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ABSTRACT

The diagnosis of oral potentially malignant disorders currently relies on histopathological exam-
ination of surgically removed biopsies causing pain and discomfort for the patient. We hypothe-
sise that non-invasive bioimpedance spectroscopy (BIS) method would overcome these
problems and could make possible regular screening of at-risk patients. Previously several hand-
made probes have been introduced in such BIS studies. However, for the first time, we aimed to
design a 3D printed probe and test it with model samples (saline solutions, cucumber and por-
cine tongue). We found that it is extremely crucial to select proper printable materials and opti-
mise electrode geometries to avoid electrochemical corrosion problems, short-circuiting and
other signal instabilities related to miniaturised probe. However, our final prototype constructed
with four high purity silver made electrodes showed a good linearity (R*=0.999) in diluted
saline solution measurements over a wide conductivity range (0.25-8 mS/cm), which covers well
the range of values for the different biological tissues. Moreover, our data show that high repro-
ducibility of the manufacturing and measurement is one important merit in the present 3D
printed probe. However, further studies are needed to clarify the importance of fixed pressure
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especially when the tetrapolar 3D printed probe is used as a hand-held apparatus.

1. Introduction

Oral cancer is one of the most common cancers with
approximately 270,000 new cases and 120,500 deaths
occurring annually [1]. Oral cancer has one of the
highest 5-year mortality rates (50%) of all cancers,
probably because many oral malignancies are not
diagnosed until the late stages of the disease [2]. The
prognosis depends to a great extent on the stage of
diagnosis and thus it would be very beneficial that the
disease could be screened and detected at its early or
precancerous stages [3,4].

Most oral malignancies are oral squamous cell carci-
nomas (OSCCs). OSCCs are thought to progress from
potentially malignant lesions, beginning as hyperplastic
tissue and developing into an invasive squamous cell
carcinoma [5]. Oral potentially malignant disorders
(OPMDs) refer to all epithelial lesions and conditions
with an increased risk for malignant transformation [6].
OPMDs include several different entities such as oral
leukoplakia, oral erythroplakia, oral sub mucous fibrosis,
oral lichen planus and oral candidiasis. Some of OPMDs
are often invisible to the naked eye and can have an

appearance, which is indistinguishable from a benign
lesion [7].

The diagnosis of oral cancer and OPMDs currently
relies on a histological and immunohistological analysis
of surgically removed biopsies. The procedure involved
in gathering the surgical biopsy is invasive, causing
pain and discomfort for the patient. It is also expensive
and time-consuming [8]. A non-invasive method for
diagnosing OPMDs would overcome these problems
and would allow affordable regular chairside screening
(e.g., at dental clinics) at risk patients and could make
possible regular screening of at-risk patients. This
would be particularly beneficial in the treatment of
oral cancer where the low survival rates are attribut-
able to late diagnosis [9]. To prevent malignant trans-
formation of these oral premalignant lesions, new non-
invasive point-of-care detection techniques are
urgently needed to address this global health problem.

Bioimpedance is the measure of the opposition that
a circuit presents to a current when a voltage is
applied. Using bioimpedance spectroscopy (BIS) tech-
nique, the impedance of biological tissues can be
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determined over a wide frequency range [10].
Biological tissues (cells, intra- and extracellular space,
matrices) have resistive and capacitive elements that
result in complex impedance values when applying
low-intensity electrical current to the tissues.
Measuring the impedance parameters of cells across a
range of frequencies will produce an impedance spec-
trum that is characteristic for the biological tissue and
reflects the chemical and structural alterations in the
tissue. Overall, there is abundant research and scientific
articles related to use of impedance-based methods in
various biomedical applications such as in skin cancer
diagnostics [11-15]. However, the BIS studies concern-
ing the evaluation of oral mucosa condition and
assessment of oral mucosal diseases are rare [3,9,16].
When considering in vivo BIS measurements inside
the oral cavity, more standardised measurements are
needed [17], and a new sensor design is required [9]. It
should be cheap to fabricate with mass production
techniques, patient-safe and single-use to avoid cross-
contamination or need of any sterilisation steps. 3D
printing may offer such technological opportunities,
and this study is focussed on clarifying the real poten-
tial of 3D printing technology in constructing BIS
probe or its components for oral mucosa examination.
There are several measurement methods (two-elec-
trode, three-electrode, four-electrode, etc.) available for
performing electrochemical experiments [18]. Two-
electrode is a convenient method to obtain basic infor-
mation about the electrical characteristics of a given
test sample whereas a major drawback is that the con-
tact impedances of two electrodes can influence the
obtained results [19]. However, in a four-electrode
method, separate electrode pairs are used as current
and voltage electrodes eliminating the contact imped-
ance from the measurement. Thus, using four-elec-
trode method will increase the measurement stability
(e.g., reduce the importance of fixed pressure) and
minimise the effect of electrode geometry on BIS
measurements [9]. In this study, we aimed to design a
3D printed probe with four high purity silver electrodes
configuration and test it with various phantom materi-
als (biological and non-biological) and porcine tongue
samples. Furthermore, we wanted to compare the
results of four electrode 3D printed probe with the
conventional concentric ring probe (two electrodes).

