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Blood leakages and blood loss are both serious complications during dialysis therapies. According to dialysis survey reports, these events are
life-threatening issues for nephrology nurses, medical staff, and patients. When venous needle dislodgement occurs, it takes only <2.5 min of
reaction time for blood loss in an adult patient, resulting in mortality. As an early-warning design, a wireless assistive technology using an
integrated flexible sensor and virtual alarm unit was developed to detect blood leakage during dialysis therapies. The flexible sensor was
designed using a screen print technique with printing electronic circuits on a plastic substrate. A self-organising algorithm was used to
design a virtual alarm unit, consisting of a virtual direct current grid and a virtual alarm driver. In other words, this warning device was
employed to identify the blood leakage levels via wireless fidelity wireless network in cloud computing. The feasibility was verified, and
commercialisation designs can also be implemented in an embedded system.

1. Introduction: In Taiwan, it has been reported that >78,000
patients with end-stage renal diseases and chronic kidney failures
have received dialysis therapy, peritoneal dialysis, or kidney
transplants, and this number is gradually increasing every year.
Taiwan has the highest renal disease incidence and prevalence
rate than Japan and the United States. Besides, renal disease has
emerged as a global public health problem [1, 2], leading to
increased medical costs. As a result, health insurance payments
have increased to >30.8 billion Taiwan dollars in 2015. In
addition, there has also been a raise in dialysis incidence,
mortality, and clinical complications. In clinical cases, it takes
only a few minutes to loose >40% of the adult blood volume
with blood flow rates of 400-500 ml/min. Blood loss with a flow
rate of 200-500 ml/min is usually detected after ~20 s reaction
time. Therefore, a flow rate of >200 ml/min and blood loss of
>500 ml with <2.5 min of reaction time have been identified as
the critical risk level for an adult patient [3, 4]. In 2012 [5], the
American Nephrology Nurses’ Association venous needle
dislodgement survey reports revealed that >50% of the surveyed
candidates were very often, often, or occasionally concerned
about blood leakage/blood loss during dialysis therapy. Hence, an
assistive tool to detect blood leakage/blood loss is necessary for
clinical needs.

The outcomes of the dialysis machine have been improved to
prevent air in blood lines, blood clotting, dialyser reaction, roller
pump failure, and blood leakage. Various alarms have been incor-
porated into the dialysis machine, which can warn system malfunc-
tion through pressure, blood leaks (optical sensor), bubble (air
bubble sensor), pump flow, and temperature monitors.
Determination of the correlations between heart pulses and arterial
venous pressure variations could help in detecting blood line or
venous needle dislodgement [6, 7], whereas different variations
and venous pressure drop of <30 mmHg could stop the roller
pump. However, pump pressure variations must be suppressed,
because human pressures are easily influenced by patients’ move-
ments, height changes, cannula sizes, blood flow rates, and blood
line/vascular access during dialysis [5]. At present, assistive
monitor tools such as pad sensors, optical sensors, and wetness
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sensors [2, 8—11] have been designed as early-warning detectors
to reduce risk during dialysis therapy. These customised products
such as Redsense® medical monitor (Conformite Europeene (CE)
mark, Halmstad, Sweden, approved by the Food and Drug
Administration (FDA)) [8, 9] and HEMOdialert™ [11] (for high-
risk patients and home haemodialysis), can detect blood leakage
from 0.01 to <2 ml with a reaction time of <2 s.

The product, HEMOsensor™, consists of upper and lower mem-
brane layers, two spaced out electrodes, and electrical circuit con-
nections. Each circuit connection or electrode is connected to a
constant direct current (DC) voltage source. A blood contact with
the conductor causes short circuit, and the electrical signal
changes sent to the analytical circuit (HEMOdialert™, alarm unit
[11]) are used to identify the blood loss or other conductive
liquids. The product, Redsense®, relies on an optical sensor (infra-
red light) with a sensitivity of 1 ml of blood. However, it is not sen-
sitive to clear but conductive liquids. Such as saline and is affected
by dampness and temperature; hence, its application to blood
leakage detection is limited. Moreover, electronic devices and infra-
red light source require continuous high operating power and lead
transmission to transmit warning signals. Thus, they have no wire-
less transmission and limited operating distance. In addition, these
alarm tools cannot stop the blood pump and have no friendly
human—machine interface to show the warning indications.
Besides, extra electronic devices with two spaced out designs
may also limit the movement and dialysis setting of an already rest-
less, stressed, and worried patient.

