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Many vehicle powertrain sub-systems contain highly non-linear torsional devices such as
multi-staged clutch dampers. These devices transmit torque and isolate torsional vibration
from the engine to the transmission, and are intentionally designed to possess several nonlinear features such as multi-staged stiffness and friction elements, pre-loads, clearances,
and asymmetry. It is evident that linear models are not sufficient to fully describe these
devices, especially when considering the impulsive response. The understanding of these
devices and the development of non-linear vibration simulation tools can be facilitated by
experimental measurements. This paper proposes two laboratory experiments; both are
non-rotating and non-linear systems excited by a step-like external torque. The first is a
large scale experiment which accommodates production clutch dampers. The second is a
controlled benchtop experiment which includes a single clearance and a scaled linearized
clutch damper in the form of a torsional spring. The transient vibration response of each
system is measured using a laser vibrometer and translational accelerometers. Distinct
characteristics of vibration responses, such as impact regime and period behavior, are
identified and related to corresponding design features. This experimental study will aid in
acquiring an improved understanding of several transient noise and vibration sources in
vehicles and rotating machines.
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INTRODUCTION

Torsional devices typically have clearances by design (say a backlash or multi-staged
element) or otherwise (assembly error, machining tolerances, or wear). An example of such a
device is the multi-staged clutch damper in ground vehicles1-6, though many applications can be
found in aerospace, power plant, mining, and appliance industries. The clutch damper serves to
mainly transmit torque in vehicle powertrains, while isolating torsional oscillations between the
flywheel and transmission input shaft. This device must operate over a wide range of torque
a
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loads (idling to driving conditions) and thus is intentionally designed to contain several
discontinuous non-linear characteristics, such as multi-staged stiffness, multi-staged friction
elements, pre-load features, clearances, and asymmetry1-6. These features are illustrated by
quasi-static performance curves, such as the example shown in Fig. 1, where θ is the relative
angular displacement between a flywheel and transmission input shaft, TD is the transmitted
torque, KD is the torsional stiffness, and HD is the frictional hysteresis.
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Fig. 1 – Quasi-static performance curves of a multi-staged clutch damper: (a) transmitted
torque TD, (b) torsional stiffness KD, and (c) frictional hysteresis HD where θ is relative angular
displacement between a flywheel and transmission input shaft. Key: K – torsional stiffness, H –
fricional hysteresis, Θ – clearance or stage transition (angular), (I, II, III) – stage index, b –
clearance, and TP – pre-load.
Due to the presence of clearance and/or stage transitions, these devices are susceptible to
vibro-impacts, which are a major source of noise and vibration. Three vibro-impact types are

possible. First, consider the no-impact case, which occurs when the dynamic motion about a
given mean operating point is not sufficient to cross a transition. The second type, termed rattle,
occurs when the pulsating motion about the mean operating point crosses one (single-sided
impact) or two (double -sided impact) transitions4. The third type is clunk, which is associated
with the mean operating point abruptly changing and the resulting in dynamic motion crossing
one or two transitions5-7. See Krak et al.8,9 for further details.
Improvement of torsional devices could be facilitated by a better understanding of the
physics that includes the estimation and selection of parameters (for both static and dynamic
conditions), identification of dissipative mechanisms, and definition of pre-load features. To
accomplish these goals, benchmark measurements are needed, though there is a lack of
controlled experiments. Prior efforts include the work of Couderc et al.2 who proposed a rotating
experiment that captures the behavior of a production multi-staged clutch damper coupled to a
transmission during engine run-up. Further, Gurm et al.6 and Crowther et al.7 proposed vibratory
experiments that demonstrate the impulsive (clunk-like) response of a production driveline
(without a clutch damper). However, prior work2,6,7 incorporates production devices with
somewhat controllable or unknown non-linear elements. In order to better investigate a single
non-linear feature, say a clearance, a controlled laboratory experiment is needed, such as ones
proposed by Todd et al.10, Wierchigroch et al.11, and Ing et al.12.
Therefore, the purpose of this article is to achieve the following two objectives: 1. Propose
a vibratory experiment that demonstrates the impulsive response of a production multi-staged
clutch damper (denoted E1); and 2. Propose a controlled scaled vibratory experiment that
demonstrates the impulsive response of a torsional system with a single clearance element
(denoted E2). An attempt will be made to identify distinct characteristics of the measured
impulsive responses and relate them to design features (in both experiments).
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CONCEPTUAL DESCRIPTION OF THE TWO EXPERIMENTS

The proposed vibratory experiments are conceptually illustrated in Fig. 2. Both E1 and E2
are torsional non-linear systems that are excited by an external step-like torque, similar to prior
work6,7. However, the most significant difference between the two systems is the number of
designed non-linear features, as summarized in Table 1. Experiment E1 incorporates a practical
device which, as previously stated, has many known and unknown non-linear features that are
not easily controlled. However, E2 is a scaled-down version of E1 and is intentionally designed
to contain only one known and controllable non-linear feature (clearance).
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Fig. 2 – Conceptual models of two proposed experiments: (a) E1 and (b) E2. Key: F – torsion
arm, shaft, and spline (E1), G – multi-staged clutch damper, L – torsion arm and shaft (E2), M –
key and keyway, N – jaw-coupling hub, and P – torsional spring.
Table 1 – Summary of non-linear design features of experiments E1 and E2.
Non-linear feature
Clearance element
Multi-staged stiffness
Pre-load
Multi-staged friction

