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Model-Based Synthetic Fuzzy Logic Controller for
Indirect Blood Pressure Measurement

Jia-Jung Wang, Chin-Teng Lin, Senior Member, IEEE, Shing-Hong Liu, and Zu-Chi Wen

Abstract—In this paper, a new measurement system for the non-
invasive monitoring of the continuous blood pressure waveform
in the radial artery is presented. The proposed system comprises
a model-based fuzzy logic controller, an arterial tonometer and a
micro syringe device. The flexible diaphragm tonometer is to reg-
ister the continuous blood pressure waveform. To obtain accurate
measurement without distortion, the tonometer’s mean chamber
pressure must be kept equal to the mean arterial pressure (MAP),
the so-called optimal coupling condition, such that the arterial
vessel has the maximum compliance. Since the MAP cannot be
measured directly, to keep the optimal coupling condition becomes
a tracking control problem with unknown desired trajectory.
To solve this dilemma, a model-based fuzzy logic controller is
designed to compensate the change of MAP by applying a counter
pressure on the tonometer chamber through the micro syringe de-
vice. The proposed controller consists of a model-based predictor
and a synthetic fuzzy logic controller (SFLC). The model-based
predictor is to estimate the MAPs changing tendency based
on the identified arterial pressure-volume model. The SFLC is
composed of three subcontrollers, each of which is a simple fuzzy
logic controller, for processing the three changing states of the
MAP: ascending, descending and stabilizing states, respectively.
Simulation results show that, for the MAP with changing rates
of 10, 20 or 30 mm Hg/min, the model-based SFLC can
beat-to-beat adjust the tonometer’s chamber pressure only with a
mean square error of 1.9, 2.2, or 2.8 mm Hg, respectively.

Index Terms—Compliance, fuzzy logic control, mean arterial
pressure, oscillometry, tonometer.

I. INTRODUCTION

T HE current technologies of indirect blood pressure
measurement primarily include the oscillometric and

Korotkoff methods. Both methods apply an occlusive cuff, as
an external pressure source, wrapping around a subject’s upper
arm to disclose the systolic and diastolic pressures within 30 to
60 s. In the oscillometric method, as the occluding cuff pressure
is gradually reduced from above systolic values to below
diastolic values, occlusive cuff pressure oscillations show a
specific pattern [6], [10], [29]. It is now generally accepted
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thata maximum vessel volume pulse or occlusive cuff pressure
oscillation occurs when the occlusive cuff pressure is identical
to the mean arterial pressure (MAP)[2], [3], [7]. This means
that the artery can be considered to be in anoptimal coupling
conditionbetween the artery and the cuff pressure.

A number of techniques have been proposed to noninvasively
detect continuous arterial blood pressure waveform [12], [21],
[32]. Yamakoshi and others employed the vascular unloading
technique to measure the continuous blood pressure from the
arteries in fingers and heads [27], [36]. In their instruments,
the cuff pressure is set up only in the beginning at the level
of a subject’s MAP. Since Stein and Blick first developed a
mechanical force-sensing arterial tonometer, various kinds of
tonometers using piezoelectric crystals have been designed to
register the blood pressure waveform in the superficial artery
[9], [26], [33], [39]. However, only a moderate accuracy was
achieved when applying those tonometers. By means of regis-
tering the radial artery filling, the rapid noninvasive measure-
ment of arterial opening pressure was performed with a pho-
toplethysmography [25]. Drzewieckiet al. designed a flexible
diaphragm tonometer to simultaneously measure arterial blood
pressure waveform and vessel volume pulse [8]. Because these
studies usually did not consider the coupling condition between
the sensor and the artery, the accuracy of the measured blood
pressure waveform with their devices was uncertain due to not
taking the time-varying MAP into account.