As the above-mentioned blood leakage detectors comprise a
sensor substance, a signal processing unit, an analytical unit, and
an alarm unit, which are designed in two spaced out devices, the
present Letter proposes an early-warning assistive tool to detect
pressure drops by using integrated flexible sensor [12, 13], wireless
communication, and virtual alarm unit for blood leakage detection
during dialysis therapies. In this Letter, a flexible sensor, consisting
of electrodes and electrical connection circuits, was designed using
screen printing technique with plastic substrates and metallic mate-
rials. As seen in Fig. 1, the virtual alarm unit was a digital analytical
manner, which can automatically identify leakage or loss levels,
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Fig. 1 Proposed configuration of virtual alarm unit for blood leakage
detection

was implemented in an embedded system or a tablet personal com-
puter (PC) using a self-organising algorithm and Newton—Raphson
method [14-16]. A sensing unit with a wireless fidelity (WiFi) wire-
less communication (IEEE 802.11 Standards [17]) and a wireless
local area network (WLAN) mode can transmit blood/conductive
liquid leakage information to a mobile device. Hence, smart
mobile devices can receive the warning indications in indoor envir-
onment or haemodialysis room. Our proposed tool has various
advantages including compact sensor, improved detection reliability,
personalised physiological monitoring, and easy implementation of
the application software in smart mobile devices. Finally, the feasi-
bility and specification of the proposed model were validated.

2. Methodology
2.1. Proposed configuration of flexible sensor: Flexible sensors
have simpler electronic circuits, and can be printed on plastic or
polymeric substrates, offering mechanical flexibility, thinness, and
light weight [12, 18]. Owing to soft, flexible, and stretchable
properties, these sensors can be integrated in a mobile and
wearable device on the human body. For non-invasive sensing,
rehabilitations, and diagnostic applications, photodetector,
temperature sensors, pressure sensors, or gas sensors are widely
used in clinical needs. An advantage of the flexible sensor is that
it can be placed anywhere on the patient’s body, can
continuously monitor an individual’s health states [13], and can
also achieve real-time personalised physiological monitoring
without affecting the patient’s current motions and dialysis setting.
A flexible printed circuit board was printed on a plastic substrate
with a size of 60 x 40 mm using body-fluid, blood, and conductive
liquid sensitive element with nine nodes, as seen in Fig. 2. Its func-
tion was a configuration of eight-position switch, manipulating the
open-and-closed states based on blood leakage or serious blood
loss. Interface conductors were connected directly to an embedded
system connector [digital input (DI)] using the pull-down on
mapping serial port (MSP) connectors. The MSP connectors
(DI-01-DI-08) were used to measure 0.0-3.3 V signal [19], as pre-
sented in Fig. 2. For a constant voltage source, V 4=43.3 V, eight
connecting conductors were placed as short circuit in any position.
Thus, each DI had a connection from V.4 to pull-down resistor, and
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then 8 bit binary patterns were obtained and can be defined as

if V, = Vg (high)

7 = 0fow) 0 (=123 8 M)

1’
G- !

Connecting state: C = [O/l 0/1 o/1 0/1 0/1 0/1
0/10/1], which were used to control the virtual grounded resistor,
Ry, in the virtual DC grid, as shown in Fig. 1.

Subsequently, we developed an application programme to trans-
mit the connecting states from the flexible sensor to mobile appli-
ances via synchronous serial communication. The WiFi WLAN
technique [17, 20] could transmit the connecting states or upload
the data/parameters for cloud computing, and was used for
linking mobile devices (smart phones, personal digital assistant,
or iPad) and portable computer support (laptop) by operating on
2.4 GHz industrial, science, and medical frequency bands.

