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1 Introduction
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Experimental Investigation of the
Dynamics of a Slider-Crank
Mechanism With Local Linear
Force Input

Conventional implementation of slider-crank mechanisms result in high loads transmitted
through the mechanical structure, inhibiting the design of compact and oil-free machines.
Therefore, this research proposes to step away from the conventional, i.e., rotative, actua-
tion and to investigate local linear actuation on the slider-component directly, while main-
taining 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 Center & Bottom Dead Center are
reached and to minimize the loads transmitted through the mechanical structure. The
non-isochronous transient behavior 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 resonance 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 mul-
tibody mechanical) investigation on the influence of flywheel exposes a clear trade-off
between the sensitivity of the system and the transmission of the actuation force through
the kinematic link. [DOI: 10.1115/1.4053146]

Keywords: slider-crank mechanism, flywheel, resonance, non-isochronous, linear
actuation

analysis of planar multibody system with lubricated revolute
joints with the same goal of investigating the stability of the

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 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 compact and hermetic solution [2,3]. Recent research proves
furthermore the importance of dynamic analyses of such systems,
with a focus on the relative motion in and minimization of loads
acting on these joints. Varedi et al. performed dynamic investiga-
tions including the clearances in the joints to propose an optimiza-
tion of the mass distribution of the links of a mechanism to reduce or
eliminate the impact forces in the clearance joint [4]. Similarly,
Zhao et al. propose a new numerical method for modeling and
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motion in the joints [5]. Yaqubi et al. investigated the possibility
of using clearance control in joints accompanied with a second actu-
ator on the connecting rod to reduce the vibrations and load on the
first actuator [6]. Akbari et al. provide a more in depth analysis of
the resonance of flexible connecting rod and proposes a piezo-
actuator to suppress the vibrations [7]. Hong-Sen Ya proposes to
step away from the traditional trajectories associated to a constant
speed input by implementing a stepper motor. Properly designing
the input speed of the mechanism, allows for the output motion to
pass through a desired trajectory [8]. As a result, further research
focuses on adequate actuation and (torque) control strategies to
obtain a desired output profile [9,10]. Other possibilities have
been investigated extensively such as the use of adjustable slider-
crank mechanisms to obtain atypical trajectories [11-13]. Shao
investigates such a configuration to actuate ankle exoskeletons
through an inverted slider-crank mechanism [14]. Similarly, Sarige-
cili has demonstrated that by using a second (controlled) input force
on the crank—connecting rod joint, a constant output force on the
slider can be obtained, independent of the crank angle [15].
Soong goes a step further and details the design of flexible
linkage mechanisms with a rotational input and a linear input com-
bined [16] and similarly in Ref. [17] where such an innovative
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configuration is presented in a hybrid-driven mechanical press.
Stepping away from the conventional use of a slider-crank mecha-
nism provides thus the opportunity to match the output profile of the
slider to the requirements of the system and to dimension the kine-
matic link accordingly [18]. This enables the search for the optimal
design of the kinematic link to obtain a compact and lightweight
structure for, e.g., gripper applications [19,20]. In a prior investiga-
tion to this paper [21], we went a step further and removed the rota-
tional input completely. The research focused on the (multibody)
dynamic analysis of local linear actuation on a slider-crank mecha-
nism loaded with a spring-damper element. Actuating directly on
the slider component, without rotational input, provides the oppor-
tunity to reduce the forces transmitted through the system. Instead
of designing an optimal kinematic link for the application, the
local linear actuation configuration allows to minimize the loads
in the joints and reduce the power transmitted through the system
significantly, compared to previous research [8,16,17,20]. This pro-
vides the possibility to downsize the mechanical structure and the
entire machine in general. Furthermore, it would still allow 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 com-
pared to, e.g., free piston compressors [22], while guaranteeing that
top and bottom dead center (TDC & BDC) are reached. The goal is
to search for dynamic operating conditions, where the loads trans-
mitted through the mechanical structure are minimized such that
the kinematic link can be significantly downsized together with
the new design guidelines associated with this innovative approach.
As a result, we propose to validate the previously obtained [21]
results experimentally, by adapting an existing practical set-up
RCK-1 [23] to further investigate the local linear actuation principle
on a slider-crank mechanism loaded with a spring-damper element.
The atypical implementation of the slider-crank mechanism calls for
an investigation of the adapted working principle and associated
possibilities. Therefore, the focus lies on the experimental charac-
terization of the actuation principle and the consequences of such
a configuration. By omitting the rotational input, a relationship
between the operating frequency and the loads transmitted
through the mechanical structure can be established for the different
working regions. The non-isochronous transient oscillating beha-
vior during a start-up is discussed at first in Sec. 2.1, followed by
a detailed investigation of the optimal steady-state operating condi-
tions in Sec. 2.2 where a significant reduction of the loads trans-
mitted through the system has been achieved at resonance
conditions. Particular attention will be paid to the transition of oscil-
lating to rotating conditions as a sudden increase in operating fre-
quency can be noticed. To conclude, the influence of the moment
of actuation as well as the (polar inertia of the) flywheel on the
loading of the system is highlighted in Sec. 3. A new design philos-
ophy arises, where the trade-off between the sensitivity of the

