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ABSTRACT The equivalent electrical circuit approach is explored to improve a bioimpedance-based
transducer for measuring the bioavailability of synthetic insulin already presented in previous studies.
In particular, the electrical parameter most sensitive to the variation of insulin amount injected was identified.
Eggplants were used to emulate human electrical behavior under a quasi-static assumption guaranteed
by a very low measurement time compared to the estimated insulin absorption time. Measurements were
conducted with the EVAL-AD5940BIOZ by applying a sinusoidal voltage signal with an amplitude of
100 mV and acquiring impedance spectra in the range [1-100] kHz. 14 units of insulin were gradually
administered using a Lilly’s Insulin Pen having a 0.4 cm long needle. Modified Hayden’s model was
adopted as a reference circuit and the electrical component modeling the extracellular fluids was found to be
the most insulin-sensitive parameter. The trnasducer achieves a state-of-the-art sensitivity of 225.90 ml~'.
An improvement of 223 % in sensitivity, 44 % in deterministic error, 7 % in nonlinearity, and 42 %
in reproducibility was achieved compared to previous experimental studies. The clinical impact of the
transducer was evaluated by projecting its impact on a Smart Insulin Pen for real-time measurement of
insulin bioavailability. The wide gain in sensitivity of the bioimpedance-based transducer results in a
significant reduction of the uncertainty of the Smart Insulin Pen. Considering the same improvement in in-
vivo applications, the uncertainty of the Smart Insulin Pen is decreased from 4.2 ul to 1.3 ul.

Clinical and Translational Impact Statement: A Smart Insulin Pen based on impedance spectroscopy and
equivalent electrical circuit approach could be an effective solution for the non-invasive and real-time
measurement of synthetic insulin uptake after subcutaneous administration.

INDEX TERMS Bioimpedance spectroscopy, equivalent circuit approach, insulin bioavailability, diabetes,
metrological characterization, smart transducer.

I. INTRODUCTION

ODAY, 10 million people are affected by type

1-diabetes [1]. This resulted from autoimmune damage
of insulin-delivering B cells of the pancreas by the defense
system [2], [3]. Therefore, the patients need lifelong control
of the impact of exogenous insulin administrations on levels
of glucose in their blood [4], [5]. In the last years, techno-
logical developments have enabled non-invasive monitoring
of blood glucose levels. However, the sensors exhibit poor
sensitivity (i.e., resonator-based biosensors [6], [7], [8]), are

still too expensive (i.e., 3-D printed sensors [9]), or are not
adequately accurate for healthcare application (i.e., infrared
spectroscopy-based sensors [10], [11], [12]).

To date, the Artificial Pancreas (AP) is the most widely
used semi-automatic treatment to regulate glucose levels
[13]. However, even equipped with the most recent glucose
sensors, AP does not manage the unpredictable changes
in glucose levels due to food ingestion. For this reason,
the patient administers insulin manually before meals. The
bolus is calculated by external systems requiring several
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control inputs (e.g., insulin sensitivity factor, ISF, and insulin
duration of action, IDA) depending on insulin uptake kinetics
(bioavailability). Nowadays, ISF and IDA are defined only
once by the diabetologists at the beginning of treatments, even
if they are affected by different skin conditions/alterations
(e.g., lipodystrophy) [14]. Currently, the insulin bioavailabil-
ity has been extensively studied only when the drug has
already been introduced into the bloodstream [15], [16],
[17]. However, there are no in-vivo or non-invasive studies
on measurement of the insulin bioavailability administered
subcutaneously [13], [18], [19], [20]. Nowadays, indirect
method for assessment of insulin bioavailability exhibits
huge delays and are invasive (e.g., suction blister [21],
and skin biopsies [22]) or are not reproducible (e.g., tape
stripping [23], and micro dialysis [24]) or can only investigate
the most superficial skin layers and are very costly (e.g.,
confocal Raman spectroscopy [25]). Also glucose sensors
exhibit huge delays even if they are low-cost and non-
invasive. To date, the impedance-based method results an
approach to provide non-invasive, low-cost, and real-time
measurements simultaneously. This method is extensively
used in several biomedical applications [26], [27], [28], [29],
[30], [31]. In [32] and [33], a bioimpedance analysis (BIA)-
based transducer was prototyped and validated to assess
the quantity of a substance (i.e., vehicle and insulin) still
in situ after injections. In particular, the transducer identifies
a personalized linear model (appearance model) relating the
impedance magnitude to the quantity of substance delivered.
To handle the inter- and intra-variability of the patients, the
measurement method implements a real-time self-calibration.
A new appearance model (namely, a new calibration diagram)
linking amounts of injected insulin with the impedance mag-
nitude is identified. In clinical applications, the transducer is
supposed to be integrated into a Smart Insulin Pen for real-
time measurements of insulin bioavailability. In particular,
by inverting the calibration diagram of the transducer, the
measurement model (disappearance model) of the Smart
Insulin Pen is obtained. The disappearance model (obtained
by inverting the appearance model) can be used to predict the
amount of insulin gradually leaving the tissue under test and
entering the circulatory system. Preliminary tests exhibited an
uncertainty of 4.2 ul in measuring insulin absorption. [32].
Typically, insulin bolus disappears from the injection site
in about 3 hours. [34], namely around 1 pl/min according
to a linear approximation of the absorption trend. Lower
uncertainty would reduce the time needed to appreciate
the beginning of insulin absorption after injections, thus
improving performance in clinical applications.

