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A B S T R A C T

Intraoperative tissue identification is important and frequently required in modern surgical approaches for
guiding operation. For this purpose, a novel robot assisted sensing system equipped with a wide-band
impedance spectroscope is developed. Without introducing an external sensor probe to the operating site, the
proposed system incorporates two robotic instruments for electric current excitation and voltage measurement.
Based on the developed measurement strategy and algorithm, the electrical conductivity and permittivity of
the tissue region can be calculated. Experiments based on simulation, salines and ex-vivo tissue phantoms are
conducted. The experimental results demonstrate that the proposed system has a high measurement accuracy
(≥97%). Through a simple support vector machine, a 100% accuracy is achieved for identifying five different
tissues. Given the convincing results, the presented sensing system shows great potential in offering effective,
fast, and safe tissue inspection.
. Introduction

Robot-Assisted Minimally Invasive Surgery (RAMIS) has been widely
dopted in modern medical systems. In RAMIS, surgeons control robotic
nstruments to access the patient’s body cavity via small incisions and
erform the surgery. Thanks to the enhanced precision and dexter-
ty provided by robotic systems, surgeons can conveniently perform
rocedures that would be difficult using conventional laparoscopic
echnique [1]. RAMIS is reported to have several patient-related ben-
fits, such as less pain and scarring, shorter hospital stays, and lower
ostoperative morbidity [2].

The introduction of novel technical features is essential to further
xtend the use of RAMIS systems to increasingly complex procedures
nd continue improving the postoperative outcome. The most requested
echnical features are related to the improvement of surgical instru-
ents and the introduction of Advanced Intraoperative Sensing (AIS)
ethods [3]. An ideal AIS method should improve the localization of

reas that are difficult to recognize with other intraoperative sensing
odalities with minimal interruption of the surgical workflow. AIS

echnology is fundamental to improve surgeons’ performance in tissue
iscrimination and manipulation. Additionally, AIS can support the
ntroduction of increasingly automated systems that will pave the way
or autonomous surgical systems in the future.
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E-mail addresses: zch@sdu.dk (Z. Cheng), diego.dallalba@univr.it (D. Dall’Alba), kls@sdu.dk (K.L. Schwaner), paolo.fiorini@univr.it (P. Fiorini),

rs@sdu.dk (T.R. Savarimuthu).

The evolution of surgical robotics has been trending towards a
higher level of automation across an increasingly broad range of sur-
gical procedures, from diagnosis to treatment [4]. Automating surgery
can potentially increase and ensure consistent procedure quality while
reducing the surgeons’ workload. In turn, this can increase hospital
throughput and make advanced surgical procedures available to an
increased number of patients. AIS technologies are required to en-
hance surgical robots for more complicated procedures and gradually
improve their decision support capabilities, following the cognitive
surgical robot concept of [5]. Thus, perceiving the surgical environment
automatically and accurately becomes critical and essential for the new
generation of surgical robots.

In this study, we present a Robot-Assisted Electrical Impedance
Scanning (RAEIS) spectroscopy measurement system. The system in-
troduces an additional AIS modality to surgical robots and enables
automatically and quickly identifying different tissue types. Compared
with our previous works [6,7], we improve the RAEIS system’s per-
formance by applying spectroscopy measurements and optimizing the
acquisition protocol, focusing on electrode placement.

Most clinically available RAMIS systems are equipped with very lim-
ited real-time AIS, mainly based on a stereoscopic endoscopic camera
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that facilitates depth perception. For instance, existing surgical robots
do not provide surgeons with haptic feedback, which is an advantage
of conventional open access surgery [8]. Through palpating the tissue,
surgeons can locate a pathological region that is generally harder than
the surrounding healthy tissue. This unfulfilled requirement has moti-
vated many previous engineering developments to restore the missing
haptic perception to the robots [9]. In addition to integrating force-
sensing directly on the forceps [10], additional tools that can assist
the palpation have been developed [11,12]. These force perception
technologies require significant changes to surgical instruments or the
clinical protocol. In turn, this can make the certification and adoption
process complex and slow. The RAEIS system proposed in this work, on
the other hand, requires minimal changes to the surgical instruments
and to the workflow of RAMIS interventions.

Various alternative AIS technologies have been developed to com-
pensate for the lack of haptic sensation. A popular one is fluorescence
technology which can effectively enhance the visualization of dye-
marked tissues such as blood vessels. This technology requires injection
of a contrast medium before or during a procedure. The proposed
method does not require the use of a contrast agent.

Researchers have also reported the use of a drop-in ultrasound trans-
ducer (X12C4, BK Medical) to improve surgical outcomes and margin
rates in robotic-assisted renal partial nephrectomy [13]. The drop-in
ultrasound transducer is grasped by a robotic forceps to scan and detect
hidden cancerous tissues. Ultrasound scanning is done manually by
the surgeon and requires specific skills to be correctly performed and
interpreted. In our work, the data acquisition procedure is completely
automated, requiring the surgeon only to select a point of interest and
a scanning direction. It is worth noting that the above-mentioned tech-
nologies aim to visualize a specific tissue from the background instead
of indicating the specific tissue type and/or the tissue’s pathological
status, as in the proposed system.

