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Abstract

Background:
To prevent complications in diabetes, the proper management of blood glucose levels is essential. Since 
conventional glucose meters require pricking fingers or other areas of the skin, a noninvasive method for 
monitoring blood glucose levels is desired. Using a lightweight cymbal transducer array, this study was 
conducted to noninvasively determine the glucose levels of pigs having a similar size to humans.

Method:
In vivo experiments using eight pigs (~200 pounds) were performed in five groups. A cymbal array with 
four biosensors was attached to the axillary area of the pig. The array was operated at 20 kHz at special  
peak–temporal peak intensity (Isptp) equal to 50 or 100 mW/cm2 for 5, 10, or 20 minutes. After the ultrasound  
exposure, glucose concentrations of the interstitial fluid were determined using biosensors. For comparison, 
glucose levels of blood samples collected from the ear vein were measured by a commercial glucose meter.

Result:
In comparison, glucose levels determined by a cymbal array and biosensor system were close to those measured  
by a glucose meter. After a 20-minute ultrasound exposure at Isptp = 100 mW/cm2, the average glucose level 
determined by the ultrasound system was 175 ± 7 mg/dl, which is close to 166 ± 5 mg/dl measured by the 
glucose meter.

Conclusion:
Results indicate the feasibility of using a cymbal array for noninvasive glucose sensing on pigs having a similar  
size to humans. Further studies on the ultrasound conditions, such as frequency, intensity, and exposure time,  
will be continued for effective glucose sensing.
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Introduction

In the management of diabetes mellitus, the tight 
control of blood glucose concentration can reduce the 
risk of short- and long-term complications, including 
chronic renal failure, retinal damage, nerve damage, 
cardiovascular disease, and microvascular damage.1,2 
While a conventional method of blood glucose monitoring 
by pricking fingers or other skin locations is widely 
used, it has disadvantages as an invasive�������������   and���������  painful  
technique, which �����������������������������������������    often leads to noncompliance������������� . Therefore, 
researchers have focused on develop����������������� ing��������������  alternatives 
capable of measuring glucose levels noninvasively or 
minimally invasively.3–8

Measuring glucose concentration of the interstitial 
fluid�������������������������������������������������          ������������������������������������������������        has shown to be an alternative to blood glucose 
measurements.4,7,9-11 One of the devices��������������������    used for�����������  measuring 
the glucose concentration of the interstitial fluid is a 
subcutaneous sensor such as the MiniMed continuous 
glucose monitoring system (Medtronic, Inc., Minneapolis, 
MN).9 Depending on the model, the subcutaneous sensor 
can measure the glucose level every 1 to 5 minutes. 
However, it �������������������������������������������      is still an invasive technique requiring a  
subcutaneous insertion of sensors. Also, it ��������� has some 
drawbacks, such as the need to replace sensors every 3 to 
7 days and the interaction of biological components causing 
physiological clots.12–14 Devices using microdialysis also 
measure the glucose concentration of the interstitial 
fluid.4 Despite the advantage of providing a sufficiently 
precise measurement, devices of this technique are either 
available for physicians only or are too bulky to wear 
during daily activities. In addition to these techniques, 
transdermal extraction of glucose in the interstitial fluid  
using ultrasound has been studied ����������������������   as a potential method 
of glucose sensing.7,10,11 Based on the facts that ultrasound  
can permeate skin and that the glucose level of the 
interstitial fluid is highly correlated to the blood glucose 
level, ultrasound has been used in transdermal drug 
delivery and monitoring glucose concentrations.7,10,11,15–20 

After the ultrasound enhances skin permeability by 
cavitation, glucose in the interstitial fluid is diffused 
out due to the difference of concentration between the 
interstitial fluid and the phosphate-buffered saline (PBS)  
solution in a reservoir.������������������������������     Because this method utilizes 
glucose that is diffused naturally through the permeabilized 
skin, ultrasonic glucose sensing is considered a non-
invasive modality.

To evaluate the practical use of an ultrasound system 
in diabetes management, a cymbal transducer array 

has been used in transdermal insulin delivery15–17 and 
glucose sensing.7 �����������������������������������������     The cymbal transducer is a flextensional 
transducer �������������������������   with a compact structure.18–20 For perspective 
human applications, a recent in vivo study has demonstrated 
the feasibility of using the cymbal array in ultrasonic 
transdermal insulin delivery on large animals having a 
similar size and weight to humans.17 As a milestone to  
a preclinical application, this research has investigated 
the feasibility of using the cymbal array in ultrasonic 
glucose sensing by conducting in vivo experiments with  
large pigs having a similar size and weight to humans  
(~200 pounds). Furthermore, the reliability of transdermal 
glucose sensing has been explored in different ultrasound 
exposure conditions.