In the present paper, bioimpedance spectroscopy (BIS)
measurement method and equivalent circuit approach were
explored to achieve a state-of-the-art non-invasive mea-
surement of insulin bioavailability. In comparison to BIA
generally used to describe single-frequency impedance
measurements, BIS is generally referred to frequency sweep
impedance measurements [35], [36]. Therefore, the BIS
method was exploited for improving the sensitivity of the
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(A)

FIGURE 1. Equivalent circuits for biological tissues: (A) Hayden’s model,
(B) Modified Hayden’s model, and (C) Apparent capacitance-based model.

proposed method and consequently achieving a measurement
uncertainty compatible with clinical standards.

The basis of electrical equivalent modeling specifi-
cally for biological tissue are presented in Section II;
the bioimpedance transducer architecture is described in
Section III. Finally, the experimental results on eggplants are
reported in Section IV.

Il. BACKGROUND

In the conductometric field, a biological tissue can be
approximately modeled as an electrolyte solution composed
of a large number of cells [37], [38]. Conductivity measure-
ments can be used to determine the quantity of solute in a
solution. Similarly, impedance measurements can be used
to determine the amount of drug injected into a biological
tissue characterized by electrical conductivity and dielectric
permittivity [39].

The electrical equivalent circuit approach proved to be
suitable for modeling the electrical properties of different
biologic tissues. Biological tissues are characterized by
clusters of cells. A cell is composed of intracellular fluid
(salts, proteins, and water) exhibiting a typical resistive
behaviour and enveloped by the cell membrane (developed
with protein-lipid-protein sandwich structure) exhibiting a
typical capacitive behaviour [40], [41]. The cell is suspended
in extracellular fluids (collection of molecules secreted
by cells) [42], [43] with resistive behaviour [44]. The
intracellular and extracellular fluids are conductive because
of the dissolved ions, while the cell membrane acts as a
dielectric [45], similarly to a capacitor where intracellular
and extracellular fluid are the armature [46]. In the context of
vegetable analysis, an effort has been made by Hayden to find
an electrical equivalent model for describing the electrical
behavior of vegetables [40], [47], [48].The Hayden model
(Fig. 1.A) consists of a resistor in parallel with a series
combination of a resistor and a capacitor. The intracellular
and extracellular fluids are represented by resistances, while
the cell membrane is described by capacitance. The modified
Hayden model (Fig. 1.B) was introduced to better adapt the
model to the vegetable tissue properties by replacing the
capacitor with a constant phase element [49]. In this way,
it was possible to take into account the dielectric dispersivity
of vegetables.