In recent years, bio-impedance spectroscopy has been of increasing
interest in cell biology and biotechnology [14]. Specifically, the fre-
quency response of electrical bioimpedance (EBI) has been exploited
for estimating tissue types. Previous studies have reported that different
tissues have significantly different electrical characteristics, and even
for the same tissue types, the differences of EBI characteristics can
reflect their healthy and pathological status [15–17]. Accurate tissue
classification based on the electrical property has been demonstrated
in [18].

According to previous studies [19–21], cancerous tissue in the
prostate, colorectal region, and thyroid generally contains higher salin-
ity and water when compared to benign stroma and glandular tissue.
This is reflected by significantly lower conductivity at frequencies be-
tween 0.1 and 100 kHz and significantly higher permittivity at 100 kHz.
By taking advantage of tissues’ EBI characteristics, several devices, such
as ZedScan (Zilico Ltd., UK) and Nevisense (Scibase AB., Norway), have
been developed and are available in the market. So far, few EBI probes
have been designed for assisting during RAMIS [17,22]. The maximum
diameter of RAMIS access ports, i.e., 12 mm, constrains the size of
EBI probes, limiting the design space for the number and orientation
of the electrodes. Hence, these probes commonly have concentrated
sensitivity, hardly improving the signal-noise ratio of the measurement.

Electrical Impedance Tomography (EIT) is another well-known tech-
nology for visualizing tissues’ electrical properties. This technology
has been used in a variety of medical applications such as prostate
and breast cancer detection [17,23,24]. Generally, the reconstructed
EIT image is used for showing the contrast of conductivity within a
region rather than sensing the spectroscopic response in a specific tissue
region. The previous art of EIT has been made a miniaturized probe
for imaging cancer margin [17]. However, integrating a sensor probe
to RAMIS requires good manipulation skills. Also, a limited range can
be sensed due to the size constraint.

A previous study has proposed to use the existing instruments of a
medical robotic system for the EBI sensing on tissue surface and offer
2

Fig. 1. (A) Modeling the alternating electrical current passing through tissue; (B) The
Cole model representing the electrical characteristics of biological tissues.

the visualization of the impedance distribution through augmented
reality [25]. Such a EBI sensing technology can assist in the localization
of pathological tissue automatically, promoting the autonomy level of
future surgical robotic systems. However, the previous setups use a
bipolar sensing configuration, whose reliability highly depends on the
contacting area between the electrodes and the tissue. Due to the soft
tissue deformation, the control of electrodes pressing depth on the
tissue is normally difficult. This yields relatively big variation, making
it hard to improve tissue identification accuracy.

To summarize, the proposed RAEIS system is easy to implement on
currently existing surgical robot systems and follows the current oper-
ational workflow. Compared to the other existing AIS technologies, the
proposed system can improve the surgical robotic system capability in
identifying different tissues, integrating and complementing other AIS
already used and previously described in this section. To the best of our
knowledge, this paper presents the first robot assisted sensing system
for wide spectrum measurements of tissues’ conductivity and permit-
tivity intraoperatively. Compared to the previous works in literature,
this research exploits the flexibility of the robotic technology resulting
to the improvement of acquisition process and sensing reliability. The
detailed contributions of this paper are summarized as follows.

• Development of a method for wide-band impedance spectroscopic
measurement and an algorithm to compute tissue conductivity
and permittivity.

• Hardware realization and control strategy for a reliable and noise
resistant tri-polar sensing setup.

• Enhanced measurement accuracy by optimizing electrode posi-
tioning in the measurement protocol.

The rest of the paper is organized as follows. After the introduction
in Section 1, Section 2 introduces the methodology and the modeling.
In Section 3, a series of experiments are designed and performed to
evaluate the system. The experiments include a Finite Element Simu-
lation study, an experiment based on a saline tank, and an experiment
based on ex vivo tissue samples. Sections 4 and 5 presents and discusses
the results. Section 6 concludes this paper.

2. Materials and methods

2.1. Bioimpedance spectroscopy measurement

The microscopic electrical model of biological tissue is shown in
Fig. 1(A). The intracellular fluid (ICF) is the cytosol enclosed in cells by
their plasma membranes. Extracellular fluid (ECF) surrounds the cells
and serves as a circulating reservoir. To describe the electrical property
of biological tissue, the Cole model as shown in Fig. 1(B) is commonly
used [26]. The equivalent circuit comprises a capacitor 𝐶𝑚 representing
the outer lipid membrane, and two resistors 𝑅𝑖𝑛𝑡 and 𝑅𝑒𝑥𝑡 representing
the intracellular volume and extracellular volume, respectively.

Since the dielectric/conductive property of biological tissue is fre-
quency dependent, the measurement is conducted by the response
to the flow of an applied alternating electrical current with given
amplitude and frequency. Considering that the intact cell membranes
are generally unchangeable, low frequency current predominantly flow
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𝜎

Fig. 2. Modeling the tri-polar EBI measurement including an electrode for current
injection (electrode at position 𝐴), an electrode for voltage measurement at position
𝑀 , and a ground electrode indicated as GND.

around the cells [14,27]. Only at higher frequencies, the impedance
decreases owing to the accessibility of the cytoplasm as current path.
The most commonly used frequency range is from 1 kHz to 1 MHz
which is also known as the 𝛽-dispersion. The Cole model indicates
that excitation under different frequencies leads to different impedance
information of the tissue.

