
Technology and Health Care 25 (2017) S305–S315 S305
DOI 10.3233/THC-171334
IOS Press

Design of an ultrasonic physiotherapy system
with pulse wave feedback control

Ran Penga,b, Yang Luoa, Zhangyong Lia,∗, Wei Wanga and Yu Panga

aChongqing University of Posts and Telecommunications, Chongqing, China
bNational Engineering Research Center of Ultrasound Medicine, Chongqing Medical University,
Chongqing, China

Abstract.
BACKGROUND: Due to different physical and biological mechanisms behind ultrasound hyperthermia and phonophoresis,
the requirement for ultrasound power, frequency and control modes varies.
OBJECTIVE: This paper introduces an adaptive ultrasonic physiotherapy system based on real-time surveillance over physi-
ological characteristics of the patients, which in turn assists the individual treatment and dose limitation in auxiliary rehabilita-
tion.
METHODS: The method essentially takes advantage of distinctive characteristics of two different phases (systole and diastole)
of the human cardiac cycle as a medium for modulation. The abundance of blood flow during systole enables energy exchange
for hyperthermia while blood flow insufficiency caused by diastole assists in drug penetration. Said method could improve the
adjuvant therapy as it provides partial drug penetration and therapeutic dosage control.
RESULTS: By adjusting time window and intensity of multi-frequency ultrasound, it is possible to reduce the irradiation
dosage to around 22% of that during continuous irradiation at 1 MHz. The method shows high potential in clinical practice.
CONCLUSION: Frequency-tuning ultrasound therapy would be more efficient regarding drug penetration and improve the
therapeutic efficacy of hyperthermia.

Keywords: Ultrasonic physiotherapy, ultrasound hyperthermia, drug penetration, physiological parameter feedback, real-time
control

1. Introduction

The mechanical, thermal, cavitation and dispersion effects of ultrasound can induce biological effects
in human tissue, among which a few effects may be utilized for therapy and rehabilitation [1,2]. Recent
research and clinical examinations have established safe doses for therapeutic ultrasound [3], resulting in
rampant growth of its clinical applications-notably its widely recognized application in adjuvant therapy.

Previous studies on ultrasound technique in rehabilitation treatment applications were mainly focused
in two directions: 1. The ultrasonic thermal effect which benefits soft tissue recovery and provides pain
relief; 2. Ultrasound mechanical effects which improve drug penetration for adjuvant therapies [4]. The
treatment of diseases such as postherpetic neuralgia, tuberculous pleurisy, chronic prostatitis and joint
injuries would benefit significantly from the combination of both ultrasound diathermy and ultrasound-
mediated drug delivery [5].
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Fig. 1. System principle block diagram.

Phonophoresis relies on mechanical energy to alter the cell membrane permeability and in the process
enhances cell membrane diffusion, thus making it easier for the drug to pass through the skin or mucous
membrane into the body and improve the therapeutic effect [6]. Previous studies have shown that high
transmission power was not necessary for medicine penetration. Selection of appropriate ultrasound
frequency depends on the part of the body in need of treatment as well as the medicine adopted for the
treatment. Suitable frequencies usually fall within the range of 20 kHz–3 MHz [7].

In contrast, ultrasound hyperthermia, mostly using 1 MHz frequency and relatively high power, relies
upon the conversion of ultrasonic energy into heat. In healthy tissue, 79% ∼ 82% of the heat generated
by ultrasound would disperse through blood circulation. Due to inadequate blood supply, tumors and
inflamed tissue absorb a great deal of energy, which leads to cell structure damage and inhibited growth.
Ultrasound hyperthermia accelerates cell metabolism of healthy tissues, thereby assisting the functional
repair of normal tissues [8].

As indicated above, the characteristics of the blood supply cycle were integrated into the output control
parameters. And to improve individual treatment effect and dosage limitation, we take advantage of the
periods of abundant blood flow for energy conversion of hyperthermia and that of insufficient blood flow
to assist drug penetration.

2. Method and design

The establishment of this system is to synchronize ultrasonic output with human pulse rate and to
remain consistent with the body’s circadian rhythm. Precise and reliable control of the output power
and treatment modes of ultrasonic therapy can be achieved with the components shown in the system
principle block diagram (Fig. 1).

2.1. Overall design

Since the control of ultrasonic intensity is mainly determined by the arterial blood volume, the finger
photoplethysmography is utilized for signal acquisition of this design to detect the variations of blood
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volume [9]. The collected pulse statistics are transmitted to the ultrasonic frequency DDS (Direct Digital
Synthesizer) as critical parameters of ultrasonic power control.

