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A B S T R A C T

Transdermal drug administration offers an alternative route for drug delivery through the skin, and surface 
acoustic wave (SAW) technology has recently emerged as a promising approach to enhance this process. How
ever, conventional cable-connected SAW control units face several challenges, including inconvenience, poor 
wearability, limited miniaturization and integration, and restricted reusability. This study introduces a wireless- 
powered transport strategy for the transdermal delivery of large drug molecules using a thin-film-based SAW 
platform. This approach leverages interfacial acoustic stimulation, localized acoustic heating, and streaming/ 
micro-cavitation to enhance drug penetration. By eliminating the need for physical connections, the wireless 
power transfer system reduces potential heating effects and localized tissue damage. To evaluate its performance, 
synthetic skin-like agarose gel and pig skin tissue were used as models. Hyaluronate rhodamine (5000 Da) was 
successfully delivered transdermally into pig skin tissue, achieving approximately 77.89 % of the efficiency 
observed with a conventional cable-connected SAW platform. These findings highlight wireless SAW technology 
as a promising alternative for enhancing transdermal drug delivery, offering a safer, more effective, and user- 
friendly therapeutic solution for patients.

1. Introduction

Historically, oral delivery has been the most commonly used drug 
administration route, with its benefits including convenience, cost- 
effectiveness and simplicity for both patients and doctors [1,2]. How
ever, it presents several limitations. For example, its “first-pass” effect 
[3] causes a portion of the doses to be metabolized by the liver before 
reaching the target tissues [4,5]. While many drug molecules are stable 
in the acid and alkaline environments of digestive and circulation sys
tems for long enough to reach the circulation, others are rapidly elimi
nated after their first pass through the liver and kidneys. Some drugs are 
not assimilated through the digestive system or may be destroyed by 
digestion. In many cases, the drug’s residence time and effectiveness can 
be improved through its delivery through the skin, and varied compli
ance could be improved using transdermal drug delivery (TDD). For 

small hydrophilic molecules, such as hormones and nicotine, the TDD 
has recently become a major non-invasive method for drug adminis
tration [6–9]. However, TDD with a skin diffusion patch is often limited 
to small molecular weights or sizes, or highly lipophilic drugs. For 
example, commonly only those hydrophobic drug molecules less than 
500 Da can be effectively and passively diffused through the stratum 
corneum (SC), the outermost layer of the epidermis [10,11]. In contrast, 
larger molecules or water-soluble molecules are generally unable to pass 
through the oily SC layers if without using large or highly energised 
physical forces.

To overcome the key challenges of TDD for large drug molecules, 
various active technologies have been developed [12,13], but most of 
these techniques have their own limitations. For example, microneedle- 
meditated administration could cause skin infections and localized er
ythema or edema [13]. Electrically driven techniques such as 
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electrophoresis, phonophoresis or low-frequency ultrasonic methods 
could generate strong fields and cavitation effects on the skin surface, 
leading to potential damage including heat, skin burns, irritation, and 
tissue scarring on the applied areas [12,14]. Recently thin film-based 
surface acoustic wave (SAW) technology was developed in our group 
as an alternative for enhancing transdermal drug delivery [15]. These 
surface-propagating waves generate strong localized micro-mechanical 
agitation/streaming and acoustothermal effects at the skin surface, 
increasing the permeability of drug molecules into the stratum corneum 
layer and facilitating penetration of larger drug molecules up to millions 
of Daltons [15].