In addition, it is more accurate and preferable to describe the
electrical characteristics of biological tissue using conductivity and
permittivity, instead of the probe dependent impedance module and
phrase angle. To derive the conductivity and permittivity based on
the measured complex impedance, the sensing system needs to be
either calibrated with known media or given knowledge related to the
electrodes configuration. This research uses the latter method and more
technical details are provided as follows.

2.2. Tri-polar electrical bioimpedance spectroscopy

This study is based on the measurement method presented in [6].
The RAEIS exploits a tri-polar EBI sensing configuration with three
electrodes: one current source electrode (CSE), one voltage measure-
ment electrode (VME), and one ground electrode (GND). The GND
electrode should be relatively large and attached to a remote site of the
measured object. Compared to a bi-polar configuration [28], a tri-polar
configuration can improve the measurement accuracy by compensating
for the contact impedance at the CSE through a controlled current
source [29], and getting rid of electrode polarization at the VME [27].

The tri-polar sensing method can be modeled as shown in Fig. 2.
Excitation current 𝐼 is injected to the material under test (MUT) via
the CSE at position 𝐴. According to [6], the sensitivity in the detection
of subsurface heterogeneous region can be small when its depth is
greater than half of the distance between CSE and VME. Given that
the electrodes distance is set relatively small in this study, we assume
that the material of this small region around 𝐴 is homogeneous. In
this case, the current flow disperses from the source radially into
the MUT. Considering that the current distribution is uniform over a
hemispherical shell centered at 𝐴, the current density at point 𝑀 is
given by

𝐽𝑀 = 𝐼
2𝜋𝑑2

(1)

where 𝑑 denotes the distance of |𝐴𝑀|. Since biological material is
considered as a dielectrics, this study treats its frequency-dependent
electrical property as a model of complex conductivity 𝜎̂ (as described
in Chapter 3 of [14]), which is given as

𝜎̂ = 𝜎 − 𝑗𝜔𝜖0𝜖𝑟 (2)

where 𝜔 is the excitation frequency 2𝜋𝑓 . According to the Maxwell’s
equations, the electrical potential at position 𝑀 can be calculated by
3

integrating Eq. (1) as follows

𝑉𝑀 = −∫

𝑑

𝑟0

𝐼𝜕𝑑
2𝜋𝜎̂𝑑2

= 𝐼
2𝜋𝜎̂

(

1
𝑑
− 1

𝑟0

)

(3)

During the measurement, the CSE is required to press on the tissue
slightly. This causes the soft tissue deformation surrounding the tip of
the CSE. The parameter 𝑟0 in Eq. (3) represents the equivalent radius
of the CSE tip which is immersed in the tissue.

It is generally hard to measure or control the value 𝑟0. Therefore, we
choose to use the potential difference to remove its impact. Considering
that the potentials of two positions on the tissue surface 𝑀 and 𝑁 are
measured, the electrical potential difference is

𝑉𝑀𝑁 = 𝐼
2𝜋

( 1
𝑑
− 1

𝑑 + 𝛥𝑑

) 1
𝜎̂

(4)

Using Eq. (4) for computation can effectively get rid of the uncertainty
due to the electrode-tissue contact of the CSE.

For brevity, we use 𝜅 to denote the factor related to the measure-
ment setting:

𝜅 = 1
𝑑
− 1

𝑑 + 𝛥𝑑
(5)

Subsequently, the relationship between the measured impedance dif-
ference 𝑍𝑀𝑁 and the electrical property of the MUT can be written as

𝑍𝑀𝑁 =
𝑉𝑀𝑁
𝐼

= 𝜅
2𝜋𝜎̂

(6)

The impedance measurement 𝑍𝑀𝑁 includes a real component and
an imaginary component, namely 𝑍𝑀𝑁 = 𝑅𝑒𝑀𝑁 + 𝑗𝐼𝑚𝑀𝑁 . Further-
more, we can calculate the conductivity 𝜎 and relative permittivity 𝜀
of the MUT by substituting Eq. (2) into Eq. (6):

𝜎 = 𝜅
2𝜋

𝑅𝑒𝑀𝑁

𝑅𝑒2𝑀𝑁 + 𝐼𝑚2
𝑀𝑁

(7)

𝜀𝑟 =
𝜅

4𝜋2𝑓𝜀0

𝐼𝑚𝑀𝑁

𝑅𝑒2𝑀𝑁 + 𝐼𝑚2
𝑀𝑁

(8)

To improve the measurement accuracy, the voltage measurements
are conducted on multiple positions at different distances 𝑑 to the CSE.
We use 𝜎(𝑑𝑖) and 𝜀(𝑑𝑖) to denote the measured conductivity and permit-
tivity which are measured at 𝑑𝑖. A weighted average is implemented to
represent the electrical property of the MUT.