2.2. Virtual alarm unit for blood leakage detection: As illustrated in
Fig. 3, consider a virtual DC grid consisting of 10 nodes (r» =10)
and 11 branches (b=11), with three connecting vectors between
two nodes and four grounded connecting vectors from one node
to reference node. The connecting resistors are

1

Ri=— xRy 1=1,2.3, ... 8 @)

where m resistors are paralleled in each connecting branch (m =8 in
this Letter), which imitate the adherent resistances on the swab. A
self-organising algorithm [14-16] is used to automatically
construct a ten-nodal virtual DC grid. The constant resistor Ry is
the internal resistor in an injection current source /5. Resistors
Reeri and Rgp, where Rieri =2 X Rep, are used to determine the
normal output voltage V, at node @# using the voltage divider
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a Virtual DC grid

b Connecting vectors for constructing the DC grid

rule as

R
v, = (. XR)X<¢> 3)
? s ) Rrefl +Rref2

As shown in Fig. 3b, the grounded connecting vectors were used to
construct the short-circuit branches between one node and the
virtual ground (grounded branch g=8) due to blood leakage/
blood loss. Constant R, is the virtual grounded resistor, calculated as

Rg = Rref 2 (4)

When blood leakage is detected by the sensing unit, the control
signal in connecting state vector will be ‘C=1" and the grounded
branch will be connected; otherwise, ‘C=0’.

By using the beginning—ending node vector and connecting re-
sistor vector, the nodal numbers and connecting branch resistors,
Ry, are stored in connecting vectors from beginning nodes to
ending nodes, where parameters i and j are the connecting
indexes. Thus, the whole virtual DC grid has the following

292
© The Institution of Engineering and Technology 2016

admittance matrix [15, 16]

1 . .
MU:RT.,’ i=1,2,3 ...,10, j=0,1,2, ...,10 (5
J’if:Mij’ i#0, j=0

Y=[,]ER™, i=1,223 ...,10, k=1,2, ..., 10
(6)

M+ Y My ), ifi=k
ik = ( k§i k) @)

—M,, ifi # k,

where node number # = 10, branch number =11, and element y;;
is the admittance (y;#0) between the nodes i and .

In the whole virtual DC grid, seen in Fig. 3a, only the current
source is injected into the DC grid and the nodal voltage equations
are

YW=I = [Y]ioo = (3
J1ox droxa

i oy Yz oo yu | N Iy

Yar Y2 Yzt Y v, 0

Y1 Y2 Y3zt Y U I ©)

Yni Y2 Y3z 0 Y _VIO 0

where I is the injection current into node @#, Y is a symmetric
matrix, V; is the ith guess, and I=[1}, b, ..., I;, ..., L,]=[Is, 0, O,
..., 0] is an n =10 vector of function that can specify the iteration
mode. The iterative procedure is terminated until the convergent
condition

Vot D)= Vip) <eg, foralli=1,2,3, ...,10 (10)
Vip)
where Vy(p) is the ith component of vector V and € is the specified
tolerance level.
By using the Newton—Raphson method [15], the ith equation can
be given as

L) =yaVityaVot -+ yiVi+ vV, (11)

The iteration mode uses the value of V;(p) at iteration p to generate
Vi(p+1) as follows:

TN+ D =TV U=, g =" a2
= Vilp+ 1) = Vip) + ;U ~ (7)) (13)
The matrix form can be represented as
Vl(p+l) _V](p)_ !S'_]I(V.i}
Vi(p+1) V,(p) O_IE(VJ)E
Vip+ )i =[Vi(p) |+ |:0=1,(V)) (14)
Vig(p+1) Vie(p) O_IIIF{VJ')E
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where 10 x 10 matrix elements are the partial derivatives of the n =
10 nodal voltage equations. The inverting matrix of J, i.e. J ™' =
Y™!, can be computed and then stored in the digital storage unit.