Although promising, SAW-enhanced TDDs face several key chal
lenges, including design and miniaturization of complex control units, 
design and provision of medically acceptable wearable/flexible lami
nates, integration of wireless powered electronic control units, and 
design for reusability of expensive amplification and other electronics. 
For SAW technologies, high frequency (hundreds of MHz and above), 
wireless RF signal transmission has been widely applied in RF commu
nication and sensing fields [16–18], whereas wireless SAW power 
transmission for achieving acoustofluidics or drug delivery has seldom 
been reported. Introducing such wireless SAW control circuits and 
power units should make SAW devices more flexible and miniaturized, 
but most importantly, provide patients with greatly improved comfort 
and mobility, and potentially reduce local damage and variable heat 
generation. Such issues commonly occur in the physically connected 
electronic circuits and electrodes through soldering and silver paint 
bonding processes. As previously reported, heating up to 45 degrees 
alters the permeability of skin, affecting the rheology of oils and proteins 
within the keratinized epidermis [19,20]. Wireless powering function 
can be effectively used to control heat generation within the defined 
parameters to maximize the SAW agitation effects independent of heat 
for the TDD. However, there are key technical challenges for wireless 
power transfer, such as enhancing efficiency, consistency, and reliability 
in device performance while minimizing power consumption and ther
mal effects.

In this study, we explore wireless-powered and SAW-controlled 
methods for drug transmission and achieve reliable and wireless func
tionalities within wearable prototypes. Hyaluronate rhodamine (HR) 
was selected as an example of the targeted drugs with high molecular 
weight hydrophilic molecules to demonstrate the effectiveness of a 

wireless-powered, flexible, and comfortable SAW patch for achieving 
efficient TDD. The design principle and mechanisms of the proposed 
wireless controlled system are illustrated in Fig. 1a, where a SAW patch 
is applied to the body and wirelessly controlled by a separate control and 
power box. The SAW patch is placed on the skin, and the control box 
which integrates the power supply is connected to the surface of the 
SAW patch via a replaceable adhesive gel layer. This setup allows it to 
transmit power and regulate its operation, enabling remote control of 
the system’s functions without the need for wired connections. The 
structure of the drug patch is illustrated in Fig. 1b, in which several 
layers are integrated into the flexible platform, including a wireless 
power transfer (WPT) coil, a SAW device, and a layer of drug-hydrogel 
mixture attached to the skin surface. The WPT coil is positioned on the 
top layer to enable wirelessly receiving RF powers, while the SAW de
vice beneath is used for activating the drug delivery. The hydrogel based 
adhesive layer at the bottom secures the entire structure to the target 
surface, allowing the patch to maintain its flexibility while performing 
its designated functions. The WPT control system is illustrated in Fig. 1c, 
where the primary side is consisted of a signal generator, amplifier, and 
a transmitter coil (Tx coil) paired with a capacitor (Cₚ). The receiver coil 
(Rx coil) and capacitor (Cₛ) receive the power in the resonant state to 
drive the SAW device as a load. To demonstrate the functionality and 
prove the concept, drug transdermal transmission experiments were 
conducted on agarose gels (as the synthetic skin-like material) and pig 
skins. We believe such a wireless-powered transdermal drug delivery 
patch could provide patients with a safer, more effective, lower-power 
required, and user-friendly solution.

2. Experimental

2.1. Materials and chemical preparation

To imitate skin, agarose gel was selected as a transparent and ho
mogenous medium for demonstrating the performance of SAW-based 
drug delivery as its viscoelastic properties could be easily adjusted to 
mimic the elastic properties of human skin. In this study, 10 % agarose 
gel was selected as it was previously identified as being suitable for this 
application [21]. To prepare 10 % agarose gel, 10 g of agarose powders 
(Melford, UK, with its gel strength of 1200 g/cm2) was mixed with 90 
mL of de-ionized (DI) water. The solution was then heated in a 700 W 

Fig. 1. Schematic illustrations of (a) design principles and operation mechanisms of SAW TDD systems; (b) The multilayer designs of the devices. (c) Wireless power 
transfer and control system.
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microwave oven for one and half minute under a continuously stirring. 
The obtained mixture was poured into petri dishes for the agarose gel to 
be solidified.