̄ =
∑

(𝑤𝑖𝜎(𝑑𝑖))
∑

𝑤𝑖
(9)

𝜀̄𝑟 =
∑

(𝑤𝑖𝜀𝑟(𝑑𝑖))
∑

𝑤𝑖
(10)

We propose to design the weights 𝑤𝑖 in such a way that the region
close to the CSE has a relatively higher contribution to the measure-
ment results. Also, the weight decreases gradually for the measurement
further from the CSE. This is because a smaller 𝑑𝑖 corresponds to the
measurements of the smaller region centered at the CSE according to
Eq. (3). In this study, we set the weight 𝑤𝑖 equal to the reciprocal of
𝑑𝑖.

𝑤𝑖 =
1
𝑑𝑖

(11)

Both 𝜎̄ and 𝜀̄𝑟 are acquired as a function of different frequencies 𝑓 .
For a tissue identification task, a vector can be defined containing the
values of 𝜎̄ and 𝜀̄𝑟 at different frequencies. These data can be used for
training a machine learning classifier.

2.3. System setup and calibration

The proposed EBI spectroscopic measurement method requires the
collaboration of two surgical instruments as electrodes. Specifically,
one of the instruments is used as the CSE and the other one is acted as
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Fig. 3. The setup of the RAEIS system.

the VME. These instruments can be already available electrosurgery in-
struments used for cautery or tissue dissection. Fig. 3 shows an example
setup where two da Vinci robotic scissors (Intuitive Surgical Inc., USA)
are used as electrodes. The selected scissors are normally used for elec-
trosurgery, thus they can naturally serve as a monopolar electrode. As
shown in Fig. 5(C), the scissors are controlled to press slightly onto the
tissue to avoid tissue damage while ensuring optimal contact between
tissue and electrode. Considering the tissue deformation and scissors
shape, the actual electrode dimensions can be approximated as a 1 mm
cube with round edges. These scissors are mounted on the end of UR3
robotic arms (Universal Robots A/S, Denmark) for position control. For
impedance spectroscopic measurement, a spectroscopy device (Quadra,
Eliko Tehnoloogia Arenduskeskus, Estonia) is used. This device is able
to perform measurements at 15 frequencies simultaneously with a
sampling period of 1 ms. Sampling frequencies can range from 1 kHz
to 349 kHz. The Quadra has a 99.9% measurement accuracy according
to the device datasheet.1

Calibration of the system consists of two steps: a kinematic cali-
bration and an electrical calibration. The kinematic calibration aims
to register the two robots in the same global frame (the red frame in
Fig. 3). It is done as follows. We first define the instrument center point
for each robot by fixing the electrode tip at a point and manually driv-
ing the robotic arm to different postures. The transformation from the
instrument tip to the robot end-effector can be computed automatically
via the UR robots’ PolyScope software. Then we configure the transfor-
mation between the robotic base frame to the global frame. This is done
by manually driving the robot to nine reference points in the global
frame by the instrument tip. The corresponding robotic coordinates are
recorded and used to compute the coordinates transformation. After
the calibration, the re-projection error is computed and found to be
0.09 mm and 0.12 mm for the CSE instrument and the VME instrument
respectively.

The electrical calibration is carried out to ensure high accuracy for
the impedance sensor. The calibration is done by connecting resistors
with known values across the CSE and VME instrument. Three resistors
of 51 Ω, 100 Ω, and 500 Ω are selected as those values are within
the range of tissues, according to [30]. The Root-Mean-Square-Error
(RMSE) between the measured resistance and the referenced values at
different frequencies are found to all be <0.8%, and the absolute values
of all the measured phase angles are <0.13°. This indicates that the
developed system can perform spectroscopic measurements with high
accuracy.

1 https://www.eliko.ee/products/quadra-impedance-spectroscopy.
4

2.4. Scanning protocol design and parameter optimization

The RAEIS system can be operated in a user-supervised autonomous
manner or as a key sensing component in future autonomous surgery.
The human robot collaborative strategy is providing the surgeon with
high flexibility and convenience for a tissue inspection task at a specific
region while the process safety can be assured. Also, reliable tissue
recognition is important for environmental exploration and registration
when robot takes the role of decision making in surgery.

Taking the surgeon robot collaborative operation as an example,
the measurement procedure starts by manually selecting an inspec-
tion point on the tissue surface and a scanning direction. The CSE
instrument is controlled to reach the inspection point and presses
its tip on the site 2 mm downwards to ensure a good contact with
the tissue. Then the VME instrument conducts the measurement of
electrical potential on 13 positions on the tissue surface along the
defined direction autonomously as shown in Fig. 4. The robot controls
the VME to 𝐻 = 3 mm above a target point, and then approaches
the target point downwards with a relatively small speed (Fig. 4(A)).
The contact of tissue can be detected immediately by monitoring a
significant decrease of impedance. After the tissue contact is detected,
the VME is required to move 2 mm downwards in order to have a
reliable contact (Fig. 4(B)). Then EBI spectroscopic measurements are
conducted, after which the VME is lifted back to 𝐻 = 3 mm above
tissue surface (Fig. 4(C)) and moved above the next measurement point
(Fig. 4(D)).

