condition regions (slide chair or fastening) for the switch rails (refer to [6]).
The switch rail deformation pattern when a foreign object is placed at the
halfway position between the drives is indicated.

The procedure for simulating drive responses in the presence of a trapped foreign
object follows four sequential steps [15]. First, the model is brought to static equilib-
rium. A full switching cycle is then simulated by actuating the drives under displace-
ment control, transitioning from the through route to the diverging route and back.
The time—displacement function governing this actuation is illustrated in Figure 7. At
the onset of the return movement to the through route, a foreign object is introduced.
The foreign object becomes active once the gap between the switch rail and stock rail
reduces to the size of the foreign object. It is to be noted that Drive 2 requires an addi-
tional 0.2 s to complete the return movement of the actuation to match the measured
response.
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Figure 7: Time-displacement function governing the actuation of the respective drive
moved markers.

4 Model calibration

Model calibration is performed using force measurements obtained from drive rods
and load cell. Current measurements are excluded from this process, as the drives
within the simulation model are represented as simplified moved markers rather than
fully characterised mechanical assemblies.

4.1 Friction coefficient

First, the friction coefficient between the bottom of the switch rail and slide chair is
calibrated with force measurements when there isn’t any trapped foreign object. The
friction coefficient is varied from 0.1 to 0.5 and the comparison of the responses from
both the drives are as shown in Figure 8. A friction coefficient of 0.4 gives the best fit
to field measurement results for both drives.

4.2 Drive stiffness

The stiffness of each drive was calibrated individually against field measurements by
introducing a 13 mm foreign object at the respective drive location. In doing so the
force response in the load cell is more or less decoupled from the influence of the other
drive in each test.

Drive stiffness calibration is performed through a manual grid search, with values
of 750 and 810 kN/m identified as the best fit to field measurements for Drive 1 and
Drive 2, respectively. To illustrate the influence of drive stiffness, Drive 1 was eval-
uated across stiffness values of 75, 750, and 7500 kN/m (the calibrated stiffness and
weak and stiff extremes) while the stiffness of Drive 2 was held constant at the cali-
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Figure 8: Calibration of friction coefficient between bottom of switch rail and slide
chair against field measurements without any trapped foreign object

brated value; the resulting comparison with field measurements is shown in Figure 9.
Following the same approach, the influence of Drive 2 stiffness is subsequently illus-
trated by varying its stiffness across 81, 810, and 8100 kN/m with as shown in Figure

10.

Comparative analysis demonstrates that the medium stiffness level yields the clos-
est agreement with the field measurement across all evaluated physical quantities. Un-
der the low stiffness configuration for Drive 2, the simulated switch rail displacement
lagged significantly behind its corresponding moving marker. Consequently, the resid-
ual gap at the end of the actuation cycle reached approximately 26 mm, preventing the
switch rail from making physical contact with the 13 mm foreign object.

The calibrated drive model is validated by simulating the responses when foreign
objects of 13 mm and 29 mm are placed at the sleeper position close to the TKK —
and comparing predicted drive forces and foreign object towards field measurement
results, as shown in Figure 11. For Drive 1, both the point of contact with the foreign
object and the subsequent force build-up through to saturation show good agreement
with the measured data across both object sizes. Drive 2 presents a slightly less con-
sistent picture: while the predicted contact point aligns reasonably well with field
measurements, the post-contact force build-up exhibits a stiffer response in the MBS
model than observed in practice. The compressive force developed within the for-
eign object, however, shows close agreement in both cases, with near-identical rates
of increase up to saturation. Overall, this comparison demonstrates that the calibrated
MBS model is capable of capturing the key nonlinear response characteristics across
all three measured quantities to a reasonable degree.
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Figure 9: Comparison of simulated drive responses and force on foreign object, across
three stiffness levels (low, medium, and high) against field measurements for
Drive 1, with a 13 mm foreign object positioned at Drive 1.
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Figure 10: Comparison of simulated drive responses and force on foreign object,
across three stiffness levels (low, medium, and high) against field mea-
surements for Drive 2, with a 13 mm foreign object positioned at Drive 2.
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Figure 11: Comparison of simulated drive responses and force on foreign object after
calibration for two object sizes (13 and 29mm) against field measurements
when the foreign object is placed at the TKK

5 Concluding remarks

This paper presented the calibration of an MBS model of railway switch actuation in
the presence of a trapped foreign object, validated against field measurements. A ded-
icated measurement campaign was conducted to record current and force responses
from the drives and the foreign object, providing the reference data necessary for cal-
ibration. The MBS model, implemented in Simpack, was calibrated in a sequential
manner. First, the friction coefficient between the switch rail base and slide chair was
calibrated, with a value of 0.4 yielding the best agreement with field measurements.
The stiffness of each individual drive was subsequently calibrated against force mea-
surements recorded with a foreign object positioned at the respective drive. Stiffness
values of 750 kN/m for Drive 1 and 810 kN/m for Drive 2 produced the closest agree-
ment with the field measurement data. The calibrated model was then validated by
simulating the switch response for two foreign object sizes placed at the TKK loca-
tion, demonstrating good agreement across all three measured quantities.

Future work will focus on leveraging the calibrated model to generate simulated
responses across diverse operational conditions, forming the basis for developing and
validating a robust, real-world foreign object detection method.
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