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A fluidic hammer as a high-fidelity seismic-while-drilling source: A 
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a b s t r a c t

We performed a direct comparative analysis of the seismic wavefields  radiated from three distinct 
drilling mechanisms under controlled laboratory conditions: percussion-rotary drilling with a fluidic 
hammer, and conventional rotary drilling with roller-cone and polycrystalline-diamond-compact (PDC) 
bits. The results reveal the comprehensive superiority of the fluidic hammer. A quantitative analysis of 
the peak signals indicates that the fluidic  hammer radiates approximately 12.2 times more seismic 
energy than the roller-cone bit and over 809.3 times more than the PDC bit. Further analysis demon
strates that the fluidic  hammer produces a high-energy and broadband (50–150 Hz) wavefield.  The 
kinematic fidelity of this wavefield was robustly validated against an independent benchmark experi
ment using a traditional instrumented hammer source. Its highly repeatable wavelet and unwavering 
kinematic response across all energy levels cement its status as a truly high-fidelity source. Crucially, its 
energy output exhibits a strong linear relationship (R2 = 0.9360) with the operational flow rate, proving 
the source is quantitatively controllable. These findings  demonstrate that the fluidic  hammer source 
mechanism can overcome the fundamental energy and stability limitations of traditional drill-bit 
seismic-while-drilling (DB-SWD), offering a promising pathway toward high-fidelity, quantitative 
subsurface imaging.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

Real-time subsurface imaging during drilling is a critical 
capability that enhances safety and efficiency in energy explora
tion and geotechnical engineering (Poletto and Miranda, 2004). A 
key technology enabling this is seismic-while-drilling (SWD), 
which broadly includes drill-bit SWD (DB-SWD) and VSP-while- 
drilling (VSP-WD) (Zhang et al., 2022). Among these, DB-SWD 
utilizes the vibrations generated by the drill bit impacting the 
formation as a downhole source to acquire data analogous to a 
reverse vertical seismic profile  (RVSP) without halting drilling 
operations (Haldorsen et al., 1995; Zhang et al., 2022). This pro
vides a continuous stream of information invaluable for look- 

ahead-of-the-bit imaging, real-time time-depth conversion, and 
geosteering (Jiang, 2004; Su et al., 2010).

Traditional DB-SWD relies on conventional rotary drill bits, but 
both primary types—roller-cone and polycrystalline-diamond- 
compact (PDC) bits—present significant  challenges. The roller- 
cone bit has been proven as an adequate seismic source in 
numerous field applications (Haldorsen et al., 1995; Miranda et al., 
1996; Naville et al., 2004; Soma et al., 2004; Zhou et al., 2015). 
Through its axial impact and cutting forces, it generates both 
compressional and shear waves (Rector and Hardage, 1992). 
Notwithstanding its utility, its signal originates from a pseudo- 
random series of tooth indentations, creating a wavefield that is 
inherently uncontrollable and time-variant (Poletto, 2005). The 
problem is exacerbated by the widespread application of PDC bits 
in modern drilling (Zhang et al., 2022). While highly efficient for 
drilling (Brett et al., 1990), their shearing mechanism is seismically 
quiet (Sun et al., 2015). The axial vibration forces from a PDC bit are 
typically more than an order of magnitude lower than those from a 
roller-cone bit (Poletto, 2005). Consequently, SWD data acquired 
with PDC bits are often characterized by poor quality and a low 
signal-to-noise ratio (SNR), a limitation widely reported in various 
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environments (Anchliya, 2006; Miranda et al., 1999; Zhang et al., 
2022). The inherent weaknesses of these sources lead to multi
ple downstream issues, for instance, they create significant signal 
processing challenges; the reliance on a pilot signal that is heavily 
distorted by the drill stringʼs transmission effects (including 
attenuation, time delays, and filtering)  severely degrades the 
quality of the final  processed data and compromises imaging 
reliability (Rector, 1990).