Several control techniques have been proposed in the drug
syringe to remain the patient’s MAP in the desired range [4],
[16], [22]. These control schemes can be classified as set-point
control schemes, in which the plant has a target output for de-
termining the error signal for the controller. Moreover, most of
the previous control systems operated mainly on mathematical
models of patients. However, it is difficult to identify a useful
and simple mathematical model of patients due to the com-
plexity of the human body. Even with an available mathemat-
ical model, it is still not easy to design a controller to meet the
practical requirements. Recently, fuzzy logic control (FLC) has
been widely applied in the anesthesia control and other biomed-
ical control [14], [20], [31]. One of the advantages in using the
FLC is that it can be constructed empirically without explicit
mathematical models of nonlinear physiological systems.

The goal of this paper is to design a system for measuring the
continuous blood pressure waveform accurately without distor-
tion. In order to achieve this goal, we use a modified flexible
diaphragm tonometer to sense the continuous blood pressure
waveform through a pressure transducer [30]. Importantly,
in the measuring process, we should keep the tonometer’s
mean chamber pressure equal to the MAP, i.e., to keep the
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optimal coupling condition, such that the chamber pressure can
accurately reflect the intra-arterial blood pressure waveform
without distortion, because the arterial vessel has the maximum
compliance in this condition [7], [11], [23], [28]. However,
since the MAP cannot be measured directly, it is difficult to
design a controller to make the tonometer’s mean chamber
pressure to track the MAP directly. As a result, we shall apply
the oscillometric principlewhich indicates that if the detected
vessel volume pulse can be kept at its maximum amplitude, the
optimal coupling condition can be guaranteed [34], [35]. Ac-
cording to this principle, since the vessel volume pulse can be
measured by the tonometer through the impedance method, the
control objective in our measuring system is to keep the vessel
volume pulse always at its maximum amplitude. However,
the relationship between the amplitude of the detected vessel
volume pulse and the difference of the mean chamber pressure
and the MAP (i.e., thetransmuralpressure) is nonmonotonous
Gaussian-function-typed. Moreover, since the MAP always
responses to human physiological conditions, it varies with
time. Hence, when the detected vessel volume pulse departs
from the maximum amplitude, the controller has no sense on
the adjustment direction. Therefore, to maintain the optimal
coupling condition is a time-varying trajectory-tracking control
problem with unmeasureable desired trajectory for tracking
[18], which is a challenging task. To solve this problem, a
predictor is designed to estimate the changing tendency of the
MAP. When the estimated MAP is increasing, the controller
should increase the chamber pressure; otherwise, the controller
should decrease the chamber pressure such that the vessel
volume pulse can regain its maximum value. In this way, the
optimal coupling condition can be maintained stably.

According to the approach described in the above, the
proposed system for measuring the arterial blood pressure
waveform contains a fuzzy controller, a model-based pre-
dictor, a modified tonometer and a micro syringe device.
The tonometer can simultaneously register the arterial blood
pressure waveform and vessel volume pulse and thus, through
the micro syringe device, the changed vessel volume amplitude
induced by the change of the MAP can be compensated by
applying a counter pressure to maintain the maximum vessel
volume amplitude. A proposed synthetic fuzzy logic controller
(SFLC) is utilized to control the micro syringe. The SFLC is
composed of three parallel subcontrollers, each of which is a
simple fuzzy logic controller, for processing the three changing
states of the MAP: ascending, descending and stabilizing
states, respectively. At the same time, a model-based predictor
is utilized to estimate the MAPs changing tendency and suitably
trigger one of the three subcontrollers.

In order to construct a more reliable simulation environment,
the arterial blood pressure waveform and vessel volume pulse
are simultaneously measured with the modified tonometer for
nine subjects. Based on the experimental data, we derive a
static arterial pressure-volume relationship as a target model
in the noninvasive blood pressure measurement. Then we use
this model as the plant of the proposed measurement system
and to construct a model-based predictor. Under different
changing rates of the MAP, the simulated results show the good
estimation capability of the model-based predictor that can

estimate the tendency of MAP and adapt the SFLC well. The
SFLC can successfully control the mean chamber pressure of
the tonometer to achieve the optimal coupling condition in the
measuring process.

This paper is organized as follows. In Section II, the sen-
sory device and the chamber-artery model are described. In Sec-
tion III, the model-based synthetic fuzzy logic controller is de-
signed for the proposed measuring system. In Section IV, the
experimental process for modeling and the simulation results of
the chamber pressure control based on the proposed measure-
ment system using the model-based SFLC are presented. Con-
clusions are made in Section V.

