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Short Ultrasound Exposure Times for
Noninvasive Insulin Delivery in Rats Using the

Lightweight Cymbal Array
Seungjun Lee, Robert E. Newnham, and Nadine Barrie Smith

Abstract—The purpose of this study is to demonstrate
the feasibility of using short ultrasound exposure times to
noninvasively deliver insulin with a lightweight (�22 g),
low-profile (37� 37 � 7 mm3) cymbal array (f = 20 kHz).
Using hyperglycemic rats, previous experiments using the
array demonstrated that blood glucose would decrease ap-
proximately 250 mg/dl from 60 and 20 minutes of pulsed
ultrasound exposure for transdermal insulin delivery. Us-
ing a similar intensity (Isptp = 100 mW/cm2, 20% duty
cycle), the goal was to determine if the same effect can
be achieved with only 5 minutes of ultrasound exposure.
For these experiments, 20 Sprague Dawley rats were anes-
thetized and shaved, and a 1-mm watertight standoff reser-
voir that held the insulin or saline was placed between the
rat’s abdomen and the ultrasound array. At the beginning
of the experiment and every 30 minutes, 0.3 ml of blood
was collected from the jugular vein to determine the blood
glucose level (milligrams per deciliter) for a total of 90 min-
utes. For comparison purposes between the rats, the change
in the glucose level for each rat was normalized to a base-
line (i.e., 0 mg/dl). The first control group used insulin in
the reservoir without any ultrasound. The second control
group had saline in the reservoir with ultrasound operating
at Isptp = 100 mW/cm2 for 60 minutes. For the noncon-
trol experiments, the third group used insulin with ultra-
sound exposure for 10 minutes. The last group used insulin
with ultrasound operating with a 5-minute exposure to ex-
amine the effects of using short ultrasound exposure times
on delivery. For the 10- and 5-minute ultrasound exposure
groups, the glucose level was found to decrease from the
baseline to �174.6 � 67.2 and �200.4 � 43.4 mg/dl mea-
sured after 1 hour, respectively. These results indicated that
ultrasound exposure times do not need to be long to deliver
a clinically significant insulin dose to reduce a high blood
glucose level.

I. Introduction

Recent studies have shown that ultrasound can offer
promising potential for noninvasive insulin adminis-

tration. Specifically for insulin, there has been only lim-
ited research although positive results have been shown
[1]–[5]. Over a frequency range of 20–105 kHz, enhanced
insulin transport across skin in the presence of ultrasound
has been shown in both in vitro and in vivo experiments
using commercial sonicators as a source of acoustic en-
ergy. Sonicators are impractical for portable drug delivery

Manuscript received May 22, 2003; accepted September 11, 2003.
The authors are with the College of Engineering, The Penn-

sylvania State University, University Park, PA 16802 (e-mail:
nbs@engr.psu.edu).

because they are large, heavy, table-top devices designed
specifically to disrupt cells. For a practical application of
ultrasound-enhanced transdermal drug delivery, a smaller,
portable device is necessary.

The use of a low-profile, lightweight cymbal ultrasound
array [6], a transducer consists of a piezoelectric disc sand-
wiched between two metal caps, has previously demon-
strated the transport enhancement of insulin across in
vitro human skin [7] and in vivo rat skin [8]. Using
Humulin� R (rDNA U-100, Eli Lilly and Co., Indianapo-
lis, IN) insulin with the cymbal array, 20 minutes of ultra-
sound exposure was used to transdermally deliver insulin
to reduce a high blood glucose level (hyperglycemic) in
rats from approximately 382 mg/dl to 133 mg/dl measured
over a 1-hour period using a spatial peak, temporal peak
intensity (Isptp) of 100 mW/cm2 with a 20% duty cycle
at 20 kHz frequency. The suggested mechanism for ultra-
sonic transdermal drug delivery has been proposed to be
the result of cavitation [9], [10], although thermal effects
cannot be totally discounted. Low frequency ultrasound is
capable of generating microbubbles in the water and tis-
sue. These bubbles allow water channels to be produced
within the lipid bilayers of the skin. The resulting disor-
der created in the stratum corneum of the skin facilitates
the crossing of a hydrophilic drug or molecule. With ultra-
sound, many previous investigators have found enhanced
transdermal drug delivery over various frequency ranges
using commercial sonicators or therapeutic devices [1]–[5],
[9]. Much of the previous literature in transdermal ultra-
sound insulin delivery has used either longer exposures or
higher intensities to deliver insulin. For example, some of
the original research in this area used 90 minutes of ul-
trasound exposure using a commercially made ultrasound
device to demonstrate insulin delivery in vivo [3], [4]. With
a sonicator (f = 20 kHz), researchers have used in vitro
human skin to demonstrate insulin delivery using inten-
sities as low as 0.1 W/cm2 with exposure times of 2–5
hours [5]. Using intensities of 2.5 W/cm2, short exposure
times for insulin delivery have been demonstrated in rats
but using a large commercial sonicator as the ultrasound
source [1].