An emerging approach to overcome this bottleneck is to 
leverage impact-based drilling tools, which are inherently more 
energetic, as superior seismic sources. A key example is the fluidic 
hammer, a percussion drilling tool recognized for its high rate of 
penetration in hard formations (Ge et al., 2022). It utilizes an in
ternal fluidic  oscillator to cyclically direct high-pressure fluid, 
driving an impact body to strike the drill bit, thus generating 
powerful, periodic impacts. Previous work has demonstrated the 
potential of percussion drills to generate strong signals suitable for 
SWD (Reppert, 2013; Yokota et al., 2004). Field studies have 
further confirmed that systems like reverse-circulation (RC) per
cussion drilling can produce high-energy, wideband signals ideal 
for seismic imaging (Sun et al., 2015). More recently, the capabil
ities of SWD have been further extended, with studies utilizing 
percussion sources for drill-bit positioning (Wilczynski et al., 
2023) and developing advanced denoising algorithms to address 
signal fidelity challenges (Birnie et al., 2024).

While previous studies have highlighted the potential of 
various impact-based sources, a systematic, quantitative compar
ison between the seismic signals generated by a fluidic hammer 
and those from conventional rotary bits under controlled labora
tory conditions had not been performed. This study aims to fill this 
gap by performing the first  direct, side-by-side comparison of 

these three source mechanisms under controlled laboratory con
ditions. First, we provide a direct comparison of the radiated energy 
to establish the fluidic hammerʼs performance advantages. Subse
quently, we conduct an in-depth characterization of the fluidic 
hammerʼs seismic records to demonstrate their quality and utility. 
Through these analyses, we evaluate its key source attributes: the 
production of a high-energy, broadband, and stable wavefield; the 
precise controllability of its energy output as a function of opera
tional parameters; and the signalʼs suitability for formation velocity 
inversion. By combining this comparative analysis with an in-depth 
characterization, our study provides a robust, evidence-based 
evaluation of the fluidic  hammer as a high-fidelity source, whose 
performance and kinematic accuracy are validated through both 
direct comparison and an independent benchmark experiment, for 
the next generation of quantitative SWD.

2. Methodology

We conducted a series of systematic laboratory experiments to 
quantitatively characterize and compare the physical properties of 
three distinct while-drilling seismic sources.

2.1. Experimental setup and geometry

The laboratory experiments were designed to directly compare 
the seismic signals generated by three distinct source mecha
nisms. The overall experimental system consists of three main 
components: the seismic source generation unit, a geophone array, 
and a data acquisition system (Fig. 1(a)).

The primary source investigated was an SC86-H fluidic 
hammer, driven by a high-pressure triplex pump. Its main 

(b)

Geophones

High-pressure
triplex pump

Fluidic hammer

(a) Drilling platform Roller-cone
bit

PDC
bit

High-pressure valve

Pressure
gauge

(c)

Fluidic oscillator Cylinder Piston Mass block Bit

Impact body

Engineering
seismograph

Fig. 1. Experimental setup and seismic sources. (a) Schematic of the laboratory experimental system. (b) Photographs of the conventional roller-cone and PDC bits used for 
comparison. (c) Cross-sectional diagram of the SC86-H fluidic hammer detailing its internal components.
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specifications are listed in Table 1. Its operation is governed by an 
internal fluidic oscillator that drives an impact body to periodically 
strike the drill bit, generating powerful seismic signals (Fig. 1(c)). 
For the comparative tests, two conventional rotary drilling bits 
were used: a roller-cone bit and a PDC bit (Fig. 1(b)). To ensure a 
fair comparison, all three source configurations utilized a 95 mm 
diameter drill bit (a button bit for the fluidic  hammer), and a 
constant weight-on-bit (WOB) of 15 kN, chosen to ensure suffi
cient coupling while preserving the integrity of the concrete test 
block, was applied and maintained via the rigʼs hydraulic loading 
system throughout the experiments. The rotational speeds were 
selected based on the distinct working mechanisms of the tools: 
60 RPM was maintained for the PDC and roller-cone bits to ensure 
effective cutting action, while a lower speed of 15 RPM was 
selected for the fluidic  hammer, as its primary breaking mecha
nism is vertical impact, with rotation serving only to index the bit 
buttons. For the baseline comparison, the roller-cone and PDC bits 
were operated solely under these specified conditions, while the 
fluidic hammer was tested across a range of energy levels. During 
operation, each of the three sources was vertically and rigidly 
coupled to the concrete floor  to ensure efficient  energy 
transmission.