II. SENSORYDEVICE AND CHAMBER-ARTERY MODEL

In this section, we design the noninvasive measurement
system to record the continuous arterial blood pressure wave-
form based on a modified tonometer. In order to get the
accurate blood pressure waveform, this system must keep the
tonometer’s mean chamber pressure equal to the MAP, i.e.,
to keep the optimal coupling condition. However, since the
MAP cannot be measured directly, we shall take use of the
oscillometric principle, which indicates that if the detected
vessel volume pulse can be kept at its maximum amplitude,
the optimal coupling condition can be guaranteed. Therefore,
we modify a tonometer such that it not only can measure the
arterial blood pressure waveform by a pressure transducer but
also can detect the vessel volume pulse through the impedance
method simultaneously. We also design a micro syringe device
to change the chamber pressure of the tonometer to track the
MAP. Based on this measurement device, we then apply the os-
cillometric principle to derive a Gaussion-function-type model
for modeling the static arterial pressure-volume relationship
under the tonometer.

A. Structure and Principle of the Tonometer

A flexible diaphragm arterial tonometer, modified from the
previous studies is constructed to detect the arterial blood pres-
sure and the vessel volume pulse simultaneouly [8], [23]. The
tonometer is made principally of plexiglass and is miniaturized
so that it could be directly positioned over a superficial artery.
As shown in Fig. 1, inside the tonometer is a hollow chamber
into which users can perfuse saline. Within the chamber are four
electrodes, made of stainless steel, that are arranged in parallel.
There are two fluid outlets in the tonometer: one is for the filling
of the chamber and the other is for the removal of the air in the
saline if present.

The change in the chamber pressure is continuously moni-
tored using a pressure transducer (NPI-12, Lucas, USA) that
is connected to the chamber. To reduce the distortion of the
pressure waveform caused during transmission, the distance be-
tween the sensor and the chamber is kept as short as possible.
Also, the connecting tube between them is made from stiffer
material.

In the study, the variation of the vessel volume is assessed
using the impedance plethysmography [8]. In this method, a
constant current source is designed and connected to any two of
electrodes. As the current passed through the conductive fluid
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(a) (b)

Fig. 1. (a) Three-dimensional view of the modified flexible diaphragm arterial
tonometer and (b) sectional view of the flexible diaphragm tonometer.

(here, saline) between the two electrodes, a voltage difference
is induced between them.

The resistance, , of a rectangular compartment, corre-
sponding to the space between the two electrodes, can be
represented by

(1)

where is the resistivity of the fluid in the compartment,is
the length and is the cross-section area of the compartment.
Based on the fact that the volume of the compartment,, is
the product of and , the resistance can be expressed as

(2)

Then, the voltage difference, , across the compartment can
be obtained by

(3)

where is the current passing through the compartment.
From (3), it is clear that is inversely proportional to the

compartment volume. That is, asand are maintained and a
constant current is applied, the more the volume, the smaller the
voltage difference between the two electrodes.

B. Micro Syringe Device

Fig. 2 shows the structure of the micro syringe device. This
device includes a stepping motor (TECO, Taiwan), a self-de-
signed spiral stick and a micro syringe (500F-LL-GT, GAS,
USA). When the predictor detects a change in the MAP, the
stepping motor is triggered by the controller to push or pull the
micro syringe so as to increase or decrease the amount of saline
in the tonometer chamber. This will then result in an increment
or decrement of the chamber pressure directly.

C. Modeling of Tonometer Chamber

With the flexible diaphragm tonometer, sensing the fluctua-
tion in the chamber fluid pressure of the tonometer may indi-
rectly assess the arterial blood pressure in this study. This mea-
surement is based on a principle known as the indirect vascular

Fig. 2. Structure description of the micro syringe device.

unload which was proposed in the oscillometry [13], [34]. Gen-
erally, previous investigators concluded that when the vessel
volume pulse or occlusive cuff pressure oscillation arrived at its
the maximum amplitude, the occlusive cuff pressure was nearly
equal to the MAP.