(a)
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Fig. 1
mental set-up consisting of a slider-crank mechanism attached to two translational spring-
damper elements and (b) concept of the bang-bang actuation current profile over 1 time period
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system and the loading of the kinematic link can be regulated
with the polar inertia of the flywheel.

2 Experimental Set-Up

Previous research showed, by means of dynamic simulations,
that by actuating locally on the slider component, the loads trans-
mitted through the mechanical structure can be reduced by 90%
at resonance while guaranteeing a continuous rotation of the
crank rod [21]. However, further (experimental) investigation is
required to fully comprehend the consequences of such a configura-
tion and its associated dynamics. The conceptual layout is detailed
in Fig. 1(a), where F ., represents the actuation force on the system.
The idea is to utilize 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. 1(b). The width of the actuation 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. 1(b)).
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) frequency of the system.

The experimental setup (Fig. 2) consists of a rotating shaft with a
crank rod rigidly attached to the shaft (as well as a flywheel), a con-
necting rod connected to the crank rod and crosshead with two revo-
lute 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 optimization algo-
rithm detailed in Ref. [23]) is rigidly connected to provide the actu-
ation forces to the system. A position sensor has been implemented
which consists of three eddy current proximity probes radially
placed on a 120 deg 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 (HBM U9C) has been incorporated to measure the loads trans-
mitted through the mechanical structure, denoted as rod load. A
Performance Speedgoat Real Time Target Machine has been used
to control the Inverter with a switching frequency of 4kHz to
impose the desired currents to the linear motor. The sampling fre-
quency of the Speedgoat is set to 10kHz, both for the
data-acquisition as for the control of the motor. In the post-
processing of the results, a moving average filter has been imple-
mented with a window of 50 samples to reduce the high frequency
noise fluctuations on the signals.

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.
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Slider-crank mechanism with local linear actuation: (a) schematic drawing of the experi-
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Fig.2 Experimental layout of a slider-crank mechanism loaded with mechanical springs and rigidly connected to a linear

actuator

To further detail the operating principle and test campaign, an
example of an experimental start-up procedure to steady-state is
illustrated in Figs. 3 and 4 and discussed below.

The numbering below corresponds to the numbers indicated in
Figs. 3 and 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 toward 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. 1()) is then super-
posed on the compensating current to provide the desired
actuation force on the system. The amplitude of the current
pulse is systematically increased, gradually increasing the
oscillation amplitude of the system. The envelope curve of
the imposed actuation current is illustrated in Fig. 4.

(3) At around 455, the oscillation amplitude reaches the full
stroke of the system, i.e. 44.2 mm, and the crank rod starts
rotating.

(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 accord-
ingly 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 gray box in Fig. 4. The following

sections will provide a more in depth investigation by focusing on
the frequency analysis of the non-isochronous oscillating move-
ment (transient) as well as on the optimal operating frequency
during rotating conditions (steady-state), which yields a reduced
loading of the kinematic link.

2.1 Transient Analysis. During start-up, the oscillation ampli-
tude is gradually increased by inserting more and more energy in the
system until rotation of the crank rod is achieved. However, during
the oscillating transient, similarly to a pendulum, the oscillation fre-
quency decreases with increasing oscillation amplitude. This phe-
nomenon is shown in Fig. 5, where the frequency evolution of
the experiment detailed in the previous section is plotted as a func-
tion of time.