Seismic signals were acquired using four vertical-component 
geophones (10 Hz natural frequency). To characterize the source 
performance across different propagation distances, two comple
mentary linear survey layouts were implemented with the source 
fixed at the 0-m mark: a near-to-mid field layout (geophones at 1, 
4, 7, and 10 m) and a far-field large-offset layout (geophones at 1, 
10, 20, and 30 m).

In addition to the comparative tests, a separate benchmark 
experiment was conducted to independently validate the kine
matic data. This experiment utilized an instrumented hammer 
with an external trigger switch as the seismic source. The hammer 
strike provided a precise zero-time reference, allowing for the 
direct measurement of absolute travel times. The geophone layout 
and data acquisition parameters for this benchmark test were kept 
identical to the primary experiments to ensure a direct and fair 
comparison.

2.2. Data acquisition

Data were acquired using a Miniseis24 engineering seismo
graph. For this experiment, the sampling interval was uniformly 
set to 0.1 ms (corresponding to a 10,000 Hz sampling rate), with 
20,000 samples recorded for a total length of 2 s for each trace.

For each measurement, the respective source was activated and 
allowed to reach a stable operating state. The seismograph was 
then initiated using a self-triggering mode to continuously record 
2 s of data. Four distinct source energy levels were investigated by 
setting the pump flow rate to 100, 140, 180, and 220 L/min for each 
of the two geophone layouts.

For the separate benchmark experiment, data acquisition was 
performed using an external trigger mode. The trigger signal was 
generated directly by the instrumented hammerʼs switch upon 
impact, providing a precise zero-time reference for the recordings. 

All other acquisition parameters, including the seismograph, 
sampling rate, and record length, were kept identical to the pri
mary experiments to ensure a fair comparison.

2.3. Data processing and analysis

The acquired multi-channel data were processed and analyzed 
using the following standard workflow.

(1) Signal and spectral analysis: Raw waveforms were first 
inspected to assess data quality. Subsequently, a rectangular 
window was applied to preserve the signalʼs transient fea
tures, and a fast Fourier transform (FFT) was applied to each 
trace to compute its amplitude spectrum (Bracewell, 2000), 
which was used to characterize the sourceʼs bandwidth and 
dominant frequency.

(2) Signal-to-noise ratio (SNR) analysis: To quantitatively eval
uate and compare the signal quality across different offsets 
and source energy levels, the SNR was calculated for each 
trace. To establish a consistent and unbiased benchmark for 
comparison, a definitive background noise signature was 
first  identified  by recording a dedicated trace of ambient 
noise with all experimental equipment turned off. The 
standard deviation of this 50-sample window (σnoise ref ) 
was computed and used as a unified noise reference for all 
subsequent calculations.

The SNR for each trace was then defined  in decibels (dB) as 
(Stein and Wysession, 2009): 

SNR (dB)=20⋅log10

(
Asignal

σnoise ref

)

where Asignal is the maximum absolute amplitude of the entire 
signal trace. This unified-noise  approach ensures that the calcu
lated SNR values directly reflect the true signal strength relative to 
a common baseline, allowing for a robust and physically mean
ingful comparison of the sourceʼs performance under varying 
operational parameters and at different propagation distances.

(3) Peak energy quantification: The peak energy was quantified 
as the square of the maximum absolute amplitude found 
within the entire signal trace. This approach is consistent 
with the signal amplitude determination used for the SNR 
analysis.

(4) Repeatability and kinematic analysis: The standard cross- 
correlation method was employed to quantitatively assess 
the sourceʼs high degree of repeatability and to precisely 
determine the relative travel times for subsequent kine
matic analysis (Aki, 1957; Bendat and Piersol, 2000). The 
cross-correlation function Rxy(τ) between two discrete time- 
series signals, x[n] (the reference trace) and y[n] (a subse
quent trace), is defined as:

Rxy(τ)=
∑

n
x[n]y[n+ τ]

where τ represents the time lag. The function measures the simi
larity between the two signals as a function of this lag. For a highly 
stable source like the fluidic  hammer, this function exhibits a 
sharp, unambiguous peak. The time lag τ at which this peak occurs 
corresponds directly to the seismic travel-time difference between 
the two sensor locations. For the fluidic hammer, a 100 ms refer
ence wavelet was selected from the 1 m trace. This duration was 
determined to be optimal as it is sufficient  to encapsulate the 

Table 1 
SC86-H specifications.