Here, for convenience, it is assumed that the overall arterial
mechanical properties can be dominated by a static arterial pres-
sure-volume relationship [2], [24]. This is depicted by

if
if

(4)

where is the vessel volume at the , is a simulated
waveform of vessel volume, is the vessel volume when the
artery is fully expanded, both and are constants, and is
the transmural pressure which is equal to the difference between
the MAP and the chamber pressureas

(5)

This waveform of vessel volume is synthesized using a
Fourier series representation

(6)

where is the heart rate and , and are constant
values, is the phase. One typical representation of this rela-
tionship is described in Fig. 3, assuming the MAP is 90 mm Hg.
With an inflation rate of 3 mm Hg/min, Fig. 3(a) describes the
oscillation curve, showing the relationship of the vessel volume
pulses to the chamber pressure. During the period of inflation,
the amplitude of the oscillation is gradually augmented and then
declines and arrives at its maximum as the chamber pressure is
around the MAP. Fig. 3(b) shows the distribution of the local
maximums of the vessel volume pulses in the oscillation curve
versus the chamber pressure.

By the curve fitting techniques [17], the envelope of the vessel
volume oscillation amplitude, , can be approximated by a
Gaussian curve represented by the solid line in Fig. 3(b). This
can be represented by

(7)

where is a constant and is the maximum of .

III. M ODEL-BASED SYNTHETIC FUZZY

LOGIC CONTROL

In normal control process, the difference between the mea-
sured output and the desired output is used as feedback to the
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(a)

(b)

Fig. 3. Static arterial pressure-volume relationship from the mathematical
derivations in (5)–(7). (a) Vessel volume pulse versus chamber pressure and
(b) amplitude of vessel volume pulse versus chamber pressure. The curve is
obtained by settingVmax = 3 �l, a = �0:1 mm Hg-1 andb = 0:1 mm
Hg-1, assuming that the vessel volume is in a simulated waveform, the heart
rate is 85 beats/min (bpm) and the MAP is 90 mm Hg.

controller, controlling the plant to achieve the level of the de-
sired output [14], [18], [38], the so-called “set-point control.”
According to the oscillometric principle and the optimal cou-
pling condition described in Section II, since the vessel volume
pulse can be measured by the tonometer, the aim of our con-
troller is to keep the vessel volume pulse at its maximum am-
plitude. An obvious dilemma of this control goal is that the
maximum amplitude to be approached ischanging from time to
time and is unknown in advance. Hence, what we encounter is a
time-varying trajectory tracking control problem with unknown
desired trajectory. If the chamber pressure is greater or lower
than the apparent MAP, the amplitude of vessel volume pulse
will become smaller than the maximum, as shown in Fig. 3.
In addition, since how the subject’s MAP varies with time and
whether the MAP is in the ascending or descending state are
unknown, the controller cannot utilize the difference informa-
tion to adjust the chamber pressure. Therefore, the model-based
SFLC is implemented in this section to deal with this problem.
The model-based SFLC consists of the SFLC and a model-based
predictor of MAP tendency. The SFLC can control the mea-
surement system under three different states of the MAP and
the model-based predictor can estimate the MAPs changing ten-
dency to regulate the SFLC appropriately.

A. Synthetic Fuzzy Logic Controller

The block diagram of the close-loop chamber pressure con-
trol system of the proposed measurement system is shown in
Fig. 4. The entire system comprises a SFLC, a model-based pre-
dictor used to adjust the SFLC, a micro syringe device used to

Fig. 4. Block diagram of the closed-loop chamber pressure control of the
proposed measurement system.