Thus, nodal voltages, V,—V7, can be calculated using Newton—
Raphson method, and their grasp changes are used to identify the
blood leakage, as follows:

Vin =min{ Vs, Vi, .., Vigl, Vi =max{Vs, Vy, ..., Vig}
1
Vref = E(Vmin + Vmax)
(16)
0 V.>V,
_ > J ref .
S=N1 pepy ITHAS 0
(17

=S§=[0/1 0/1 0/1 0/1 0/1 0/1 0/1 0/1]

where voltage, Ve, is the threshold value to identify the blood
leakage, and state variable S;= 1 indicates one or more nodes that
have detected blood leakage events. Therefore, signal ‘1,” as a
high level (3.33 V), acts to drive a relay to trip the roller pump,
as an output alarm driver, as seen in Fig. 4a [19]. Fig. 5 illustrates

110V, 60Hz
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Fig. 4 Equivalent virtual DC grid and output driver unit
a Output alarm driver for tripping the roller pump
b Equivalent virtual DC grid in a simple RL circuit
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the overall procedure of the self-organising algorithm including (i)
connecting vectors construct, (ii) nodal voltage equations construct,
and (iii) Newton—Raphson method.

The whole DC grid can be transformed into an equivalent DC
grid in a simple resistor-inductor circuit (RL) circuit using
Thevenin theorem, as shown in Fig. 4b. The equivalent resistor
from node 2# is

1 ’
Req = (; X (R1 +Rg)>//Rref2 = Rg//RrefZ (18)

’
_ Rg X Rref2

=R, =5
“ Rg+Rref2

(19)

where m is the number of grounded branch. The transient response
of the whole equivalent grid is [15]

di(z)
LW + (Rs + Rrefl + Req)l(t) = RSIS (20)
Rs]s

(1— e*((RerRrefl*Req)/L)t) (1)
Rs + Rrefl + Req

= I(1) =

For a very large time t— o0, the total injection current /,,,,, into node
@# will monotonically increase as follows

R 8
lim/()=—35s 7 =Y ] 22
Jim 1(2) R+ Ry +Ry ™ ;’ (22)

where the equivalent resistor R.q becomes small and the maximum
injection current /,,,, will increase. More blood leakage or serious
blood loss causes the adherent resistances to decrease. In this Letter,
two grasp changes were used to qualify the level of blood leakage,
and can be summarised as follows:

e Nodal voltage drops: Given the reference voltage V5, the nodal
voltages V3~V drop, while one or more sensing points in the flex-
ible sensor detect blood leakage.

e Injection current into node 2#: The maximum injection
current I, increases with the gradual decrease in the equivalent
resistor, Req.
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3. Experimental results: The prototype virtual alarm unit was
established in an embedded system (National Instruments™
myRIO-1900, Austin, Texas, USA), as shown in Fig. 2. The
self-organising algorithm including the connecting vectors
construct, nodal voltage equations construct, and Newton—
Raphson method, was coded in the microprocessor using a
text-based programming language. The PC-based user-friendly
interface or mobile device applications (iPad) was designed to
display the monitoring results. The flexible sensor was designed
using a screen printing technique with copper circuits printed on
a plastic substrate, as shown in Fig. 6. The flexible sensor and
WiFi wireless transceiver were integrated as a sensing unit to
detect blood leakages. As illustrated in the connecting topology
presented in Fig. 3a, the specifications of the proposed virtual
alarm unit were shown in Table 1. The proposed detection model
was designed using a LabVIEW graphical programming user
interface (NI™ Corporation, Austin, Texas, USA) in the
math-script workspace [19], and was run in a tablet PC or a
mobile intelligent device.

In case of a blood leakage event, as shown in Fig. 6, blood
leakage covers the nodes 5#, 6#, 7#, and 8# and causes short
circuit in the four circuit connections. Subsequently, the connecting
states can be detected and the signals can be transmitted to the
virtual DC grid via the WiFi wireless transceiver, as C=[C,, C,,
G, Cy, Cs, Cg, C7, C5]=10,0,1, 1, 1, 1, 0, O].