2. Materials and methods
2.1. Design of the 3D printed probe

A novel 3D printed probe consisting of four high pur-
ity silver electrodes was designed for oral tissue

(@)

Figure 1. (a) The final version of the bioimpedance spectros-
copy (BIS) probe head with four high-purity silver electrodes.
The electrode contact areas are 4mm x 0.6 mm. (b) The good
mechanical and electrical stability of the BIS probe is assured
with a 3D printed plastic frame that ensures 1 mm insulation
layer between adjacent electrodes. The wires terminated to
4mm banana sockets are directly soldered to the silver elec-
trode plates.

biopsy measurements. Before constructing the final
version of the probe (Figure 1), several prototype ver-
sions were designed and tested in BIS measurements.
We learned that it was extremely crucial to select
proper printable insulator materials and optimise elec-
trode geometries and materials to avoid electrochem-
ical corrosion problems, short-circuiting and other
signal instabilities related to miniaturised probe with
short dimensions (Table 1).

As a result of prototyping, a fully functional 3D
printed probe for BIS measurements was realised
(prototype 7, Table 1) and its reliability, repeatability
and accuracy were confirmed with versatile test meas-
urements. Thus, after initial study we used the latest
version probe for our further measurements.

The final version probe composed of four rectangu-
lar shaped high purity silver electrodes (each electrode
with 4mm x 0.6mm x 11 mm size) inserted in a 3D
printed holder block ensuring 1mm insulation
between adjacent electrodes (Figure 1). The probe
was designed with Fusion 360 software (Autodesk Inc.,
San Rafael, CA) and the holder block was printed
using a Formlabs Form 2 (Formlabs, Somerville, MA)
3D printer (Figure 2).

This probe, about 9mm in diameter and about
15mm in length, can be placed on ex vivo tissue sam-
ple in a simple mechanical setup to ensure a proper
pressure on a biopsy with a diameter of 8 mm. Figure
2 shows a plane top view of the tip of the probe, in
which A-D are the electrodes. One pair of electrodes
(A-D) was used for current injecting and others (B-C)
were used for voltage measurement. The electrodes



Table 1. Different steps towards successful probe construction.
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Prototype (s) Electrode materials

Insulating materials

Remarks

Prototype 1 1 mm thick non-passivated stainless steel
(AISI316L)

1 mm thick passivated stainless steel
(AISI316L)

0.6 mm thick passivated stainless steel
(AISI316L)

0.6 mm thick passivated stainless steel
(AISI 304)

0.6 mm thick passivated stainless steel
(AISI 304)

0.6 mm thick tantalum electrodes

Prototype 2
Prototype 3
Prototype 4
Prototype 5

Prototype 6

Single material; Formlabs Standard
Clear FLGPCL04

Single material; Formlabs Standard
Clear FLGPCL04

Multimaterial; Vero PureWhite

Single material; Formlabs Standard
Clear FLGPCL04
Teflon insulation (handmade probe)

Single material; Formlabs Standard

Heavily corroded during BIS
measurement

Corroded and inconsistent impedance
data found after few minutes

Corroded, insulation also showed
conductivity, no measurements done

Corroded after five to six minutes

Corroded after few measurements

High impedance values

Clear FLGPCL04

Prototype 7 0.6 mm thick high purity silver (fine silver
999, Peltolan Spectrolitnappi Ky,

Pertunmaa, Finland)

Single material; Formlabs Standard
Clear FLGPCL0O4

Fully functional, present data are based
on this prototype

Seven different prototypes were realised.

A-D = Current injection
B-C = Voltage measurement
A | F=Insulation

9mm

Figure 2. A cross-sectional layout view of the custom-made
bioimpedance probe with four rectangular high purity silver
electrodes (A-D) inside the 3D printed insulation block (F).

were soldered to the copper cables terminating to
4mm banana sockets (Hirschmann Test, SKS
Kontakttechnik GmbH, Niederdorf, Germany) through
which the probe was connected to an electrical
impedance analyser.