Fig. 5. Structure of the proposed SFLC that includes the ascending,
descending and stabilizing subcontrollers and decision maker.

change the chamber pressure of the tonometer and proper dis-
turbance added to the simulation model to create a more real-
istic control environment. It is likely that a great change in MAP
(ascending or descending) occurs due to blood pressure-related
diseases or other intervention. In accordance with this phenom-
enon, the proposed SFLC is composed of three parallel subcon-
trollers, i.e., the Stabilizing, Ascending, and Descending FLCs,
as shown in Fig. 5. A decision maker designates one of the
three subcontrollers to operate based on the estimation result of
the model-based predictor that is used to beat-to-beat evaluate
the changing tendency of MAP. In the beginning, because the
tonometer only detects the blood pressure waveform, we need
using an oscillometric method to measure the MAP, systolic and
diastolic pressures. Then, the measurement system triggers the
micro syringe device to make the chamber equal to the MAP and
uses the systolic and diastolic pressures to calibrate the blood
pressure waveform. This finishes the initialization step of our
system before the adaptive control of the SFLC. After this ini-
tialization step, the SFLC begins to adapt the chamber pres-
sure following the MAP. Hence, for , and

is its maximum when the chamber pressure
is equal to MAP. The SFLC designed here requires three input
variables, including the current and preceding normalized oscil-
lation amplitude of vessel volume, and
and the amount of change in the chamber pressure, .
The output of the SFLC, , is used to trigger the
micro syringe device, regulating the chamber pressure. Here,
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(a)

(b)

Fig. 6. Fuzzy term sets for the ascending and descending FLCs. (a) The
nine membership functions of the change in the chamber pressure,CCP (n):
“MP,” “DP,” “LP,” “VLP,” “Z,” “VLD,” “LD,” “DD,” and “MD.” (b) The five
membership functions of the normalized amplitudes of the vessel volume pulse,
V OA(n) or V OA(n � 1): “BEST,” “BETTER,” “GOOD,” “WORSE,” and
“WORST.”

and indicate the preceding and the next sampling
time of , respectively [19], [37].

The three parallel subcontrollers possess the similar fuzzi-
fiers and defuzzifiers, but have different rule bases. In either
of the Ascending and Descending FLCs, the fuzzy term set
for is composed of nine membership functions
[Fig. 6(a)]: much push (MP), moderately push (DP), little push
(LP), very little push (VLP), zero (Z), very little draw (VLD),
little draw (LD), moderately draw (DD), and much draw
(MD). These fuzzy terms are defined by means of triangular
functions in the [ 1.63 1.63] subset of real numbers. As shown
in Fig. 6(b), the normalized oscillation amplitude of vessel
volume, or , determine the degree of
the coupling between the vessel’s side and the tonometer’s
side with five membership functions, defined in the [0.9942 1]
subset of real numbers: BEST, BETTER, GOOD, WORSE,
and WORST. In the Stabilizing FLC, the fuzzy terms of

are defined in [ 1.12 1.12] and those of
and are defined in [0.9924 1].

In designing fuzzy rules, we followed these concepts. If
is worse than and is VLP in

the ascending state, will be LP to elevate the more
chamber pressure. Since the Ascending FLC is activated by the

decision maker when the MAP is in the ascending state, i.e., in
the direction of approaching its maximum. On the contrary, if

is worse than and is VLD in
the descending state, will be LD to decrease the
more chamber pressure. Since the Descending FLC is activated
when the MAP is in the descending state, i.e., in the direction
of departing from its maximum. Therefore, the functions of
the rules of the Ascending FLC are opposite to those of the
Descending FLC. In the Stabilizing FLC, if is worse
than and is VLP, then this control
action is incorrect. Thus, will be LD to reduce the
chamber pressure at the next time step, . Fundamentally,
the rule structure of the Stabilizing FLC is itself symmetric.

The individual-rule-based inference process is supervised
by computing the degree of match between the fuzzified
input values and the fuzzy set describing the meaning of
the rule-antecedent, as described in the rule set [5]. As ex-
pressed in (8), shown at the bottom of the page, the output

is produced by clipping the fuzzy membership functions
and the possibility distribution function is then found by
applying the Mamdani’s max-min operator, where inputs are

, and and
output is , where is fire rules number.
The technique of “center of gravity” is used to process the
defuzzification and to calculate the output, , of
the controllers, as expressed

(9)

where is the number of quantization levels of the output,
is the amount of degree output at the quantization leveland

represents its membership value in the output
fuzzy set .

