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Abstract. Accurate needle placement is highly relevant for puncture
of anatomical structures. The clinician’s experience and medical imag-
ing are essential to complete these procedures safely. However, imaging
may come with inaccuracies due to image artifacts. Sensor-based solu-
tions have been proposed for acquiring additional guidance information.
These sensors typically require to be embedded in the instrument tip,
leading to direct tissue contact, sterilization issues, and added device
complexity, risk, and cost. Recently, an audio-based technique has been
proposed for ”listening” to needle tip-tissue interactions by an externally
placed sensor. This technique has shown promising results for different
applications. But the relation between the interaction event and the gen-
erated audio excitation is still not fully understood. This work aims to
study this relationship, using a force sensor as a reference, by relating
events and dynamical characteristics occurring in the audio signal with
those occurring in the force signal. We want to show that dynamical in-
formation that a well-known sensor as force can provide could also be
extracted from a low-cost and simple sensor such as audio. In this aim,
the Pearson coefficient was used for signal-to-signal correlation between
extracted audio and force indicators. Also, an event-to-event correlation
between audio and force was performed by computing features from the
indicators. Results show high values of correlation between audio and
force indicators in the range of 0.53 to 0.72. These promising results
demonstrate the usability of audio sensing for tissue-tool interaction and
its potential to improve telemanipulated and robotic surgery in the fu-
ture.
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1 Introduction

Percutaneous needle insertion is one of the most common minimally invasive pro-
cedures. The experience of the clinician is an important requirement for accurate
placement of needles, given the reduced visual and tactile information transmit-
ted to the clinician via the instruments. Imaging techniques such as magnetic
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resonance, computed tomography, or ultrasound can support clinicians in this
type of procedure, but the accuracy can still not be fully assured because of
artifacts present in the images [20, 14].

Sensor-based solutions have been proposed for providing haptic feedback dur-
ing the procedure [11, 10, 18, 7, 8, 1, 5, 12, 23, 19, 3]. However, most of these solu-
tions require sophisticated sensors that sometimes need to be embedded in the
instrument tip or shaft, leading to direct contact with human organs, steril-
ization issues, the use of non-standard and quality-reduced tools, added device
complexity, risk and cost. This imposes serious design limitations, and therefore
they have encountered difficulties in being adopted for regular clinical use.

Recently, an audio-based technique has been proposed in [9] for listening to
the needle tip-tissue interaction dynamics using a sensor placed at the proximal
end of the tool. The authors of this work has shown promising preliminary results
for monitoring medical interventional devices such as needles [9], guide wires
[15], and laparoscopic tools [4]. However, even if audio has proved to be a tool
with potential for providing guidance information such as tissue-tissue passage,
puncture and perforation events or palpation information, the generated audio
dynamics are still not fully understood.

The aim of this work is to investigate the audio dynamics generated from
needle-tissue interactions during needle insertion to have a better understand-
ing of the generation of the audio excitation using the audio-based guidance
technique. In this purpose, force is used as a reference since it has been widely
employed in the literature to understand interactions between needles and tis-
sue. The main idea is to relate events and dynamical characteristics extracted
from the audio signal with those extracted from the force signal through indica-
tors and event features computed by processing both signals. The audio signal
is processed by extracting its homomorphic envelope. Indicators related to local
event intensity, derivative, and curvature are computed from the force signal.
The Pearson coefficient is used for signal-to-signal correlation between audio
and force indicators. Then, event-to-event correlation between audio and force
events is performed by computing features from the indicators.

Results show values of Pearson coefficient between audio and force indicators
in the range of 0.53 to 0.72, being the highest one the correlation of audio
with force curvature. Additionally, events of high correlated indicators exhibit
a clear relationship that can be important for understanding audio behavior.
Both analyses show that audio, acquired non invasively with a simple and low-
cost sensor, can contain significant information that can be used as additional
feedback to clinicians.