During scanning, 𝑑 is a key parameter which can impact the mea-
surement accuracy of the proposed system significantly. The lower
bound of 𝑑 is set based on two considerations. First, the two instrument
cannot be placed too close for preventing potential collision. Second,
there is a potential uncertainty of the contacting point on the VME.
As shown in Fig. 5, due to the tissue rupture, deformation or uneven
surface, the extreme cases would be the tissue-electrode contacting
point is located on the left edge (refer to the upper left subfigure (A))
or the right edge (refer to the upper middle subfigure (B)). Therefore,
a sensitivity analysis is performed to estimate the maximum error due
to this variance. Given that the width of an ordinary robotic scissors
is about 1 mm (please refer to the upper right subfigure (C)), we
calculate the maximum error of 𝜅 by assuming an offset of ±0.5mm
for 𝑑. Specifically, we assume that the measurement is conducted on
a homogeneous material. As indicated by Eq. (6), the measured 𝑍 is
proportional to 𝜅. Thereby, the measurement error is approximated
as the relative error of 𝜅 in consideration of the ±0.5mm offset. By
comparing the 𝜅 value based on 𝑑 ± 0.5 mm and its theoretical value,
the maximum error is calculated and plotted in Fig. 5(D). Based on the
above two considerations, the lower bound of the 𝑑 range is decided
to be 6 mm which can guarantee that the maximum error due to VME
size is smaller than 18%.

In addition, the upper bound of the range for 𝑑 is set based on the
following considerations. Eq. (3) indicates that the measured voltage
𝑉𝑀 decreases almost proportionally to the reciprocal of 𝑑. Given that
the magnitude of the injected current should be controlled within a
safe range (for instance, 1 mA according to IEC 60601), the signal
magnitude of measurement on materials of relatively high conductivity
such as muscle can be weak with 𝑑>20 mm and possibly dominated by
physiological signal noise. Also, the weights are set as the reciprocal of
𝑑 in this study. Measurements at the position far away from the CSE
have limited contribution to the results.

In this study, we also investigate the use of varying 𝛥𝑑𝑖 for the
measurement at different positions of 𝑑𝑖 in order to improve the signal-
noise ratio. As mentioned above, the electrical potentials on the tissue
surface are acquired at multiple positions through VME. The distance
at each measurement point relative to the CSE is denoted as 𝑑𝑖, and 𝛥𝑑𝑖
is used to denote 𝑑𝑖+1−𝑑𝑖. According to Eq. (6), 𝑉𝑀𝑁 is proportional to
factor 𝜅. Through optimizing the setting of 𝜅, the objective is to ensure
that 𝑉 is relatively big and within a bounded range. In this case, the
𝑀𝑁

https://www.eliko.ee/products/quadra-impedance-spectroscopy
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Fig. 4. The scanning process for electrical spectroscopic measurement using the RAEIS system: (A) The robot controls the VME to 𝐻 = 3 mm above a target point, and then
approaches the point downwards with a relatively small speed; (B) After the tissue contact is detected, the VME is required to move 2 mm downwards; (C) after the measurement,
the VME is lifted 𝐻 = 3 mm; (D) The VME is moved above the next target point. Please see the main text for the definition of 𝑑𝑖 and 𝛥𝑑𝑖.
Fig. 5. Illustration of the measurement error caused by the uncertain contacting point
on the VME.

Table 1
The suggested setting of 𝑑 and 𝛥𝑑 for improving the measurement accuracy.

Displacement [mm]

𝑑 6 7 8 9 10 11 12 13 14
𝛥𝑑 1 2 2 2 3 4 4 5 6

EBI sensor can tune to preserve a good sensing resolution. According to
Eq. (5), the following 𝛥𝑑 is proposed as shown in Table 1. Only integer
is considered for 𝑑 and 𝛥𝑑 in this study. With this setting, the value of 𝜅
is within the range between 0.033 and 0.02. In total, VME is required to
measure 13 positions on the tissue surface for each scanning according
to Table 1.

3. Experimental evaluation

Three experiments were designed and performed for the evaluation
of the proposed system and method. The first experiment was based
on Finite Element Simulations (FES) for validation of the proposed
concept. In addition, the impact due to the electrode’ pressing depth
on the tissue was also investigated. The second experiment was based
on saline tank where different percentages of standard saline solutions
were made and measured. To evaluate the measurement accuracy of the
proposed system, the measured conductivity and permittivity using the
5

proposed system was compared to the reference values. Subsequently,
a more realistic experiment based on different ex vivo animal tissues
was conducted. The third experiment aimed to demonstrate the use
of the proposed system for real tissue measurement and classification.
Reference values from previous studies were provided for comparison.
The data processing and analysis was done using Matlab software and
related toolbox (MathWorks Inc., MA, USA).

3.1. Finite element simulation

The FES experiment was carried out based on the AC/DC module
of COMSOL Multiphysics software (COMSOL Inc., Sweden). As shown
in Fig. 6, the MUT was modeled as a 200mm × 100mm × 100mm block.
Two electrodes in a similar shape as the instrument tip were drawn
in the simulation representing the CSE and VME respectively. The
material of the electrodes was set to be steel. Also, a relatively big area
on the left side of the block was set as the electric ground. To simplify
the simulation, we assumed that 𝜎 and 𝜀 of the MUT was 1 𝑆∕𝑚 and
1000 respectively, and independent from the frequency.