Specifications Values

Mass of the impact body, kg 8
Drill bit diameter, mm 95
Full stroke length, mm 110
Impact frequency, Hz 8–13
Impact energy, J 50–100
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entire first  impact signature while excluding subsequent re
verberations or impacts, ensuring a clean and representative 
template for correlation. It is acknowledged that surface-based 
recordings include surface waves. However, due to the high ve
locity of the concrete medium, the direct P-wave arrives signifi
cantly earlier than the surface waves. By focusing the quantitative 
analysis on the high-energy first-arrival window (the first 100 ms), 
the study effectively isolates the direct body-wave energy from the 
later-arriving surface wave interference. This dual-purpose anal
ysis provides quantitative confirmation of the sourceʼs exceptional 
stability and yields robust travel-time data for the velocity 
analysis.

3. Results

3.1. Macroscopic comparison of source performance

To first establish a macroscopic baseline of source performance, 
the seismic signals generated by the three drilling mechanisms 
were directly compared under identical laboratory conditions. The 
recorded time-domain waveforms reveal fundamentally different 
characteristics. The fluidic  hammer produces a series of high- 
amplitude, highly repetitive, and periodic impulsive events char
acteristic of a stable and energetic source. In contrast, the signals 
from the roller-cone bit and the PDC bit exhibit significantly lower 
amplitudes and random, non-periodic behavior. It is worth noting 
that while the PDC bit exhibits a quasi-periodic signature (see 
inset in Fig. 2(c)), this is attributed to the blade-passing frequency 
inherent to rotary drilling. However, unlike the fluidic hammerʼs 
high-energy impact periodicity, the PDC signal is predominantly 
characterized by low-amplitude shearing noise, resulting in a 
significantly lower SNR.

To quantitatively assess the vast difference in radiated energy, 
the peak energy of each source signal was calculated and 
compared, as summarized in Fig. 3. The analysis confirms  the 
overwhelming energy advantage of the fluidic  hammer. Specif
ically, the fluidic hammer radiates approximately 12.2 times more 
peak seismic energy than the roller-cone bit and over 809.3 times 
more than the PDC bit. This result provides direct, quantitative 

evidence of its superior performance as a high-energy downhole 
seismic source.

3.2. Comparative analysis of signal characteristics

Beyond the significant  energy disparity, the intrinsic charac
teristics of the radiated wavefields  were further compared. The 
amplitude spectra of the three sources, calculated from the nearest 
offset (1 m), are shown in Fig. 4. The fluidic  hammer exhibits a 
distinct, high-energy broadband signature, with most of its energy 
concentrated between 50 and 150 Hz. This distinctive high- 
frequency content is physically attributed to the impulsive na
ture of the source: The high-velocity impact of the steel piston 
against the bit generates a sharp, short-duration wavelet, resulting 
in a broadband spectral response significantly higher than the low- 
frequency shearing noise typical of rotary drilling. In contrast, the 
spectra for both the roller-cone and PDC bits show substantially 
lower amplitudes across all frequencies and lack a well-defined, 
dominant frequency band.

The stability and repeatability of the source wavelet are critical 
for advanced seismic processing. To evaluate this, a cross- 
correlation analysis was performed for each source, using the 
first 100 ms of the 1 m signal—a duration sufficient to encapsulate 
the entire first  impact signature—as a reference template to 
correlate against the signal at a 4 m offset (Fig. 5). The fluidic 
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hammer yields a sharp, high-amplitude correlation peak, 
demonstrating high wavelet coherence and fidelity during prop
agation. The roller-cone bit produces a much broader and less 
distinct peak, suggesting a less stable and predictable wavelet. For 
the PDC bit, the correlation function is dominated by noise with no 
discernible peak, confirming its pseudo-random signal character.

These superior characteristics in energy and stability directly 
translate to a higher SNR over distance (Fig. 6). The fluidic hammer 
maintains the highest SNR at all offsets, decaying slowly from 
approximately 59 dB at 1 m. The roller-cone bit begins with a 
lower SNR that also attenuates with distance. The data for the PDC 
bit shows a significantly lower initial SNR which decays sharply, 
demonstrating its limited effective range for seismic acquisition.