2 Method

Needle insertion and its interaction with soft tissue has been widely studied
using force sensors, being possible to distinguish three phases of interaction [17,
2, 6]. During the first phase or pre-puncture phase, the needle tip deforms the
surface in contact with the tissue producing an increase in the force. The second
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phase starts with the puncture event or tissue breakage, characterized by a peak
in the force, followed by a sharp decrease. The third phase corresponds to the
post-puncture phase, where the force can vary due to friction, collision with
interior structures, or due to the puncture of a new tissue boundary. During the
first phase, when audio is acquired, no audio excitation occurs since there is no
tissue breakage or structure collision. The puncture during the second phase and
the collisions, friction, and new punctures during the second and third phases
can produce significant and complex audio excitation dynamics. However, even
if an audio response is complicated, its dynamics should be related to dynamical
characteristics of the force during the second and third phases. This is what we
want to explore in this work.

Our aim is to extract characteristics or feature indicators from the force that
can be related to dynamical characteristics of the audio excitation. The first
indicator that we want to explore is the local intensity of the force or detrended
force, which aims to emphasize the increase of force from a local deflection (con-
tact of needle tip with the tissue) passing through its peak (puncture event) and
coming back to a steady stage. We also believe that the cumulative energy stored
during the boundary displacement and the fast drop in force after the puncture
also influences the audio excitation, and this is why derivative and curvature
indicators are also extracted.

The idea of this work is not to explain mechanical properties and fundamen-
tals of needle insertion in soft tissue, but to demonstrate that characteristics of
audio and force, even resulting from sensors of entirely different nature, can be
strongly related through a sort of transfer function between both sensor modal-
ities. Through this relationship, we also want to show the wealth of information
that an audio signal can contain concerning tip-tissue interaction dynamics.

Fig. 1 displays a block diagram with the main steps to relate audio and force
characteristics. First, the audio signal and the force signal are processed in order
to compute the different indicators extracted for enhancing the signal features
that want to be compared: one audio indicator (IA), and four force indicators,
related to the local intensity (IFi), to the curvature (IFc), to the derivative
(IFd), and one indicator that integrates curvature and intensity (IFci). Then,
a signal-to-signal correlation is performed between audio and force indicators in
order to assess similarity between features and also for optimizing the parameters
of the processing algorithms. Finally, an event-to-event correlation is performed
by computing features from the extracted indicators.

2.1 Experimental setup and data acquisition

For evaluating the presented approach, the dataset generated in [9] was used,
where audio signals were recorded using a stethoscope connected to a microphone
attached to the proximal end of a needle via a 3D printed adapter (see Fig. 2a).
This dataset consists of 80 audio recordings acquired during automatic insertion
of an 18G 200mm length biopsy needle (ITP, Germany) into an ex-vivo porcine
tissue phantom (see Fig. 2b). The insertion was performed automatically using a
testing machine (Zwicki, Zwick GmbH & Co.KG, Ulm) at an insertion velocity of
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Fig. 1. General block diagram with the methodology to relate force and audio signals.

3 mm/s that also recorded the axial needle insertion force. The audio frequency
sampling was 44100 Hz, and one force sample was acquired every 0.03 mm.
If we assume the velocity nearly constant, the force sampling frequency can be
estimated at around 100 Hz. The acquisition of force and audio was synchronized
using a trigger event visible in both the force and audio signals.
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Fig. 2. Experimental setup for needle insertion in fat tissue (adapted from [9]).

2.2 Audio indicator extraction

The audio signal is first pre-processed using a 7th-order Butterworth bandpass
filter (3−6 KHz) in order to enhance the needle tip tissue interaction information,
as shown in [9].

Fig. 3 displays the filtered audio signal together with the synchronized force
signal during needle insertion into soft tissue, using a recording from the dataset
presented in [9], which will be introduced in Section 3. It is possible to observe
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from the three marked events (denoted by 1, 2 and 3) in Fig. 3(a) and (b) and
the zooms in Fig. 3(c), that a main puncture event, identifiable in the force as a
significant peak, exhibits a complicated succession of events in the audio signal.
This set of events denotes the accumulation of energy through modulation of the
signal amplitude at the time interval just after the rupture of the tissue. To rep-
resent this energy event accumulation, we compute the homomorphic envelope
of the audio signal, which represents the amplitude modulation of the signal and
that it is obtained using homomorphic filtering in the complex domain [21].
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Fig. 3. (a) Bandpassed audio signal with labeled main puncture events. (b) force signal
with labeled main puncture events. (c) Audio zoom over the puncture events. (d)
Homomorphic envelope of the audio signal.

