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Abstract —In this study, the effect of the production configuration of the plastic bushing used in the tie rod,
a critical component of the automotive steering system, and the subsequent conditioning processes on the
torque was investigated through a wide-sample experimental study. Components having two different
design versions were screened in 16 different configurations covering the interaction matrix of clearance
and interference fit, thermal conditioning, resting time and grease type; breakaway torque and working
torque measurements were recorded over a total of 514 measurements. The results show that the production
parameters have a significant effect on the torque characteristics; in particular, in the post-furnace (2-day)
configuration of the Design 1 specimen with the clearance-fit tolerance limit, the breakaway torque
dropped from an average of 11.78 N-m to 4.33 N-m (approximately —63%). In the Design 2 specimen, the
interference-fit combination exhibited high torque values independently of the thermal condition. The
outputs of the study establish a permanent infrastructure for defining configuration-acceptance criteria,
determining the configurations to be preferred in the production line, and for correlation steps.
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I. INTRODUCTION

In automotive engineering, the steering and suspension systems play a critical role in terms of vehicle
safety, driving comfort and dynamic stability [1], [2]. The tie rod is the steering component of the
automotive steering system that transmits the motion coming from the steering gear to the wheel and is of
critical importance for driving safety [1]. The service life of this component is directly affected by many
factors such as material selection, production tolerances and assembly fit [3].

The tie rod is the critical mechanical component located at the outermost end of the rack-and-pinion
type steering system used in modern passenger vehicles, transmitting the driver's steering input to the
front wheels [4]. Figure 1 shows the underbody connection of the tie rod. Thanks to the spherical joints at
both ends, angular freedom is preserved during suspension deflection; together with correct wheel
alignment, safe directional change is ensured [1], [5].
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tie rod
Fig. 1. Underbody connection of the tie rod [5]

Fig. 2. Placement of the tie rod and tie rod end within the suspension system [5].

A typical tie rod consists of three basic components: a steel housing, a spherical joint (ball pin) and a
plastic bushing. The plastic bushing prevents direct metal-to-metal contact, keeping the initial coefficient
of friction low and maintaining torque stability throughout the long-cycle wear process [6], [7]. Figure 2
shows the placement of these components within the underbody suspension; the tie rod is located beneath
the suspension arms and is connected to the wheel knuckle, transmitting the steering motion directly to
the wheel. The correct inner-diameter tolerance and the bushing-housing interference fit are the
production parameters that primarily determine both the initial friction moment and the long-cycle fatigue
behaviour of the product [3], [8].

II. MATERIALS AND METHOD

A. Specimen Geometry and Production Parameters

Two different tie rod designs were considered in the study. Their geometric properties are summarized
in Table 1.

In both designs, Delrin® MS509 is used as the plastic bushing; together with the difference in housing
geometry, the design lines of the two parts diverge. This difference is reflected directly in the torque
characteristics as one of the determinants of the radial compression load and consequently the initial
friction moment. A total of 514 measurements form the basis of the statistical reliability of this study.

Part No. Design 1 Design 2
Housing Outer Diameter 340 £0,2 mm 36 +0,2 mm
Housing Inner Diameter 27,8 +0,1/-0 mm 27,8 +0,1/-0 mm
(interference)
Housing Inner Diameter 28,0 mm 28,0 mm
(clearance)
Plastic Bushing Outer Diameter 928 mm 928 mm
Total Number of Specimens n=>50 n=31
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B. Configuration Matrix and Torque Measurement Protocol

The specimens were grouped in 16 different configurations across four independent variables: fit type
(interference, clearance), thermal condition (pre-furnace / post-furnace / no-furnace control), and resting
time (1 hour / 1 day / 2 days). For each specimen, two parameters — breakaway torque (BT) and working
torque (WT) — were recorded using the Siemens-based torque measurement station developed at the
AYD Automotive R&D Center. Figure 3 shows the torque measurement device. Descriptive statistics (X,
o, min, max, CV%) were calculated over a total of 514 measurements.

Fig. 3. Siemens-based torque measurement station developed at the AYD Automotive R&D Center

. The torque measurements were performed on the basis of applying a calibrated rotational drive to the
assembled tie rods and recording the axial rotational moment in real time. Figure 4 shows an example of
tie rod torque measurement positioning. The breakaway torque is defined as the peak value at the
threshold where static friction is overcome, while the working torque is defined as the average kinetic
value in the steady-state rotational regime. The measurement session for each part was repeated using a
standard procedure; in order to minimize the operator effect, each session was conducted by the same
person.

ach

Fig.4. Example of tie rod torqﬁe measurement positioning

The furnace operation of the tie rods was applied by holding them at 80-90 °C for 45—-60 minutes.
Figure 5 shows the furnace device.
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Fig. 5. Furnace device

11I. RESULTS

The specimens were drawn from the series production line; all parts were assembled with plastic
bushings from the same supplier lot. To capture the natural variance of the production line, at least 11
(and in most cases 30—50) specimens were measured in each configuration; the values are given in Table
2.