Materials and Methods

Cymbal Transducer Array
The cymbal transducer is a class V flextensional transducer 
with an adjustable resonance frequency between 1 and 
100 kHz.21–23 In the design of a cymbal transducer, the 
lead zirconate–titanate (PZT) ceramic disk is sandwiched 
between metal end caps having a shallow cavity beneath 
the surface (Figure 1A). The radial motion of the 
ceramic disk is converted into the axial motion of end 
caps, which is the fundamental vibration mode of the 
transducer. To construct the cymbal transducer, the 
piezoelectric disk, having a diameter of 12.7 mm and a 
thickness of 1 mm, was made from PZT-4 (Piezokinetics, Inc., 
Bellefonte, PA). The end caps, made of 0.25-mm-thick  
brass, were bonded on the ceramic disk using Eccobond® 
(Emerson & Cuming, Billerica, MA) epoxy. In order 
to have the biosensors located between the array and 
the skin without disturbing the ultrasound field, four 
cymbal transducers were connected in a two-by-two 
pattern to construct an array arrangement and encased 
in polyurethane (CPD 9150, Epoxical, St. Paul, MN).  
The two-by-two array used in this study has the size of 
38 × 38 × 5 mm3� (Figure 1B).

In order to drive the array, a radio frequency (RF) 
signal was generated by a function/arbitrary waveform 
generator (Model 33250A, Agilent, Santa Clara, CA) and 
amplified by an RF amplifier (Model 25A250, Amplifier 
Research, Souderton, PA). Using an external tuning 
network, the electrical impedance of the array was tuned 
to the output impedance of the amplifier. Using a digital 
oscilloscope (Model 54622A, Agilent), the pulse duration  
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was controlled precisely by a Velmex positioning system  
(Velmex Inc., East Bloomfield, NY). In order to obtain the 
acoustic pressure profile, automatic scannings over the  
50 × 50-mm2 area with a 1-mm step size were performed 
by the computer-controlled exposimetry positioning 
system. Based on three scannings over a plane 2 mm 
away from the array surface, spatial peak–temporal peak  
(Isptp) intensity was determined in a mean and standard 
deviation. The intensities of the cymbal transducer array 
were 101.2 ± 2.3 and 50.9 ± 1.8 mW/cm2.

Biochemical Glucose Sensor
Based on the property of electrochemical biosensors that 
produce electrical signals proportional to the change 
of physiological parameters, enzyme-based biosensors  
were used as glucose sensors. In the presence of glucose 
oxidase enzyme (GOx), glucose reacts with oxygen (O2) 
and water (H2O) to produce gluconic acid and hydrogen 
peroxide (H2O2)26:

Glucose + O2 + H2O 
GOx

 Gluconic Acid + H2O2.

When a positive electric potential is applied under 
the presence of platinum as a catalyst, two hydrogen 
peroxide molecules are oxidized into oxygen, water, and 
four electrons:

2H2O2 
Pt

 2O2 + 2H2O 4e-.

The current produced in this reaction is proportional 
to the concentration of hydrogen peroxide, which is 
proportional to the glucose concentration.

In this study, the ������������������������������������    biosensors were fabricated based on 
polymer-thick film electrodes acquired from Conductive 
Technologies Inc��������������   ��������������������������   .�������������   ��������������������������    (York, PA).� ��������������������������    The biosensor consists of 
three electrodes: working, counter, and reference (Figure 2).  
To deposit platinum on the working electrode, platinic 
acid of 25 mM (Sigma-Aldrich Corp., St. Louis, MO) ���in  
0.1 M NaCl solution was placed over three electrodes��. 
Using ���������������������������������������������     a potentiostat (Model 283, Princeton Applied 
Research, Oak Ridge, TN)�������������������������     , a voltage of –0.5 volt 
between working and counter electrodes was applied 
for 60 minutes. ��������������������������������������   Glucose oxidase (1,000,000 unit/gram;  
Sigma-Aldrich Corp.) was immobilized by polyethylene 
glycol hydrogel. �������������������������������������   After �������������������������������  polyethylene glycol diacrylate 
(a molecular weight of 575; Aldrich Corp.) was diluted 
with distilled water to ������������  �� �������������������  produce�����  �� �������������������   a 20% solution�����������  ,����������   a liquid 
photoinitiator (2-hydroxy-2-methyl-1-phenyl-1-propanone; 
Ciba Specialty Chemicals, Tarrytown, NY) and glucose 
oxidase were mixed with the solution. Three electrodes 
were covered with the solution and exposed to 6-watt,  

