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Impact force magnitude analysis of an impact
pendulum suspended in a vibrating structure
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Abstract. The purpose of this work is the experimental investigation and the mathematical modeling of the impact force behavior
in a vibro-impact system, where an impact pendulum is mounted on a cart that moves with a prescribed displacement. The
dynamics of the system will be evaluated considering different excitation frequencies and changing the impact gap. Experimental
data are used to validate the mathematical model. The mathematical model allows a detailed nonlinear analysis, showing the
rich response of the system, which includes dynamical jumps, bifurcations and chaos. In impact systems, discrepancies between
numerical results and experimental measurements are common due to the difficulty in describing all factors that influence the
resulting impact force profile. The use of wires to suspend the impacting body has the purpose to limit these uncertainties.
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1. Introduction

Oil well drilling in hard rock formations is still a great challenge for oil companies. Optimum productivity is
possible by combining advantages of both existing drilling techniques: rotary and percussive drilling. In conventional
rotary drilling, the energy applied in the system (oil well drillstring) comes from the rotary table, located at the top
of the drillstring. Such energy, supplied to drill the oil well, ends up being wasted in vibration (axial, torsional and
lateral), friction with borehole walls or casing and heat [1–3]. If part of the energy wasted in vibration could be
reinserted into the drilling process, the rate of penetration (ROP) can be increased.

The motivation of this work is to use the already existent vibrations in the drillstring [2,4], to generate an harmonic
load on the bit and an excitation in a steel mass (hammer) which will cause impacts, see Fig. 1. The concept of
this hybrid drilling technique is to reinsert the energy wasted on axial vibration, back into the drilling process, with
the use of impacts. The stress waves created by such impacts may be useful to release the system from a stick
condition of stick-slip phenomena, as well as generating cracks on the rock formation (in case of brittle lithologies),
increasing the rate of penetration. The axial vibration generated by the bit/rock interaction excites a hammer. When
the excitation frequency approaches the mass resonance, impacts on the bit occur, because the hammer displacement
is limited by the gap. Therefore, in addition to the rotary drilling, a percussive action happens due to the impact of
the hammer on the bit [5,6]. The idea of combinining a percussive action to rotary drilling is not new, being first
developed by Hausser and Nüsse & Gräfer in 1955, as referenced in the works of Batako et al. [5].

The study of vibro-impact systems has been the aim of several researches, from the application of a percussive
action in rotary drilling for improved performance [5–7], to ultrasonic drilling [8–10], impact dampers [11,12] and
vibro-safe percussion machines [13].
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Fig. 1. a) Trilobe formation on hard rocks caused by roller cone bits drilling; b) Resonance hammer drilling technique concept; c) Embedded
vibro-impact system.

In general, experimental contributions have been rather limited. Shaw and Holmes [14] experimentally examined
the response of a beam with afixed amplitude constraint at one end,noting that a one degree of freedom approximation
allowed prediction of the regions of periodic and chaotic motion. This was extended systematically in Shaw [15],
where the subharmonic resonances predicted in Thompson et al. [16] were observed along with period-doubling
bifurcations. Ing et al. [17] also studied an impact oscillator with a one-sided elastic constraint. Different bifurcation
scenarios have been shown for a number of values of the excitation amplitude, with the excitation frequency as the
bifurcation parameter. Mann et al. [18] investigates the application of a finite time impact model to the study of a
parametrically excited planar pendulum subjected to a motion-dependent discontinuity. Such studies demonstrate
the presence of multiple periodic attractors, subharmonics, quasi-periodic motions, and chaotic oscillations. Various
other experimental impact oscillators were studied by Hinrichs et al. [19] and Todd and Virgin [20]. Of note is
Piiroinen et al. [21], where a pendulum contacting with a rigid stop was shown to exhibit periodic windows in a
period adding cascade up to period-5.

