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de Louvain (UCLouvain), Place du Levant, 2, 1348 Louvain-la-Neuve, Belgium

e Flanders Make, 3001 Heverlee, Belgium.

Abstract

Conventional implementation of slider-crank mechanisms result in high loads
transmitted through the mechanical structure, inhibiting the design of com-
pact and oil-free machines. Therefore, this research proposes to step away
from the conventional, i.e. rotative, actuation and to investigate local linear
actuation on the slider-component directly, while maintaining the kinematic
link of the slider-crank configuration. In this work the local linear actuating
principle is evaluated experimentally where the goal is to obtain a continuous
movement of the slider mechanism where Top Dead Centre & Bottom Dead
Centre are reached and to minimise the loads transmitted through the mech-
anical structure. The non-isochronous transient behaviour of a slider-crank
mechanism loaded with a spring-damper element is detailed as well as the
optimal working conditions at steady state to achieve a reduced loading of
the kinematic structure. By matching the operating frequency and reson-
ance frequency of the system, a reduction of the loads transmitted through
the system by 63% of the nominal spring load can be achieved. Further
experimental (and multibody mechanical) investigation on the influence of
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flywheel exposes a clear trade-off between the sensitivity of the system and
the transmission of the actuation force through the kinematic link.

Keywords: Slider-Crank Mechanism, Flywheel, Resonance,
Non-isochronous, Linear Actuation

Nomenclature

BDC Bottom dead centre

C Damping coefficient [Ns/m]

F Force [N]

f Frequency [Hz]

I Moment of inertia [kg m²]

k Spring stiffness [N/m]

l Length connecting rod [m]

m Mass [kg]

r Length crank rod [m]

T Period [s]

v Velocity [m/s]

x Position [m]

θ Crank angle [◦]

ϕ Connecting rod angle [◦]

TDC Top dead centre

Subscripts

act Actuation

eq Equivalent

f Flotor

fly Flywheel

l Connecting rod

max Maximum

os Oscillation

p Piston

r Crank

s Static

spring Spring

1. Introduction

Slider-crank mechanisms have been investigated extensively in the past
decades, due to their industrial applicability to convert rotary motion into
linear motion or vice-versa in e.g. gasoline engines and piston compressors
[1]. However, in such applications, the mechanical structure is dimensioned
to transmit and withstand the full power from piston to motor side and vice
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versa. As a result, fluid film bearings are often used to cope with the high
loads transmitted through the system, complicating the possibility of a com-
pact and hermetic solution [2, 3]. Recent research proves furthermore the
importance of dynamic analyses of such systems, with a focus on the relat-
ive motion in and minimisation of loads acting on these joints. Daniali et
al. performed such a dynamic investigation including the clearances in the
joints and proposed an optimisation of the mass distribution of the links of
a mechanism to reduce or eliminate the impact forces in the clearance joint
[4]. Zhao et al. proposes a new numerical method for modeling and analysis
of planar multibody system with lubricated revolute joints [5]. Yaqubi et al.
investigated the possibility of using clearance control in joints accompanied
with a second actuator on the connecting rod to reduce the vibrations and
load on the first actuator [6]. Hong-Sen Ya proposes to step away from the
traditional trajectories associated to a constant speed input by implement-
ing a stepper motor. Properly designing the input speed of the mechanism,
allows for the output motion to pass through a desired trajectory [7]. As a
result, further research focuses on adequate actuation and (torque) control
strategies to obtain a desired output profile [8, 9, 10]. Other possibilities
have been investigated extensively such as the use of adjustable slider-crank
mechanisms to obtain atypical trajectories [11, 12, 13]. An alternative con-
figuration has been demonstrated by Sarigecili where a second (controlled)
input force on the crank–connecting rod joint results in a constant output
force on the slider, independent of the crank angle [14]. Soong goes a step
further and details the design of flexible linkage mechanisms with a rota-
tional input and a linear input combined [15] and similarly in [16] where
such an innovative configuration is presented in a hybrid-driven mechanical
press. Stepping away from the conventional use of a slider-crank mechanism
provides thus the opportunity to match the output profile of the slider to
the requirements of the system. In a prior investigation to this paper [17],
we went a step further and removed the rotational input completely. The re-
search focused on the (multibody) dynamic analysis of local linear actuation
on a slider-crank mechanism loaded with a spring-damper element. Actu-
ating directly on the slider component, without rotational input, provides
the opportunity to reduce the forces transmitted through the system. Such
configuration allows to minimise the loads in the joints and reduce the power
transmitted through the system significantly, compared to previous research
[7, 15, 16]. This provides the possibility to downsize the mechanical struc-
ture and the entire machine in general. Furthermore, it would still allow
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to impose any desired trajectory (and associated control strategies), be it
with mechanical limits. Maintaining this mechanical link, provides a fail
safe if an excessive force is imposed on the slider-component, which would
allow to simplify control strategies compared to e.g. free piston compressors
[18], while guaranteeing that top & bottom dead centre (TDC & BDC) are
reached. As a result, we propose to validate the previously obtained [17]
results experimentally, by adapting an existing practical set-up RCK-1 [19]
to further investigate the local linear actuation principle on a slider-crank
mechanism loaded with a spring-damper element. The focus lies on the rela-
tionship between the operating frequency and the loads transmitted through
the mechanical structure. The non-isochronous transient oscillating beha-
viour during a start-up is discussed at first in Section 2.1, followed by a
detailed investigation of the optimal steady state operating conditions in
Section 2.2 where a significant reduction of the loads transmitted through
the system has been achieved at resonance conditions. Particular attention
will be paid to the transition of oscillating to rotating conditions as a sudden
increase in operating frequency can be noticed. To conclude, the influence of
the (polar inertia of the) flywheel on the loading of the system is highlighted
in Section 3.