For the drug delivery tests, hyaluronate rhodamine with a molecular 
weight of 5 kDa (hereafter abbreviated as HR, from Haworks, USA) was 
used. For each set, a batch of solutions (with a volume of 500 μL and a 
concentration of 0.1 mg/mL) were prepared by adding 0.05 mg of HR 
powder into 0.5 mL of DI water. Rh-Ha dyes with 0.01 mg/mL con
centration were produced by mixing the above solution with 4.5 mL of 
ultrasound gel (UGEL250, Anagel, UK).

2.2. SAW device fabrication and characterization

ZnO thin film with a thickness of ~3.5 μm was deposited onto 
aluminum sheets (with a thickness of 200 μm) utilizing a direct current 
(DC) magnetron sputter (NS3750, Nordiko) and the details were previ
ously reported in Ref. [15]. A zinc target with a purity of 99.99 % was 
used. During the film deposition, the substrate was positioned at ~20 cm 
away from the target, and mixed gases of argon and oxygen with an Ar/ 
O2 flow ratio of 10/20 were used. The DC plasma power was set at 350 
W, and the chamber pressure was controlled to maintain at ~3.75 
mTorr. X-ray diffraction (XRD) analysis using Siemens D5000 with Cu- 
Kα radiation, 40 kV, 30 mA showed that a sharp peak of ZnO (0002) with 
another peak from Al substrate within a two theta range from 30 to 60 
degree, indicating c-axis texture and good crystallinity of the deposited 
ZnO film.

The interdigital transducers (IDTs) were patterned on the surface of 
ZnO thin film coated Al sheet using a conventional photolithography 
and lift-off process. A bilayer of Cr/Au was deposited to form the IDTs, 
with their thicknesses of 20 nm/100 nm, using a thermal evaporator 
(Edwards AUTO306). The IDTs were designed with a wavelength of 200 
μm, comprising 30 pairs of electrodes. The reflection spectra (S11) of the 
SAW devices were measured using a network analyzer (Keysight, Field 
Fox N9913A). The resonant frequency (fo) of the SAW devices was 
measured to be ~13.51 MHz using a network analyzer (N9913A, Key
sight). At such frequency, the device can generate a mixture of Rayleigh 
and Lamb waves [14], which are used for transdermal drug delivery.

2.3. Wireless coils and matching circuit

A pair of wireless power transfer coils (1,461,798,021, Nucurrent, 
USA) were used with a diameter of 35.02 mm, a thickness of 0.68 mm 
and an inductance of 4 μH. They were chosen to match the performance 
of SAW devices, and the following formula was used to calculate the 
capacitance matching values used in the experimental designs [22]. 

j
(

ωLp −
1

ωCp

)

= j
(

ωLs −
1

ωCs

)

= 0 (1) 

where ω = 2πf is the angular frequency of the WPT system; f is the 
resonant frequency of the system; Lp and Cp are the inductance and 
capacitance values on the primary side of the WPT system, whereas Ls 
and Cs represent the inductance and capacitance values on the second
ary side of the WPT system. The values of L and C can be adjusted using 
the following equation [22]: 

f =
1

2π
̅̅̅̅̅̅
LC

√ (2) 

When the coil matches the SAW device frequency used (13.50 MHz), 
the coupling capacitance was calculated to be ~37 pF. A capacitor with 
such the capacitance value was connected in series with the coil to meet 
the target frequency of ~13.50 MHz.

The receiver coil was soldered onto an SMA PCB connector to supply 
RF power. To determine the optimal coupling distance between the 
receiver and transmitter coil connected to the SAW device, the coil 
coupling distance was changed between 0.5 cm and 3 cm. The two coils 

were placed facing each other, and the distance between the transmitter 
and receiver coil was varied as illustrated in Fig. 2a. The primary side 
(transmitter coil side) of the WPT system was connected to one port of 
the network analyzer (ZNL3, Rohde and Schwarz, Germany), while the 
secondary side (receiver coil side) was connected to another port, as 
shown in Fig. 2b. The impedance and reflection amplitude (dB) values 
were measured at different distances between the coils and the best 
performance outputs were obtained. The transmission efficiency η of the 
WPT system was calculated from the S21 data (dB) measured using the 

network analyzer with the equation of η = 10−
dB
20. Fig. 2c shows the 

measured results of coupling coefficients and efficiency values as a 
function of distance between two coils. Notably, the efficiency reaches 
its maximum at approximately 1.5 cm. Fig. 2d shows the simulation 
results of the coupling coefficient as a function of the distance between 
the coils, which match well with the experimental results.