From the theoretic point of view, vibro-impact systems are a quite interesting subject [22], because it presents a
rich and complex dynamical response, fromperiodic to chaotic behavior. Since it is a nonsmooth system, bifurcations
and other nonlinear phenomena may occur, where such behaviors are mostly not present in linear systems. Besides
the references mentioned above, several other studies concerning vibro-impact systems are available in the literature,
such as the works of Savi et al. [23,24], and Peterka [12,25–27].

Considering the available literature, authors decided to investigate a simplified hammer structure, impacting on
board of a vibrating structure and looking for the conditions of maximum impact force. The experiment should be
modeled and validated. The results using an elastic supported hammer presented an interesting amount of different
nonlinearities (Aguiar et al. [28]), but included discrepancies in the validation due to hammer dynamics. This lead
to the present paper where the experiment consists in a hammer supported by 8 strings impacting on a load cell,
all embedded in a cart performing a harmonic motion with controlled amplitude and frequency. The objective is to
understand the system dynamics demanded for a shorter time scale analysis in the contact process and a mathematical
model which, validated, will be able to extend the range of analysis. The main result will be summarized in a map
that presents the impact regions associated to the maximum impact force and is a variation of map showing the
regions of stable periodic behavior (called by the authors ‘Peterka Map’).

Although the literature shows several studies dealing with vibro-impact systems, as listed, there is few concern
regarding the force magnitude developed by the impacts. Since the motivation relies on a hybrid technique to drill
hard rock formations, special attention is dedicated in this work regarding the impact force magnitude, as well the
parameters combination thats generates higher impact forces. The authors propose a contribution to the field of
vibro-impact dynamics proposing the Peterka map with impact force magnitude addressed as a design tool for this
special type of devices.
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Fig. 2. Test rig: a) Picture of the entire test rig, including acquisition hardware; b) Physical representation.

Fig. 3. Test rig: Cart and hammer sketch.

2. Experimental apparatus

The experimental apparatus is shown in Fig. 2. The experiment consists of a main cart, made of aluminum, which
slides along the horizontal axis on a low friction rail bearing assembly, see Fig. 3. The main cart is excited by an
inverter controlled AC motor. The motor is attached to the cart through a pin that slides into a slot machined on an
acrylic plate attached to the cart. The pin hole is drilled off-centered on the disk at the edge of the motor, so that
rotational motor movement becomes sinusoidal cart movement. This device is used instead of an electromagnetic
shaker because it can perform higher hammer amplitudes than a shaker. The device also avoids the influence of
impact forces on the excitation source at higher frequencies.

The hammer is fixed inside the main cart, Fig. 2(a), its weight supported by a wires set up. The entire system
moves in a horizontal axis. As shown in Fig. 2(a), eight wires are used, assuring that the hammer moves in the same
axis as the main cart. The wires are attached to the cart structure at an angle of 30 degrees approximately from
the vertical axis, minimizing the hammer rotation after impact. The hammer is composed of aluminum with a steel
impact device. To vary the gap between the hammer and the cart, the impact device is composed of a screw and a
knurled nut. The measurement devices on the test rig include (see Table 1):

– one accelerometer attached to the hammer;
– one piezoelectric force sensor fixed to the cart and located in front of the hammer impact device;
– two laser displacement sensors, both located on the side of the cart. One of the laser displacement sensors

measures cart displacement and the other measures hammer displacement.

All data is acquired by two oscilloscopes using different time scales. The first oscilloscope measures the impact
force and acceleration at the precise moment of impact (micro scale), after the impact force signal is triggered. The
second oscilloscope measures both cart and hammer displacements using laser displacement sensors signals (macro
scale).
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Table 1
Sensor specs

Cart accelerometer – 751-10 SN AC69
Sensitivity 10.194 mV/g
Measure Range ± 50 g
Resonance frequency 50 kHz

Impact force sensor – 2311-100 SN 2471
Sensitivity 24.41 mV/N
Measure Range ± 220 N
Resonance frequency 75 kHz

Cart laser displacement sensor – optoNCDT 1607-20
Sensitivity 10 V/mm
Measure Range 20 mm

Hammer laser displacement sensor – optoNCDT 1607-100
Sensitivity 2 V/mm
Measure Range 100 mm

2.1. Experimental methodology

The test rig considers different values for the impact gap and the excitation frequency. The length of the gap is
measured using a calibrated shim. The excitation frequency is supplied by the AC motor. The system responses are:
the hammer acceleration; the impact force; the cart displacement and the hammer displacement.