Then, the self-organising algorithm constructs the admittance
matrix ¥ using the connecting vectors, connecting resistors, and
connecting states. The square matrix (10 rows x 10 columns), ¥,
is a symmetric matrix, given as

[0.102 —0002 0 0 0 0 0 0 0 0
e, 026220032 0032 -0032 -0032 —0.032 -0032 -0.032 -0032
0032 0 0 0 1] 0 0 0

0032 0. 0 0 0 0 0

0
0032
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Table 1 Specification of the proposed virtual alarm unit

Flexible constant voltage source Vea=+3.3V, high: +3.3V,
sensor low: 0.0 V
input port MSP (port) connector, one
pin for V4, eight pins for
DI-01-DI-08, pull-down
resistor: 40 kQ
2.4 GHz, WiFi, WLAN mode,
outdoor transmission distance:
<50 m and >—80 dBm, indoor
transmission distance: <30 m
and >-70 dBm
Virtual virtual injection current, A 1.0A
alarm unit virtual circuit element Rs=10 Q, R.r; =500 Q,
R =250Q, L=100 H,
Rrets =9 X Riefl, Reers = 1 KQ,
Ry =250 Q, R,=(1/m) x 250
Q1=1,2,3..8 m=1,2,
3,...,8
virtual voltage: +3.28 V

wireless communication

voltage level for
identifying normal
condition

voltage level for the range of voltage level:

identifying blood leakage 3.28-0.57V
injection current for the range of injection current:
identifying blood leakage 13.15-18.51 mA

As shown in the red dash-line rectangle, the diagonal elements of ¥
matrix, yss, Ves, V77, and ygg, increased as the grounded branches,
@-0-0,0-©-0,0-0-©, and @-®-0©, were added to the virtual DC
grid. These were the algebraic sum of the admittance connections
including 1/R, from the nodes, ®, ®, @, and ®, to the virtual
ground ©. The nodal voltages, V>,—V7o, can be calculated using
the current injection method and Newton—Raphson method as

Voltage vector, V=[V, V3, V4, Vs, Ve, V7, Vg, Vo, V10]=[0.9715, 0.9715,
0.9715, 0.8636, 0.8636, 0.8636, 0.8636, 0.9715, 0.9715], Vipin =min(V) =
0.8636 V, Vinax =max(V)=0.9715V, Vs=0.9176 V, state vector, §=[S;,
S4, S5, S, 87, Sg, So, S10]=[0, 0, 1, 1, 1, 1, 0, 0], maximum injection
current, I, =17.79 mA.

It took a reaction time of 0.4112 s (transient response) to reach
the maximum injection current. The grasp changes in the nodal
voltage can be identified using (16) and (17). As the reference
nodal voltage, V,=0.9715V, voltages Vs—Vg <voltage V,. The
state variables, Ss, Sg, S7, and Sg, indicated ‘signal 1’ to identify
the blood leakage event and drive the virtual alarm unit. This
simple technique could be easily implemented in a mobile intelli-
gent device, and the experimental results obtained via WiFi wireless
connection are presented in Fig. 6a. Under normal conditions and
the nodal voltage /,=3.28 V as the reference voltage, the drop
levels from 2.06 to 0.57 V were used to separate the normal condi-
tion from blood leakage or serious blood loss events, as shown in
Fig. 7a. Both the maximum injection currents and reaction time
increased from 15.73 to 18.51 mA and from 0.3626 to 0.4282
ms, respectively, as seen in Fig. 7b.