In particular, the constant-phase distributed response
element (CPE) is introduced to model a frequency-dependent
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where:
¢ jis the imaginary unit;
« o the angular frequency;
o T a constant;
« p an exponent in the range [0,1] representing the time
constant distribution of the system.
The impedance of the Modified Hayden’s Model (Zys)y) is:

Zyum = Rum — jXmum 2)
R Re[1 + &PT(2R; + R)cos(5p) + P TRi(R, + Ry)
MM —
T (Re + Ri)* + 20T (R, + Ri)cos(5p) + 1
3)
WP TR2sin(%p)
Xum = £ 2 )

 WPT(R, + Ri)? + 20PT(R, + Ri)cos(Zp) + 1

where R, and R; represent the extracellular and the intra-
cellular equivalent resistance, respectively. A third model
(Fig. 1.C) is adopted for describing the effect of the cell
membrane capacitance [49], [50], [51], by introducing a new
parameter:

1 (1;1’)
Cy = Tp(Re +Ri) 4 (5)

To date, these models were used to describe sev-
eral biological phenomena (e.g., solution absorption [52],
ripening [53], drying/freezing treatments [49], [54], and
hydration/dehydration process [49], [55], [56]). In [52],
the impact of saline solution absorption on olive shoots
was investigated. In particular, an evident reduction of
extracellular resistance by increasing the saline concentration
was experienced. In [53], the impedance variation of bananas
due to ripening (reduction of ion, acid, and salt parts)
was analyzed. Results showed an increment in the real
impedance component and a decrease in the imaginary
component. As far as the drying treatment is concerned, [49]
and [54] highlighted an increment in impedance magnitude
according to the drying proceeds. Finally, a decrease in
extracellular resistance due to the hydration process was
shown in [49], [56].

Ill. ARCHITECTURE

The Smart Insulin Pen is a portable device able to mea-
sure the amount of insulin gradually absorbed (namely,
bioavailability) through impedance measurements of the
injection site. The Smart Insulin Pen is composed of a
Bioimpedance Transducer calibrated at each new insulin
administration. During the calibration phase, the parameters
of a linear model (calibration diagram) linking the amount
of insulin injected (input) and the impedance variation
(output) are identified. By inverting the calibration diagram
of Bioimpedance Transducer, the measurement model of the
Smart Insulin Pen is obtained and it is used to compute the
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FIGURE 2. The architecture of the smart insulin pen for non-invasive
measurement of artificial insulin absorption.

amount of drug migrated from the site of injection into the
capillary (namely, bioavailability).

In Fig. 2, the architecture of the Bioimpendace Transducer
is represented within a Smart Insulin Pen block diagram.
The Smart Insulin Pen is equipped with four Electrodes
positioned around the needle. During bolus administration,
four electrodes are applied to the Patient’s skin. The Insulin
Pump injects the insulin bolus articulating it in » different
steps. For each injection step, the Insulin Pump transmits
the beginning of administration and the dosage of the drug
injected to the Bioimpedance Transducer.

The block diagram of the Bioimpedance Transducer is
explained below. The Patient is stimulated by an alternating
current flowing from the Impedance Spectrometer through
the A~ and AT electrodes. The voltage drop is measured
by the V™ and VT electrodes. After the signal conditioning
(Analog Front-End), the Repeatability Condition Tester: (i)
sets the Impedance Spectrometer to the single-frequency
mode, and (ii) enables the demultiplexer (DEMUX) channel
dedicated to single-frequency measurements. The Impedance
Spectrometer measure the Patient impedance at 10 kHz and
transmits the values to the Repeatability Condition Tester.
The Repeatability Condition Tester verifies if the 1-o repeata-
bility of six successive acquisitions remains below a threshold
empirically determined [32]. Only if acquisitions remain
below the threshold, the Repeatability Condition Tester:
(i) sets the Impedance Spectrometer to the multi-frequency
mode (namely, 100 frequency equispaced in the range [1-
100] kHz, logarithmically), and (ii) enables the DEMUX
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channel dedicated to multi-frequency measurements [32].
The Impedance Spectrometer gets ten spectra of the Patient
and transfers them and the frequency range to the Electrical
Equivalent Circuit Identifier. Then, the Electrical Equivalent
Circuit Identifier: (i) computes the average of the impedance
spectra, (ii) finds the best fitting equivalent circuit, and (iii)
sends the value of the most sensitive parameter (MSP) to
the Model Customizer. Subsequently, the Model Customizer
builds the function relating: (i) the quantity of drug received
from Insulin Pump, and (ii) the MSP value. The Fault
Detector verifies the parameters of the personalized model
founded in the course of the administration. In particular,
if the parameters results within the experimentally defined
limits [32], the Fault Detector activates the DEMUX channel
for bioavailability monitoring at the end of the bolus
injection. In this way, the Absorption Meter computes the
amount of drug migrated from the site of injection into the
capillary by inverting the personalized model identified.