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 connect-
ing rod are small:

_ 1 kapring
ﬁigel1,approximated - %

-8 Hz )
mg+mp+m

However, during transient, the crank rod and flywheel participate
to the oscillating movement and as a result the corresponding oscil-
lating frequency will be much lower than the rotating frequency of
the system. This non-isochronous oscillating behavior has been
detailed in preceding research [21] and is derived in Appendix A.
The oscillation period T, of a slider-crank mechanism loaded
with a mechanical spring can be described as a function of the start-
ing angle 0, and the mechanical parameters of its components, i.e.,
masses and moments of inertia of the different parts and the stiffness
of the springs. The potential energy stored in the crank and connect-
ing rod and in the mechanical springs at €, is converted into kinetic
energy of the moving parts. By assuming a lossless system, this
oscillating movement can be completely quantified with the conser-
vation of energy equation yielding Eq. (2).
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do  (2)

Solving Eq. (2) numerically for the values indicated in Table 1
allows to determine the theoretical oscillation frequency as a func-
tion of the starting angle 6,. Figure 6 shows indeed that a larger
oscillation amplitude results in a lower oscillation frequency.
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Table 1 Specifications of the slider-crank mechanism analysis

Length crank rod » (mm)

Length connecting rod / (mm)
Mechanical stiffness spring & (N/mm)
Maximum static spring force Fj ., (N)
Mass crank rod m, (kg)

Mass connecting rod m; (kg)

Mass crosshead m,, (kg)

Mass flotor and permanent magnets my (kg)
Mass flywheel my, (kg)

Polar inertia flywheel I, (kg mm?)
Polar inertia crank rod /, (kg mm?)
Polar inertia connecting rod /; (kg mm?)

22.1
127.0
3.19
141
0.06
0.30
0.72
1.50
2.10
5000
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Fig.3 Position evolution over time where the current and thus actuation force has been system-
atically increased to achieve rotation of the crank rod
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Fig. 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 agreement with Fig. 1(b).

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 formula-
tion. An identical approach can be used here to compute an equiv-
alent linear mass M., from the polar inertia [, of the flywheel and
crank rod respectively to investigate the linear vibration behavior
of the system:

21

. @

M, ==
eq r2

Using Eq. (4) to calculate the equivalent mass of the flywheel (the
equivalent mass of the crank rod is negligible compared to the

041002-4 / Vol. 89, APRIL 2022

flywheel) using the polar inertia detailed in Table 1 and incorporat-
ing this mass in Eq. (1), yields an approximated eigenfrequency
during the transient of

=27Hz (5)

f . . _ i 2kspring
eigen,approximated o my +mp T+ Meq,ﬂy

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 Figs. 5 and
6. Nevertheless, together with Eq. (2), it contributes to the
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Fig. 5 The evolution of the operating frequency over time during a start-up procedure together
with the envelope curve of the corresponding oscillation amplitude
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Fig.6 Oscillating frequency as a function of the release angle 6,

understanding of the sudden frequency shift at the moment the
crank rod stops oscillating and starts rotating (i.e., at ®45s in
Fig. 5). During the entire transient, the flywheel dominates the oscil-
lating movement as well as the natural frequency of the system.
However, from the moment the crank rod, and flywheel accord-
ingly, starts rotating, it no longer performs an oscillating movement.
As a result, the oscillating mass instantaneously reduces signifi-
cantly 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.>

2.2 Steady-State Analysis. During steady-state rotative con-
ditions, an optimal actuation current exists to minimize 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 [21]. This optimal zone has been indicated by a gray box in
Figs. 4 and 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

2hllps://Www.youtube.com/watch‘.’v=1r4LixunHQ
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Fig. 7 Rod load as a function of the operating frequency during

steady-state conditions
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Fig. 8 Rod load as a function of the position for the zoom in
Figs. 3 and 4

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 gray zone by further decreasing the actuation
current, i.e., decreasing the operating frequency (Fig. 5), results in
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Fig.9 Comparison of rod load profiles as a function of the position, where the actuation moment

is varied from [0 90] deg to [45 135] deg

aclear 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.