Normally, the pressing depth of CSE and VME into the tissue was
difficult to control or measure accurately due to the soft tissue deforma-
tion. As described in Section 2.4, the electrode were controlled to push
2 mm on the tissue surface. The pressing on the tissue deformed the
tissue and made it reshape around the electrode. This was equivalent
to an immersed depth of electrodes ℎ which should be smaller than
2 mm considering the tissue deformation. To study the impact of this
parameter, different immersed depth for CSE and VME including 1 mm
and 2 mm were implemented during the simulation. In addition, the
amplitude of the excitation current is set to be 1 mA, and the frequency
is set to be 100 kHz. Then the simulation measured the electrical
potential of VME by running a parameter sweep with VME moving to
the right in a displacement of 𝑑 according to Table 1. After the voltages
on VME were collected, the corresponding 𝜎 and 𝜀𝑟 were calculated.

3.2. Saline tank experiment

The saline tank experiment was designed to evaluate the mea-
surement accuracy of the proposed system. Standard saline solutions
including 0.1%, 0.2%, and 0.3% were made and used. These per-
centages of saline solutions were selected because they are within
the range of most tissue types empirically [16]. A plastic container
(200mm × 130mm × 75mm) filled with saline solution was used as the
saline tank (Fig. 7(A)). The left bottom corner of the saline tank was
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Fig. 6. (A) The setup of FES experiment for validating the proposed sensing method;
(B) The electrode immersed depth ℎ is considered as a variable during the simulation
study.

placed to the origin of the global frame in the system setup. Also, a
piece of copper tape (10mm × 30mm) was used as the GND electrode
and was attached to the right wall of the saline tank.

During the experiments, the tip of CSE was controlled to the position
X = 30 mm and Y = 65 mm. Then the VME was controlled by the
robot arm to align with the CSE in Y axis and then move along the
X+ direction in different 𝑑 and 𝛥𝑑 as described in Table 1. After the
VME reached each target position, 100 measurements were collected
continuously. Each measurement contained 30 data corresponding to
the magnitude and phase angle at 15 frequencies.

In this experiment, the measurement accuracy due to different
pressing depth was also investigated. The tips of both instruments
were first adjusted to just contact the water surface, and then moved
downwards a specific displacement. Two immersed depths ℎ of 1 and
2 mm were tested. For each condition, the experiments were repeated
9 times. The calculated 𝜎̄ and 𝜀̄𝑟 were computed and compared to the
reference values in Section 4.1.

3.3. Experiments with ex vivo animal tissues

The third experiment was designed to demonstrate the use of the
proposed system on measuring bioimpedance spectroscopy on different
biological tissues, and to evaluate the tissue classification based on the
computed 𝜎̄ and 𝜀̄𝑟.

In total, five different tissues were prepared including porcine liver,
porcine muscle, bovine muscle, chicken muscle and porcine fat. As a
preliminary evaluation, the tissue samples were from wet market con-
sidering that the electrical property of a tissue types among mammals
can be close [30]. The tissue samples were put in a plastic container
(210mm × 140mm × 60mm) and a copper plate was placed on the right
side of the tissue sample as the GND electrode. During the experiments,
the user selected a target position of which the tissue in the region is
homogeneous and relatively far from the GND electrode. The RAEIS
system then controlled the CSE to reach the target tissue surface and
pressed 2 mm downwards. After the user inputted a scanning direction
(X+ direction in this experiment), the RAEIS system controlled the VME
to move along the defined direction for electric potential scanning with
the optimized scanning displacements (Table 1) and required motion
(Fig. 4). The measurements on each tissue sample were repeated 10
times. The values of 𝜎̄ and 𝜀̄𝑟 of each tissue type were computed.

Furthermore, a tissue classifier based on Support Vector Machine
(SVM) was trained and tested on the collected data. The tissue clas-
sifications were performed to validate the feasibility of identifying
different tissue types based on their electrical characteristics. Each
input data was a vector consisting of 15 values of 𝜎̄ and 15 values of 𝜀̄𝑟,
representing one impedance spectrum composed of 15 frequencies. The
Classification Learner app of Matlab was used. Due to the small number
of dataset, 2-fold cross-validation was implemented for computing the
classification accuracy. To avoid overfitting, only linear kernel function
was used.
6

Fig. 7. The setup of the ex vivo experiment. Different phantoms and ex vivo tissues
were used including (A) saline tank, (B) porcine liver, (C) porcine muscle, (D) bovine
muscle, (E) chicken muscle, and (F) porcine fat.

Fig. 8. The simulation results of 𝜎 and 𝜀𝑟 obtained at different 𝑑 positions.