Table 2. Torque measurement configurations.

Configuration n | BTX | BTe D];EN 1\/][3:X “;(T “;T
1 Design 1 Interference — Pre-Furnace (1 hour) | 50 9.98 1.68 3.90 13.50 5.76 | 0.83
2 Design 1 Clearance — Pre-Furnace (1 hour) 50 11.78 | 2.64 5.70 16.30 5.18 1.02
3 Design 1 Clearance — Post-Furnace (2 days) 50 4.33 1.67 1.10 7.90 2.18 0.65
4 Design 1 — No Furnace 11 16.40 | 2.69 12.10 20.10 | 5.61 | 0.96
5 Design 1 Clearance — Pre-Furnace (1 hour) 30 15.13 | 3.32 8.90 22.00 8.01 1.72
6 Design 1 Clearance — Post-Furnace (1 day) 30 18.31 4.46 7.00 24.00 820 | 2.02
7 Design 1 Clearance — Post-Furnace (2 days) 30 8.47 2.09 3.50 11.10 3.45 0.83
8 Design 1 No Furnace (Control, 1 hour) 23 6.86 1.98 2.70 11.40 3.54 | 090
9 Design 1 No Furnace (Control, 2 days) 23 7.77 2.05 2.60 12.10 332 | 0.88
10 Design 2 Clearance + Pre-Furnace (1 hour) 31 10.47 | 2.14 7.50 16.80 | 496 | 095
11 Design 2 Clearance + Pre-Furnace (1 day) 31 15.70 | 2.54 10.70 21.50 5.71 1.02
12 Design 2 Clearance + Post-Furnace (1 day) 31 10.99 | 2.04 7.00 15.40 3.76 | 0.66
13 Design 2 Clearance + Post-Furnace (2 days) 31 9.86 2.02 7.10 14.30 3.67 | 0.81
14 Design 2 Interference + Pre-Furnace (1 hour) 31 13.22 1.89 9.50 16.20 6.33 1.07
15 Design 2 Interference + Pre-Furnace (1 day) 31 18.23 1.51 15.20 21.00 7.39 | 093
16 Design 2 Interference + Post-Furnace (1 day) 31 15.08 1.58 10.60 18.50 5.10 | 0.71
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Fig.6. Torque measurement results by plastic bushing configurations (16 configurations x 514 specimens)

1v. DISCUSSION

The torque measurement results obtained clearly show that the behaviour of the plastic bushing in
automotive suspension joints is highly sensitive to design parameters. The observations of Wozniak et al.
[3] regarding the time-dependent behaviour of the friction coefficient in control-arm spherical joints
directly overlap with the configuration comparisons in this study. When evaluated together with the
preliminary work of Musc et al. [8] on friction characterization in automotive ball joints, it is observed
that the friction-torque value in such joints exhibits high sensitivity to production tolerances and assembly
conditions.

The Design 2 (36 housing) part exhibited high torque values with a relatively narrow distribution
under both thermal conditions in the interference-fit + thermal-conditioning combinations. In contrast, in
the reference clearance post-furnace (2-day) configuration of the Design 1 (40 housing) part, the
average torque dropped to approximately 4.33 N-m, indicating that long resting time after the furnace
process significantly reduces the mechanical resistance of the plastic bushing.

In the Design 1 reference clearance configuration, the breakaway torque, which was 11.78 N-m before
the furnace, dropped to 4.33 N-m after the furnace and a 2-day resting period (approximately —63%),
clearly indicating viscoelastic stress relaxation in the plastic bushing. This behaviour supports the
findings of Segura-Méndez et al. [9], who reported that POM-based bushings exhibit a similar time-
dependent torque-reduction trend under long-term compressive loading.

The torque measurement method of this study is complementary to the test approach developed by Ozer
et al. [10] for determining the load-displacement loops in suspension joints; the integration of both
methods could provide a comprehensive profile in joint characterization.

v. CONCLUSION

In this study, the effect of the production configuration of the plastic bushing used in the automotive tie
rod and of thermal conditioning on the torque was investigated through a wide-sample study based on 16
configurations x 514 specimens.

* Among the 16 configurations, the highest mean breakaway torque of 18.31 N-m was obtained for the
Design 1 Clearance + post-furnace (1 day) configuration, while the lowest of 4.33 N-m was obtained for
the Design 1 clearance + post-furnace (2 days) configuration. The Design 2 interference-fit combinations
exhibited a more consistent torque distribution.
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In the future stage of the study, it is planned to correlate field data with laboratory torque measurements
and to support the configurations of this study with fatigue tests.
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