The purpose of this study was to demonstrate the feasi-
bility of using short ultrasound exposure times to noninva-
sively deliver insulin with a lightweight (<22 g), low-profile
(37 × 37 × 7 mm3) cymbal array (f = 20 kHz). As indi-
cated, hyperglycemia has been shown to be significantly
reduced using noninvasive ultrasound transdermal insulin
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delivery in rats over a long exposure time. A shortcom-
ing in using ultrasound for transdermal insulin delivery is
the size of the delivery device, such as a sonicator, and
the length of time for delivery. An ideal ultrasonic trans-
ducer should be small enough to allow integration into
a portable system for transdermal drug release. Addition-
ally, to avoid heat build-up from the ultrasound itself from
long exposure times that can potentially damage skin [11],
[12], insulin should be delivered as quickly and efficiently
as possible. To further explore the cymbal array as a prac-
tical device for ultrasound-enhanced, transdermal insulin
delivery, exposure times as short as 5 minutes were inves-
tigated to determine if the array could facilitate delivering
a clinically significant dose of insulin.

II. Materials and Methods

A. Ultrasound “Cymbal” Array

Details regarding the design and construction of the
cymbal transducer and the multielement array have been
described elsewhere [6], [13], [14]. Briefly, the cymbal trans-
ducer is a Class V flextensional transducer capable of
producing very low frequencies in the kilohertz range.
The cymbal transducer has a compact, lightweight struc-
ture with a resonance frequency adjustable between 1 and
100 kHz. In the cymbal transducer design, the caps on the
lead zirconate-titanate (PZT) ceramic contained a shallow
cavity beneath its inner surface. The fundamental mode
of vibration is the flexing of the end caps caused by the
radial motion of the ceramic. Therefore, the overall dis-
placement of the device is a combination of the axial mo-
tion of the disk (d33) plus the radial motion amplified by
the end caps (d31). Amplification factors can be as high
as 40 times that of the ceramic by itself [15]. Specifically,
the piezoelectric disc was made from PZT-4 (Piezokinetics,
Inc., Bellefonte, PA), had a diameter of 12.7 mm, and was
1-mm thick. Caps were made of 0.25-mm thick titanium,
and the thin glue layer between the caps and the ceramic
disk was made of Eccobond� epoxy (Emerson & Cuming,
Billerica, MA) (Fig. 1). Four transducers were connected
in parallel and encased in URALITE� polymer (FH 3550,
H.B. Fuller, St. Paul, MN) to produce a transducer array
arrangement. The two-by-two elemental pattern array had
a final dimension of 37×37×7 mm3 and weighted less than
22 g (Fig. 2). The multielement (2 × 2) was seven times
more efficient for transporting insulin across skin than the
single element [7].

To drive the array, a radio frequency (RF) signal was
generated by a frequency pulse/function generator (Model
393, Wavetek Inc., San Diego, CA) and amplified by an
RF amplifier (Model 40A12, Amplifier Research, Soud-
erton, PA). The electrical impedance of the array was
tuned impedance of the amplifier (50 Ω) by an external
LC (L = inductor, C = capacitor) tuning network. Pulse
period, duty cycle, and exposure time of the RF signal
from the frequency generator was monitored using an os-

Fig. 1. The cymbal transducer made of piezoelectric material PZT-
4 operated at a frequency of 20 kHz. The cymbal disk was placed
between two titanium caps with air cavities beneath the caps that
give rise to radial oscillations of the disk.

Fig. 2. The lightweight, low-profile array was constructed using
four cymbal transducers connected in parallel, and encased in
URALITEr polymer. The dimensions of the array were 37 × 37 ×
7 mm3 and it weighed less than 22 g.

cilloscope (Tektronix 2213A, Beaverton, OR). For all of
the experiments, the signal generator operated at 20 kHz
and had a 600 mVpp output with pulse duration of 200 ms
and a pulse repetition period of 1 second (i.e., 20% duty
cycle); the amplifier gain was set to 50 dB. Pulsed ultra-
sound was used to avoid damaging heat build-up to either
the array or the animal’s skin.