The methodology is to observe the impact force behavior as the gap is varied. First, the natural frequency of the
system without impact is determined, as well as the system parameters. After that, a study with impact is carried
out. The excitation frequency is varied in order to cover the possible range of excitation frequencies. Three different
gap values were chosen: 0.0 mm, 1.0 mm and 2.4 mm. In all results shown below the data was acquired after the
transient response.

The laser displacement sensor signal presents an undesirable level of noise, which was removed using a moving
average filter. Due to the nature of the moving average (a low-pass filter) the phase plane charts show a smooth
effect during the impact, which is an effect of the differentiation of low-pass filtered signal, and does not reflect the
reality of the impact, as will be seen during the comparison between experimental data and numerical results.

3. Experimental results

If there is no impact, the hammer behaves as a one-degree-of-freedom system excited by a harmonic load (in
this case, a base excitation). Since such system is well known and widely described in literature [30], no further
comments are required. For each acquisition, all data was collected after a considerable amount of time in order to
remove the transient behavior from the response.

3.1. Experimental results for gap 0.0 mm

Hammer impact force behavior can be split into frequencybands, showing similar characteristics in each frequency
band for all gaps. In a low excitation frequency range (less than 2.5 Hz), the cart movement is so slow that the
hammer basically follows the prescribed excitation, generating two or three impacts per excitation cycle with low
force magnitude. Due to the low impact force magnitude produced, such frequency range is not discussed in this
work. In the next level of frequencies, the impact force presents a period-1 (z = 1/1, 1 impact per 1 excitation cycle)
stable behavior. The impact force magnitude increases as the excitation frequency increases, reaching its highest
value at 3.75 Hz (82.4 N) and after this frequency the impact force decreases as the frequency is raised. Figure 4
shows the impact force, hammer acceleration and both cart and hammer absolute displacements for the maximum
impact force of frequency band z = 1/1.

Regarding the impact force measurements, the impact force transducer captures the first impulse transferred by
the hammer, reaching its maximum. After the first impulse, in the micro scale time analysis, the support structure
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Fig. 4. Gap 0.0 mm. Excitation frequency 3.75 Hz: a) Impact force over time; b) Displacements (cart and hammer).

Fig. 5. a) Gap 0.0 mm, excitation frequency 3.75 Hz: Hammer acceleration during impact; b) FFT of hammer acceleration signal after several
impacts.

bounces back transferring energy to the hammer. The contact dynamics reacts according to its own dynamics,
reaching a second peak, see Fig. 4(a). The accelerometer measures the hammer dynamics, because it is fixed to the
opposite side of the impact device, see Figs 2(a) and 3. The existence of contact dynamics is strengthened by the
results shown in the acceleration chart, Fig. 5(a), because there are unexpected oscillations after the impact. Figure 5
shows the FFT of several acceleration signals taken after each impact. From the charts 3 peaks are observed. The
first one is related to the pendulum natural frequency (1.82 Hz). The second peak (3 kHz) is related to the bending
flexibility of the cart plate where the impact force sensor is mounted. The last peak occurs at around 6 kHz, and
corresponds to the hammer axial vibration.

At the end of frequency band z = 1/1, the hammer undergoes a bifurcation in the impact force behavior
under excitation frequency variation, characterized by a period-1 impact with low magnitudes at alternate impact
magnitudes, as shown in Fig. 6.