2. Experimental set-up

Previous research showed, by means of dynamic simulations, that by ac-
tuating locally on the slider component, the loads transmitted through the
mechanical structure can be reduced by 90% at resonance while guaranteeing
a continuous rotation of the crank rod [17]. However, further (experimental)
investigation is required to fully comprehend the consequences of such a con-
figuration and its associated dynamics. The conceptual layout is detailed in
Fig. 1a, where Fact represents the actuation force on the system. The idea
is to utilise the dynamics of the system by launching the piston, by pushing
and pulling it with a linear actuator, instead of controlling it rotationally,
similarly to what occurs in combustion engines. The shape of the actuation
current of the linear motor is illustrated in Fig. 1b. The width of the actu-
ation pulses is fixed throughout this paper, i.e. during 25 % of the oscillation
period a positive current (and thus force) is imposed and during 25 % of
the oscillation period a negative current is imposed (Fig. 1b). During the
remaining 50% no actuation force is acting on the system. This means that
the frequency of actuation follows the oscillating (and eventually rotating)
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frequency of the system.
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(a) Schematic drawing of the experimental set-
up consisting of a slider-crank mechanism at-
tached to two translational spring-damper ele-
ments.
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Figure 1: Slider-crank mechanism with local linear actuation.

The experimental set-up (Fig. 2) consists of a rotating shaft with a crank
rod rigidly attached to the shaft (as well as a flywheel), a connecting rod
connected to the crank rod and crosshead with two revolute joints and a
crosshead which is supported by a translational joint to guide the linear
movement. Two mechanical springs are attached to the system as external
loads and a linear electromagnetic motor (designed in parallel research using
the optimisation algorithm detailed in [19]) is rigidly connected to provide
the actuation forces to the system. A position sensor has been implemented
which consists of three eddy current proximity probes radially placed on
a 120◦ interval on a conical shaft with a decay of 1 mm. The combined
measurement of the three radial probes is used to determine the axial position
of the moving parts. A load cell has been incorporated to measure the loads
transmitted through the mechanical structure, denoted as rod load.

Load cell Position sensorMechanical Spring

Mechanical Spring

Flywheel

Crosshead

Figure 2: Experimental layout of a slider-crank mechanism loaded with mechanical springs
and rigidly connected to a linear actuator.

