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We developed a new blood-leakage sensor for hemodialysis therapy. In this sensor, medical
gauze is arranged on medical adhesive tape, which contains detection electrodes formed by
screen-offset printing. This sensor can be used similarly to an adhesive bandage. We proved
that the sensor can distinguish between blood and phosphate-buffered saline (substitute for
sweat) on the basis of the dielectric relaxation property of blood. The limit of detection of the
sensor is as low as 6 uL, and hence, its performance is considerably better than that of other
sensors reported previously.

1. Introduction

Hemodialysis is a very important treatment procedure for patients needing renal replacement
therapy. In this procedure, two needles are inserted into the patient’s blood vessels to draw and
return blood, and the blood is cleaned using external equipment. During the procedure, blood
leakage may sometimes occur because of the accidental removal of the needle. The patients
themselves may not notice this dangerous situation because they may be staying motionless,
may not be paying any attention, or may be sleeping during hemodialysis therapy, which takes
4-8 h. Medical doctors and nurses may also find it difficult to notice bleeding because it
may not be feasible for them to continuously monitor blood leakage for the entire duration of
the therapy session. Therefore, the development of a blood-leakage sensor is very important
to provide safe and secure hemodialysis therapy, and accordingly, many researchers have
attempted to develop such a sensor.™¥

Patients suffering from renal failure require hemodialysis therapy two or three times a
week, and the number of such patients is considered to be more than 300000 in Japan(s) and
at least 3 million globally.® Hence, the blood-leakage sensor should be amenable to mass
production and disposable. Therefore, the cost of the sensor should be low. Another important
consideration is that patients should not feel uncomfortable when the sensor is attached to the
body. For example, a dementia patient may try to remove the sensor unconsciously if the sensor
is prominent and causes a feeling of strangeness. Previously, we developed a blood-leakage
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sensor with detection electrodes fabricated on textiles;”) however, such a sensor must ultimately
be fixed to the body using adhesive tape.

To address these issues, we developed a new adhesive-bandage-type blood-leakage sensor
that can easily be used merely by sticking it on the patient’s body. This sensor is composed
of adhesive tape with printed interdigitated electrodes to detect blood and medical gauze to
blot blood. In this report, we explain the technique used for fabricating the electrodes on the
adhesive tape. In addition, we elucidate the mechanism of detecting blood using the electrodes
and the detection ability of the sensor.

2. Experimental Procedure
2.1 Fabrication of sensor electrodes on adhesive materials

As mentioned above, a large number of patients require hemodialysis therapy and hence the
blood-leakage sensors used for these patients should be disposable. Therefore, these sensors
must be amenable to mass production at low cost. Accordingly, printing using conductive ink
is suitable for the fabrication of the sensor electrodes. Many printing techniques exist, such as
flexography, gravure printing, offset printing, and screen printing. However, it is considerably
difficult to form patterns on adhesive materials using these conventional printing techniques
because masks and adhesives stick together during printing. In addition, inkjet printing, as a
form of maskless printing, is not appropriate for mass production because it takes considerably
longer to print patterns than other printing techniques.

To overcome these problems, we applied a screen-offset printing method”'¥ that we
previously developed to fabricate patterns on an adhesive material. Figure 1 shows a schematic
image of the screen-offset printing method. In this method, patterns of conductive ink are
formed on a blanket made of polydimethylsiloxane (PDMS) by the screen-printing technique,
and then, the patterns on the PDMS blanket are transferred to a substrate. During the transfer
process, the substrate can be easily peeled off from the blanket even though the substrate is
made of a sticky material. As a result, the conductive ink can be transcribed onto the adhesive
to form the electrode patterns for the sensor.'V In the present experiment, we first screen-

Screen printing on PDMS blanket Pattern transfer to final substrate

Squeegee

Substrate
(Adhesive tape)

PDMS blanket PDMS blanket

Fig. 1.  (Color online) Schematic of screen-offset printing.
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printed an interdigitated pattern using Ag ink (SSP2801, Toyobo) on the blanket using a screen-
printing machine (Cubel515, Mino Group). Then, we thermally annealed the ink on the blanket
at 150 °C for 30 min. Subsequently, we transferred the ink patterns to medical adhesive tape
[Fig. 2(a)]. Note that we overprinted (double-printed) the patterns on the blanket to obtain
the maximum thickness for the electrodes and thereby lower the risk of wire disconnection.
We arranged two-ply medical gauze on top of the tape with the Ag-ink patterns to obtain the
adhesive-bandage-type sensor [Fig. 2(b)]. Figure 2(c) shows the sensor on which 5 pL. of human
whole blood (Tennessee Blood Service purchased via Bizcom Japan) was dropped. The sensor
appears similar to the widely used adhesive bandages; this should contribute to decreasing the
psychological discomfort of patients.

