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A microexplosive shockwave-based drug delivery
microsystem for treating hard-to-reach areas in the
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Abstract
Implantable drug-delivery microsystems have the capacity to locally meet therapeutic requirements by maximizing
local drug efficacy and minimizing potential side effects. The internal organs of the human body including the
esophagus, gastrointestinal tract, and respiratory tract, with anfractuos contours, all manifest with endoluminal lesions
often located in a curved or zigzag area. The ability of localized drug delivery for these organs using existing
therapeutic modalities is limited. Spraying a drug onto these areas and using the adhesion and water absorption
properties of the drug powder to attach to lesion areas can provide effective treatment. This study aimed to report the
development and application of microsystems based on microshockwave delivery of drugs. The devices comprised a
warhead-like shell with a powder placed at the head of the device and a flexible rod that could be inserted at the tail.
These devices had the capacity to deposit drugs on mucous membranes in curved or zigzag areas of organs in the
body. The explosive impact characteristics of the device during drug delivery were analyzed by numerical simulation.
In the experiment of drug delivery in pig intestines, we described the biosafety and drug delivery capacity of the
system. We anticipate that such microsystems could be applied to a range of endoluminal diseases in curved or zigzag
regions of the human body while maximizing the on-target effects of drugs.

Introduction
Microscale drug-delivery devices have recently drawn

great attention due to their advantages over hypodermic
needles, such as liquid jet injectors, powder injectors,
microneedles, and thermal microablation, which help in
tackling pain and needle phobia1–4. Implantable drug
delivery devices have been applied for decades across a
range of sites in the body, including the brain5. Endoluminal
drug delivery systems, such as drug-eluting stents and drug-
coated balloons, are effective at providing high local con-
centrations of antiproliferative agents and reducing vascular

renarrowing (or restenosis) in vessels affected by obstructive
atherosclerosis6,7. However, existing drug-coated balloons
are limited in efficacy due to the limited transfer and
retention of drugs from the balloon to the vessel wall. In the
gastrointestinal tract, endoscopic injection, initially pio-
neered through the development of endoscopy-guided
injection needles8, transformed the capacity to locally deli-
ver therapeutics for a range of indications, including
hemostasis with epinephrine9, sclerosant injection for var-
iceal ablation10, submucosal lifts with normal saline and
other materials11, and steroid injections for inflammation
control and injection of biologics for inflammatory stricture
management12,13. All these applications are aimed at a
single point of treatment and do not solve the problem of
regional lesion treatment. Babaee et al. at MIT developed a
kirigami-based stent platform with the capacity to deposit
drug depots circumferentially and longitudinally in the
tubular mucosa of the gastrointestinal tract across milli-
meter to multicentimeter length scales, as well as in the
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vasculature and large airways14. However, since the device is
made of hard silicone and is designed to be 8 cm in length
and 12.5mm in diameter, many lesions in the body occur in
hard-to-reach areas, such as curved or zigzag areas of the
gastrointestinal tract, trachea, or brain, to which conven-
tional implantable drug delivery devices have difficulty
delivering drugs. At the same time, the device used the
internal air pressure change to make the surface micro-
needles pierce the human tissue to release the drug, and the
single-time drug release speed is slow, which is likely to
cause pain and discomfort. In addition, Zaizai et al. pre-
sented a simple 3D electroporation platform that enables
massively parallel single-cell manipulation and the intra-
cellular delivery of macromolecules and small molecules15,
which provides a simple, efficient, high-throughput intra-
cellular delivery method that may facilitate on-chip cell
manipulation, intracellular investigation and cancer therapy.
Long et al. proposed a multimicrochannel microneedle
microporation (4M) platform that achieves high efficiency,
safety, and uniformity for in vivo intracellular delivery16.
This platform has proven to be efficient for the delivery of
chemotherapeutics in solid tumors in vitro and in vivo, with
significantly enhanced anticancer effects and reduced sys-
temic toxicity, and serves as a general-purpose delivery tool
for emerging drugs in vivo.
The principle of jet injection has been used for drug

delivery for a long time17, allowing drugs to be sprayed
through a narrow orifice to a lesion or inflammatory
area. Currently available commercial devices employ a
variety of forms of stored energy, including compressed
springs, compressed gases, explosive chemicals, Lorentz
forces, electric pulse microjets, and shockwaves. Elec-
trically pulsed microjet piezoelectric actuators have
been used to deliver injections, albeit to restricted tissue
depths, and are mainly applied to the body surface18.
Taberner et al. developed a controllable injection
device19, which operated by ejecting a liquid drug
through a narrow orifice at high pressure, thereby
creating a fine high-speed fluid jet that could readily
penetrate skin and tissue. However, the device needed a
linear power amplifier and a peak power of 4 kW to
drive the Lorentz force motor to work. The complex
system and large volume make it difficult to use in the
targeted therapy of diseases in vivo. Shockwaves are one
of the most efficient mechanisms of energy dissipation
observed in nature. Sudden energy release (within a few
microseconds) leads to the formation of shockwaves.
Shockwaves have been used successfully for disin-
tegrating kidney stones20, noninvasive angiogenic ther-
apy21, and osteoporosis treatment22. Rathod et al.
introduced a microshock tube-based drug delivery
device23; however, the entire inner wall of the tube of
the device was coated with an explosive coating, and in
the process of generating an axial shockwave, there was