5



The pre-tension of the springs has been set such that the system has its
equilibrium position at half of the stroke, i.e. 22.1 mm. The specifications
of the RCK-1 experimental set-up are detailed in Table 1

Table 1: Specifications of the slider-crank mechanism analysis.

Length crank rod r (mm) 22.1
Length connecting rod l (mm) 127

Mechanical stiffness spring k (N/mm) 3.19
Maximum static spring force Fs,max (N) 141

Mass crank rod mr (kg) 0.055
Mass connecting rod ml (kg) 0.3

Mass crosshead mp (kg) 0.72
Mass flotor and permanent magnets mf (kg) 1.5

Mass flywheel mfly (kg) 2.1
Polar inertia flywheel Ip,fly (kg mm2) 5000

To further detail the operating principle and test campaign, an example
of an experimental start-up procedure to steady state is illustrated in Fig. 3
and Fig. 4 and discussed below.
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Figure 3: Position evolution over time where the current and thus actuation force has been
systematically increased to achieve rotation of the crank rod.
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Figure 4: Rod load evolution over time together with the envelop curve of the imposed
actuation current. The zoom on the right represents the actual imposed current in agree-
ment with Fig. 1b.

The numbering below corresponds to the numbers indicated in Fig. 3
and Fig. 4.

1. The initial position of the rotor is close to TDC due to the fact that
the linear motor provides a static force at 0 A pulling the entire system
towards the top singular position (analogous to a cogging torque in
permanent magnet motors). To focus the investigation on the non-
linear dynamics of the slider-crank mechanism loaded with mechanical
springs, a counteracting current control strategy has been implemented
to compensate this electromagnetic spring (force) associated with the
linear motor. Activating this compensation at around 5 s, results in
a sudden movement of the rotor position to half the stroke, i.e. the
resting position of the mechanical system due to the two spring forces
acting on the system.

2. A pulse-shaped reference current (Fig. 1b) is then superposed on the
compensating current to provide the desired actuation force on the sys-
tem. The amplitude of the current pulse is systematically increased,
gradually increasing the oscillation amplitude of the system. The en-
velope curve of the imposed actuation current is illustrated in Fig. 4.

3. At around 45 s, the oscillation amplitude reaches the full stroke of the
system, i.e. 44.2 mm, and the crank rod starts rotating.
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4. Afterwards, the current is decreased to adapt the operating frequency
of and loads transmitted through the system (Fig. 4).

5. To conclude, when the imposed current is smaller than the minimal
one required to maintain the rotation, the crank rod starts oscillating
again.

During the transient, the loads systematically increase accordingly with
the oscillation amplitude. Once rotating conditions are achieved, there exists
an optimal actuation current to significantly decrease the loads transmitted
through the system, this zone has been indicated with a transparent grey
box in Fig. 4. The following sections will provide a more in depth investiga-
tion by focusing on the frequency analysis of the non-isochronous oscillating
movement (transient) as well as on the optimal operating frequency dur-
ing rotating conditions (steady state), which yields a reduced loading of the
kinematic link.

2.1. Transient analysis

During start-up, the oscillation amplitude is gradually increased by in-
serting more and more energy in the system until rotation of the crank rod
is achieved. However, during the oscillating transient, similarly to a pendu-
lum, the oscillation frequency decreases with increasing oscillation amplitude.
This phenomenon is shown in Fig. 5, where the frequency evolution of the
experiment detailed in the previous section is plotted as a function of time.
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Figure 5: The evolution of the operating frequency (blue) over time during a start-up
procedure together with the envelope curve of the corresponding oscillation amplitude
(orange).
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During nominal working conditions (i.e. continuous rotation of the crank
rod), the crank rod and flywheel will barely accelerate and decelerate and the
eigenfrequency of the system can then be approximated by Eq. 1, assuming
the oscillations of the connecting rod are small:

feigen,approximated =
1

2π

√
2kspring

mf +mp +ml

= 8 Hz (1)

However, during transient, the crank rod and flywheel participate to the
oscillating movement and as a result the corresponding oscillating frequency
will be much lower than the rotating frequency of the system. This non-
isochronous oscillating behaviour has been derived in preceding research [17]
and the oscillation period Tos can be described as function of the starting
angle θ0 using Eq. 2:

Tos =
∫
θos

√√√√
1
2

Ir + Il
r2 cos2 θ

a2
+mp

(
−r sin θ− r2 sin θ cos θ

a

)2
+ml

((
r sin θ+

1
2 r2 sin θ cos θ

a

)2

+( r
2
cos θ)

2

)
((mr+ml)g

r
2
sin θ0+

k
2
(r cos θ0+a0−l)2−(mr+ml)g

r
2
sin θ− k

2
(r cos θ+a−l)2)

dθ

(2)
With:

a =
√

l2 − r2 sin2 θ (3)

Solving Eq. 2 numerically for the values indicated in Table 1, allows to
determine the theoretical oscillation frequency as a function of the starting
angle θ0. Fig. 6 shows indeed that a larger oscillation amplitude results in a
lower oscillation frequency.
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Figure 6: Oscillating frequency as a function of the release angle θ0.

This contribution of the flywheel and crank rod can also be explained in a
more pragmatic manner. In torsion vibration analyses of combustion engines,
an equivalent polar moment of inertia of the piston can be computed using
the conservation of energy formulation. An identical approach can be used
here to compute an equivalent linear mass Meq from the polar inertia Ip of
the flywheel and crank rod respectively to investigate the linear vibration
behaviour of the system:

Meq =
2Ip
r2

(4)

Using Eq 4 to calculate the equivalent mass of the flywheel (the equivalent
mass of the crank rod is negligable compared to the flywheel) using the polar
inertia detailed in Table 1 and incorporating this mass in Eq. 1, yields an
approximated eigenfrequency during the transient of:

feigen,approximated =
1

2π

√
2kspring

mf +mp +ml +Meq,fly

= 2.7 Hz (5)

Of course, Eq. 4 provides an averaged value of the equivalent mass of the
flywheel and does not take into account the non-isochronous movement of the
system highlighted in Fig. 5 and Fig. 6. Nevertheless, together with Eq. 2, it
contributes to the understanding of the sudden frequency shift at the moment
the crank rod stops oscillating and starts rotating (i.e. at ≈ 45 s in Fig. 5).
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During the entire transient, the flywheel dominates the oscillating movement
as well as the natural frequency of the system. However, from the moment
the crank rod, and flywheel accordingly, starts rotating, it no longer performs
an oscillating movement. As a result, the oscillating mass instantaneously
reduces significantly and the natural frequency of the system jumps to the one
approximated in Eq. 1. This phenomenon can also clearly be observed in the
video of the experiment at around 45 s (https://youtu.be/J2tqcNAYsFE).

2.2. Steady state analysis

During steady state rotative conditions, an optimal actuation current
exists to minimise the loads in the system. More precisely, the closer the
operating frequency of the system to the natural frequency, the lower the rod
load will be [17]. This optimal zone has been indicated by a grey box in Fig. 4
and Fig. 5. Decreasing the actuation current from 1.2 A to 1.1 A, i.e. entering
this optimal zone, results in a (small) decrease in rod load as we approach
the resonance frequency of the system. The nominal load of the system is
highlighted in Table 1 where the maximum spring force is approximately [-140
+140] N. The resulting rod load however, at 8.17 Hz operating frequency and
an actuation current of [-1.1 1.1] A, is reduced to [-35 68] N. A clear reduction
of 63 %. Nevertheless, due to the fact that, in order to guarantee rotation, a
certain acceleration is required at TDC and BDC to avoid getting stuck in a
singular configuration, a full reduction of the rod load will not be possible.
Furthermore, the load cell is placed between the crosshead and rotor of the
linear motor (Fig. 2). As a result, a part of the internal inertia forces (those of
the crosshead) is measured in the load cell while not being transmitted to the
joints, if the resonance conditions are met. Exiting this grey zone by further
decreasing the actuation current, i.e. decreasing the operating frequency
(Fig. 5), results in a clear increase of the rod load visible at ≈ 60 s and 70
s. Excessively increasing the actuation current would have a similar result
as the operating frequency would again deviate from the natural frequency
as it goes up, resulting again in an increase of the transmitted rod load. The
rod load versus frequency (during steady state rotating conditions) plot of
the experimental configuration detailed above is highlighted in Fig. 7.
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3. Discussion