Figure 1. (A) A cymbal transducer consisting of a ceramic disk 
sandwiched between two brass end caps resonates at 20 kHz. 
Displacement of the ceramic disk is converted into the axial 
displacement of end caps. Dashed lines represent the flexing of end 
caps, and arrows indicate the motion. (B) A lightweight cymbal array 
was constructed using four cymbal transducers, which were connected 
in a 2 × 2 pattern and encased in a polymer.

and repetition period of the RF signal were monitored. 
In this research, the array was operated at a frequency 
of 20 kHz with a pulse duration of 200 ms and a pulse 
repetition period of 1 second based on a previous study 
in rats.7

According to the exposimetry guidelines established 
by the American Institute of Ultrasound in Medicine, 
the acoustic pressure field of the array was determined 
with a calibrated miniature omnidirectional reference 
hydrophone (Model TC4013, S/N: 5199093, Reson, Inc., 
Goleta, CA).24,25 The cymbal array was submerged in a 
water tank (51 × 54 × 122 cm3), which was made almost 
anechoic by placing 1.27-cm-thick rubber sound-absorbing 
material around its wall. To avoid cavitation effects, 
the tank was filled with distilled water degassed by 
a custom-made degasser to reduce the dissolved oxygen 
content to 1–2 ppm. The position of the hydrophone 
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A��������������������������������������������������     nesthesia throughout the remaining experiment was 
maintained to a surgical depth via inhalant isoflurane 
(Isothesia, Abbott Laboratories, Abbott Park, IL).���������   Using an 
electric shaver and a depilatory agent, ������������  hair on the 
axillary area of pigs �����������������������������������    in lateral recumbency��������������   ������������� was����������  removed. 
Experiments were performed on the same location of 
each pig. After hair removal, the cymbal array, with 
double layers of a watertight standoff made of 1-mm-thick 
plastic,��������������������������������������������         was attached ������������������������������     to����������������������������      the skin�������������������    using tissue glue 
(Vetbond®, 3M, St. Paul, MN). Figures 3A and 3B show  
t��������������������������������������������������       he layout of the glucose sensor incorporated with 
the cymbal array������   and a p���������������������������   hotograph of a������������� n������������  �����������ultrasonic 
glucose-sensing experiment, respectively. Tissue glue 
was applied on the standoff, which was attached to the  
skin. ��������������������������������������������������       F�������������������������������������������������       our biosensors ����������������������������������     were �����������������������������    placed between ��������������  two layers of  
the ���������� ���������������������������������������������      standoff. ���������������������������������������������      The �����������������������������������������     reservoir within ������������������������   the ��������������������  standoff was filled 
with a ����� ����������������������������������������������        0.9% PBS ������������������������������������������       s�����������������������������������������       olution ���������������������������������      through a small hole in the back 
of the array. Since it was assumed that the concentration 
of glucose ���������������������������������������������       diffused out to the reservoir ���������������  depends on the 
volume of the PBS solution, the volume was kept at 2.25 ml 
for all experiments.������������������������������������       In order to prevent the disruption  
of ultrasound transmission, bubbles from the solution in the 
reservoir were eliminated.Figure 2. An enzyme-based electrochemical biosensor. The sensor 

consists of three electrodes: working/sensing, counter, and reference.

365-nm ultraviolet light for 20 second�����������������������    s����������������������     in air.��������������   To determine 
the unknown glucose concentration of the interstitial  
fluid, each biosensor was calibrated using a concentration 
curve created by a����������������������������    ��������  series of glucose solutions—0, 50, 
100, 150, 200,�������������������������������������������        and���������������������������������������       300 mg/d������������������������������    l. The glucose solutions were 
prepared by dissolving glucose (dextrose anhydrous; 
VWR, West Chester, PA) in 0.9% ������������� PBS s��������olution.