The second frequency band presents a similar behavior, described above. In this frequency band the impact force
occurs every two excitation cycles (z = 1/2, one impact every two excitation cycles), with the impact force peak
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Fig. 6. Gap 0.0 mm. System undergoes a bifurcation. Excitation frequency 4.75 Hz: a) Displacements; b) Hammer phase plane.

Fig. 7. Gap 0.0 mm. Maximum impact force on frequency band z = 1/2. Excitation frequency 7.25 Hz: a) Impact force; b) Displacements.

increasing as the frequency increases, reaching its highest value at 7.25 Hz (120 N), see Fig. 7. The excitation
frequency where the maximum impact force occurs on this frequency band (z = 1/2) is twice that of frequency band
z = 1/1. After the activity at frequency band z = 1/2 the system undergoes another bifurcation, see Fig. 8.

After each period-doubling bifurcation, a nonperiodic behavior is observed when increasing the excitation fre-
quency, as shown in Fig. 9. The Lyapunov exponents were not calculated in order to confirm if the nonperiodic
behavior is chaotic.

With this experimental data it is possible to analyze the system behavior in the frequency domain. To do so,
a computational routine has been developed to determine the Fi (impact force peak). The maximum value of
Fi has been extracted for each excitation frequency. Since the impact force peak does not change within each
excitation frequency, except for the behavior after bifurcation, this routine seems to be quite effective. Finally,
to generate a non-dimensional chart the force ratio Fi/mg is used (mg is the hammer weight), and the excitation
frequency is divided by the natural frequency of the hammer without impact. The natural frequency of the hammer
is experimentally identified using modal analysis, see Table 2. This non-dimensional chart is useful to compare data
between different hammer configurations.
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Table 2
Impact resonance frequencies (experimental)

Frequency band z = 1/1 z = 1/2
(1 impact/ cycle) (1 impact/ 2 cycles)

gap 0.0mm 3.75 Hz 7.25 Hz
gap 1.0mm 3.00 Hz 6.25 Hz
gap 2.4mm 2.50 Hz 5.25 Hz
System natural frequency (gap → ∞) 1.82 Hz

Fig. 8. Gap 0.0 mm. System undergoes a bifurcation. Excitation frequency 8.25 Hz: a) Displacements; b) Hammer phase plane.

Fig. 9. Gap 0.0 mm. Nonperiodic behavior. Excitation frequency 8.50 Hz: a) Displacements; b) Hammer phase plane.

Therefore, the impact force ratio chart (Fi/mg) in the frequency domain for this imposed gap is shown in
Fig. 11(a). Although the maximum impact force on frequency band z = 1/2 is higher than frequency band z =
1/1, is important to remember that in frequency z = 1/2 impacts occur every two cycles and also the exctitation
force inserted into the system increases with the square of the excitation frequency. Because the cart displacement
is prescribed, as follows:
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Fig. 10. Impact force parameters identification, spring-dashpot model. Comparison between experimental data and numerical simulation.

Fig. 11. Comparison between numerical simulation and experimental results. Non dimensional force versus non dimensional frequency. a) Gap
0.0 mm; b) Gap 1.0 mm; c) Gap 2.4 mm.

xexc = A0 sin(Ωt), (1)

it becomes that the magnitude of the excitation force Fexc is, according to Newton’s second law:

Fexc = mtot A0 Ω2, (2)

where mtot is the total mass (cart and hammer combined), A0 is the displacement amplitude of the cart and Ω is the
excitation frequency.

Using a concept from the linear theory to describe a nonlinear behavior, the excitation frequency where the
maximum impact force is achieved is defined as impact resonance. Since the hammer displacement is limited by
a gap, an interesting phenomenon occurs. The occurrence of the impacts significantly changes the value of the
impact resonance, as compared to the hammer resonance, as observed in Table 2. This change of resonance in the
occurrence of impacts has already been studied [31] and these results were expected.