Experiment E1
✔
✔
✔
✔

Experiment E2
✔

Experiment E1 can be described as a single degree of freedom (1DOF) torsional system for
design purposes. The system consists of a torsional inertia J (rigid torsion arm, shaft, and spline)
which has angular motion θ(t). Inertia J is coupled to ground through a multi-staged stiffness KD
and multi-staged friction element HD (production multi-staged clutch damper). The following
assumptions are made regarding the clutch damper: the device can be described by Fig. 1; stage I
is effectively a clearance (KI ≈ 0); all stiffness and hysteresis parameters can be estimated from
measured quasi-static torque curves; and the torsional inertia of the device (JD) is negligible (J
>> JD). Also, damping is assumed to be negligible for simplicity.
Experiment E2 can be described as a two degree of freedom (2DOF) torsional system for
design purposes. The system consists of torsional inertias JA (rigid torsion arm and shaft) and JB
(jaw coupling hub), which have angular motions θA(t) and θB(t) respectively. Inertias JA and JB
are coupled together through a clearance element KAB(ϕ) (keyway), where ϕ(t) = θA(t) − θB(t),
and JB is coupled to ground through stiffness KB (torsional spring). It is assumed that the
stiffness of KAB(ϕ) is very high (KAB >> KB) and is considered rigid for design purposes. Again,
damping is assumed to be negligible for simplicity.
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EXPERIMENT E1

A physical illustration of experiment E1 is provided in Fig. 3. For simplicity, a flywheel is
chosen as ground. A clutch assembly, which houses a sleeve bearing and a multi-staged clutch
damper, is bolted to the flywheel. The clutch damper couples to a shaft through a spline
connection. The shaft is radially supported by the sleeve bearing and a ball bearing exterior to
the clutch assembly. A torsion arm is rigidly attached to the shaft; a pneumatic actuator with a
mechanical quick release is located at the free end of the torsion arm.
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Fig. 3 – Physical illustration of experiment E1. Key: A – flywheel, B – clutch assembly (houses a
sleeve bearing and multi-staged clutch damper), C – ball bearing, D – torsion arm and shaft (J),
E – pneumatic actuation system with a mechanical quick release, F – structural supports
(ground), and G –bedplate (ground).
Inertia J is determined by the natural frequency of an equivalent, 1DOF linear system with
inertia J and stiffness KII. The desired natural frequency is about 10 Hz because the impulsive
response of a vehicle driveline is closely related to the torsional surge mode, which occurs
between 5 to 15 Hz6,7. Therefore, J is chosen to satisfy J  KII / (20 )2 . The external torque
T(t) is provided by the pneumatic actuator and mechanical quick release. The time history of
T(t) has a step-like transition from initial value T0 (for t ≤ 0) to final value Tf (for t > 0). To
ensure a non-linear response, the initial operating point (θ0,T0) is chosen to lie on stage II, and
the final operating point (θf,Tf) is chosen to lie on stage I or the pre-load.
A schematic of the instrumentation system for E1 is given in Fig. 4. The angular
displacement of the arm is defined by θ(t) (w.r.t. the clutch damper datum) and ψ(t) (w.r.t. to
horizon). Dynamic angular motion is not measured, but is instead calculated from measured
translational motion. A laser vibrometer is chosen to measure the translational velocity v(t ) ,
which is parallel to the horizon. The instantaneous radial distance from the shaft to the laser
point is denoted by Lv (t ) . The translational acceleration ( w(t ) ) of a point on J is measured by
an accelerometer; it is assumed that w(t ) is tangential to the angular motion of J. Dynamic
strain in the torsion arm  (t ) is measured by a strain gage located on the top-side of the arm.
Signals v(t ) and w(t ) are sampled separately (though simultaneously) from  (t ) due to
hardware constraints; all signals are sampled at a frequency of 1.28 kHz.
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Fig. 4 – Instrumentation schematic for experiment E1. Key: A – torsion arm, B – tranlational
accelerometer, C – strain gage, D – shaft, E – measurement surface for the laser, F – laser
vibrometer, and DAQ – data acquisition system.
Prior to excitation (t < 0), the torsion arm is loaded with torque T0 and initial conditions are
measured, such as ψ0, Lv0, and v0 (initial translational displacement of the laser point). The
excitation is then applied (at t = 0) and signals v(t ) , w(t ) , and  (t ) are measured; position ψf is
measured after the system reaches equilibrium. Translational displacement v(t ) is calculated by
numerically integrating v(t ) ; angular displacement  (t ) is then calculated by the following
where θf is determined by the static balance of Tf
2
Lv  t    L2v0   v0  v  t    2 Lv0  v0  v  t   sin  0   ,



(1)

  t   f  0  f  sin 1  v0  v  t   cos  0  Lv  t  .