IV. IN-VITRO METROLOGICAL CHARACTERIZATION

In this section, the experimental campaign is presented. The
aim of the experimental campaign was to investigate the
impact of the equivalent circuit approach on the sensitivity
of the bioimpedance-based transducer and consequently on
the uncertainty of the Smart Insulin Pen. In particular, the
experimental setup is described in Section IV-A, and the
results are discussed in Section I'V-B.

A. SETUP OF THE EXPERIMENTS

Eggplant pulps were used in the experiments because human
skin exhibits similar electrical properties [57]. In particular,
the variation of permittivity is negligible in the frequency
range of interest (namely, [1-100] kHz) for both eggplants
and human skin [58], [59]. The experiments were conducted
in a climate-controlled room at 20 °C 4+ 2 °C and 50 % +
10 %. The eggplants were subjected to a 2-hours dehydration
process at 23 A°C and then they were sliced in cuboids of
length 10 cm, width of 4 cm, and height of 4 cm. The mea-
surements were performed by exploiting the Analog Device
EvalAD5940BIOZ in a four-wires configuration (Fig.3) to
guarantee a more stable and robust measurement compared
to the 2-wires configuration. Indeed, the EVALAD5940BIOZ
allows to perform the four-wire measurement by properly
setting a low power transimpedance amplifier (TIA) to
measure the signal from the sense electrodes [60], [61]. FIAB
500 14 mm x 36 mm electrodes were placed on each eggplant
with an inter-electrodic distance of 1 cm. Electrodes were
connected to the impedance spectrometer through a 20 cm
long cable. The data transmission between the impedance
spectrometer and the laptop was guaranteed by the Bluetooth
Low Energy 5.0 protocol. The Blutooth protocol is handled
by the EM9304 chip situated in the down-board of the Eval-
AD5940BIOZ. The laptop was set to battery power mode and
simultaneously showed the impedance magnitude and phase
trends as the measurement proceeded.
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FIGURE 3. Experimental set-up: the drug is injected into the sample
(eggplant) via the insulin pen, and the impedance is measured by the
impedance spectrometer (Eval-AD5940BIOZ) connected to the electrodes
applied to the sample. The impedance data are sent via Bluetooth to a
laptop where they are plotted by a customised interface.

The insulin was administered using a Lilly’s Insulin
Pen [62] having a 0.4 cm long needle.The infusion needles
are disposable and can be assembled on the syringe by means
of a plastic holder (namely, needle hub) from which the
4 mm needle exits. The deep penetration of the needle was
controlled by guaranteeing the contact between the needle
hub and the surface of the eggplants where the electrodes are
positioned. Insulin injections were performed in the centre
of the rectangle built on opposite sides (facing each other)
of the voltage-sensing electrodes. After the introduction of
the needle, the insulin pen was kept perpendicular to the
sample to maintain invariant the spacial relationship between
electrodes and drug. After each injection performed, the
operator stops gripping the syringe and merely holds it
perpendicular to the eggplant (namely, keeping the syringe
resting on the palm of his hand). In this way, the variation
in pressure exerted during the measurements is minimized
as it slightly differs from the pressure attributable to the
syringe weight. For each eggplant, 14 units of insulin (IU)
were injected in 7 consecutive steps of 20 ul (2 IU). The
impedance spectrum of the tissue was measured before
the injection (baseline) and after each injection step by
fixing the amplitude of the applied signal to 100 mV. For
each experimental step (E.p), ten consecutive impedance
spectra were acquired in the range [1-100] kHz divided
logarithmically into 100 frequencies. The diffusion process
of the drug within the eggplant was excluded as a first
approximation due to the limited duration of the experiments
(namely, 15 minutes).