2.2. Measurement setup

Our novel 3D printed probe with a 200 g loading was
placed in a probe stand (Figure 3). The measurement
cables were connected to a Solartron 1260 impedance/
gain-phase analyser coupled to a Solartron 1287
electrochemical  interface  (Solartron  Analytical,
Farnborough, UK). For 3D printed probe, outer termi-
nals (A-D) of the probe are connected through the CE
and WE connection cables whereas, inner two (B-C) are
connected thought the RE1 and RE2 connection cables.

The BIS data were collected and stored using a lap-
top running Z-plot software (Scribner Associates Inc.,
Southern Pines, NC). The frequency range for the
sinusoidal excitation signal was set between 1Hz and
3 MHz with an amplitude of 50 mV.

2.3. Functionality testing

To test the functionality of the 3D printed probe, dif-
ferent mixtures of saline solutions and biological sam-
ples (cucumber and porcine tongue) were used as
phantom materials. In the first part of the study, six
mixtures of saline solutions were used to verify
whether the 3D printed probe can discriminate solu-
tions with different conductivities and to check the lin-
earity of the response. The solutions were prepared by
serially diluting a NaCl solution with a conductivity of
16 mS/cm with deionised water (Table 2). The BIS
measurements were conducted by immersing the
probe into the diluted solutions. For each solution,
three repeated BIS measurements (n= 3) were per-
formed. Admittance (reciprocal of impedance) and its
standard deviation were calculated at 377.67 Hz where
the response was the most resistive (phase value clos-
est to zero).

After that, two biological samples, i.e., cucumber
and pork tongue were measured. A porcine tongue
was taken from the freezer and immediately after
thawing the samples were excised. BIS measurements
were performed immediately after sample preparation.
In this part of study, both custom-made concentric
probe (Figure 4) and 3D printed probe were used. The
BIS data were measured considering three locations
for each set of samples (Figure 5) using four-terminal
measurements with the 3D printed probe and two-ter-
minal measurements with the concentric ring probe. A
fixed load of 200 g was systematically used.

Three BIS scans were conducted, and each meas-
urement took approximately 2 min with a 1-min break
before the next scan. To make intra-location variation
easier to interpret, relative standard deviations (RSDs;
also termed coefficient of variation, CV) were calcu-
lated for magnitude data and standard deviations for
phase data of repeated measurements.
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200g

&

& Solarton

= Analytical
Probe head
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Figure 3. Schematic overview of the experimental setup for bioimpedance spectroscopic measurements with 3D printed probe

(modified from Emran et al. [9]).

Table 2. Mixtures of saline solutions and their nominal con-
ductivities used as test solutions.

Nominal conductivity of test solution (mS/cm)

Solution 1: mixture of solution 1- & 1-part H,0 8mS/cm
Solution 2: mixture of solution 2- & 1-part H,0 4mS/cm
Solution 3: mixture of solution 3- & 1-part H,0 2mS/cm
Solution 4: mixture of solution 4- & 1-part H,0 1mS/cm
Solution 5: mixture of solution 5- & 1-part H,0 0.5mS/cm
Solution 6: mixture of solution 6- & 1-part H,0 0.25mS/cm

Figure 4. A custom-made concentric bioimpedance probe [9]
used for comparison. Two terminal measurements were con-
ducted by connecting outer ring and central pin, i.e., both cur-
rent injection and voltage measurement was performed using
the same electrode pair. The probe head is shown in the
upper right corner of the picture.

3. Results
3.1. Saline solution measurements

Bode plots (Figure 6(a)) for serially diluted NaCl solu-
tions displayed systematically increase impedance
magnitude alongside with decreasing nominal

conductivity of test solution (from solution 1 to solu-
tion 6). Up to 100kHz, the phase (theta values) was
almost negligible. At a specific examination frequency
of 377.67Hz, the BIS measurements with serially
diluted NaCl solutions with a wide conductivity range
(0.25-8 mS/cm) showed excellent linearity (R*=0.999,
Figure 6(b)).

3.2. Cucumber and porcine tongue measurements

Intra-sample variation was tested using cucumber and
porcine tongue as biological test model samples. The
BIS spectra obtained for three adjacent locations of
cucumber sample with a fixed loading weight (200 g)
are shown in Figure 7. In the case of 3D printed
probe, impedance magnitude values were almost con-
stant up to 1kHz and beyond that frequency the
impedance values lowered. After 1kHz, there was a
rapid drop in phase values, too. The inter-scan vari-
ation in each location was low indicating a good
repeatability of measurement. The RSDs of impedance
magnitude were below 3.5% over the whole frequency
range. The STDs of phase were all low (below 0.9°). In
case of concentric probe, impedance was more
dependent on the excitation frequency; magnitude
increased with decreasing frequency and compared to
3D printed probe, phase became more negative at fre-
quencies below 100Hz. Compared to 3D printed
probe, the RSDs of impedance magnitude varied more
between the different locations and the highest RSDs
were close to 6%. The STDs of phase were constantly
low (below 1.5°).