3.2. Experimental results for gaps 1.0 and 2.4 mm

For these gap configurations the experimental results are similar to those observed for gap 0.0 mm. However,
the non-zero gap configurations show differences from the results for 0.0 mm gap. For instance, the occurrence of
nonlinear jump was observed after the impact resonance for the 2.4 mm gap configuration. Another difference in-
cludes the appearance of situations of non-impact, due to the non-zero gap (at higher frequencies, for example, where
the amplitudes developed are smaller than the gap). The non-dimensional chart Fi/mg versus the nondimensional
excitation frequency Ω/ω for the gaps 1.0 and 2.4 mm are shown in Figs 11(b) and 11(c) respectively.
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Table 3
Parameters identification

Parameter Value Unit

Natural frequency, ω 1.82 Hz
Hammer mass, m 0.298 kg
Cart mass, M 5.38 kg
Wire length, l 75 mm
Excitation amplitude, A0 0.89 mm
Impact parameters
(spring-dashpot model)
Impact stiffness, ki 5.5 · 106 N/m
Impact damping, ci 1.2 · 103 Ns/m

3.3. Final remarks on the experimental data

At this point the charts showing the behavior of the impact force over the excitation for each gap are compared.
According to the charts shown in Fig. 11, in order to maximize the impact force, the hammer configuration with
0.0 mm gap presents higher impact forces in both regions of stable behavior (z = 1/1 and z = 1/2). In addition,
the 0.0 mm gap configuration shows no occurrence of nonlinear jump [32] after the maximum impact force in each
frequency band. As mentioned, a variation of impact resonance frequency is observed as the gap varies, see Table 2,
as expected [31].

4. Mathematical modeling and validation

Using the Lagrange equation [30], with θ as the generalized coordinate, see Fig. 2(b), the hammer can be modeled
as a single pendulum embedded in a cart with prescribed movement.

For the situation of no impact, i.e., l sin θ − gap > 0, considering that pendulum length is longer than impact gap,
equation of motion is

ml2θ̈ − mlA0Ω2 cos θ sin Ωt + mgl sin θ = 0. (3)

The impact model used is the spring-dashpot model [33]. Figure 10 shows one comparison between experimental
data and numerical simulation for the case where the cart is not moving and the hammer is released from a known
initial condition. This result was used to identify the impact parameters.

Although the spring-dashpot model is not capable of reproducing the real impact force profile over time due to
the jump caused by the damping force, this model generated satisfactory results. Impact parameters for this model
are listed in Table 3.

Therefore, when the hammer is impacting the cart (l sin θ − gap � 0), the equation of motion will change to

ml2θ̈ − mlA0Ω2 cos θ sin Ωt + mgl sin θ = −Fil; Fi = kiδ + ciδ̇, (4)

where the penetration δ and the velocity of penetration, δ̇ are described as

δ = l sin θ − gap,
(5)

δ̇ = lθ̇ cos θ.

It is important to emphasize that the generalized coordinate θ (and therefore θ̇) is embedded in the cart. To
compare the numerical results with the experimental data, where the linear displacement is measured outside the
cart, the following transformations must take place:

x = l sin θ + A0 sin(Ωt)
(6)

ẋ = lθ̇ cos θ + A0Ω cos(Ωt)

The system without impact presents some degree of damping. However, the mathematical modeling does not take
this into consideration. For the system without impact, the test rig parameters are identified and the hammer natural
frequency is obtained. These results are shown in Table 3.