As shown in the Bode diagrams of Figs. 4 and 5, the insulin
amount exhibits an inverse relationship with impedance
magnitude and a direct relationship with impedance phase.
The Nyquist diagram of a sample is shown in Fig. 6. The
major impact of injection on impedance spectra is visible at
low-frequencies when the electrical current flows almost only
through extracellular fluid due to the capacitive behaviour of
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FIGURE 4. Impedance magnitude trend of eggplant tissue variation
during insulin injections. The amount of drug injected increases in the
direction expressed by the blue arrow.
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FIGURE 5. Impedance phase trend of eggplant tissue variation during
insulin injections. The amount of drug injected increases in the direction
expressed by the blue arrow.

the cell membranes. Moreover, the electrical current through
intracellular fluid at high-frequencies. In this bandwidth, the
impact of insulin injections cannot be appreciated and this
supports the hypothesis of a negligible crossing of the cell
membrane by insulin.

The effectiveness of the containment of uncertainty sources
was illustrated in Fig.7. The orange trend represents the
impact of drug introduction on impedance magnitude.
In particular, at each step of the injection, the mean
of 10 consecutive impedance measurements acquired at
10 kHz was calculated. The impact of drug introduction
on impedance magnitude was calculated as the variation
between the mean of the current injection step and the mean
of the previous one. The blue trend represent the impact of
uncertainty sources on impedance magnitude. The impact of
uncertainty sources was assessed as the standard deviation
over the 10 measurements made after each injection step.
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FIGURE 7. Comparison between the impact of uncertainty sources and
drug injection on impedance magnitude.

B. RESULTS

For each injection step, the mean of the ten spectra was
calculated and used to identify the value of equivalent circuit
parameters (R., R;, T, and p) with Zview software [63].
The Weighting Sum of Squares (type of data weighting =
calc-modulus) was considered to evaluate the goodness of
fit. In this preliminary study of eggplant-based human skin
emulation, Zview replaced the Electrical Equivalent Circuit
Recognizer block. A comparison between the experimental
data and the fitting models before and after the seven
injections was reported in Fig. 8.

A preliminary analysis was conducted on R,, R;. CPE-
T, CPE-p, and C, to isolate the equivalent circuit parameter
most sensitive to insulin administration. In particular, for each
parameter a percentage variation was calculated between
the baseline and the value after the seventh injection. The
percentage variation was averaged on the ten samples and
the standard deviation was computed.Results are reported
in Table 1. The high inter-variability between the samples
can be related to the different chemical characteristics of
the tissue affecting the initial impedance value. As shown
in Table 1, CPE-p, CPE-T and C, alternate between positive
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FIGURE 8. Comparison between measured (dotted line) and fitted
(continuous line) impedance spectra before (0.00 ml) and after the seven
injections (0.14 ml).

TABLE 1. Percentage variation of equivalent circuit parameters before
and after the seventh injections.

R, R; CPE-T CPE-p Ca
Sample  [%] [%] [%] [%] [%]
5773 1048  -376.67 17.24 -49.68

20.14 1.42 -9.91 0.00 -4.85

1

2

3 27.82 1.11 -22.53 -3.03 9.74
4 20.13 1.10 -3.55 0.00 1.89
5 41.35 9.16 -33.54 0.51 -11.91
6 1941 17.07  -20.50 1.81 0.98
7 29.07  6.42 0.44 -1.40 10.22
8 5341 2391 -197.02 11.30 -26.13
9 4342 8.10 -22.80 0.38 11.02

10 3095 1417

Mean 3334 825
Std Dev  14.80  6.96

-15.74 0.36 5.79

-70.18 3.02 -5.29
122.20 5.83 19.42

and negative signs of variation and exhibit standard deviation
values greater than the mean. R, resulted more sensitive to
insulin injections with respect to R;.