The rod load profile visible in Fig. 4 requires a more in depth investigation
and associated discussion. Plotting the rod load profile as function of the
position in Fig. 8 shows that the maximum positive rod load is at BDC where
the kinematic structure limits any further movement and thus a reaction force
to inverse the movement causes the ≈ 70 N rod load. However, the maximum
negative rod load is only after TDC is passed, when the negative actuation
current/force is imposed. Due to the presence of a flywheel, the system
is reluctant to changes once it is rotating smoothly. In other words, the
actuation force will be partially transmitted through the mechanical structure
and will thus be visible in the measured rod load profile. Furthermore, this
transmission will depend on the position of actuation, or more precisely on
the configuration of the slider-crank mechanism. Until now the actuation
current (and thus force) has been applied from TDC to 90◦ crank angle and
from BDC to -90◦. Therefore the 2 following experimental investigations are
detailed in the following sections:

1. The influence of the actuation position on the rod load profile.

2. The influence of the flywheel on the rod load profile.
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3.1. Actuation force position

To investigate the influence of the actuation position on the transmis-
sion of the actuation force in the kinematic link, a comparison between 2
experiments has been detailed below. The main difference between the 2 ex-
periments is the moment of actuation. In the first experiment the actuation
takes place from TDC to 90◦ crank angle and from BDC to -90◦. In the
second experiment the actuation takes place from 45◦ to 135◦ crank angle
and from -45◦ to -135◦. The results illustrated in Fig. 9 do not correspond
to ideal operating conditions, i.e. minimal rod load.
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moment is varied from [0 90]◦ to [45 135]◦.

A first important comment, is the amplitude of the actuation current is
different between the 2 experiments. This is a consequence of the non-linear
force profiles of the motor with respect to the the current and position of the
rotor. Therefore the comparison is made between the 2 experiments where
the operating frequency is the same, i.e. 7.2 Hz. As a result, a higher current
is needed from 45◦ to 135◦ to obtain the same operating frequency. The fact
that the operating frequency is the same, the same rod load can be observed
at TDC and BDC in the 2 curves. Let us detail the [0 90]◦-profile first. The
numbering below corresponds to the numbers indicated in Fig. 9.

1. The piston is at BDC position and the rod load is maximal due to the
acceleration still present in the singular configuration associated with
the frequency mismatch with respect to the resonance frequency.

2. A positive actuation current is imposed to launch the piston towards
TDC where the rod load decreases a little bit at first but remains on a
plateau due to the actuation force still acting on the system and which
is transmitted through the mechanical structure. After 22 mm the rod
load decreases as the actuation current is 0 until TDC is reached.

3. The piston is at TDC position and the rod load is minimal, where the
reasoning is identical to 1.
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4. A negative actuation current is imposed until 22 mm, inhibiting the
rod load to decrease further until actuation is stopped.

An identical reasoning can be made on the [45 135]◦-profile. At around 11
mm the positive actuation takes place (2′) resulting in an increase of the rod
load. Similarly at 4′ where the negative actuation force is imposed, results
in a decrease of the rod load. This visibility of the actuation force in the
rod load profile, becomes particularly interesting when taking into account
the influence of the flywheel of the system, detailed in the following section.
For the sake of clearness, the phenomenon is also illustrated with dynamic
multibody simulations, further details can be found in [17], in Fig. 10a and
Fig. 10b where the rod load is plotted as a function of time for a [0 90]◦

actuation and [45 135]◦ actuation respectively. The point of interest has
been encircled in both graphs to highlight the discontinuity in the rod load
associated with the transmission of the actuation force. This jump in rod
load is more sudden compared to the experimental results due to the fact that
a square wave actuation force profile has been imposed instead of a square
wave actuation current. Fig. 10a and Fig. 10b prove that the actuation
force is much more visible in the rod load profile when actuating close to the
singular configurations.
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Figure 10: Multibody simulated rod load profiles in Simscape to highlight the transmission
of the actuation force in the mechanical structure.