1368 R.R. Aguiar and H.I. Weber / Impact force magnitude analysis of an impact pendulum

According to the Filippov theory [34–36], the mathematical modeling presented is described by a differential
equation with a discontinuous right-hand side. Therefore, the state space ẋ = f(x), x ∈ Rn may be split into
two subspaces Γ− and Γ+, separated by a hyper-surface Σ. Hyper-surface is defined by a scalar function h(x).
Consequently, the state space x is in Σ when h(x) = 0. Hence, it is possible to define the subspaces Γ− and Γ+, as
well as the hyper-surface Σ, using the sets:

Γ− = {x ∈ Rn | h(x) < 0}
Σ = {x ∈ Rn | h(x) = 0}

Γ+ = {x ∈ Rn | h(x) > 0}
(7)

Some physical systems need different interfaces in order to perform a correct description of the transitions. The
impact force model used in the mathematical modeling is an example. Due to the nature of the impact model, the
contact between the mass and the support occurs whenever the linear displacement becomes equal to the contact
gap. However, the mass loses contact with the support when the contact force vanishes. Two indicator functions
are used to define the system subspaces. More details on this mathematical procedure can be found in the works of
Divenyi et al. [23,24].

hα(θ, θ̇) = l sin θ − gap
(8)

hβ(θ, θ̇) = kiδ + ciδ̇,

where the penetration δ and velocity of penetration δ̇ are already defined in Eq. (5).
The mass is not in contact with the support if the state vector x = (θ, θ̇) ∈ Γ−, in other words:

Γ− = {x ∈ R2 | hα(θ, θ̇) < 0 or hβ(θ, θ̇) < 0}. (9)

For the case when there is contact between the mass and the support:

Γ+ = {x ∈ R2 | hα(θ, θ̇) > 0 and hβ(θ, θ̇) > 0}. (10)

The hyper-surface Σ consists of the conjunction of two surfaces, Σα and Σβ . The hyper-surface Σα defines the
transition from Γ− to Γ+, i.e., when the mass initiates the contact with the support (l sin θ − gap = 0),

Σα = {x ∈ R2 | hα(θ, θ̇) = 0 and hβ(θ, θ̇) � 0}. (11)

Surface Σβ defines the transition from Γ+ to Γ− as the contact is lost when the impact force vanishes:

Σβ = {x ∈ R2 | hα(θ, θ̇) � 0 and hβ(θ, θ̇) = 0}. (12)

Consequently, the state equation of this discontinuous system is written as follows:

ẋ = f(x, t) =

⎧⎪⎪⎨
⎪⎪⎩

f−(x, t), x ∈ Γ−
co{f−(x, t), f+(x, t)}, x ∈ Σ

f+(x, t), x ∈ Γ+

(13)

where

f−(x, t) =

[
θ̇

A0Ω
2

l cos θ sinΩt − g
l sin θ

]
; x ∈ Γ− (14)

f+(x, t) =

[
θ̇

A0Ω
2

l cos θ sin Ωt − g
l sin θ − 1

ml (kiδ + ciδ̇)

]
; x ∈ Γ+ (15)

co{f−(x, t), f+(x, t)} =

[
θ̇

A0Ω2

l cos θ sin Ωt − g
l sin θ − 1

ml (ciδ̇)

]
; in Σα (16)
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Fig. 12. Phase plane and Poincaré maps, comparison between numerical simulation (blue) and experimental results (red): a) Gap 0.0 mm, Ω/ω =
2.7; b) Gap 0.0 mm, Ω/ω = 3.8; c) Gap 1.0 mm, Ω/ω = 1.5.

Fig. 13. Regions of stable periodic behavior.

co{f−(x, t), f+(x, t)} =

[
θ̇

A0Ω2

l cos θ sin Ωt − g
l sin θ

]
; in Σβ . (17)

This approach allows one to numerically integrate non-smooth systems [23].
The comparison between numerical simulation and experimental data starts with the chart of the non-dimensional

force (Fi/mg) in the non-dimensional frequency domain (Ω/ω), for each gap imposed on the test rig. These results
are shown in Fig. 11.

Figure 12 shows the phase plane and Poincarémap of the hammer,comparing the experimental datawith simulation
results. Charts show good agreement, especially within every frequency band, showing satisfactory agreement after
bifurcation.