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 maxi-
mum 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 ~70N rod load. However, the maxi-
mum negative rod load is only after TDC is passed, when the neg-
ative 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 trans-
mitted 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 con-
figuration of the slider-crank mechanism. Until now the actuation
current (and thus force) has been applied from TDC to 90deg
crank angle and from BDC to —90 deg. Therefore, the two follow-
ing 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.

3.1 Actuation Force Position. To investigate the influence of
the actuation position on the transmission of the actuation force in
the kinematic link, a comparison between two experiments has
been detailed below. The main difference between the two experi-
ments is the moment of actuation. In the first experiment, the actu-
ation takes place from TDC to 90 deg crank angle and from BDC to
—90deg. In the second experiment, the actuation takes place from
45deg to 135deg crank angle and from —45deg to —135deg.
The results illustrated in Fig. 9 do not correspond to ideal operating
conditions, i.e., minimal rod load.

A first important comment is the amplitude of the actuation
current is different between the two experiments. This is a conse-
quence of the non-linear force profiles of the motor with respect

041002-6 / Vol. 89, APRIL 2022

to the the current and position of the rotor. Therefore the compari-
son is made between the two experiments where the operating fre-
quency is the same, i.e., 7.2Hz. As a result, a higher current is
needed from 45deg to 135deg to obtain the same operating fre-
quency. The fact that the operating frequency is the same, the
same rod load can be observed at TDC and BDC in the two
curves. Let us detail the [0 90] deg-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 configura-
tion 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 mechan-
ical 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.

(4) A negative actuation current is imposed until 22 mm, inhib-
iting the rod load to decrease further until actuation is
stopped.

An identical reasoning can be made on the [45, 135] deg profile.
Ataround 11 mm, the positive actuation takes place (2’) resulting in
an increase of the rod load. Similarly at 4’ where the negative actu-
ation force is imposed, results in a decrease of the rod load. This vis-
ibility 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. As
an extension of the experimental results, for the sake of clearness,
the phenomenon is also investigated using a multibody model of
the slider-crank mechanism loaded with a spring-damper element
(discussed in detail in Ref. [21]). This allows to qualitatively

Fig. 10 Simscape lay-out of a slider-crank mechanism loaded
with a mechanical spring-damper element [21]
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actuation force in the mechanical structure: (a) steady-state simulated rod load profile for a
[0 90] deg actuation and (b) steady-state simulated rod load profile for a [45 135] deg actuation

clarify the obtained experimental results. The model is illustrated in
Fig. 10 and consists of a shaft connected to the ground with a revo-
lute joint, a crank rod rigidly connected to the shaft, a connecting
rod connected to the crank rod and piston with two revolute
joints and a piston whose motion is limited using a translational
joint with respect to the ground. The spring-damper element has
been implemented as a linear force acting between the piston and
ground, visualized by the “dummy” gray ball. The system has its
resting position at half of the stroke [21]. However, no clearances
are incorporated in the joints, i.e., rigid joints, contrarily to Refs.

[4,5], which would give a more accurate representation of the
impact forces in the joints. Nevertheless, a detailed analysis on
the modeling of the joints is outside the scope of this research.
The implemented numerical configuration is listed in Table 1,
where the polar inertia of the flywheel is added to the polar
inertia of the crank rod and similarly the mass of the flotor my is
added to the mass of the crosshead/piston m,,.

The simulated rod load is plotted as a function of time for a [0 90]
deg actuation and [45 135] deg actuation in Figs. 11(a) and 11(b),
respectively. The point of interest has been encircled in both
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Fig. 12 Comparison between the experimentally obtained rod load profiles 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 and position have been added for the sake of

clearness.
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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. Figures 11(a) and
11(b) prove that the actuation force is much more visible in the
rod load profile when actuating close to the singular configurations.
The [45 135] deg actuation strategy provides furthermore the oppor-
tunity to significantly downsize the linear motor. Since no forces are
required between Odeg and 45 deg and analogously between 135
deg and 180deg, the actuator can be designed on approximately
50% of the stroke, compared to a full stroke position controlled
application.

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 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 deg and 135deg 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. Figure 12 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. 12, without any
values, to highlight the moment of amplitude change.