This result is in line with the literature since the electrical
component used to model the extracellular fluids resulted
the most sensitive to tissue hydration/dehydration and drug
accumulation [53], [56], [64]. Then, a relationship between
the quantity of insulin administered and the R, was obtained.
In particular, a percentage resistance variation (PRV) was
calculated between R, of each injection step and the
baseline. For each sample, a linear relationship between the
quantity of insulin administered and the PRV was obtained.
Reproducibility, repeatability, sensitivity, nonlinearity, deter-
ministic error, and uncertainty of the bioimpedance-based
transducer were calculated for the personalized models.

Reproducibility: For each Eg,p, the standard deviation
of the PRVs was computed. The 1-o reproducibility was
obtained as the PRVs’ average standard deviation. Then,
the percentage with respect to the PRVs’ overall mean was
calculated. A percentage 1-o reproducibility of 40.98 % was
obtained.
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TABLE 2. Bioimpedance transducer sensitivity and nonlinearity.

Sample  Sensitivity [ml -1 Nonlinearity [%]
1 391.14 17.50
2 126.04 6.45
3 125.43 6.29
4 133.35 6.45
5 314.13 12.32
6 161.92 2.39
7 187.26 7.11
8 366.32 9.77
9 269.44 9.31
10 184.00 6.66

Repeatability: For each Eg,p, ten impedance spectra were
measured, the related R, value were calculated and inserted
into a vector (one vector for baseline (v{) and seven for the
seven consecutive administrations (v;1,vi2, ..., vi7)). For each
vector, the mean and the standard deviation were calculated
and stored in further vectors (one vector for the average
(Vimean) and seven vectors for the standard deviations (vgy)).
Then, the percentage 1-o repeatability was computed as
percentage ratio between the average of vy, and the average
of Vinean. A mean percentage 1-o repeatability of 0.78 % was
obtained.

Sensitivity: The sensitivity was computed as the slope
of personalized models identified. Table 2 illustrates the
results obtained for each experimental sample while Fig.9
reports a comparison between the mean and a specific sample
PRV trend at increasing the quantity of insulin administered.
In particular, Fig. 9.A represents the mean trend and the
standard deviation calculated among the ten samples; the
huge error bars underline the wide 1-o reproducibility if a
general model is implied. Fig. 9.B represents the personalized
trend of a sample. In this case the error bar are very small as
a consequence of the model customization process.

Even if the personalized models are different, a minimum
sensitivity of 125.43 ml~! compared to mean value of
225.91 ml~! emerged from the experimental campaign. The
main factors impacting on the sensitivity can be related
to the chemical characteristic of the drug (ionic charge,
viscosity, ecc.) and the characteristic of the experimental
setup (proximity of the injected drug to the point of maximum
current density).

Nonlinearity: The following equation was used to compute
the nonlinearity:

SE i =302

— 2 (6)

where:
« k represents the seventh injections;
« y the PRV obtained from experimental data;
« y the PRV computed with the equation of personalized
model.
Subsequently, the percentage nonlinearity was computed
as the percentage ratio between the nonlinearity value and
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FIGURE 9. Comparison between the mean (A) and specific sample (B)
PRV trend at increasing the quantity of insulin administered.

range of percentage resistance variation. The results are
reported in Table 2.

Deterministic Error: For each personalized model, the
root-mean-square error (RMSE) was computed and then
averaged between models (MRMSE). A mean MRMSE of
2.78 % was obtained.

Uncertainty: Two major sources of uncertainty were
considered: (i) measurand, and (ii) instrument. The mea-
surand uncertainty (u,,) was computed as the percentage
1-0 repeatability with respect to the square root of
the repeated measurements (namely 10). The instrument
uncertainty (u;) was computed as the percentage 1-o
repeatability at 10000 Hz resulted from calibration mea-
surements with respect to the square root of the number
of repeated measurements (namely 10). The uncertainty
was computed as positive square root of the combined
variance (u,,)*> and (1;)>. An uncertainty of 0.25 % was
obtained.