2.2 Electrical measurement

The electrical properties of the fabricated adhesive-bandage-type sensor were measured
using an inductance—capacitance—resistance meter (3532-50 LCR HiTESTER, Hioki E.E.). In
this experiment, the impedance Z and phase 6 were measured at frequencies fof 1 kHz—5 MHz.
From the results, the lumped capacitive components C in a simple resistor—inductor—capacitor
model were estimated using

1

C=—————.
27 fZsin6

) (1

Here, the inductive components were assumed to be zero. In the frequency range of 1 kHz—5
MHz, data were collected at 200 measurement points. At each measurement point, the data
were obtained twice and the average value was considered.

3. Results and Discussion

First, we checked whether the dielectric relaxation of blood is properly detected by our
developed sensor. Figure 3 shows the results for the capacitance as a function of frequency

@ (b) ©

Fig.2. (Color online) Images of adhesive-bandage-type sensor (a) before and (b) after attaching gauze. (c)
Photograph of sensor after 5 pL of blood was dropped on it.
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Fig. 3.  (Color online) Capacitance as a function of frequency of sensor obtained before dropping PBS, after
dropping 15 uL of PBS, and after dropping additional 15 puL of blood.

obtained before dropping phosphate-buffered saline (PBS), after dropping 15 pL of PBS, and
after dropping an additional 15 puL of blood. The slope of the spectrum obtained after dropping
PBS is different from that obtained after dropping the additional blood. In particular, in the
frequency range of 50-300 kHz, the spectral slope for blood is substantially different from
that for PBS. This substantial difference seems to be due to the dielectric relaxation of blood
because it has been reported that blood exhibits relaxation in this frequency range.'¥ In
addition, this result indicates that the detection of the leaked liquid as blood is correct.

Next, we elucidated the limit of detection (LOD) of the developed sensor using the scheme
previously reported in Ref. 7. First, we measured the spectra when blood or PBS (up to 50 pL)
was dropped onto the sensor. In addition, we obtained the spectra for the sensor on which 50
pL of PBS was dropped and left to dry at room temperature, because if blood leakage occurs
during hemodialysis, blood continuously leaks, whereas sweat may dry. Then, we selected a
threshold value at a certain frequency fi; this selection eliminated the unstable condition under
which less blood or PBS is dropped onto the sensor. Next, we selected two other frequencies
(f> and f3; f2 < f3) and obtained capacitances at these frequencies referred to as C, and C3,
respectively. Finally, the subtracted values obtained from the two points, namely, logjoCo—
log10C3, were compared to determine whether blood had leaked onto the sensor.

Figures 4(a) and 4(b) show the representative data for the frequency dependences of the
capacitance when blood and PBS were dropped, respectively. Figure 4(c) shows the spectra
for the sensor on which 50 puL of PBS was dropped and left to dry. Note that the spectrum for
50 pL of PBS shown in Fig. 4(b) is the same as that for 0 min shown in Fig. 4(c). From these
measurement results, the values of Cy, C», and Cs at f, f>, and f3, respectively, are extracted. In
this experiment, we chose 10.1, 51.3, and 202 kHz at f, f>, and f3, respectively, which are the
same frequencies as those used in a previous study.” Figure 5 shows the capacitance at 10.1
kHz (C)) as a function of the total volume of (a) blood or (b) PBS dropped and the capacitance
as a function of the drying time of the sensor on which PBS was dropped (c). Furthermore, Fig.
6 shows the values of log;oC>—logjoC3 for each condition. For example, it is assumed that 50
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Fig. 4. (Color online) Capacitance as a function of frequency obtained when (a) blood or (b) PBS with a volume of
up to 50 uLL was dropped. (c) Spectra for sensor on which 50 pL of PBS was dropped and left to dry.
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Fig. 5. (Color online) Capacitance at 10.1 kHz as a function of volume of (a) blood or (b) PBS dropped onto sensor. (c)
Spectra for sensor on which 50 pL of PBS was dropped and left to dry. The assumed threshold value (50 nF) is
indicated for reference in each figure.
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Fig. 6. (Color online) log;oC>—logioC3 as a function of total volume of (a) blood and (b) PBS dropped . (c) Drying-
time dependence of values for sensor on which 50 pLL of PBS was dropped. The minimum value for blood (i.e., 0.83)
is indicated in all the figures for reference.

nF is the threshold value of Cj; the conditions below this value are excluded. In this case, we
remove the conditions of 0—3 pL, 0-3 pL, and 45-60 min in Figs. 5(a)-5(c), respectively, and
show the included and excluded conditions in Fig. 6. All the included values of logjoCa—logioC3
shown in Fig. 6(a) are higher than those shown in Figs. 6(b) and 6(c). These results indicate that
the sensor properly recognizes blood. In addition, the LOD of the sensor is found to be 6 pL,
which is lower than that of other recently reported sensors (101 and 15 pL(7)).