2.4. Drug delivery tests

The facilities used for the drug delivery tests included a power supply 
(RS Pro, PS-3005P), a signal generator (Aim-TTi, TGP3151 Pulse 
Generator), an RF amplifier (Mini-circuits, ZHL-5 W), and a DC power 
meter (9103, Racal Dana). The signal generator was used to produce RF 
signals with a frequency of 13.51 MHz and a variable peak-peak voltages 
or output powers, which were then input into the RF amplifier. The 
power output of the RF amplifier was connected to an RF power meter to 
reveal the nominated power supplied to the SAW devices, and the 
reflection power was not measured in this study. The applied voltages 
were from 578.0 mV to 849.0 mV, which were corresponding to the RF 
powers from 2.3 to 5.0 W. The SAW agitation durations were varied 
between 5 mins to 20 mins.

The agarose gel was cut into a square shape (~1.5 × 2 cm2) with an 
average thickness of ~0.4 mm. The Rh-Ha gel paste of 0.1 mL was 
uniformly applied onto the agarose gel surface. The backside of the SAW 
device (i.e., the Al substrate side) was gently pressed onto the gel sur
face, fixed with metal pins to the pads of the SAW device. During the 
test, a thermocouple (2000 T, Digitron) was placed between the SAW 
device and gel surface to monitor the changes of surface temperature. 
After the test, the surface of gel sample was thoroughly cleaned using a 
fiber-free soft cloth to remove the remaining Rh-Ha dyes and then 
washed with running phosphate-buffered saline (PBS, Sigma-Aldrich) 
solution for 60 s for removal of any remaining Ra-Ha dyes. The gel 
was sectioned along the cross-section direction, and the slice thickness 
was controlled as ~0.1 mm.

Freshly market-available pig skin was cut into a uniform size (1.5 ×
2 cm2) using the same procedures as those for the agarose gel. The 
samples were fixed using the optimal cutting temperature (OCT, Scigen) 
compound and then sliced into a sample with a thickness of 30 μm using 
a low-temperature cryostat (− 30 ◦C, 20 μm thickness, Model OTF/A5, 
with a bright field). Measurements of RH’s fluorescence signals for both 
the agarose gel and pig skin samples were performed using a fluores
cence microscope (DM5000B, Leica) with a laser wavelength of 488 nm 
under 50 and 100 times of magnifications. As the SC layer of pig skins 
contains corneocytes which has its natural fluorescence signal [23], this 
should be considered before the microscopical analysis of drug delivery 
depths of the tested pig skin samples. For this purpose, a square of un
treated and fresh pig skin was also sectioned using the cryostat with the 
sample’s sectioning parameters. Based on this result, the background 
intensity of the fluorescent microscope has been adjusted so that the 
background and natural fluorescence signals from the pig skin have been 
minimized. Further details can be found our previous publication [15].

The impedance of the pigskin surface was measured using an 
inductance, capacitance and resistance (LCR) meter (LCX100, Rohde & 
Schwarz, Germany). The LCR meter’s electrodes were placed in direct 
contact with the pig skin surface and the resistance (R) readings were 
measured. Once the surface resistance was obtained, the resistivity (ρ) 
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was calculated using the following formula: 

ρ = R×
A
l

(3) 

where ρ is the resistivity (in kΩ⋅cm); R is the measured resistance (in Ω), 
A is the cross-sectional area of the electrodes (in cm2), and l is the dis
tance between electrodes (in cm).