2.3 Force processing for indicators extraction

As explained above, four indicators are extracted from the force signal by en-
hancing information related to characteristics such as intensity, derivative, and
curvature. The diagram of Fig. 1 shows the main steps for the computation of
the force indicators. The first step that is common to all the indicators is the
force signal smoothing, consisting of the application of a moving average filter
in order to reduce the high-frequency ripple dynamics from the force.

The force indicator IFi intends to extract the information concerning the
local intensity of the force. In this aim, a force detrending has to be performed
to attenuate the very low-frequency progression present in the force signal during
needle insertion. For that, the signal baseline is first estimated using a two-stage
median filter [22] that is then subtracted to the smoothed force signal. Finally,
the positive part of the resulting signal is extracted.

For the computation of the force indicator related to the derivative IFd, a
derivative filter in series with a smoothing filter is first applied following [13].
To only keep the most important positive characteristics of the derivative, the
homomorphic envelope is extracted.
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The curvature is estimated with the algorithm proposed in [16] that enhances
curvature and intensity in signals. A 2nd-degree polynomial is used to fit the
force signal inside a sliding window. The 2nd-degree coefficient is related to the
curvature of the signal. The force indicator IFc is finally computed by applying
a homomorphic envelope to the resulting curvature.

As explained in [16], an indicator that enhance intensity and curvature jointly
can be extracted by computing the product between the constant polynomial
coefficient and the 2nd-degree coefficient of the polynomial. IFci is computed as
the square root of the joint indicator.

Fig. 4 shows the four extracted indicators, including also the original force
signal and the baseline estimation (in red).

Force and baseline Curvature indicator Derivative indicatorDetrended force Curvature + intensity

Time [s]
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b
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Fig. 4. Four indicators extracted from the force signal. In red color the estimated force
baseline is displayed.

2.4 Force and audio information correlation methodology

Two approaches are applied for putting in relation the indicators extracted from
the force with the one extracted from the audio. A signal-to-signal correlation
using the Pearson coefficient is first performed. This step allows assessing the
similarity between both types of indicators and also to optimize the parameters
involved in the computation of the indicators. In fact, the extraction of the force
and audio indicators requires to set some parameters:

– The frequency cut-off of the low-pass filter to be used in the envelope extrac-
tion for the audio and force signals, denoted as lpfa and lpff , respectively.

– The length of the sliding window used for computing the polynomial fitting
of the force signal, denoted as hwin.

– The first and second stage averaging window length of the median filter
applied for the force detrending, denoted by L1 and L2, respectively.

Each parameter is optimized by maximizing the Pearson coefficient between the
force indicator and the audio indicator.

Using the optimized parameters, we perform an event-to-event correlation
analysis. Significant puncture events in the force are first detected using a stan-
dard peak detector algorithm. Then, a window W is defined around the detected
peak instant in the audio signal. Finally, for each detected event, we relate the
maximal value of the force indicator inside W to the energy of the audio indica-
tor, also inside W .
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3 Results

Table 1 shows the optimized results of the correlation between the four force
indicators and the audio indicator. The table also shows the values of the pa-
rameters for the extraction of the indicators. In bold are marked the parameters
that required optimization (lpfa, L1, L2, hwin, and lpff ). The span of the MA
smoother used for the computation of the force indicators was set to 10 sam-
ples, equivalent to 0.1 seconds for a sampling frequency of 100 Hz. The last
column of the table shows the average optimized Pearson coefficient value (ρ)
over the 80 recordings of the dataset. It is possible to observe that the best cor-
relation between audio and force is obtained with the force curvature indicator.
It is important to notice in the table, in the second column from the end, that
the average and standard deviation values of the correlation coefficient obtained
during optimization do not vary significantly when the parameters are modified.

Table 1. Average optimized Pearson coefficients for the correlation between the four
force indicators and the audio indicator for the 80 needle insertion audio recordings.