3.2. Flywheel influence

To conclude this research, a final elaboration of the previous results is
detailed as well as the influence of the flywheel on the rod load profile in
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general. The following comparison consists of two experiments where the
actuation current amplitude has been increased in a step of 0.2 A to evaluate
the sensitivity of the system. The actuation takes place in both cases between
45◦ and 135◦ crank angle. The difference between the two cases is that in the
second case the flywheel, indicated in Table 1 and Fig. 2, has been removed.
Fig. 11 depicts two rod load cycles before and two rod load cycles after the
amplitude of the current pulse has been increased. For the sake of clearness
the current pulses have been incorporated in Fig. 11, without any values, to
highlight the moment of amplitude change.
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Figure 11: Comparison between the experimentally obtained rod load profiles (blue) of
the flywheel and no-flywheel-case respectively to highlight the sensitivity of the system
and the transmission of the actuation force. The actuation current (grey) and position
(orange) have been added for the sake of clearness.

The upper graph of Fig. 11 shows that an increase of current of 0.2 A
results in an marginal increase of rod load at TDC of ≈ 4 N (from 28 N to 32
N) compared to an increase of≈ 27 N (from 85 N to 112 N) in the no-flywheel-
case indicated in the lower graph. However, for an identical actuation force,
since the actuation current is identical as well as the moment of actuation
between the two experiments, this force is much more visible in the rod
load, i.e. 65 N, in the flywheel-case compared to 38 N in the no-flywheel-
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case. These last absolute values might however give a false representation
as they are a combination of the rod load as a consequence of the spring
and inertia forces of the system and of the rod load due to the transmission
of the actuation force. Nevertheless, upon evaluating the increase of the
rod load upon actuation, indicated by the circles, the flywheel-case shows a
much larger and steeper increase at the moment of actuation compared to
the no-flywheel-case. In other words, the flywheel is reluctant to changes
when applying an actuation force and results thus in a reaction force in
the mechanical structure proportional to the polar inertia of the flywheel.
However, it also relaxes the system since a small change (e.g. possible error
in a controller) results in a marginal increase of the rod load of the system.
As a result, a trade-off pops up between the transmission of the actuation
force in the kinematic link and the sensitivity of the system. Again, for
the sake of clearness, a set of multibody simulations, more details can be
found in [17], have been performed for the flywheel and no-flywheel-case to
further detail the sensitivity of the system. The actuation force has been
gradually increased to adapt the operating frequency and the rod load at
TDC and BDC has been determined accordingly. The results detailed in Fig.
12 prove indeed that a larger flywheel (or polar inertia in general) decreases
the sensitivity of the system as the rod load stays within acceptable limits
for a wider frequency range and thus actuation amplitude range. Fig. 12
only contains points where steady state rotation has been achieved. In other
words, without flywheel, no operation under ≈ 7 Hz is possible since there is
not enough inertia to go through the singular configurations of the system.
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Figure 12: Simulated rod load as function of the operating frequency for the flywheel and
no-flywheel-case.

4. Conclusion

This paper proposed to step away from the traditional use of a slider-
crank mechanism by experimentally investigating the influence of a local
linear actuation on the slider, loaded with a mechanical spring. In a first
step, a general experiment has been discussed to detail the non-isochronous
movement during transient due to the increasing oscillation amplitude as
well as the sudden frequency increase upon rotation due to the absence of
contribution of the flywheel to the linear vibration. During steady state con-
ditions, an operating frequency was found, close the resonance frequency of
the system, in which the loads transmitted through the mechanical structure
could be reduced by 63%. Afterwards a more in depth (multibody and exper-
imental) investigation of the rod load profile has been discussed with a focus
on the instant of actuation. To conclude, the flywheel has been removed to
study the effect of the polar inertia on the system. A clear trade-off between
the sensitivity of the system and the visibility of actuation force in the rod
load was found.
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