The BIS data obtained from three different locations
of porcine tongue sample are shown in Figure 8. In
case of 3D printed probe, impedance magnitudes
were generally low and highly independent on excita-
tion frequency. Generally, there was a trend towards
slightly increased impedance magnitudes from the
first scan to the third one. Up to 10kHz, phase values



JOURNAL OF MEDICAL ENGINEERING & TECHNOLOGY e 5

Figure 5. Biological samples (5mm thick slices) used to evaluate the performance of the novel 3D printed probe: (a) cucumber

and (b) pork tongue with indicated measurement locations.
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Figure 6. (a) Bode plots for all mixtures of NaCl solutions; (b) measured admittance as a function of nominal conductivity of NaCl

test solutions shows excellent linearity (R?=0.999).

were almost negligible. The inter-scan variation in
each location was low indicating good repeatability of
measurement. The RSDs of impedance magnitude var-
ied between 4.7 and 9.1% within the range of 1Hz to
10 kHz. The STDs of phase were all low (0.03-2.92°). In
case of concentric probe, impedance was highly
dependent on the excitation frequency, i.e., the
impedance magnitude increased, and phase became
more negative with decreasing frequency. In contrast
to 3D printed probe, there was a trend towards
slightly decreased impedance magnitudes from the
first scan to the third one. Compared to 3D printed
probe, the RSDs of impedance magnitude varied more
between the different locations.

4, Discussion

The main goal of the present study was to design and
test a new 3D printed probe for four-terminal BIS
measurements. The feasibility testing was conducted
with saline solutions and biological test samples.
Overall, the obtained BIS results were promising

showing that the present tetrapolar probe can reliably
characterise the samples having different electrical
conductivity properties along with an excellent meas-
urement reproducibility.

Designing a successful 3D printed probe for BIS
measurements was a challenging task. Before imple-
menting the successful probe, we constructed several
prototype versions considering several factors such as
biocompatibility, electrical stability, corrosion and
short circuiting (Table 1). We found that choosing
proper electrode material is a critical issue as electrode
surfaces are easily corroded in such kind of electro-
lyte/biological tissue measurements. At the beginning
of prototyping process, we used different types of
stainless steel (SS) as an electrode material. However,
most of the stainless-steel electrodes tended to be
corroding after few seconds depending on the size of
the probe and the applied excitation voltage.
Moreover, we constructed a prototype with tantalum
(Ta) electrodes in order to solve the corrosion problem
[20]. Albeit the corrosion was not issue anymore,
impedance magnitude was observed to be too high
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Figure 7. Impedance magnitude (left panel) and phase (middle panel) values at seven discrete frequencies (1Hz to 1MHz) in
repeated BIS measurements (three scans) for cucumber sample. Inter-scan variation graphs (right panel) show relative standard
deviation (RSD, %) of impedance magnitude and standard deviation (STD, °) of phase data. Data obtained with the 3D printed
probe (upper part of figure) are shown in comparison to the concentric ring probe data (lower part of figure).
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for sensitive BIS measurements. On the other hand, 3D
printed material used in probe head (plastic holder)
plays also an important role in this type of probe in
terms of providing adequate electrical insulation
between the electrodes in wet measurement condi-
tions. Most of the 3D printed plastic holders were con-
structed using a single 3D printable material
(Formlabs Standard Clear FLGPCLO4). However, two
other materials, i.e, printable multi-material (Vero
PureWhite) and Teflon sheets (used in handmade
probe) were also used but those were not optimal for
this kind of BIS measurements. Finally, we got the suc-
cess with high purity silver (Ag) plate electrodes
inserted inside the 3D printed plastic made frame
using single material insulation. In the future, it is
worth testing the possibility of preparing all the probe
components including electrodes, frame and connec-
tors by 3D printing as soon as the metallic electrode
materials such as high purity silver become available.
High accuracy of printing process allows good mech-
anical contact in electrical contacts without soldering.
Other advantages of 3D printing include flexibility in
controlling size and geometry and possibilities for
curved or flexible designs. Moreover, such 3D printed
probe is possible to adjust with ideal surface rough-
ness and porosity. Further investigations are also
needed to clarify the usefulness of Ag/AgCl coatings
on four-terminal probes. Electrodeposited AgCl is
known to provide low contact impedance and inter-
facial properties that approach the characteristics of a
perfectly non-polarisable electrodes [21]. However,
there are also some shortcomings related to weak dur-
ability of these coatings. Furthermore, the importance
of low contact impedance is not so emphasised in
four-terminal measurement.