(2)

0.5

Angular acceleration  (t ) is calculated using the following

  t   w  t  Lw .

(3)

Synchronized dynamic strain is defined by  (t )   (t  tlag ) where tlag is determined from the
cross-correlation of  (t ) and  (t ) . Further details on design and instrumentation are given by
Krak et al.8,9.
The measured responses for experiment E1 are given in Fig. 5. Angular motion and time are
normalized by transition Θb and natural frequency fn; dynamic strain is normalized by its
maximum value. The response has three distinct response regimes: double-sided impact (DS),
single-sided impact (SS), and no-impact (NI). These regimes can be defined by motion with
respect to  I and I , which are the transitions from very low stiffness (KI ≈ 0) to high stiffness
as shown by  ( ) . The double-sided impact regime occurs when travel crosses both  I and

I , which corresponds to significant positive and negative values of  ( t ) . The single-sided

impact regime occurs when travel crosses  I only, which corresponds to significant negative
values of  ( t ) . The no-impact regime occurs when the travel does not cross either  I or I ;
though the response is non-linear, it appears sinusoidal.
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Fig. 5 – Measured responses of experiment E1. Key: ( ▬ ) – measurement, ( | ) – repsonse
regime transition, (−∙−) – stage or clearance transition, DS→SS – transition from double-sided
to single-sided impact reimge, SS→NI – transition from singled-sided impact to no-impact
regime, and ±ΘI – stage I transition.
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EXPERIMENT E2

A physical illustration of experiment E2 is given in Fig. 6. A set of jaw-coupling hubs is
selected; one hub is grounded and the other (JB) is free to vibrate. The elastomer spider between
the jaws is removed and replaced with coil springs (KB). A shaft and torsion arm (JA) connect to
the coupling hub (JB) through a key and keyway (KAB(ϕ)). The shaft is radially supported by a
sleeve bearing. A small steel disk is rigidly attached to the end of the torsion arm; this disk is the
attachment point for an electromagnet and mass.
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Fig. 6 – Physical illustration of experiment E2. Key: A – electromagent and mass, B – torsion
arm and shaft (JA), C – sleeve bearing, D – jaw-coupling hub (JB), E – torsional spring, F – jawcoupling hub (ground), and G – bedplate (ground).
Like E1, the components of experiment E2 are sized using the natural frequency (fn) of an
equivalent linear system, which has inertia JA + JB and stiffness KB. Again, the desired natural
frequency is roughly 10 Hz. Inertia JB and stiffness KB are manufactured components with
known values; therefore, JA must satisfy J A  KB / (20 )2  J B . The external torque TA(t) is
supplied by an electromagnet-mass drop, which occurs at t = 0. The initial torque value TA0 is
controlled by the overhanging mass of the electromagnet; the final torque value TAf is negligible
due to the symmetry of the torsion arm. The final operating point (ϕf,TAf) is very near the
clearance transition point (Φb,0), and the initial operating point (ϕ0,TA0) is relatively distant.
Accelerometers are chosen to measure translational accelerations on JA and JB ( uA (t ) and
uB (t ) , respectively). The radial distances from the axis of rotation to the accelerometers are
denoted LuA and LuB. It is assumed that both uA (t ) and uB (t ) are tangential to the angular
motions of JA and JB. Prior to excitation (t < 0), the system is loaded with torque TA0
(electromagnet and mass). The excitation is applied (at t = 0) by stopping the electrical current
to the electromagnet through a switch. Then, signals uA (t ) and uB (t ) are sampled at a
frequency of 1.28 kHz. The angular accelerations  A (t ) and  B (t ) are calculated using the
following

A (t )  uA  t  LuA , B (t )  uB  t  LuB .

(5a-b)

The measured responses of experiment E2 are given in Fig. 7; acceleration and time are
normalized by the clearance transition Φb and natural frequency fn. The response is in the
double-sided impact regime (DS), which is characterized by travel across clearance transitions
Φb and −Φb. It is not necessary to calculate or measure angular displacement because E2 is
designed to contain only one clearance. When contact is made at the clearance, there are

correponding negative and positive peak values in the angular acceleration signals  A ( t ) ,

 B ( t ) , and  ( t ) .
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Fig. 7 – Measured responses of experiment E2, where   t   A  t   B  t  .
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CONCLUSION

This paper proposes two vibratory experiments that demonstrate the impulsive response of a
torsional system with a clearance or multi-staged stiffness element. The first experiment (E1)
incorporates a production multi-staged clutch damper which has several non-linear features,
including multi-staged stiffness, multi-staged friction elements, pre-load features, and clearances.
The second experiment (E2) is a scaled-down version of E1 and it is designed to contain only
one known controllable non-linear (clearance) element. The measured responses of both
experiments exhibit distinct and rich non-linear response regimes, such as double-sided impact,
single-sided impact, and no-impact regimes. The measurements also show that the transition
between response regimes and the location of peak angular acceleration corresponds to the welldefined clearance or stage transitions. Measurements provide much physical insight and useful
benchmark data that could be utilized to validate mathematical models.
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