3.3. Physical fidelity validation of the fluidic hammer data

To assess the physical fidelity of the high-quality data recorded 
from the fluidic  hammer, a detailed kinematic analysis was 
performed, followed by an independent benchmark validation. 

The primary method for travel-time determination relied on the 
exceptional repeatability of the fluidic hammerʼs source wavelet. 
As a prerequisite, this high repeatability was confirmed  by 
cross-correlating a 100 ms reference wavelet (from the 1 m 
offset) with the signals from all other offsets. This process 
consistently yielded sharp, unambiguous peaks for both near 
and far distances, as shown in Fig. 7. By picking the time lags 
corresponding to these peaks, we precisely determined the 
relative travel times for our primary dataset.

To independently validate the accuracy of this cross-correlation 
methodology, the data from the separate benchmark experiment 
was used. The clean waveforms from this experiment, presented in 
Fig. 8, allowed for unambiguous manual picking of the first  ar
rivals, yielding a set of ground-truth absolute travel times. For a 
direct and robust comparison, these absolute travel times were 
converted into relative travel times by subtracting the travel time 
of the 1 m reference sensor.

Fig. 9 presents the final comparative velocity inversion, plotting 
the data from the primary fluidic hammer experiment against the 
data from the independent benchmark experiment. The results 
demonstrate exceptional agreement. Linear regression on the 
fluidic hammer data (cross-correlation) yields an apparent veloc
ity of 3001 m/s (R2 = 0.9893), while the benchmark data (direct 
picking) yields a nearly identical velocity of 3064 m/s 
(R2 = 0.9982). It should be noted that the minor deviation 
observed at the 10 m offset is likely attributed to local in
homogeneity in the concrete floor, such as subsurface 
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reinforcement or micro-variations in material density. Further
more, compared to direct first-arrival picking, the cross- 
correlation method is more sensitive to waveform distortions 
caused by such local scattering, leading to the observed slight 
phase lag. However, the high linearity of the overall trend 
(R2 > 0.98) confirms that the method is robust against such local 
anomalies. This excellent consistency between the results of two 
independent experiments—using different sources and processing 
workflows—provides powerful validation. Furthermore, both the 
velocity derived from the fluidic hammer data (3001 m/s) and the 
benchmark hammer data (3064 m/s) are in excellent agreement 
with the P-wave velocity of 3100 m/s, which was measured 
independently via ultrasonic testing on a core sample from the 
concrete floor. This triple confirmation  robustly verifies  that the 
cross-correlation methodology applied to the fluidic hammer data 
accurately captures the true kinematic properties of the wavefield.

3.4. Performance quantification: controllability and spectral 
stability

A fundamental advantage of the fluidic hammer over passive 
drill-bit sources is the ability to control its output. Our experi
ments quantitatively demonstrate this key performance charac
teristic. The quality of the radiated signal, represented by the SNR, 
was found to be a directly controllable parameter. As shown in 
Fig. 10, the SNR at every offset systematically increases with the 
pump flow rate, confirming that signal quality can be effectively 
and predictably enhanced by adjusting operational parameters.

Furthermore, the energy output and spectral stability of the 
source were quantified as a function of flow rate (Fig. 11). A strong 
linear relationship (with a coefficient  of determination, 
R2 = 0.9360) is observed between the sourceʼs peak energy output 
and the operational flow  rate (Fig. 11(a)). This provides direct 
quantitative proof that the energy output is precisely controllable. 
Complementing this, the source exhibits exceptional spectral 
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stability. Despite the significant  variations in energy output, the 
normalized amplitude spectra for the flow rates of 140, 180, and 
220 L/min are remarkably consistent in their overall shape and 
dominant frequency band (Fig. 11(b)). The distinct spectral char
acteristic observed at the 100 L/min flow rate is attributed to the 
transition from a short-stroke startup mode to full-stroke opera
tion. At this threshold flow rate, the hydraulic energy is insufficient 
to drive the piston through its full designed stroke (110 mm), 
leading to higher-frequency, low-energy oscillations (short-stroke 
flutter).  As the flow  rate increases to 140 L/min and above, the 
hammer achieves stable full-stroke impacts, resulting in a 
consistent dominant frequency band (~50 Hz) and a linear increase 
in radiated energy. This combination of controllable energy and a 
stable, repeatable signature is a critical prerequisite for advanced, 
high-fidelity  seismic processing techniques such as quantitative 
time-lapse analysis and deconvolution.