At the same driving settings, the ultrasonic inten-
sity of the cymbal array was measured in a water tank
(51 × 54 × 122 cm3) with a calibrated miniature (4-mm
diameter) omnidirectional reference hydrophone (Model
TC4013, S/N: 5199093, RESON, Inc., Goleta, CA). The
tank was filled with degassed (<1–2 ppm), distilled water
and the walls of the tank had sound absorbing material to
make the tank almost anechoic. A hydrophone was placed
1 mm from the array face and positioned by a computer-
controlled positioning system (Velmex Positioning System,
Velmex Inc., East Bloomfield, NY) to scan an area of
51 × 51 mm2 plane parallel to the array face. The peak
compressional (Pc) and rarefactional (Pr) pressures were
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Fig. 3. Illustration of the experimental setup for the transdermal
insulin transport. With the rat placed on its back, a 1-mm thick,
water-tight standoff was arranged between the abdomen and the ar-
ray. The reservoir inside the standoff was filled with either saline or
insulin for the experiments.

acquired using an Agilent 54622A 100 MHz digitizing os-
cilloscope (Agilent, Palo Alto, CA). Spatial peak-temporal
peak intensity (Isptp) and spatial peak pulse average (Isppa)
were determined based on three to five repeated scanning
of the array for a mean and standard deviation of the re-
sults.

B. Animal Experiments

Twenty Sprague Dawley rats (Harlan Sprague-Dawley,
Indianapolis, IN) (350–450 g) were divided in four groups
two controls and two ultrasound exposure groups with five
rats in each group. The rats were anesthetized and euth-
anized by procedures approved by the Institutional Ani-
mal Care and Use Committee (IACUC) at the Pennsylva-
nia State University. Each animal was anesthetized with
a combination of ketamine hydrochloride (60 mg/kg in-
tramuscularly, Ketaject�, Phoenix, St. Joseph, MO) and
sodium xylazine (10 mg/kg intramuscularly, Xyla-Ject�,
Phoenix). The abdominal area of the rats was shaved, and
a depilatory agent was briefly applied to the skin to remove
any remaining hair and thoroughly cleaned.

For both general anesthesia and hyperglycemia, xy-
lazine was used to cause temporary but sustained (up to 12
hours) hyperglycemia in rats [16], [17]. With a rat placed
in the dorsal decubitus position (Fig. 3), a 1-mm thick, wa-
ter tight, rectangular-frame shape standoff was fixed be-
tween the abdomen and the array using the same frame-
shape double-sided industrial tape (3M, St. Paul, MN).
The reservoir inside of the standoff was filled with saline
for the control experiments or 4 ml of insulin (Humulin�

R) through small holes in the back of the array. Insulin
was diluted with a saline solution to prepare 50 units/ml
of insulin. From previous experiments, dilution of the in-
sulin does not affect the overall results [7]. Care was taken
to remove all bubbles from the solution in the reservoir
between the abdomen and the array.

Prior to beginning the experiment, 0.3 ml of blood was
collected from the jugular vein of each rat for a baseline
glucose analysis. The glucose level in the rat blood was
determined using an ACCU-CHEKTM Instant� (Roche
Diagnostics Co., Indianapolis, IN) blood glucose monitor-
ing system; multiple samples (three to six each time) were
taken from each rat for a baseline and every subsequent
30 minutes for a total of 90 minutes. The time from the

initial injection of the ketamine-xylazine until the base-
line glucose measurement was no greater than 20 minutes.
For comparison between the rats, the change in the blood
glucose level was normalized to a baseline with respect to
each animal’s initial blood glucose recording at 0 minutes.

For each rat, the entire experiment lasted a total of
90 minutes. The first control group used insulin in the
reservoir without any ultrasound (designated insulin-no
US). The second control group was a negative control and
had saline in the reservoir with ultrasound operating at
Isptp = 100 mW/cm2 for 60 minutes (labeled saline-US).
For the experiments, the third group used insulin with ul-
trasound exposure for 10 minutes (Isptp = 100 mW/cm2).
The last group used insulin with ultrasound operating with
a 5-minute exposure to examine the effects of a shorter
time exposure (Isptp = 100 mW/cm2). For all four groups,
the standoff reservoir with the insulin or saline was re-
moved at 60 minutes, although glucose determination con-
tinued until 90 minutes from the start. At the end of the
experiments, the rats were euthanized under anesthesia.