Although the impact force charts shown in Fig. 11 give some important information regarding the impact force
amplitude and the impact resonance, such charts provide neither information about the characteristics of the impact
force, nor details on the transition between frequency bands. To better visualize the behavior of this dynamical
system, two nonlinear tools are used. The tool shows a map of regions of stable impact behavior, called by the authors
Peterka map [12,27,25,26], shown in Fig. 13, which provides information about the characteristic of the impact
force as the gap is varied and the range of excitation frequencies is covered. The map is generated by analysing the
system behavior in time domain for each set of controlled parameters (excitation frequency and impact gap). From
this chart one can see the areas where the two frequencies bands occur, as noted by the red (z = 1/1) and green (z =
1/2) areas. The second tool is a bifurcation diagram [32], where the bifurcation in the z = 1/1 behavior is observed
in more detail, see Fig. 15.
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Fig. 14. a) Regions of stable periodic behavior with impact force magnitude addressed, z = 1/1 behavior; b) Regions of stable periodic behavior
with impact force magnitude addressed, z = 1/2 behavior.

Fig. 15. Bifurcation diagram: hammer displacement, numerical simulation (blue)/ experimental data (red) comparison: a) Gap 0.0 mm; b)
1.0 mm; c) 2.4 mm.

Although the Peterka map provides important information about the condition of impact, no information regarding
the impact magnitude is given. To overcome this problem, a slight variance of the Peterka map is suggested.
The relevant impact condition is z = 1/1. Therefore, just this area in the Peterka map is addressed. For each
gap/ frequency combination, the impact force magnitude is obtained and plotted in colors, see Fig. 14(a). Such
methodology is also applied to impact behavior z = 1/2, as shown in Fig. 14(b).

Chart shown in Fig. 14(a) provides several important facts about the system behavior and it confirms some aspects
observed during the experimental analysis. First, it confirms that the impact force when the hammer is excited in
its natural frequency generates impact forces that are 3 times smaller in magnitude than the maximum force. It also
shows that the maximum impact force for each given gap does not occur at the z = 1/1 boundary, except for high
values of gap. Finally, the chart confirms the recommendation to operate in the field using the 0.0 mm gap, because
the magnitude of the impact force is in the same value as the impact force in higher gap values. In addition, non-zero
gap values are known to present nonlinear jumps.

5. Conclusions

The purpose of this work is the experimental investigation and the mathematical modeling of the impact force
behavior in a vibro-impact system, where an impact pendulum is mounted on a cart that moves with a prescribed



R.R. Aguiar and H.I. Weber / Impact force magnitude analysis of an impact pendulum 1371

displacement. The dynamics of the system was evaluated considering different excitation frequencies and changing
the impact gap. Experimental results show that evenwith a complex hammer dynamics, the system can be modeled as
a single-degree-of-freedomembedded pendulum, where such results are widely available in the literature. Although
the literature shows several studies dealing with vibro-impact systems, as listed, there is little concern regarding the
force magnitude developed by the impacts. Since the ulterior motivation relies on a hybrid technique to drill hard
rock formations, special attention is dedicated in this work regarding this issue, as well as which system parameters
combination develops higher impact forces.

Previous authors’ work using an elastic supported hammer presented an interesting amount of different nonlin-
earities [28], but included discrepancies in the validation due to hammer dynamics. This lead to the present paper
where the experiment consists of a simpler hammer set up. The comparison between the numerical simulation and
the experimental data was satisfactory, showing the capability of the mathematical model to predict the maximum
impact force and the impact resonance for all gaps imposed.

Also, a new methodology is used to better visualize each impact force behavior in the map of regions of stable
behavior [29], plotting one impact force characteristic at a time and adding colors to the third coordinate Fi. This
methodology provided important information regarding the hammer behavior and confirmed some aspects observed
during the experimental analysis.

Finally, in this hammer set up, in order to maximize the impact force, the hammer configuration with 0.0 mm gap
presents higher impact forces in both regions of stable behavior (z = 1/1 and z = 1/2).
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