4. Results

4.1. Results of finite element simulation

The simulation results of 𝜎 and 𝜀𝑟 are presented against 𝑑 as shown
in Fig. 8. The 𝜎 value ranges from 1.07 to 0.94 S/m for condition
ℎ = 2 mm, and ranges from 1.0 to 0.92 S/m for condition ℎ = 1 mm.
As for the values of 𝜀𝑟, the range is from 1071.3 to 935.2, and from
998.2 to 924.1 for the case of ℎ = 2 mm and ℎ = 1 mm respectively.
In addition, we calculate the value of 𝜎̄ and 𝜀̄𝑟 based on Eqs. (9) and
(10). The values of 𝜎̄ for ℎ = 1 and 2 mm are found to be 0.97 S/m and
1 S/m respectively. The results of 𝜀̄𝑟 for immersed depth 1 and 2 mm
are 970.2 and 1008.5 respectively. Given the ground truth of 1 S/m for
the conductivity and 1000 for the permittivity, the simulation values
indicate a considerably high accuracy.
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Fig. 9. The experimental results of the 𝜎̄ and 𝜀̄𝑟 values measured in 0.1%, 0.2% and
.3% NaCl solutions and at 15 excitation frequencies.

.2. Measurement results of different salines

The experimental results of saline tank are processed and presented
n Fig. 9. For noise reduction, 100 data are measured at each 𝑑 position,
nd a low pass filter is implemented by averaging the values. The
easurements are repeated 5 times for each immersed depth and for

ach saline solution. In addition, the results of 𝜎̄ and 𝜀̄𝑟 are computed,
nd their mean and standard deviation at 15 frequencies are shown in
ig. 9. In the plot of 𝜎̄ values, the reference values according to IEC
0746-3 are also shown as dash lines. The 𝜎̄ values of the same saline
olution are put together, and the RMSE with respect to the reference
alue are computed. The results indicate a very high accuracy given
hat the RMSE are 0.019 S/m, 0.224 S/m, and 0.447 S/m for 0.1%, 0.2%
nd 0.3% saline solutions respectively. With respect to the 𝜀̄𝑟 figure, no
tandard values can be found. Nevertheless, a similar trend and values
re reported in study [31].

.3. Experimental results of different ex vivo tissues

The experimental results (𝜎̄ and 𝜀̄𝑟) of liver, muscle and fat are
resented in Fig. 10, Fig. 11 and Fig. 12 respectively. In addition,
eference values from previous studies are plotted for comparison [32–
8]. The results of all three kinds of muscle samples are plotted in
he same figure (Fig. 11) due to the consideration of similar tissue
ompositions.

The tissue classification results based on SVM achieved 100% accu-
acy, since there are significant differences of the electrical properties
etween liver, muscle and fat. Even among the muscle tissues from
ifferent animals, a simple linear kernel based SVM can successfully
lassify them with 100% accuracy.

The time used for the whole procedure is reported as follows. The
AEIS system takes about 8 s to perform the scanning of a point, and
n average of 0.032 s to compute the results of 𝜎̄ and 𝜀̄𝑟.

. Discussion

The experimental results demonstrate the capability and potential of
he RAEIS system for measuring the electrical characteristics of biolog-
7

cal tissues during RAMIS. A high measurement accuracy is observed
Fig. 10. The experimental results of liver samples based on the RAEIS system and the
reference values from the other studies.

Fig. 11. The experimental results of three different muscle samples based on the RAEIS
system and the reference values from the other studies.

according to the results of the FES experiment and the saline tank
experiment. As shown in the simulation results, the values of 𝜎 and 𝜀
are within a reasonable range although a decreasing trend is observed.
One possible reason is the electric field distortion since the GND is
placed on one side of the phantom. Only one GND is used in this study
to emulate the one current return pad commonly used in electrosurgery.
In practice, it is possible to attach another GND pad on the other side
of the patient for driving a more evenly distributed electric field. This
study in particular focuses on the optimization of electrode positioning.
Specifically, the range of 𝑑 is controlled between 6 mm and 20 mm in
order to minimize the error due to instrument’ width and physiological
noise. Also, different 𝛥𝑑 for corresponding 𝑑 are designed in order
𝑖 𝑖
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Fig. 12. The experimental results of fat samples based on the RAEIS system and the
reference values from the other studies.

to keep 𝜅 consistent. In addition, Fig. 8 shows that there is a small
variation of the results (≤7%) due to the immersed depth ℎ. This
variation decreases significantly for a bigger 𝑑. All these variations can
be successfully compensated by the weighted sum calculation given
that the final results (𝜎̄ and 𝜀̄𝑟) have ≤3% error rate. In addition,
the high sensing accuracy is also demonstrated by the small RMSE of
the saline tank experiment (Fig. 9) under the conditions of different
immersed depths. Compared to the variance due to parameter ℎ, the
differences of electrical characteristics between different tissue types
and between healthy status and pathological status are generally much
higher [37,39]. Thus, the proposed system and measurement method
is suitable for the application of different tissues recognition.

Although the tri-polar sensing configuration exploited in the pro-
posed RAEIS system can restrain the impact due to the electrodes
pressing depth, the system requires a relatively high position accuracy
(submillimeter level). This may be challenging to achieved directly
based on the robot kinematic control for some existing robotic plat-
form. Possible solution is to involve optical tracking facility or vision
system for close loop position control [40]. The vision system can also
reconstruct the tissue surface. By this means, the VME positions can be
planned and guided in a 2D or 3D space during the scanning. This can
further improve the system flexibility and prevent scanning in dirty or
unreachable region. These aspects will be studied in future works and
special focus will be on the system demonstration in a more relevant
clinical environment.