The field-programmable gate array (FPGA) receives the pulse waveform and performs frequency do-
main filtering. The information provided is an important reference for choosing the appropriate ultra-
sonic treatment mode, specifically for selecting the output frequency and adjusting the pulse sequence
and duty ratio. These parameters are synthesized in an acoustic power control module that signals one
or more of the ultrasonic transducers to work in cooperation. The system thereby selects the optimal
treatment mode and dosage adjustment based on the physical condition of each patient, which enhances
the treatment effect.

2.2. Ultrasound hyperthermia and drug penetration

Ultrasonic hyperthermia relies on the conversion of ultrasonic mechanical energy into thermal energy
in biological tissues. Higher temperature causes damage to lesion tissue, while a lower amount of en-
ergy absorption promotes the rehabilitation of lesion tissue [10]. The low-intensity pulsed ultrasound
(LIPUS) used in this rehabilitation technology transfers energy at an intensity less than 3 W/cm2, which
is not sufficient to cause a thermal effect, so it avoids the adverse reactions associated with traditional
ultrasound treatment. This technique has achieved satisfactory results in rehabilitation from surgical in-
cision, tendon injury, nerve injury and fracture, as well as regeneration or repair after radioactive bone
necrosis [11].

Ultrasonic drug penetration, also called phonophoresis, utilizes the effect of ultrasonic waves on the
dispersion of a medium that increases the permeability of cell membranes, helping the drug to pass
through the skin or mucosal membrane into the body. This effect has been used with external therapeutic
drugs in traditional Chinese medicine [12]. The application of drug directly to the treatment site helps
avoid the first-pass effect and maintains its original efficacy [13].

Assuming that the stratum corneum lipid region is parallel to the surface of the skin, the ultrasonic
permeability coefficient PUS of a small molecule (Mr < 500) can be expressed as follows:

PUS =
K ·DW · Φ

N · I
. (1)

K is the permeability coefficient of the drug in the water channel.N is the number of molecules in the
lipid region (N = 15). I is the thickness of each layer of the lipid zone (usually, I = 50 nm). Φ is the
area of the water channel for the lipid region, and DW is the drug diffusion coefficient (usually, DW =
5 × 10−5). In the equation, Φ, N , I and DW are not related to the properties of the drug; therefore, the
effectiveness of ultrasonic penetration is independent of the drug properties [14].

The low-frequency infiltration enhancement rate E is expressed by the following formulas:

Etotal =Econv · Ediff, (2)

Econv =
Pe

1 − exp(−Pe)
, (3)

Ediff =
H
( rp
rus

)
·
(
ε
τ

)us
H
( rp
rpassive

)
·
(
ε
τ

)passive , (4)

Where Econv is the infiltration enhancement rate caused by convection. Ediff is the infiltration enhance-
ment rate caused by diffusion. Pe is the Peclet number. ε represents the porosity of the stratum corneum.
τ represents the distortion of the stratum corneum. rp is the hydration radius of the drug. rus and rpassive
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Fig. 2. Power adaptive control based on PID.

represent the effective radius of the stratum corneum water channel under ultrasonic conditions and
natural condition. H is the diffusion barrier factor function.

The calculations show that under low-frequency ultrasound, the drug can pass through the water chan-
nel of the disordered lipid region formed by the ultrasound. Because the structure of a keratinocyte cell is
more open than that of a lipid region, the penetration is much faster in a keratinocyte cell. Therefore, the
penetration frequency selection should be determined by the composition of the disordered lipid regions.

2.3. Feedback control of PID algorithm

In this system, the average pulse rate of the patient is used to determine the power feedback, and the
ultrasonic output Pi is calculated according to the power conversion rate of the transducer:

Pi = K
BP × 40 ×Q×N

300 × 60
. (5)

The power generator is modulated by: P0 = Pi

α .
In Eq. (5), Q is blood flow per heartbeat; N is pulse beats per minute and K is the adjusted coefficient

of power. On account of the differences in individual physical fitness and the ability to withstand ultra-
sound intensity at the disease site, the coefficient K can be adjusted in addition to the pulse feedback
control.

The system determines the proportional coefficient, integration time and differential time of the
proportional-integral-derivative (PID) controller according to the characteristics of the controlled pro-
cess. Moreover, a fuzzy PID is applied to the automatic control of amplitude and frequency switching.
The transfer function of the regulator is expressed as follow:

G(S) =
U(S)

E(S)
= Kp +

Ki

S
+KdS = KP

(
1 +

1

TiS
+ TdS

)
. (6)

In Eq. (6), KP is the proportional coefficient, Ki is the integration coefficient, Kd is the differential
coefficient, Ti is the integral time constant and TD is the differential time constant.

PID control parameters are determined by calculating the pressure deviation e and deviation change
rate ec real-time and the fuzzy set is then established together with control parameters Kp, Ki and Kd

(as shown in Fig. 2) [15]. In this process, the triangle and normal membership functions are applied to
predict the result precisely, and the control parameters are corrected by the combination of the morpho-
logical characteristics of the pulse wave.
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Fig. 3. System schematic block diagram.