In Vivo Experiments in Pigs (~200 Pounds)
For perspective future human application, in vivo studies 
in large pigs were designed to determine the feasibility 
of the lightweight cymbal array for noninvasive ultrasonic 
glucose monitoring. Eight Yorkshire pigs (~200 pounds) 
obtained from The Pennsylvania State University Swine 
Center were used in five groups according to the 
ultrasound exposure conditions. All animal experiments 
were conducted with procedures approved by ����the 
Institutional Animal Care and Use Committee at 
Pennsylvania State University (IACUC No. 21998).

After preanesthesia with a combination of ketamine� 
hydrochloride��������������������������������    �������� (������������������������������   ��������10–12 mg/kg, intramuscularly, ��������Ketaject®, 
Phoenix, St. Joseph, MO) and ����������������������������   sodium ���������������������  xylazine (����������� 1–2 mg/kg,  
intramuscularly, ���������Xyla-Ject®, Phoenix), �����������������   a pig was fitted 
with an intravenous catheter in the auricular vein and an 
endotracial tube (size 6-7) was inserted into the airway. 

Figure 3. (A) Layout of the glucose sensor incorporated with the 
cymbal array placed on the skin surface. After fixing the hydrogel of 
glucose oxidase on the biosensor, four biosensors were placed between 
the cymbal array and the standoff. (B) An ultrasonic glucose-
sensing experiment with a pig placed in a lateral recumbent position.  
The reservoir within the standoff was filled with PBS through a small 
hole in the back of the array.
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To permeabilize the skin for the extraction of glucose 
in the interstitial fluid, the cymbal array was operated at a 
frequency of 20 kHz with an intensity of Isptp = 100 or  
50 mW/cm2 for 5, 10, or 20 minutes (Table 1). After 
connecting the biosensors to the potentiostat at the 
end of the ultrasound exposure, the current from the 
electrochemical reaction on the biosensors was measured by 
applying a voltage of 0.7 volt to the working electrode 
against the counter electrode. Using the potentiostat 
(Model 283, Princeton Applied Research), voltage applied  
to the working electrode was increased from 0 to 0.7 volt 
with an increasing ratio of 10 mV/sec. Using the potentiostat 
control program (Electrochemistry PowerSuite™ v. 2.1.1, 
Princeton Applied Research), the current was recorded 
on a computer. Based on biosensor calibration results 
and the linear relationship between the current and the 
glucose concentration, glucose levels in the interstitial 
fluid were determined. For the comparison to glucose 
levels determined using the cymbal array and biosensor 
system, blood samples were collected at the same time 
when currents from the biosensors were measured.  
The glucose level of the blood sample was measured by 
an Accu-Chek™ blood glucose meter (Roche Diagnostics Co., 
Indianapolis, IN) and an i-STAT portable clinical analyzer 
(Model 200, Abbott Laboratories). Results were presented 
as a mean and standard error. An analysis of variance 
(ANOVA) was used to analyze the statistical significance  
of differences among the means of groups. A p value 
was used to determine if between-group differences  
were significantly greater than chance. For all data, 
a single or double asterisk was used if the p value 
was higher than the 0.01 or 0.05 level of significance, 
respectively.

Results
Based on the concentration curve created previously for 
each biosensor, glucose concentrations of the interstitial 
fluid were determined using the current measured by 
the biosensors. For each exposure condition, results of 
ultrasonic glucose sensing using the cymbal array and 
biosensor system were graphed and compared to results  
of a conventional glucose meter (Figure 4).

With an acoustic intensity of �Isptp = 100 mW/cm2, the 
glucose level determined by the biosensors after  
20 minutes of ultrasound exposure was ���������������   175 ± 7 mg/dl, 
whereas the level measured by the conventional glucose 
meter was 166 ± 5 mg/dl. After 10 minutes of ultrasound 
exposure, glucose levels determined by the biosensor and 
glucose meter were 152 ± 9 and 130 ± 3 mg/dl, respectively. 
In comparison to the glucose level (131 ± 5 mg/dl)  

Table 1.
Detailed Information of Ultrasound Exposure 
Conditionsa

Acoustic intensity, Isptp Exposure time (minutes)

100 mW/cm2

20

10

5

50 mW/cm2
10

5

a The cymbal array was operated at a frequency of 20 kHz with 
a pulse duration of 200 ms and a pulse repetition period of 1 
second.