3. Results and discussions

3.1. Transmission efficiency and power calibration of wireless SAW 
devices

The coupling coefficients and efficiency values were obtained (see 
Fig. 2c) as a function of the distance between two coils. The coupling 
coefficient decreases significantly as the separation distance between 
the coils is increased. Similarly, the efficiency becomes increased as the 
distance is increased up to 1.5 cm, but then decreased as the coil distance 
is further increased from 1.5 cm to 3.5 cm. In this study, the power 
transfer efficiency reaches its maximum value when the coils are posi
tioned at about 1.5 cm apart.

Simulation was performed to obtain the coupling coefficients as a 
function of the distance between the coils using the Ansys simulation 
software. In this simulation, a 3D model of the actual coils was con
structed to mimic the experimental setup. The coil distance was sys
tematically varied from 0.5 cm to 3.5 cm to investigate its influences on 
the coupling coefficients. Details of the simulations can be found in the 
Section I of the Supporting Information. The obtained simulation results 
are shown in Fig. 2d, and the coupling coefficient was found to decrease 
with increasing coil distance, aligning well with the experimental results 
(Fig. 2c). The distance of 1.5 cm was used in the following tests as the 
estimated optimum distance for achieving the maximum power transfer 

and minimized energy losses.
According to the frequency splitting theoretical framework, the 

operating region of a WPT system can be separated into undercoupled, 
critically coupled, and overcoupled states, based on the relationship 
between the actual coupling coefficient and the critical coupling coef
ficient [24–26]. At the distances shorter than 1.5 cm, the system is 
operated in the overcoupled region, where the strong coupling between 
the coils leads to a pronounced frequency splitting phenomenon. This is 
reflected in the experimental data, which shows an increase in power 
transfer efficiency as the distance approaches 1.5 cm, indicating a 
transition toward a critical coupling point. As the distance between the 
coils is increased from 1.5 cm to 3.5 cm, the coupling strength become 
gradually weakened, shifting the system toward the undercoupled re
gion. Beyond this point of 1.5 mm, the efficiency declines significantly, 
consistent with the characteristics of the undercoupled state, where the 
achievable energy transmission efficiency is inherently limited [25].

To illustrate wave patterns and agitation effects induced by the SAW 
devices, finite element analysis (FEA) of the ZnO/Al SAW device was 
performed using COMSOL Multiphysics (6.2). The simulation parame
ters, including IDT configuration, material properties, and boundary 
conditions, are detailed in Section V of the Supporting Information. Fig. 
S5 shows the obtained acoustic pressure fields, which are characterized 
by alternating regions of positive and negative pressures of the propa
gating waves. The maximum pressure amplitude reaches approximately 
±2.5 × 105 Pa, with the pressure gradient concentrated at the IDT re
gion. The energy is primarily coupled at the upper surface of the simu
lation model, gradually attenuated deeper into the skin. These 
simulation results demonstrate the efficiency of SAW excitation for 
producing localized high-energy zones, which are critical for enhancing 
transdermal drug delivery applications by facilitating enhanced 
permeability through the skin layers.

Fig. 2. WPT system: (a) Transmitter and receiver coil, (b) Network analyzer connection, (c) The coupling coefficient and efficiency with respect to the distance 
between the coils. (d) Simulation and experimental results of the coupling coefficient as a function of the distance between the coils.

J. Zhang et al.                                                                                                                                                                                                                                   Journal of Controlled Release 381 (2025) 113619 