Comparison
Audio Parameters Force Parameters

mean± std ρ
lpfn MAspan L1 L2 hwin lpff

IA vs IFi 4 10 100 100 n/a n/a 0.489 ± 0.038 0.531

IA vs IFc 1 10 n/a n/a 7 1 0.611 ± 0.038 0.717

IA vs IFd 1 10 n/a n/a n/a 1 0.511 ± 0.061 0.664

IA vs IFci 1 10 n/a n/a 13 1 0.578 ± 0.050 0.672

Fig. 5 displays a further analysis concerning the obtained correlation Pearson
coefficients. In Fig. 5(a), the histograms of the Pearson coefficients between the
four force indicators and the audio indicator are displayed. It is possible to verify
that the correlation values range in general between 0.3 and 0.9, but that for
curvature and the joint curvature and intensity indicators, 50% of the record-
ing has a correlation value over 0.6, which is high considering the completely
different nature between audio and force sensors. Fig. 5(b), which shows the
accumulative histogram of the Pearson coefficient, confirms the analysis made
previously. It is possible to observe that the best correlation between audio and
force is obtained with the curvature indicator IFc, followed by the joint curva-
ture and intensity indicator IFci. The derivative of the force IFd also provides
high values of correlation, while the local intensity indicator IFi is the weakest
indicator influencing the audio.

Fig. 6 shows examples of high correlations between each force indicator and
the audio indicator for different recordings belonging to the dataset. It is possible
to see how the main dynamics extracted from the audio indicator can follow the
dynamics obtained from the force indicator, i.e., many of the information involve
in force it is somehow visible in the audio indicator signal.

Fig. 7 shows the results of the event-to-event correlation of the two best
correlations obtained in the signal-to-signal analysis: curvature IFc indicator
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Fig. 5. Standard and cumulative histograms of the Pearson coefficients of the four force
indicators with audio, for the 80 recordings.
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Fig. 6. Examples of force and audio indicators where high correlation were obtained.

versus the audio indicator IA and the joint curvature and intensity indicator
IFci and IA. We explore two scenarios, the first one (Fig. 7(a) and (b)) by taking
into account a large number of puncture events and the second one (Fig. 7(c) and
(d)) by taking into account only the most important puncture events occurring
during the needle insertion process. This is done by only modifying a simple
threshold in the peak detector; higher is the threshold more events will be taken
into account. For both force indicators, a clear event correlation can be observed
using both types of event thresholding. When a large number of events are
taken into account, we can see that in the range of force events presenting low
intensities, it is not exactly clear that a high-intensity event will produce a high
audio excitation. However, when the number of events is reduced, it is possible
to observe an evident linear correlation between force and audio events, and this
is even more evident with IFci in Fig. 7(c).

4 Conclusion

In this work, we explored the audio dynamics generated from the tip/tissue in-
teraction during needle insertion into soft tissue using a recently proposed audio
guidance technique. The main idea was to observe the effect of different charac-
teristics of force measurement on the audio excitation. The results of this work
do not intend to replace a force sensor but show that information resulting from
sensors of entirely different natures, such as audio and force, can be strongly
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a) b) c) d)

Fig. 7. Event-to-event correlation for (a) IFc vs. IA with a low intensity-event thresh-
old, (b) IFci vs. IA with a low intensity-event threshold, (c) IFc vs. IA with a high
intensity-event threshold, and (d) IFci vs. IA with a high intensity-event threshold.

related during needle insertion, suggesting that audio can contain valuable in-
formation for monitoring tip/tissue interaction dynamics.

The operation of such a solution in a real clinical scenario (noisy environment,
variability between users) should be further tested and validated. However, pre-
liminary results obtained in this work and [9] indicate that a tissue/tissue passage
audio event can be viewed as an abrupt change detection problem regardless of
the user and the insertion velocity (a signal dynamical change is produced at the
border of two tissues). Additionally, a puncture results in a high energy audio
excitation that may simplify the processing of the signal in noisy environments.

The next steps of this work involve the exploration of non-linear dynamical
relationships between force and audio using not only time-domain energy-based
features but also time-variant audio signatures using frequency, scale, or modal
based features.
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