The present 3D printed probe with four Ag electro-
des, intended to be used for assessing oral mucosal
health via BIS measurements, showed excellent linear-
ity (R?=0.999) in diluted saline solution measurement
over a wide conductivity range (0.25-8 mS/cm). This
conductivity range covers well the range of values for
the different biological tissues [22]. Figure 6 shows
that the impedance phase of NaCl solutions is very
close to zero, as it should be for these kinds of elec-
trolytic solutions, and therefore any measured phase
deflecting from zero can be considered as an error or
artefact. According to Emran et al. [9] and Balmer
et al. [23], a parasitic capacitance (i.e., stray capaci-
tance) is an important factor for the sharp decrease in
the impedance modulus and rise in the phase. Our
probe and the leads between the probe and the
Solartron analyser also showed the similar issue and

thus we limited the visualisation of spectral images
(see Figure 6) and analyses for the frequencies
below 1 MHz.

We compared the data obtained with the 3D
printed probe on cucumber and porcine tongue sam-
ples to that measured with the previously introduced
concentric ring probe [9]. There are some clear spec-
tral differences between the probe types (Figures 7
and 8). With the 3D printed probe impedance magni-
tudes were generally lower and highly independent
on excitation frequency whereas with the concentric
probe they were much higher and frequency depend-
ent. This was as expected because the four-terminal
method used in the 3D printed probe employs separ-
ate electrode pairs for current injection and voltage
measurement and it thus eliminates the contact
impedance from the measurement. Naturally, the
material selection also plays a role, but only in a minor
extent because the current carrying properties over
metal/electrolyte interfaces are demonstrated to be
similar in silver and SS electrodes [24,25]. Therefore,
four-electrode method will increase the measurement
stability and lower inter-scan variability. We found that
the RSDs of impedance magnitude for cucumber sam-
ple were below 3.5% when 3D printed probe was
used whereas in the concentric ring probe measure-
ments the corresponding varied more between the
different locations and the highest RSDs were close to
6%. Similarly, RSDs of impedance magnitude varied
less between the repeated porcine tongue sample
measurements when the concentric ring probe was
used. A good reproducibility of the measurement is
very important issue when attempting to detect small
differences in the electrical properties of biological tis-
sues and one important merit in the present 3D
printed probe.

Our study with the concentric ring probe showed
that there is a trend towards slightly decreased imped-
ance magnitudes from the first scan to the third one.
Interestingly, this trend was missing when 3D printed
probe was used. Instead, there was a trend towards
slightly increased impedance magnitudes from the
first scan to the third one. One explanation for that is
that in two terminal measurements (concentric ring
probe) electrode-tissue contact improves over time
that lowers the impedance. Since four-terminal (3D
printed probe) measurement is not influenced by con-
tact impedance, observed phenomena was opposite in
its direction. This slight increase in impedance magni-
tude was most likely related to sample drying and
viscoelastic properties of biological samples [26]. We
used the same weight 200g (0.03MPa) for both



configurations that was optimised in our previous
study to provide most consistent results [9]. However,
further studies are needed to clarify the importance of
fixed pressure when the tetrapolar 3D printed probe is
used. For taking next steps towards clinical (in vivo)
application, we will also study how consistent results
can be achieved if measurements are performed by
hand-held probe with contact pressure control instead
of placing it in the stand. This could be realised by
using force indicator or proper spring loading at least
at the probe tip. Furthermore, in the future, it is worth
testing the possibility of preparing all the probe com-
ponents including electrodes, frame and connectors
by 3D printing as soon as the metallic electrode mate-
rials such as high purity silver becomes available.

5. Conclusions

In order to prevent malignant transformation of oral
premalignant lesions, new non-invasive point-of-care
detection techniques are needed. Bioimpedance spec-
troscopy could be a viable method to assess patho-
logical changes in oral mucosal tissues. However,
hand-made probes often suffer from low manufactur-
ing and measurement reproducibility. This study dem-
onstrated that 3D printing technique is feasible
method to construct highly accurate and reproducible
BIS probes. The present tetrapolar 3D printed probe
can reliably characterise the biological samples having
different electrical conductivity properties. In the
future, it is worth testing the possibility of preparing
all the probe components including electrodes, frame
and connectors by 3D printing, and to clarify the
importance of fixed pressure especially when the
probe is used as a hand-held apparatus.
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