4 



3.2. Thermal effect of SAW devices with wireless functions

The thermal effect generated by SAW agitation is well-documented 
[27]. We have studied the differences in thermal effects for the cases 
using the conventionally wired powering method and those using the 
wireless powering methods, and the obtained results are summarized in 
Fig. 3a and b. When applied with the same SAW power of 4.0 W for these 
cases, the surface temperatures, which were measured on the device 
using the conventionally used wired connection method, are generally 
~16.6 ◦C higher than those using the wireless connected cases. The key 
reason for such temperature differences is the heating effect induced by 
the wired metal IDTs and also induced from the local power dissipation 
at the silver paint bonded region. These differences can be clearly seen 
from the thermal images as shown in Figs. 3c-3f. There is significant 
heating effects generated from those areas, where the IDTs were con
nected with cables through silver paints (see the marked Spot 1 in these 
figures), causing severe thermal effects. Whereas for the wireless con
nections between the SAW device and circuit, the thermal effects 
commonly generated at the IDT-connected region are insignificant, 
without posing as a critical issue. Another minor contribution for this 
difference is that the receiver coil receives slightly less energy during 

wireless transmission due to the reduced energy transfer efficiency 
during the wireless operation. When the transmitter coil was set at 4.00 
W, the receiver coil could only receive a maximum power of 3.2 W. 
Fig. 3a and b show that when the wireless receiver coil power is 2.3 W 
(or 3.9 W with the wireless case), the temperature is about 23 % (or 62 
%) lower than the corresponding wired power supply cases.

The above results clearly show that under the wireless power oper
ation, the thermal effect on the surface of the SAW device can be 
effectively reduced. This is crucial for transdermal drug delivery as the 
excessive or uncontrolled large-scale heating has been the key concerns 
to damage the skin or alter properties of the drug molecules. Minimizing 
thermal effects can also enhance the overall reliability and extend the 
lifespan of the SAW device in applications.

3.3. TDD using agarose gel

Fig. 4(a) shows the measured transmission depths using the 5 kDa RH 
dyes into 10 % agarose gel as the skin model. The results were obtained 
at an RF power of 3.0 W for both the wired and wireless cases. The 
control group (i.e., without applying any SAWs) shows the lowest 
transdermal transmission depths for all the testing conditions. For 

Fig. 3. Skin surface temperature in drug delivery experiments. (a) Wireless power (b) Wired power; Thermal image of the SAW device when the power is (c) 3.2 W in 
wireless conditions, (d) 2.3 W in wired conditions, (e) 3.2 W in wired conditions, (f) 4.00 W in wired conditions.
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example, after 5 min, the transmission depth for the control group (0 W) 
was ~197 μm, but increased to ~378 μm after 10 min, and then reached 
~792 μm at 20 min. This indicates that without using the SAW device, 
the diffusion is limited with a low rate of ~39.6 μm/min. In contrast, 
when using the conventional wired SAW device operated at an RF power 
of 3.0 W, there was a remarkable increase in transdermal transmission 
depth compared to that of the control group. After 5 min, the trans
mission depth was ~278 μm, nearly three times of that for the control 
group at the same operation duration. At this SAW power, the trans
mission depth reached ~1073 μm after 10 min and ~ 1578 μm after 20 
min, corresponding to the delivery rates of ~107.3 μm/min and ~ 78.9 
μm/min, respectively. The significantly increased delivery depths and 
fast rates demonstrate the effectiveness of the SAW enhancement in 
transdermal delivery of the RH dye.

Under the wireless operation, the SAW device with the applied RF 
power of 3.0 W also shows the enhanced transdermal transmission 
compared to the control group, although the obtained values were 
slightly lower than those from the wired device. For examples, after 5 
min, the transmission depth was ~268 μm, which is substantially higher 
than the control group, although it is slightly lower than the wired de
vice (~278 μm). However, we should address that the differences are 
not statistically significant. Figs. 4b to 4d show representative fluores
cence images under the different testing conditions. The obtained fluo
rescence images can be found in the Section II of the Supporting 

Information. Our results showed that both the wired and wireless SAW 
devices significantly enhanced the transdermal transmission depths of 
the 5 kDa Rh-Ha dye in 10 % agarose gel compared to the control group. 
For example, in a 10-min test, the transmission depths were enhanced by 
approximately 173 % with the wired SAW device and 283 % with the 
wireless SAW device. Although the wired SAW device showed slightly 
larger transmission depths, the wireless device still demonstrated a 
substantial improvement if compared with the control group, validating 
its potential for effective transdermal drug delivery.