Beyond spectral consistency, the sourceʼs kinematic and 
waveform stability was rigorously evaluated to further confirm its 
stability. A cross-correlation analysis was performed between the 
signals recorded at 1 and 4 m offsets under the four distinct 
operational flow  rates. The results, presented in Fig. 12, provide 
compelling evidence of the fluidic hammerʼs exceptional stability. 
Qualitatively, the cross-correlation functions exhibit a highly 
consistent wavelet signature across all energy levels, demon
strating the robustness of the physical percussion mechanism. 
Quantitatively, the sourceʼs stability is even more striking: The 
travel time derived from the correlation peak remains precisely 
constant at 1.0 ms, irrespective of the flow rate. This remarkable 
kinematic stability, even under significantly varying energy out
puts, confirms  that the fluidic  hammer is a highly repeatable 
source, making it an ideal candidate for high-fidelity quantitative 
seismic studies that demand a consistent source signature. The 
3 m geometric distance between the 1 and 4 m sensors, combined 
with the apparent concrete velocity of approximately 3000 m/s, 
yields a theoretical travel-time difference of approximately 1.0 ms, 
which is in excellent agreement with the observed 1.0 ms, thus 
confirming the mathematical-physical consistency of the data.

4. Discussion

This study provides the first systematic, quantitative compari
son between the seismic signals generated by a fluidic  hammer 
and those from conventional roller-cone and PDC bits under 

controlled laboratory conditions. While previous studies have 
characterized individual drill-bit sources or impact-based tools, 
this work moves beyond isolated characterizations to provide a 
direct, evidence-based evaluation of their relative performance. 
Our results robustly demonstrate that the fluidic hammer mech
anism offers a substantial performance improvement over tradi
tional passive drill-bit sources, establishing a quantitative 
benchmark for source performance in SWD (Ivandic et al., 2022).

The macroscopic comparison revealed a significant disparity in 
radiated energy, with the fluidic hammer producing peak energies 
approximately 12.2 and 809.3 times greater than the roller-cone 
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and PDC bits, respectively. This high energy output, combined with 
its broad frequency spectrum (Fig. 4), directly addresses two pri
mary limitations of conventional SWD: limited signal penetration 
and low resolution. These advantages collectively result in a su
perior SNR that not only decays much more slowly with distance 
(Fig. 6) but also maintains an impressive ~30 dB even at the 
maximum offset of 30 m under high-energy conditions (Fig. 10), 
which stands in stark contrast to the performance of passive drill- 
bit sources under typical field  conditions (Rector and Marion, 
1991).

However, to ensure these impressive performance metrics are 
not just artifacts but are physically meaningful, the fidelity of the 
analysis methodology itself was rigorously validated. Crucially, the 
reliability of the kinematic data derived from the fluidic hammer 
was confirmed  through a comparative analysis against an inde
pendent benchmark experiment using a traditional instrumented 
hammer (Figs. 8 and 9). This validation revealed a high degree of 
consistency, with the velocities derived from the fluidic hammer 
(3001 m/s) and the benchmark test (3064 m/s) being in excellent 
agreement. Furthermore, both seismically-derived velocities align 
closely with the 3100 m/s P-wave velocity measured from a 
physical core sample of the concrete floor. This “triple confirma
tion” provides a robust foundation for all quantitative claims made 
in this study, confirming the physical fidelity of the measurements.

With the sourceʼs superiority and the methodʼs reliability 
established, the analysis then revealed the fluidic hammerʼs most 
transformative advantages over passive sources: its unique 
controllability and stability. This study reveals a new paradigm 
where the peak energy output of the fluidic hammer is directly and 
linearly related to a single engineering parameter—the flow rate 
(Fig. 11(a)). This transforms the source from an incidental 
byproduct of rock destruction into a calibratable, quantifiable tool. 
This controllability is complemented by exceptional stability. 
Despite significant variations in energy, the wavelet signature and 
its corresponding travel time remain remarkably stable (Fig. 12), 
and the spectral signature is highly consistent across all energy 
levels (Fig. 11(b)). This level of stability is unattainable by pseudo- 
random sources like conventional bits and is a critical prerequisite 
for advanced quantitative analyses, such as time-lapse reservoir 
monitoring.