Statistical analysis was performed using Microsoft
Excel� (Microsoft Corp, Redmond, WA) and the data
were pooled for each group and analyzed as its mean
and standard deviation (x ± sd). An analysis of variance
(ANOVA) was used to analyze the statistical significance
of the differences among the means of the groups. The
p-value was used to determine if the between-group differ-
ences are significantly greater than chance. For the data
presented in Table I, a double asterisk was used if the p-
value is less than the 0.01 level of significance.

III. Results

Results for the in vivo short ultrasound exposure me-
diated insulin transport in rats for the four groups are
graphed in Fig. 4. The results illustrate the change in the
blood glucose level during the 90 minutes for the four
experimental groups. Immediately after anesthesia using
ketamine-xylazine, the average blood glucose level of the
20 rats was 435.4 ± 65 mg/dl, which is consistent with
glucose levels in streptozotocin diabetic rats. Generally
for normal rats, the blood glucose level is approximately
100 mg/dl [18], [19]. For comparison between the rats and
groups, the change in the blood glucose level was normal-
ized to a baseline.

Data were graphed as its mean and standard devia-
tion (x ± sd) of each group; open circles in Fig. 4 at 5
and 10 minutes indicate when the ultrasound was turned
off. For the first (insulin-no US) and second (saline with
US) control groups, the glucose level varied no more than
40 mg/dl from the baseline over the 90-minute experimen-
tal period. For the 10-minute ultrasound exposure group
(insulin with ultrasound), the glucose level decreased to
−174.6 ± 67.2 mg/dl at 60 minutes and continued to de-
crease to −224.7 ± 46.0 mg/dl at 90 minutes after the
stand off was removed. To determine if the same results
could be obtained in half the time, the last group used
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TABLE I
Significance Between the Four Groups.

Control 1 Control 2
insulin-no US saline-US 10 minutes 5 minutes

10 minutes 0.0017∗∗ 0.00049∗∗ X —
5 minutes 0.0002∗∗ 0.0001∗∗ 0.76 X

An ANOVA was used to analyze the statistical significance between the four groups (i.e., control 1, control
2, 10 minutes and 5 minutes of ultrasound exposure) using the 60 minute results in Fig. 4. The p-values
of the comparison between groups is listed and was used to determine if the between group differences are
significantly greater than chance.
10 minutes = 10 minutes of ultrasound exposure with insulin, 5 minutes = 5 minutes of ultrasound exposure
with insulin, X = ANOVA not performed for identical groups, — = transpose of compared groups listed in
table, ∗∗ p-value exceeds the 0.01 level of significance.

Fig. 4. Over a period of 90 minutes, the blood glucose level of
the rats decreased from the insulin with ultrasound (US) expo-
sure (Isptp = 100 mW/cm2) using the cymbal array. Both control
experiments (insulin-no US or saline-US) varied no greater than
40 mg/dl over the 90 minutes from the baseline. With 10 minutes
of ultrasound exposure, the glucose level decreased −224.7 mg/dl,
and the 5 minutes of ultrasound exposure decreased the glucose level
−233.3 mg/dl.

insulin but with a 5-minute exposure. Similar to the 10-
minute results, the 5-minute exposure group showed a de-
crease in the blood glucose to −200.4 ± 43.4 mg/dl at 60
minutes and −233.3 ± 22.2 mg/dl at 90 minutes, which
indicated that the ultrasound does not need to operate as
long to obtain the same results as the 10-minute exposure.
Additionally, a gross examination of the rat’s skin was per-
formed after exposure to look for visible lesions on the skin
surface. Visual examination of the postultrasound exposed
skin did not indicate any noticeable damage or significant
change to the skin.

To determine the statistical significance between the re-
sults in Fig. 4 of the four groups at 60 minutes into the
experiment, an ANOVA was used to analyze this data.
Table I lists the p-values of the between groups compari-
son used to determine if the differences were statistically
significant. Five different comparisons were made among
the four different groups, but comparison were not made
between identical groups. Comparison of the two control
groups (insulin-no US and saline-US) against the ultra-

sound exposed groups (10 and 5 minutes) indicated that
the results were statistically significant at a p-value of 0.01
or better. Additionally a comparison of the results between
the 5 and 10 minutes of ultrasound exposure at 60 minutes
revealed that there was no statistical difference (p = 0.76).