To verify if there is any micro-cavitation effect in this study, we used 
a high-speed camera (Hotshot 1280 CC, NAC image technology, Japan) 
to record the videos of cross-section microstructure changes of 1 % 
agarose gel layer under the applied SAW powers. An agarose gel sample 
of about 1 × 1 × 2 cm3 was placed on a 9.6 MHz SAW device, and was 
powered with 8 W. We have observed many micro-bubble formations 
and collapses within the gel, with examples shown in Figs. S4(a) - 2(d) in 
the supporting information. The bubbles were generated near the bot
tom of the gel once the acoustic waves were applied to the gel, and then 
they moved upward under the agitation of the acoustic waves. They 
appeared to burst around t = 600 ms as shown in Fig. S4(d). The cor
responding video has been provided in the Supporting Information part 
IV.

Fig. 4. (a) Transportation distances of 5 kDa Hyaluronate Rhodamine gel (0.1 mg/mL) into 10 % agarose gel at 3.0 W; Fluorescence images of (b) Control group in 5 
mins; (c) Wireless case with a power of 3.0 W in 5 mins; (d) Wired case with a power of 3.0 W in 5 mins.
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3.4. TDD demonstrations using pig skin

The same SAW device was then used to conduct drug delivery ex
periments using the pig skin as the skin model. We applied the 5 KDa HR 
as the drug molecules for the TDD demonstration. Fig. 5a and b show the 
measured transmission depths of the drug molecules into the pig skin, 
using the wireless power supply and wired power supply, respectively. 
All the results were obtained by measuring the depths for ten times at 
different positions based on the fluorescence cross-section images and 
the average values from the repeated tests were obtained. The repre
sentative examples of fluorescence images are shown in Fig. 5c. The 
obtained fluorescence images are shown in the Supporting Information 
part III. Results showed that there is a strong correlation between the 
transmitter coil power and the transdermal transmission depth. The 
largest transmission depth was observed at a power of 3.9 W, at which 
the corresponding power in the transmitter coil was 5.0 W. After 20 min, 
the transmission distance with the highest power (3.9 W) was signifi
cantly larger (i.e., 56.81 μm) compared to those at a lower power level 
(i.e., 23.4 μm at 2.3 W) and the control group (9.59 μm).

When comparing the results for the wireless and wired systems at an 
RF power of 3.2 W, the wired cases clearly show larger transmission 
depths, although the difference is not substantial if compared with those 
of the wireless cases. For example, after 5 min, the depth was ~10.65 μm 
for the wireless case but it was ~22.80 μm for the wired cases. After 20- 
min, the depth was ~44.27 μm for the wireless one, and ~ 54.02 μm for 
the standard wired one. This difference is attributed to the reduced 
thermal effect and slightly smaller power transmission efficiency for the 

wireless case.
The possibility of skin surface damage using the wirelessly powered 

system was further investigated using both skin surface resistivity tests 
(Fig. 5d) and microscopic analysis of the cross-section skin morphology 
(Fig. 5e). The results from the resistivity tests (Fig. 5d) show that after 
applied with a SAW power of 3.2 W (for the wireless case) for 10 min, 
the resistivity of the skin surface did not show significant decreases, with 
an average resistivity value of 50 kΩ⋅cm. Based on the cross-section 
morphology analysis of the tissue structures, there were negligible dif
ferences in the overall morphologies before and after the SAW agitation 
experiments (see Fig. 5e).

To further investigate the potential effect under a large SAW power, 
we have subjected the skin surface with a high power of 10 W (with the 
wired case) for 10 min. There is an obvious damage to the skin surface. 
The epidermal wrinkles were clearly observed, mainly due to the 
moisture losses and temperature increases on the skin surface, with 
some areas even turned into dark yellow patches. As shown in Fig. 5e, 
some black dot-like protrusions were observed, which was mainly 
caused by the protein denaturation under the increased temperature and 
high RF powers. Concurrently, the surface resistivity reading showed a 
significant decrease to a value of ~20 kΩ⋅cm, indicating that applying a 
very high power could cause damage to the skin surface. In our study for 
drug delivery into skins, we did not use such a high power of 10 W.