B. Model-Based Predictor of Mean Arterial Pressure Tendency

In the previous section, we derived the tonometer chamber-
artery model (7). This model is used here to identify the varying
situations of the MAP. The goal is to predict the changing ten-
dency of the MAP, i.e., to identify whether the MAP is in as-
cending, stabilization, or descending state. To achieve this goal,
we shall design a linear predictor to predict the value of MAP
at the time step, , such that the difference between
the corresponding and the real is minimum [1].
In other words, the least square criterion for tuning the linear
predictor based on the sample is

(10)

where from (7),
is the real vessel volume amplitude,

is the estimated amplitude when the

(8)
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parameter is , is the prediction
error, where is the maximum of , is the
chamber pressure at time, is the real MAP at time .
The least square criterion aims at minimizing (10), by taking the
gradient of the optimization criterion:

(11)

Therefore, the recursive linear predictor using the gradient is
described by

(12)

where is the constant gain. Here, we use the gradient of
as the decision value. If a decision value falls within a

threshold region, it means that the present MAP is in a stable
state. Thus, the decision maker will trigger the Stabilizing
FLC of the SFLC to keep the chamber pressure. However, if a
decision value is beyond the threshold region, it implies that the
MAP is ascending or descending now, so the decision maker
will activate either the Ascending FLC or Descending FLC of
the SFLC.

IV. EXPERIMENT AND SIMULATION RESULTS

A. Experimental Process

Nine subjects (two females and seven males, 1837 years)
with normotension were enrolled to assess the static relationship
of the vessel volume amplitude to the transmural pressure. Each
subject’s blood pressure waveform and vessel volume pulse in
sitting position were simultaneously measured with the modi-
fied tonometer that was placed over the radial artery of the sub-
ject and fixed with an elastic bandage. The chamber pressure of
the tonometer was gradually increased up to 160 mm Hg, at a
rate of 3 mm Hg/s by means of the controlled micro syringe de-
vice. A period of about 30-second original measured signal of
the chamber pressure and vessel volume pulse for each subject
was digitized with a sampling frequency of 200 Hz and recorded
using the MP 100 Manager (BIOPAC System, Inc., USA). Anal-
ysis of the arterial pressure-volume relationship was performed
using a software package offered by SigmaPlot (SPSS, Inc.,
USA).

B. Simulation Results and Performance Comparisons

Before undergoing the experiment, the nine subjects’ sys-
tolic (120 11 mm Hg) and diastolic (71 9 mm Hg) pres-
sures were measured using an automatic blood pressure monitor
(OMRON R3, Japan). Their corresponding MAPs were approx-
imately assessed by summing two thirds of the systolic pres-
sure and one third of the diastolic pressure and found to be
87 8 mm Hg. Fig. 7 shows the static arterial pressure-volume
relationships obtained using one typical recording from the nine
subjects. Fig. 7(a) shows the curve of the vessel volume pulses
yielded by high-pass filtering the original measured signal of
vessel volume. All amplitudes of the vessel volume pulses corre-
sponding to each heartbeat are extracted and plotted with respect
to the transmural pressure, as shown in Fig. 7(b). It can be seen

(a)

(b)

Fig. 7. Derivation of the static arterial pressure-volume relationship from
subject no. 1. (a) Curve of vessel volume pulse versus the chamber pressure
and (b) distribution of the maximum vessel volume amplitude with respect to
the chamber pressure.

TABLE I
SUMMARY OF REGRESSIONPARAMETERS FOR THEGAUSSIAN FUNCTION AND

THE VALUES OF BLOODPRESSURE FORNINE SUBJECTS

that a peak occurs when the chamber pressure is equal to the
MAP. Also shown is the curve-fitting result using the Gaussian
function (solid line). In Table I, we list the values of the regres-
sion parameters for Gaussian function and the values of blood
pressure for each subject, including the regression (R), the stan-
dard error of estimate (SEE), the parameterin (7), the systolic
pressure (SYS), the diastolic pressure (DIS), the mean arterial
pressure (MAP) and the sex of subjects. In the table, we also
show the mean and the standard deviation (SD) of each param-
eter. Notice that the values of the parametercorresponding
to the nine subjects’ models are very distinct and their mean is
40.6 mm Hg.
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(a)