IV. Discussion

As a practical device for noninvasive insulin delivery,
the goal of this research was to determine if the low pro-
file, lightweight cymbal array could be used to enhance
transdermal insulin delivery to significantly reduce a high
glucose level in rats in a short period of time. As a de-
vice for practical ultrasound insulin delivery, it is impor-
tant to balance safety versus efficacy by limiting the expo-
sure time to minimize possible temperature rise from the
ultrasound while keeping the treatment time as short as
possible for convenience for a diabetic patient. Intensities
(Isptp) of 100–125 mW/cm2 have been shown to trans-
dermally deliver insulin without obvious damage to skin,
although this has not been exhaustively studied [2], [7].
Previous researchers have determined the lower boundary
for thermally produced biological effects as a function of
ultrasound exposure time corresponding to the threshold
for a specific bioeffect, which indicated that short expo-
sures produced less damage [11], [20].

For these experiments, the common anesthetic combi-
nation of ketamine and xylazine initially had the advan-
tage of ease of use and, moreover, had the additional effect
of causing hyperglycemia from the xylazine in rats. This
allowed the average blood glucose level of all the rats in
this experiment to be much higher than normal, giving a
working blood glucose large range. After anesthesia using
the ketamine-xylazine, the average glucose level of the 20
rats was 435 ± 65 mg/dl, which is consistent with glucose
levels in streptozotocin diabetic rats, compared to the nor-
mal blood glucose level of approximately 100 mg/dl [18],
[19]. The purpose of using hyperglycemic rats for insulin
delivery was to demonstrate the feasibility of the cymbal
array for reducing a high blood glucose level (>200 mg/dl)
to a normal level (<100).

For the control groups in Fig. 4, the two sets of re-
sults (insulin-no US and saline-US) indicated that these
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experimental conditions had very little effect on the blood
glucose level of the rats. Although the glucose level for
the insulin-no US group remained near the baseline, re-
sults did show a slight decrease in the initial level due to
passive permeability of the skin to insulin. Variation from
the baseline for both control groups was no greater than
40 mg/dl. The insulin with 10 minutes of ultrasound expo-
sure results indicate that the blood glucose level decreased
almost 225 mg/dl in 90 minutes, and the 5-minute expo-
sure decreased 233 mg/dl. This result does not indicate
that 5 minutes is better than 10 minutes because the re-
sults from the ANOVA analysis shows that there is no sta-
tistical difference between the two results (p = 0.76) and
both the 5- and 10-minutes results fall within the standard
deviations of each other. Yet moreover, the results can be
interpreted to mean that the exposure time does not need
to be as long as 10 minutes to get the same results as
5 minutes. Based on previous research using the cymbal
array for transdermal insulin delivery, exposure times of
60 and 20 minutes have been used to reduce blood glu-
cose levels −296.7 and −247.5 mg/dl, respectively, over
90 minutes [8]. Regarding the potential convenience of use
for a diabetic patient, these current results indicate that
long exposures are not necessary to deliver enough insulin
to significantly decrease blood glucose levels. The results
herein demonstrate that a 5-minute ultrasound exposure
with the low-profile cymbal array was sufficient for the
ultrasound-enhanced, in vivo insulin delivery.

To examine these results in terms of human diabetes,
a person is considered diabetic if their blood sugar level
is above 140 mg/dl after fasting. People without diabetes
have fasting sugar levels that generally run between 70–
110 mg/dl. When fasting, glucose of 110–126 mg/dl is
classified as impaired fasting glucose, 140–200 mg/dl is
impaired glucose tolerance and greater than 200 mg/dl is
considered diabetic [21]–[23]. In this case a diabetic person
would need to inject enough insulin to reduce their blood
glucose by about 100 mg/dl. These 5-minute results from
rats demonstrated a 233 mg/dl blood glucose decrease over
a larger range than necessary for human blood glucose re-
duction; this lays the initial groundwork for a device nec-
essary for a person. For a human, a larger array might be
needed to increase the surface area permeable to insulin
because the total volume of the blood in human is greater
than rats. Further research with this device will use larger
animals such as rabbits and pigs along with larger array
patterns to fully explore its efficacy for transdermal insulin
delivery.
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