Figure 4. Glucose concentrations of interstitial fluid were determined 
using an ultrasound system consisting of the cymbal array and 
enzyme-based biosensors.  In comparison to the measurement by 
an Accu-Check glucose meter and an i-STAT analyzer, the result of 
ultrasonic measurement with Isptp = 100 mW/cm2 for 10 minutes has 
shown reliable accuracy.

measured by a conventional glucose meter, the glucose 
concentration of the interstitial fluid was 127 ± 16 mg/dl, 
which was determined by the biosensors after 5 minutes 
of ultrasound exposure. Glucose levels of the interstitial 
fluid after ultrasound exposure with an intensity of  
Isptp = �������� 5������� 0 mW/cm2 for 10 and 5 minutes were determined  
by the biosensors as ����������������������������       140 ± 10 and 82 ± 15 mg/dl, 
respectively. Compared to results of the biosensors, 
glucose levels measured by the conventional glucose 
meter after 10 and 5 minutes of exposure were 124 ± 4 
and 125 ± 4 mg/dl.

In Figure 4, a��������������������������������������      sterisks above the data bar w��������� ere������  used 
if there ������������������������������������������     was���������������������������������������      no statistical difference between the  
ultrasonic glucose-sensing�����������������������������     ����������������������������   method ���������������������  and ����������������� the conventional 
method based on an ANOVA with a 0.05 or 0.01 level of 
significance.�����������������������      For the intensity of Isptp = 100 mW/cm2, glucose 
concentrations determined by the ultrasound system 
were statistically the same as the value determined by 
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the glucose meter. In addition, results of the 10-minute 
ultrasound exposure at the intensity of Isptp = �������� 5������� 0 mW/cm2 
showed no difference between two measurements. At the 
end of each experiment, the skin area exposed to the 
ultrasound was examined for a skin reaction and no skin 
irritation was found from all experiments.

Discussion
In several studies, researchers have demonstrated that  
ultrasound can permeabilize skin to enhance the 
transdermal delivery of drugs.17–20 Results of cavitation 
have been suggested as the main mechanism of 
ultrasound-mediated transdermal drug delivery, although 
it has not been completely understood.27–30 In addition 
to drug delivery, transdermal extraction of glucose in 
the interstitial fluid by ultrasound has shown potential 
in becoming an alternative technique of glucose 
measurement.7,10,11

This research was designed based on the effects of 
ultrasound that enhances skin permeability and the 
mechanism of glucose diffusion due to concentration 
differences. Previously, in vivo experiments of transdermal 
glucose sensing on rats were conducted using a 
lightweight cymbal transducer array and electrochemical 
biosensors, and results have demonstrated the feasibility of 
using the cymbal array in ultrasonic glucose measurement. 
Additionally, results have shown a reliable accuracy of this 
technique compared to the conventional method.7

In perspective to human application, the purpose of 
this research was to demonstrate the feasibility of 
the cymbal array in ultrasonic glucose monitoring on 
large pigs having a similar size and weight to humans.  
As the initial study of an in vivo pig experiment, results 
of ultrasound exposure at the same exposure condition 
(Isptp = 100 mW/cm2, 20 minutes) used in a previous study7 
have shown that an ultrasound system consisting of a 
cymbal array and biosensors was able to noninvasively 
determine the glucose concentration on large animals 
having a similar size to humans. To explore the 
reliability of the ultrasound system for glucose sensing,  
further experiments have been performed with different 
ultrasound exposure conditions. From statistical analyses, 
results of ultrasound exposure with Isptp = 100 mW/cm2 
for 10 and 5 minutes have shown a reliable accuracy 
compared with results of conventional glucose meter 
measurements.

R����������������������������������������������������������      esults presented herein have demonstrated the feasibility 
of using a cymbal transducer array for ultrasonic glucose 
sensing on large animals for preclinical applications. 

Furthermore, results of ultrasonic glucose measurements 
with 100 mW/cm2 (Isptp) have indicated that the  
ultrasound system using the cymbal array has been able to 
determine the glucose concentration in short exposure 
time. To achieve the development of safe, painless, 
and continuous monitoring of glucose concentration, 
the accuracy of ultrasonic glucose measurement will 
be investigated for other operating conditions of the 
cymbal array, such as frequency, pulse duration, and 
pulse repetition. In addition, the dynamics of correlation 
between glucose in the blood and interstitial fluid will  
be investigated.
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