In Table 3, the proposed BIS-method is compared to the
BIA-method validated in [32]. Except for the repeatability
and uncertainty, all the metrological parameters of the
bioimpedance transducer improved with the new method
based on BIS measurement and equivalent circuit approach.
In particular, the sensitivity increased by 223 % for sensitiv-
ity, and the deterministic error decreased by 45 %. As concern
the repeatability and uncertainty, the worsening is due to
the new uncertainty source, namely the electrical equivalent
circuit procedure.
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TABLE 3. Comparison between the metrological parameters of the
bioimpedance transducer in case of (i) BIS-measurements, and (ii)
BIA-measurements.

Parameter BIA-based method [32] BIS-based method
Reproducibility 71.00 % 40.98 %
Repeatability 0.45 % 0.78 %
Sensitivity 69.98 ml—! 225.90 ml—!
nonlinearity 9.03 % 8.43 %
Determinist error 5.00 % 2.78 %
Uncertainty 0.14 % 0.25 %

C. SMART INSULIN PEN UNCERTAINTY

The Absorption Meter: 1) receives the personalised model
from the Fault Detector, 2) inverts it, and 3) associates the
estimated residual drug quantities with R, values received
from the Electrical Equivalent Circuit Identifier. The uncer-
tainty of the personalized model () propagates on the
residual drug measurement. The uncertainty on the residual
drug measurement (i) is calculated from uy,, by taking
into account the inversion of the personalized model, namely
by dividing u,,, by the sensitivity of the model. Thus, the
wide gain in sensitivity due to the electrical equivalent circuit
results in a significant reduction of ug.,. In the case of
the emulation performed on eggplants, the improvement in
sensitivity was 223 %. Considering the same proportions in
in-vivo applications, a decrement of ugy from 4.2 pul ([32])
to 1.3 ul would be expected and the variation of drug could
be detected even a short time after injections.

D. DISCUSSION

The electrical equivalent circuit approach achieved a signifi-
cant improvement of a bioimpedance transducer compared to
previous experimental work [32]. Despite having validated
the method only on eggplants, the compatibility between
the electrical response of eggplant and humans to insulin
injection has been proven in other studies [32], [65]. Indeed,
eggplants introduced some limitations to the analysis. For
example, vegetables are not subject to mechanical noise
sources (e.g., breathing) or metabolic processes. Moreover,
the electrical properties do not entirely mimic the metabolic
and enzymatic processes that can influence insulin dynamics
in human tissue. However, even taking into account these
limitations, the comparability between eggplants and human
tissue is only assessed with reference to the injection phase.
In this phase, a quasi-static approximation of human tissue
metabolic behavior can be assumed. Indeed, the measuring
time is much lower than the average time needed to absorb
6 units of insulin [66]. Although the proven compatibility
between the electrical response of eggplant and human, the
method presented in this paper has not yet been validated
on humans. In this case, the adaptability to the different
physiological conditions of patients will be crucial for
achieving clinical impact. The equivalent circuit approach is
suitable for identifying personalized models that can handle
the variability of individual responses to insulin. Indeed, after
identifying a suitable model that effectively describes the
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electrical behavior of human tissue, spectrum measurements
can be used to identify the electrical parameters specific to
the particular patient.Nevertheless, an extensive experimental
campaign will be necessary to validate the capability of
the proposed system to identify specific characteristics of
patients in terms of corresponding electrical parameters.

V. CONCLUSION

The metrological characteristics of a bioimpedance-based
transducer for quantifying insulin in eggplants were improved
using the equivalent circuit approach. The emulation of
human tissue by eggplants was assumed because the mea-
suring time was kept much lower than the typical insulin
absorption time (quasi-static approximation). The Modified
Hayden’s model was adopted as a reference circuit. The
electrical component used to model the extracellular fluids
was identified as the most sensitive parameter to insulin
injections. An improvement of 223 % in sensitivity due to the
electrical equivalent circuit results in a significant uncertainty
reduction. The transducer is designed to be integrated
into a Smart Insulin Pen for real-time measurements of
insulin bioavailability. Considering the same improvement
of sensitivity in in-vivo applications, the uncertainty of the
Smart Insulin Pen is decreased from 4.2 ul to 1.3 ul
Experimental campaigns on diabetic patients are underway
to validate the method on humans.
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