3. System composition

The main hardware components of this system include a system control module, a pulse acquisition
and processing module, a DDS module, a channel selection module, a high-frequency power generator,
an ultrasonic transducer and a frequency monitoring module, as shown in Fig. 3.

The system control module, which employs an Altera Stratix II series FPGA (EP2S60F484) as the
primary processor, coordinates the operation of the other modules and generates the ultrasonic control
signal. During the signal acquisition and processing, it produces synchronous control signals contain-
ing blood volume information obtained through the acquisition of the pulse wave and delivers them to
the DDS, which generates square signal. It is used to control the ultrasonic frequency, duty cycle, and
repetitive cycle.

This signal switches and controls the transducer via multiplexers (Max4051), and then it is converted
to a high-frequency analog signal by the high-frequency power generator. Ultimately, the transducer
converts electrical energy into ultrasound effects at the disease site. Due to the difference in transmis-
sion between impedance matching and ultrasound channel, the actual frequency and amplitude should
be adjusted by the feedback signal from the monitoring module to ensure precise control. The circuit
protection module comprises a temperature detection circuit and an alarm circuit, which detect the tem-
perature of the transducer anrated ensure it can work stably.

3.1. DDS frequency source

The DDS frequency source consists of a phase accumulator, a sine look-up table, a D/A (digital to
analog) converter and a low-pass filter [16].

In Fig. 4, fr is the reference clock frequency and f0 is the output signal frequency. The phase accumu-
lator receives the L-bit frequency control word which is called PFSW, accumulating PFSW in each clock
cycle, and then it transmits the high K bit of the accumulative results to the sine look-up table. The sine
wave previously stored in the look-up table is then sent to the D/A converter after the system seeking,
and converting phase increment to output frequency successfully.
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Fig. 4. DDS Work flow chart.

Fig. 5. Frequency feedback control block diagram.

As the phase accumulator accumulates fully, it will generate an overflow which presents a full cycle
of the rotation around the center and then implements ensuing output. The cycle of the output signal is

To =
2LTr
PFSW

=
1

fo
. (7)

3.2. Power generation and monitoring

The energy output of the ultrasonic transducer is controlled by the high-frequency power generator
module, which acquires the control signal in real time through feedback calculation of the pulse wave
provided by the FPGA. Different therapies combination can be achieved by altering the treatment time,
power output and pulse sequence.

The system drives the power amplifier to work through the drive circuit and generates the corre-
sponding output power, while a transmission line transformer is employed for the broadband impedance
matching of the ultrasonic transducer. The feedback loop, namely the frequency monitoring module,
obtains and transmits the voltage sampling and phase detection results to the FPGA for phase-sensitive
detection, as shown in Fig. 5.

Phase-sensitive detection extracts weak signals of amplitude and phase from background noise, pro-
viding high flexibility, great linearity, and a strong inhibitory effect on random noise [17].
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Table 1
System operating parameters

Center frequency (Hz) Static capacitance (pF) Syntonic impedance (Ω) Maximum acoustic power (W/cm2)
20 kHz (Type B) 1623 21.6 8.4 (@50% Duty ratio)
50 kHz (Type B) 1656 23.5 8.7 (@50% Duty ratio)
1 MHz (Type B) 1495 28.3 7.8 (@50% Duty ratio)
3 MHz (Type B) 4538 31.7 7.4 (@50% Duty ratio)
1 MHz (Type A) 1495 21.2 2.5 (Continuous output)

The input signal can be expressed as a superposition of N components:

Vi(n) = A sin(2πn/N + ϕ) + Vn(n), (8)

where n = 1, 2, . . . , N ; A is amplitude and ϕ is phase.
According to the matched filter (MF) principle, we find:

∧
A =

2

N

√
V 2
r + V 2

q

∧
ϕ = arctan

(
Vq
Vr

)
. (9)

In Eq. (9), Vr is the syntropic component,

Vr =

N∑
n=1

Vi(n) sin

(
2πn

N

)
;

and Vq is the quadrature component,

Vq =

N∑
n=1

Vi(n) cos

(
2πn

N

)
.

The framework of digital phase-sensitive detection is based on multiplication and accumulation, which
is easily realized in FPGA, in order to improve system integration and reduce power consumption. With
this design, it is possible to adjust the duty cycle of the signal and precisely control the pulse sequence.