All the above results clearly show that both wireless and wired power 
transfer system results show that increasing power levels lead to greater 
transdermal transmission distances, demonstrating the effectiveness of 
SAW in enhancing drug delivery. For all the cases, longer exposure times 

Fig. 5. Delivery depths of 5 kDa Hyaluronate Rhodamine molecules (0.1 mg/mL) into pig skin under the agitation of SAWs using (a) wireless power (b) wired power. 
By comparisons, there are statistically significant differences (p < 0.05), except for the one labelled NS; (c) Typical examples of fluorescence images of transportation 
distances. (d) Pig skin surface electrical resistivity test. (e) Surface morphology and tissue sections of pig skin before and after the experiment.
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lead to increased transmission depths (see Fig. 4c). Despite the slightly 
lower transmission distances, the wireless SAW setup shows its great 
potential for transdermal drug delivery, offering notable advantages in 
terms of reduced heat generation and improved safety.

As it is well-known that the epidermis of human skin presents the 
main barrier to protect internal tissues from external penetrations 
[7,28]. The outermost oily SC layer of 15 to 20 μm thick is consisted of 
multiple layers of dead and keratinized cells [29]. Penetration through 
this barrier is possible if molecules are oily and small, but it is commonly 
expected that large hydrophilic water-soluble materials do not pass 
readily through the skin [30–33]. It is possible to break the epidermis 
layer for drug delivery with microneedles, electrothermal, or ultrasound 
methods. However, those methods tend to cause surface damage and 
have often shown adverse effects [28,34]. SAWs offer a novel approach 
by inducing nanoscale vibrations that temporarily disturb the SC layers, 
creating transient channels for drug diffusion [15], through mechanisms 
including localized suction generated by the mini earthquake-like vi
brations on the skin surface, facilitating the transmission of drug mol
ecules within minutes. We should address that the SAW induced heating 
effect could also alter the top structure of skin, making fats more liquid 
and altering viscosity [20,35]. While excessive heating could pose a risk 
of thermal damage, our findings suggest that controlled and localized 
heating induced by SAWs aids in deforming lipid structures in the SC. 
This enhances drug molecule penetration without causing significant 
damage, striking a balance between efficacy and safety.

In this study, we showed that the wireless controlled power trans
mission system offers several advantages. The wireless system signifi
cantly reduced heat generation compared to its wired counterpart, 
minimizing thermal damage. SAW devices have the great capability to 
deform lipidic structures in the SC, aided by localized heating and 
acoustic pressure, thus enhancing the efficient drug molecule penetra
tion. This supports the design of portable, flexible, and wireless 
controlled TDD devices that are aligned with the portability re
quirements necessary for practical applications.

4. Conclusions

This study was mainly focused on wireless-powered SAW enhanced 
transdermal drug delivery. Through well-defined experimentation 
employing both agarose gel and real pig skin tissue, we have proven the 
potential of wireless powered SAWs in facilitating the transport of large 
drug molecules weighing 5 kDa through the epidermis layer. Our find
ings highlighted the significant roles of wireless power transmission in 
minimizing thermal effects and optimizing the efficiency of the drug 
delivery system. Lower operating temperatures contributed to greater 
patient comfort and safety, making the drug delivery process more 
tolerable for extended usages. Additionally, this study investigated the 
energy transmission efficiency of wireless devices, providing insights 
into the optimization of coil coupling distance for maximum power 
transfer. Overall, the research demonstrates the potential of wireless 
SAW technology as a promising alternative for enhancing transdermal 
drug delivery, offering a safer, more effective, and user-friendly solution 
for patients.
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