Next, we address the question why the detection ability of the sensor developed in this
study is higher than that reported in Ref. 7. Figures 7(a) and 7(b) show schematic images of
the cross sections of the sensors reported in Ref. 7 and employed in this study, respectively.
The sensor electrodes in Fig. 7(a) were formed on the cotton textile and were exposed to air
directly, whereas those of the bandage-type sensor were sandwiched between medical tape and
medical gauze [Fig. 7(b)]. We first changed the cloth of the bandage-type sensor from medical
gauze to cotton textile [Fig. 7(c)], to facilitate the comparison with the case shown in Fig. 7(a)
by employing the same cloth, and the LOD value was estimated as described above. Figure 8
shows the capacitance of the bandage-type cotton-textile sensor at 10.1 kHz (C}) as a function
of the total volume of (a) blood or (b) PBS dropped (up to 50 uL) and (c) the capacitance as a
function of the drying time of the sensor on which 50 puL of PBS was dropped. Also, Fig. 9
shows the frequency dependence of logjoCr—logioCs for each condition, where C; and C3 are
the capacitance values at 51.3 and 202 kHz, respectively. When the threshold value in Fig. 8 is
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Fig. 7. (Color online) Schematic images of the cross sections of sensors (a) reported in Ref. 7 and (b) employed in
this study. The sensor shown in (c) was used for additional experiments in which the cloth shown in (b) was changed
from medical gauze to cotton textile.
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Fig. 8.  (Color online) Capacitance of bandage-type cotton-textile sensors at 10.1 kHz as a function of volume of
(a) blood or (b) PBS dropped onto sensor. (c) Spectra for sensor on which 50 uL of PBS was dropped and left to dry.
The assumed threshold value (20 nF) is indicated for reference in each figure.

assumed to be 20 nF, the LOD of this bandage-type cotton-textile sensor became 3 pL, which
is better than that corresponding to the case depicted in Fig. 7(a) (15 pL). As reported in Ref. 7,
it took 2-3 min to finish the electrical measurement scan, and blood gradually dried from the
tops of the cloths during the measurements. This drying may prevent erythrocytes in blood
from showing dielectric relaxation, which should degrade the sensor performance. However,
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Fig. 9.  (Color online) logjoC>—logioCs of the bandage-type cotton-textile sensor as a function of total volume of (a)

blood and (b) PBS dropped. (c) Drying-time dependence of values for sensor on which 50 uL of PBS was dropped.
The minimum value in the case of blood (i.e., 0.81) is indicated in all the figures for reference.

blood in the vicinity of the sandwiched electrodes shown in Figs. 7(b) and 7(c) should dry more
slowly than the case shown in Fig. 7(a), which may contribute to the better LOD. Furthermore,
the LOD of the adhesive-type cotton-textile sensor [Fig. 7(c)] is slightly lower than that of the
medical-gauze sensor [Fig. 7(b)]. Figure 10 presents photographs of the cotton textile and the
medical gauze with a size of ~5 x 5 cm?, on which 50 pL of blood was dropped. It can be
observed that the size of the blotted blood is larger in the cotton textile than in the medical
gauze, which implies that when the same volume of blood is dropped, the eclectrode area
covered by blood is larger in the cotton textile, especially when the volume of blood dropped is
small. This characteristic seems to be the reason why the cotton textile showed slightly better
performance than the medical gauze. However, medical gauze may be suitable for practical use
because it is sterilized.

Finally, a considerable increase in capacitance is observed at ~4 MHz when 50 pL of PBS
is dropped. At around this frequency, the phase changes from minus to plus. This indicates
that the sensor becomes predominantly inductive rather than capacitive. If this phase inversion
occurs at frequencies lower than 1 MHz, it may cause inaccurate diagnosis. As the next step,
we will improve the structure of the sensor so that such phase inversion can be suppressed.
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(@ (b)
Fig. 10. (Color online) (a) Cotton textile and (b) medical gauze on which 50 pL of blood was dropped.

4. Conclusions

We successfully demonstrated the simple fabrication of electrodes on adhesive tape using
screen-offset printing and used this structure to develop an adhesive-bandage-type blood-
leakage sensor. The printing-based fabrication technique is useful because it facilitates the
mass production of this disposable sensor. In addition, the sensor developed can accurately
distinguish between blood and PBS (substitute for sweat) on the basis of the dielectric relaxation
property of blood. The sensor appears similar to the widely used adhesive bandages, which
should contribute to decreasing the psychological discomfort of patients during hemodialysis
therapy.
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