The upper graph of Fig. 12 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
Nto 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-case. These last absolute
values might however give a false representation as they are a com-
bination 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 actu-
ation 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
amarginal increase of the rod load of the system. As a result, a trade-
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Fig. 13 Simulated rod load as a function of the operating fre-
quency for the flywheel and no-flywheel-case
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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 have been per-
formed 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. 13 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. Figure 13 only contains points where
steady-state rotation has been achieved. In other words, without fly-
wheel, no operation under ~7 Hz is possible since there is not enough
inertia to go through the singular configurations of the system.

These results enable a new design strategy with respect to a tradi-
tional use of slider-crank mechanisms and associated flywheels.
This trade-off between sensitivity and loading of the kinematic
link, provides the opportunity to make the system more flexible
to changing requirements of the customer, e.g., flow requirements
of a piston compressor. More specifically, a certain upper limit
for the rod load can be defined per design, e.g., 50% of the
nominal spring force as indicated in Fig. 13, providing an operating
region around the resonance frequency (indicated by the gray zone).
When minor changes of the operating frequency are required during
operation, i.e., deviating from the minimal loading conditions, the
increase in rod load can be tolerated under the preset limit. This
allows to dimension the mechanical structure for the preset
maximum rod load as well as the flywheel for the desired sensitivity
of the system.

4 Conclusion

This paper proposed to step away from the traditional use of a
slider-crank mechanism by experimentally investigating the influ-
ence of a local linear actuation on the slider, loaded with a mechan-
ical 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 fly-
wheel to the linear vibration. During steady-state conditions, an
operating frequency was found, close to the resonance frequency
of the system, in which the loads transmitted through the mechan-
ical structure could be reduced by 63%. Afterward a more in
depth (multibody and experimental) 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 sensi-
tivity of the system and the visibility of actuation force in the rod
load was found.

Acknowledgment

Flanders Innovation & Entrepreneurship Agency (VLAIO) is
gratefully acknowledged for its support within the Baekeland-
mandate HBC.2018.2055. Furthermore, we acknowledge Flanders
Make for the support of our team.

Conflict of Interest

There are no conflicts of interest.

Data Availability Statement

The authors attest that all data for this study are included in the
paper. The authors attest that all data for this study are included
in the paper.

Transactions of the ASME

Wel/z10.189/200170/+/68/4pd-ojo1He/solueyoewpal|dde/B10 aWwsE" Uoos||00eNBIpaWSE Woly papeojumod

¥ 68

9202 JoquIaAoN 0 UO Jasn uieAnojoN-uleano] a@ anbijoyied Ausiaaun Aq 3pd-zooL 0



Nomenclature

f = frequency [Hz]
k = spring stiffness [N/m]
| = length connecting rod [m]
m = mass [kg]
r = length crank rod [m]
v = velocity [m/s]
Xx = position [m]
C = damping coefficient [Ns/m]
F = force [N]
I = moment of inertia [kg mz]
T = period [s]
0 = Crank angle, deg
¢ = Connecting rod angle, deg
Subscripts
act = actuation
eq = equivalent
f = flotor
fiy = flywheel
| = connecting rod
max = maximum
os = oscillation
p = piston
r = crank
s = static
spring = spring

Appendix A: Derivation Oscillation Period of a
Slider-Crank Mechanism Loaded With a Mechanical
Spring [21]

Starting from the kinetic and potential energy of the slider-crank
system displayed in Fig. 14:

.2 .2
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Fig. 14 Schematic drawing of a slider-crank mechanism
attached to a translational spring-damper element [21]

Substituting the equalities above in the potential and kinetic
energy formulations together with /sing =rsinf and denoting the

recurring term /2 — 12 sin (0)* as a, the following equations are
obtained:

a=~P-r2 sin¢*
da r? sin@cos (A2)

o~ a

1 .2 1. r*cos?@.2 1 . % sin@cos 6 2-2
T=§1r9 +51, 2 [ +§mp<—rsm0—f>0

1 2
—r2sin@cos @

1 2],
+= rsin0+27 +(£COSQ) 02
2 a 2
ro. roo. k 5
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Using the conservation of energy theorem, with
ap=+/ I — r?sin®6y:
1 .2 1 r*cos?f.» 1 . 72 sin @ cos 0 2~2
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1 2
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Isolating & and integrating over one cycle Ocycle yields the oscil-
lation period T, as function of the starting angle 6,:
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