In addition, the sensing unit with a WiFi WLAN mode could trans-
mit the data to a mobile device in the outdoor range of <50 m and
indoor range of <30 m. The received signal strength indicators
were about >—80 and >—70 dBm. The experiments showed the
smart mobile device (iPad) could receive the waming information
which envisaged deployment conditions in the indoor environment.
Therefore, the sensing unit in its communication applications was re-
liable in short wireless transmission distance (haemodialysis room:
20 x 30 m). The experimental results confirmed that the developed

Healthcare Technology Letters, 2016, Vol. 3, Iss. 4, pp. 290-296
doi: 10.1049/htl.2016.0051



4
3.28v [T] Jacobi and Gauss-Seidel Method
[
- % Newton-Raphson Method
o
EL 7z 206V
S 2 ¥
- 150V
3 118V -
=] 7 : 0.83V :
z 1 092V geav gsry
— i A LA L L - P " [_% " l_E’g.é " l.l% J
. 2 3 4 S8 6 71 8
Nurmalnode node node node node node node node
Blood Leakage Event
a
20 ¢

17.41 17.79 18.05 1825 1839 1851

16.81
15.72

Injection Current into
Node 2# (mA)
=

2 3 4 5 6 7 8
No"“alnutlu node node node node node node node

Blood Leakage Event
b
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tool, combining computation, and wireless communication function-
ality, could detect blood leakage or serious blood loss for monitor
applications during dialysis therapies. The suggested specifications
of the proposed virtual alarm unit are shown in Table 1.

4. Discussion and conclusion: Both the Gauss elimination and
back-substitution method and Newton—-Raphson method could
solve the linear simultaneous equations. The performances and
computing-time requirement must be evaluated by determining
the number of arithmetic operations including multiplication/
division and subtraction/addition [15] as shown in Table 2. In
contrast to the Gauss elimination and back-substitution method,
the proposed method requires ~<0.1100ms for iteration
computations to solve n=10 simultanecous equations. While
Newton—Raphson method can reduce the number of
multiplications, divisions, and subtractions/additions, its iteration
process converges in <5 iteration computes, with the specified
tolerance level £<0.01. However, the memory storage of
Newton—Raphson method is slightly greater than that of Gauss
elimination and back-substitution method. A fill-in with non-zero
elements in the admittance matrix ¥ could increase the memory
storage and computing-time requirements. In addition, a sparse
matrix technique [15, 21] can be used to overcome the
requirements of memory storage and computing time such as
storing the upper triangular portion of the symmetric matrix ¥ or
storing non-zero elements in one-dimensional vector with row
and column indications stored in two index vectors. Therefore,
the proposed self-organising algorithm is suggested to be superior
for establishing in an embedded system.

In addition, the flexible sensor was designed using a screen print-
ing technique with plastic/elastic substrates and metallic materials.
Considering the biocompatibility and electrical safety, medical
electrical equipments need to be validated for safety and
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Table 2 Comparison of the Newton—Raphson method and Gauss
elimination and back-substitution method

Task Method

Gauss elimination and
back-substitution method

Newton—Raphson method

memory storage  n°> for matrix ¥ and n for 2 x n? for matrices, ¥ and

vector 1 J7L 3 x5 for vectors, 1,
Wp+1), V(p)
440 B 920 B
multiplications ~n*/3 for Gauss 2 x n? per iteration
elimination
~n?/2 for back
substitution
divisions ~n*/2 for Gauss -
elimination
n for back substitution
subtractions/ ~n*/3 for Gauss ~2 x n? per iteration
additions elimination
~n?/2 for back
substitution
iteration process - <5
computer time, 0.4817 <0.2200
ms

(i) digital computer time for multiplications/divisions: 107° s; (ii) digital
computer time for subtractions/additions: 107" s, and (iii) 4 B for each
digital storage [15].

effectiveness before their commercialisation by the standard of
International Electrotechnical Commission (IEC) 60601 series
[22]. The design of the proposed monitoring sensor has reduced a
large amount of electrical units including the analytical circuit
and alarm unit which have been virtualised and implemented in
an embedded system and intelligent mobile devices. With its feasi-
bility that had been verified, the proposed individualised prototype
tool can also enhance the priority in warning signals reading, cloud
computing, and cloud storages via WiFi wireless communication
for clinical applications during dialysis therapies.
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