4. Evaluation and results

4.1. System parameters

Exceeding the tolerance threshold of the biological cell tissue to the dose of ultrasound therapy will
cause irreversible damage to the organism [18]. In general, acoustic intensity within the range of 0.1–
2.5 W/cm2 will meet the needs of most treatments, while continuous intensity above 3.0 W/cm2 may
cause damage. Low acoustic intensity has been used for treatment of sensitive biological organs, while a
high instantaneous pulse (up to 8.0 W/cm2) is occasionally applied for auxiliary drug delivery. Therefore,
selection of the functional characteristics of ultrasonic transducers in the system is crucial.

The ultrasonic transducer used in this system has a diameter of 2 cm for hyperthermia (labeled as ‘Type
A’), and a diameter of 1 cm for phonophoresis (labeled as ‘Type B’). To obtain the transducer parameters,
a 4294A Agilent precision impedance analyzer (with a frequency range of 40 Hz–110 MHz) measured
the resonant impedance and capacitance, and an HFO-660 fiber optic hydrophone system from ONDA
measured the ultrasonic dose in water. The measurement results are shown in Table 1.
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Fig. 6. (a) Original pulse waveform. (b) Control signal from modulation.

4.2. Pulse wave acquisition and modulation

The normal range for pulse rate is 60–100 beats per minute. The amplitude and rhythm, which reflect
the endurance capacity of dose and adaptive frequency of the individual, could be regarded as control
basis of power and frequency [19]. In this system, the pulse wave signal is the basis of ultrasonic energy
output and parameter adjustment.

The measured arterial pulse wave is formed by the blood spreading in the arterial circulation. The
ascending branch of the wave reflects the passive expansion of the artery at the ventricular ejection
period. The descending branch reflects the retraction of late-stage ejection. Furthermore, the dicrotic
notch and dicrotic wave reflect the arterial elasticity and blood flow status. The variation regularity of
blood volume and basic physiological status of a patient can be obtained through the identification and
analysis of these features, allowing for amplitude-frequency selection and time division control based
on physiological information [20].

In the process of pulse signal acquisition, there is inevitable baseline drift due to involuntary body
movement and breathe, in addition to high-frequency noise and pseudo-peaks due to electromagnetic
interference, as shown in Fig. 6a. In this study, the wavelet transform was applied to the signal from
filtering and amplification and subsequently employed for analysis and modulation.

The ultrasonic control signal is modulated to the processed pulse wave as the carrier signal, which is
shown in Eq. (10), where the modulated waveform is F (t) and the pulse wave is m(t):

F (t) = m(t) ∗ (1 + f(t)). (10)

After a series of processes as described, the final ultrasonic control signal contains pulse wave infor-
mation, as shown in Fig. 6b. Through modulation, the output amplitude is restricted to a moderate grade
while the ultrasonic transducer is set at the optimal working status from frequency selection, thereby
stabilizing the output.

4.3. Output control based on blood volume

In ultrasound hyperthermia, ultrasound energy is absorbed by the tissue and converted into heat. In
healthy tissues, most of the heat produced is dispersed through blood circulation; however, tumors and
inflamed tissue with typically inadequate blood supply retain a great deal of heat, which leads to the
destruction of cell structure and growth inhibition, as shown in Fig. 7.

In this design, the dosage control is based on periodic changes in the volume of arterial blood. When
the blood volume is high, the corresponding high ultrasonic irradiation is applied to destroy the tumor
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Fig. 7. Schematic diagram of tumor and healthy tissue after ultrasonic hyperthermia.

Fig. 8. Comparison between alternating frequency and pulse wave.

and inflammatory tissues, enabling the thermal radiation of normal tissues to be dispersed by the circu-
lation of the blood. During the low-volume stage, the specified ultrasound frequency and pulse are set to
assist particular drug penetration, as shown in Fig. 8.

By adjusting the time window and intensity of multi-frequency ultrasound, the irradiation dose was
reduced to around 22% of that during continuous irradiation at 1 MHz, with an acoustic intensity of
2.0 W/cm2, which still offers considerable treatment benefits. The alternate ratio of Type A: Type B is
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2:8, as shown in Fig. 8. For topical drug penetration, alternating frequency ultrasound therapy would be
more effective, while assisting lesion rehabilitation through hyperthermia.

5. Conclusions

At this stage, the functional verifications of the system have been completed but clinical experiments
have not yet been conducted. The results of this study show that the system is capable of pulse wave
real-time acquisition and power control with the pulse modulated ultrasonic signal, which achieves syn-
chronization of the acoustic effect and the human cardiovascular system.

In addition to the methods described above, the system output could be adjusted to deliver a short
burst of high-power ultrasonic pulse appropriate to the treatment site and the individual characteristics
of the patient. This mechanism would further actualize the dosage control and system optimization. The
mechanism research would be phased in follow-up work.

This system accomplishes the synchronization of the ultrasonic output dose with physiological
rhythms as well as the accurate and reliable control of treatment patterns and cycles, enabling smarter
and more effective ultrasonic rehabilitation therapy.
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