(b)

(c)

Fig. 8. Simulation results of the SFLC with a model-based linear predictor for
the MAP with a changing rate of�20 mm Hg/min. (a) The desired MAP (solid
line) and the chamber pressure (CP) under control (dot line), (b) the difference
between the desired MAP and the chamber pressure (solid line) and the SFLCs
output signals (bar lines), and (c) the normalized oscillation amplitude of vessel
volume in each heartbeat.

We modeled the arterial pressure-volume relationship by (7),
in which the value is 1, the is 40.6 mm Hg and the
MAP is 87 mm Hg. In order to test the generalization capability
of the SFLC, the chamber pressure was controlled to follow one
of the three desired MAPs changing rates, including10, 20
and 30 mm Hg/ min. In the linear predictor of our control
system, the threshold region was chosen to be0.8 mm Hg
through trial-and-error testing to obtain the best performance
of the SFLC. We also replaced the SFLC by a normal FLC and
a traditional PID controller under the same testing conditions
for performance comparisons. In our simulations, the rate of the
added disturbance to the variation of the MAP in each heartbeat
was set at about 0.3 mm Hg.

Fig. 8 shows the control performance of the SFLC with a
linear predictor, where the MAP is given at a changing rate
of 20 mm Hg/min. The chamber pressure under the SFLC
control as well as the desired MAP is shown in Fig. 8(a). It is
observed that the chamber pressure follows the desired MAP
closely. To see the control performance more closely, Fig. 8(b)
shows the difference between the actual chamber pressure and
the desired MAP and the SFLC output signals. It is found the
tracking error was kept within a fixed amount when the MAP

is ascending or descending. The SFLC output signals keep the
pressure values positive in the ascending process and keep the
pressure values negative in the descending process. The SFLC
produces only small positive or negative output signals to
keep the vessel volume at its maximum in the stabilizing state.
Fig. 8(c) displays the amplitude of vessel volume pulse in each
heartbeat. From this figure, we can find that the tracking error
is about 2 mm Hg. Because the parameterin (7) is too large,
the error of the normalized amplitude of vessel volume pulse is
only about 10 . Therefore, if we can increase the resolution of
the fuzzy term sets of and , the tracking
error is expected to be further reduced.

For performance comparison, in the second simulation we try
to use a normal FLC to reach the optimal coupling condition.
Since there is no model-based predictor and no subcontroller,
the concept of “stochastic exploration” is applied here to design
the fuzzy rules. In the beginning, the FLC guesses that the
MAP has a descending changing tendency, so it decreases
the tonometer’s chamber slightly. If the guess is wrong (i.e.,

is further descending), the FLC will increase the
chamber pressure again; otherwise, the FLC will keep the
same control direction with faster speed, until gets
close to the maximum. Therefore, the normal FLC designed
here requires three input variables, including the current and
preceding normalized oscillation amplitude of vessel volume,

and and the amount of change in the
chamber pressure, . The fuzzy term set for
is composed of nine membership functions: much push (MP),
moderately push (DP), little push (LP), very little push (VLP),
zero (Z), very little draw (VLD), little draw (LD), moderately
draw (DD) and much draw (MD) and or
is composed of five membership functions: BEST, BETTER,
GOOD, WORSE and WORST, so there are 225 if-then rules
totally. If the FLC guesses the tendency of MAP beginning
to arise, will not draw the chamber pressure. Thus,
there are only the fuzzy terms MP, DP, LP, VLP, and Z that will
be fired. When and fire the WORSE
or WORST conditions, will fire the MD or DD to
compensate the chamber pressure. On the contrary, if the FLC
guesses the tendency of MAP beginning to go down,
will not push the chamber pressure. Thus, there are only the
fuzzy terms MD, DD, LD, VLD, and Z that will be fired.
When and fire the WORSE or WORST
conditions, will fire the fuzzy terms MP or DP to
compensate the chamber pressure. Therefore, there are only
124 if-then rules that will be used. The corresponding control
performance of this simple FLC is shown in Fig. 9, where the
stairwise outputs reflect the future of the exploration-typed
control scheme. The curves in the figure obviously show that
the controlled chamber pressure cannot stably and smoothly
follow the desired MAP. Some previous papers [15], [37] also
observed this phenomenon.