According to the results of the ex vivo tissue experiment, the val-
ues of 𝜎̄ and 𝜀̄𝑟 are found to be consistent given that the standard
deviations of the results are generally small. The RAEIS system en-
ables the estimation of material’s conductivity and relative permittivity,
rather than a complex impedance value which is dependent on the
electrode configuration. In this case, the sensing results can be eas-
ily reused and compared to the ones available in literature. In fact,
the obtained values of different tissue types are found close to the
results presented in the other researches, which are based on more
controlled acquisition conditions such as using custom designed probes.
In addition, the results show that the conductivity and permittivity of
biological materials are frequency-dependent, which have been also
reported in previous studies [30]. Specifically, with the increase of
excitation frequency, tissues generally become more conductive, while
its permittivity becomes smaller. As interpreted in [41], the impedance
at low frequencies gives information about the cell volume fraction
8

since isolating cell membranes decreases the current path. When high
frequency excitation signal is used, more information related to the
intra-cellular component is involved. These characteristics support the
improved identification of different tissue types by using a wide-band
spectroscopic information. The strong tissue identification capability of
the proposed system is confirmed by the classification results, where
a 100% accuracy is obtained for the 5 considered tissue types. Even
for the same type of tissues (i.e., muscle) from different animals, the
slightly different tissue compositions can be reflected by their electrical
properties. Nevertheless, future work is needed to optimize the number
and range of the excitation frequencies in order to assure a high
tissue recognition accuracy in more complicated and realistic surgical
scenario.

While these findings are encouraging, the evaluation experiments in
this study is preliminary. Given that the intra-sample variance is much
smaller compared to the differences between different tissue types,
the tissue recognition task could be achievable. Nevertheless, several
factors can impact the tissues’ electrical property such as temperature,
moisture, and age. Therefore, repeating sampling and on different
locations and use different samples of the same types are undertaken
to ensure the accurate of the conclusion. Furthermore, as pointed out
by many previous researches, the electrical property of tissue can have
significant change when it becomes pathological [16]. This implies
a great potential for the RAEIS system to offer pathological tissue
detection intra-operatively. Also, in vivo human tissues can be different
in an absolute sense from the ex vivo animal tissues shown in this study.
Given that mammal tissues have similar electrical property [36,37], ex
vivo animal tissues are used for preliminary evaluation. These results
allow us to extend this research to more realistic and meaningful
experiments on in vivo animal or human for future evaluation. Another
interesting future research can be on the sensing of heterogeneous
material which may happen on tumor margin. particularly, future
experiment will involve the consideration of blood and body fluid on
the tissue surface and other physiological signals which can potentially
increase the noise level of the measurement. For this, the sensitivity op-
timization through electrode position arrangement and weight setting
design in Eq. (11) may be useful. In addition, more advanced machine
learning based algorithm will be investigated for ensuring an accurate
tissue classification [18].

In the proposed RAEIS system the distal tip of the scissors is used
as an electrode and the internal electrical connections are used for
connecting the spectroscopic device. This solution, combined with the
accurate control of immersed depth of the instrument tip in the tissue,
can be modeled as a small electrode in the sensing configuration. By
this means, no modifications to the standard surgical instrument are
required, allowing this approach to be easily extended to any electrified
instrument. Also, thanks to its flexibility, the RAEIS technique can
complement the other existing sensing modalities, and sensor fusion
technique can be implemented for enhanced accuracy. In practice,
an electric switch or relay can be connected to the electric end of
the instrument for switching the electrocautery function and the EBI
measurement. Through the RAEIS system, the surgeon can obtain the
electrical characteristics of a suspicious region and compare the mea-
sured values to the values acquired in a certainly healthy region or to
a pre-defined database. This information can be displayed by means
of Augmented Reality in the user console [25] or integrated to the
decision making strategy of the future autonomous surgical robot [4].
Especially for novice surgeon, tissue classification and labeling can
be beneficial to the confidence level in surgical decision and context
awareness.

6. Conclusion

In this study, we present the system and algorithms development
for tissue inspection or identification during a RAMIS. The proposed
system utilizes a tri-polar sensing configuration which can be realized

by incorporating 2 robotic instruments. Without involving external



Measurement 195 (2022) 111112Z. Cheng et al.

w
F
i
i
S

D

c
i

A

C
i

R

sensing probes to the operation site, the proposed method can be easily
applied in most commercial surgical robotic platforms and enhances the
perception capability in an accurate, cost-effective and safe manner.
Since the robotic control provides flexible electrode placement, the
electrode position is optimized for improving the signal noise ratio.
Experiments on ex vivo demonstrate that the system is able to per-
form autonomous scanning on a target tissue region and computes the
electrical conductivity and permittivity of tissue in multiple spectrum.
Based on the tissue electrical characteristics, classifier is developed to
identify different tissue types, which can be further extended to indicate
tissue’s health status on site and in real time.
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