The development of such a high-fidelity, controllable while- 
drilling source has profound implications, particularly when syn
ergized with modern high-density acquisition systems like 
distributed acoustic sensing (DAS) (Bakulin et al., 2020). While 
DAS offers unprecedented spatial sampling, its full potential is 
often limited by the quality of passive sources. The energetic, 
broadband, and highly repeatable signals generated by the fluidic 
hammer provide an ideal input for DAS-based applications. The 
high-frequency characteristics (>100 Hz) are especially critical, as 
the fidelity of a DAS measurement is fundamentally linked to the 
ratio of the seismic wavelength to the systemʼs gauge length, with 
shorter wavelengths being necessary for high-resolution imaging 
(Dean et al., 2017). This synergy could enable applications such as 
real-time, high-resolution vertical seismic profiling (VSP), a tech
nique used in diverse applications like site monitoring (Egorov 
et al., 2018), and look-ahead-of-the-bit imaging with improved 
clarity.

Finally, the limitations of this study must be acknowledged. The 
experiments were conducted under controlled laboratory condi
tions using a homogeneous concrete medium, which differs 
significantly  from the heterogeneous and highly attenuative 
environment typical of real geological formations. Additionally, 
the surface-based linear geophone array, while effective for 
quantifying surface propagation, could not capture the full three- 
dimensional downward radiation characteristics essential for 

lateral imaging. Transitioning to field applications also introduces 
operational complexities, such as the need for robust downhole 
cooling and erosion protection, and the controllability of the flu
idic oscillator under varying mud properties remains to be vali
dated. To address these gaps, future work will focus on pilot tests 
utilizing DAS or multi-azimuth VSP arrays. These field  trials will 
serve the dual purpose of mapping the complete 3D radiation 
response and calibrating the source performance under opera
tional drilling conditions. In parallel with these validation efforts, 
research will also target the optimization of the hammerʼs design 
to further enhance its efficiency  and frequency bandwidth, 
alongside the development of real-time processing workflows that 
can fully leverage the deterministic nature of this source.

5. Conclusions

In this study, a systematic laboratory experiment was con
ducted to quantitatively characterize a fluidic hammer as a high- 
performance while-drilling seismic source, through a direct com
parison with conventional roller-cone and PDC bits. The experi
mental results demonstrate the comprehensive superiority of the 
fluidic hammer. In terms of fundamental performance, it consis
tently generates a signal with significantly  higher energy 
(approximately 12.2 times that of the roller-cone bit and over 
809.3 times that of the PDC bit), a broader effective frequency 
band, superior wavelet repeatability, and a higher signal-to-noise 
ratio (SNR) that decays more slowly with distance than its con
ventional counterparts.

Crucially, the fidelity and accuracy of this entire methodology 
were first  substantiated by an independent benchmark experi
ment, confirming  that the fluidic  hammer system, coupled with 
cross-correlation processing, reliably captures the true kinematics 
of the wavefield. Building on this validated foundation, this work 
provides strong, quantitative evidence for the fluidic  hammerʼs 
most distinctive advantage over passive sources: its controllability. 
A strong linear relationship was established between the opera
tional flow rate and the resulting peak energy. This controllability 
is complemented by exceptional stability across all tested energy 
levels, demonstrated by a consistent spectral signature, a repeat
able wavelet shape, and an unwavering kinematic response. This 
transforms the drill-bit source from an incidental, unpredictable 
noise generator into a calibratable tool—where both the energy 
output level and the source signature are predictable functions of 
the hydraulic flow rate. This shift confers quasi-active character
istics to the source, defined here as the ability to generate deter
ministic, periodic signals with controllable parameters despite 
being powered by the drilling process.

These combined findings—high energy, high-fidelity, and 
unique controllability—confirm  that the fluidic  hammer source 
mechanism can effectively overcome the critical flaws of tradi
tional seismic-while-drilling (SWD). This provides a solid physical 
basis and a viable technological pathway for the development of 
next-generation, quantitative subsurface imaging techniques, such 
as real-time look-ahead-of-the-bit imaging and time-lapse reser
voir monitoring.
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