Finally, to compare the performance of the proposed scheme
to that of a traditional approach, we replace the SFLC in Fig. 4
by a synthetic PID controller, which contains three PID subcon-
trollers and keep the other components in Fig. 4 unchanged. We
have tried our best to tune each PID subcontroller to achieve
its best performance and the simulation results are shown in
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(a)

(b)

(c)

Fig. 9. Simulation results of the normal FLC for the MAP with a changing rate
of�20 mm Hg/min. (a) The desired MAP (solid line) and the chamber pressure
(CP) under control (dot line), (b) the difference between the desired MAP and
the chamber pressure (solid line) and the FLCs output signals (bar lines), and
(c) the normalized oscillation amplitude of vessel volume in each heartbeat.

Fig. 10. The results show that even with the model-based linear
predictor, the PID-based control system cannot track the desired
MAP accurately and stably. It was found in our simulation that
the produced stairwise tracking errors were larger than those in
Fig. 9. This is due mainly to the low tracking accuracy and speed
of the PID controller, which in turn results in lower prediction
accuracy of the linear predictor. Obviously, the lower predic-
tion accuracy for the MAP will worsen the tracking accuracy of
the PID controller. These two factors affect each other mutually.
In fact, in our simulations, the synthetic PID controller usually
failed to make the chamber pressure to follow the desired MAP
at all; it took us a large number of trial-and-error design pro-
cesses to obtain the synthetic PID controller producing the re-
sults in Fig. 10. The stairwise error oscillation phenomenon of
the PID control was also found in [16], [22].

The results of our simulations are summarized in Table II.
This table lists the maximum/minimum tracking errors and the
mean square tracking errors (tracking MSE) of the three con-
trollers mentioned above for three different changing rates of
the MAP ( 10, 20 and 30 mm Hg/min). From the table, we
see clearly that the SFLC with the model-based linear predictor

(a)

(b)

(c)

Fig. 10. Simulation results of the synthetic PID controller with a model-based
linear predictor for the MAP with a changing rate of�20 mm Hg/min. (a) The
desired MAP (solid line) and the chamber pressure (CP) under control (dot line),
(b) the difference between the desired MAP and the chamber pressure (solid
line) and the PID controller’s output signals (bar lines), and (c) the normalized
oscillation amplitude of vessel volume in each heartbeat.

TABLE II
SUMMARY OF THE CONTROL PERFORMANCE OFVARIOUS CONTROLLERS IN

THE PROPOSEDMEASUREMENTSYSTEM

has the best performance among the compared counterparts for
various changing rates of MAP.

V. CONCLUSIONS

This paper proposes the use of fuzzy logic control, called
model-based synthetic fuzzy logic controller (SFLC), for
achieving the optimal coupling condition in the noninvasive
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blood pressure measurement. A modified tonometer has been
manufactured and used to successfully measure the continuous
pressure waveform and the change in the arterial volume
from nine subjects. By applying the curve-fitting technique
on the experiment data, a Gaussian function was found and
used to model the relationship of the oscillation amplitude
of vessel volume to the transmural pressure. Based on this
model, a linear predictor was set up to estimate the MAP
trajectory in each heartbeat and the estimated results were
feedback to the SFLC for choosing a proper subcontroller. The
simulation results showed that the SFLC with three parallel
subcontrollers and a model-based linear predictor was capable
of precisely controlling the chamber pressure to tightly follow
the time-varying MAP. In our comparison studies, we also
observed that the SFLC with a model-based linear predictor
had better performance than the normal FLC and the traditional
PID controller. Since the whole control process is rather time
efficient, the proposed control system can beat-to-beat control
the chamber pressure in real time. Further clinical testing is
required to verify these conclusions practically.
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