also radial impact to cause the tube wall to expand. The
use of aluminum and copper films in the device results
in poor biocompatibility. Tagawa et al. managed to
generate thin, focused microjets to model the penetra-
tion of the jet into soft matter and human skin enclosing
soft tissue24 and solved the problem of the diffusion of
microjets during the needle-free injection. However, the
inability of this device to deliver drugs to the human
body limits treatment options. Jagadeesh et al. proposed
a typical needleless drug delivery device consisting of a
diaphragm and an explosive driver to propel the liquid
drug to the target25. However, the study did not report
device calibration considering drug particle and skin
properties. Several typical targeted drug delivery
microsystems were compared with our study. The
detailed results are shown in Supplementary Table S1.
In this study, we reported a microsystem for drug

delivery based on microexplosive shockwave injection.
This warhead-like device, with an outer diameter ranging
from a few millimeters to a centimeter and a flexible rod
that could be inserted at the tail, can deliver drugs deep
into curved or zigzag areas of the body. Highly doped
semiconductor bridges are used for energetic devices that
generate high energy for a short time under the appli-
cation of a pulse current of a minimum of 1 A and apply
energy to the energetic material copper azide. Copper
azide receives heat and reacts chemically, and then
explodes and produces shockwaves. The powder at the
head of the device is sprayed into the pathological area of
the human body due to the shockwave generated by the
explosion. Under the application of the shockwave, the
drug powder in the transparent cover obtainded a max-
imum kinetic energy of 3.2 × 10−4 J, and the maximum
speed reached 60 m/s. In addition, due to the internal
structure design of the system, the microexplosive
shockwave was mainly transmitted in the axial direction,
and the radial vibration was extremely small. A PDMS
film is set in the tubular shell so that the copper com-
pounds generated by the explosion are trapped in the
shell and do not enter the human body with the powder.
The overall operating time of the system is only a few
hundred microseconds. Thus, heat generation is negli-
gible, as the device does not heat up. We designed the
system and each module, including the energetic material
copper azide and the semiconductor bridge as the ener-
getic device.
Then, we performed a dynamic simulation evaluation of

the influence of geometric characteristic parameters on
the drug injection of the explosive shockwave, as well as
the processing and assembly of the system and each
module. Finally, experimental tests were carried out in pig
intestines, and the results were analyzed to verify the
biosafety and drug delivery capacity of the microexplosive
shockwave microsystem.
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Working mechanism
Schematic and structure design of the drug release
microsystem
Figure 1a shows a schematic diagram of a warhead-like

microexplosive shockwave-based drug delivery micro-
system. The device consisted of a transparent cover on the
head, a tubular shell in the middle, and a flexible rod at the
tail. Two steps were set inside the tubular shell, and the
PCB was welded with a semiconductor bridge. The ener-
getic material copper azide and the PDMS film were closely
attached to form an energetic system with a sandwich
structure and fixed on the back step to generate shock-
waves. The solder holes on the PCB directed the metal
wires out, supplying power outside the system through the
holes of the flexible rod. A layer of PDMS film was also
fixed on the first step of the head of the tubular shell near
the transparent cover. The main function of the two PDMS
films inside the shell was to attenuate the internal shock-
wave and prevent byproducts after the reaction of copper
azide entering the biological body together with drugs in the
transparent cover. The distance between the two PDMS
films was L1, the thickness of the shell and the transparent
cover were both t, and the top of the transparent cover was
provided with a circular hole with a diameter of D1 through
which the drug powder was sprayed. This microsystem
could be manufactured in different sizes and used for drug

delivery deep into the gastrointestinal tract, brain, and blood
vessels under an endoscope. Figure 1b shows that the device
was located in curved areas such as the esophagus, small
intestine, blood vessels, and brain to deliver drugs. The drug
could be attached to the lesion through its adhesiveness and
water absorption to provide effective treatment.
The tubular shell and the transparent cover were made of

ASTM resin, which is a biocompatible resin material, with a
maximum breaking strength of 65MPa. The unsafe strength
area of the shell fracture is between 50MPa and 65MPa, and
the material parameters are shown in Supplementary Fig. S2.
We implemented the finite element analysis of the

explosion impact in LS-DYNA and selected four points on
the shell surface. Since we hoped to obtain the maximum
effective stress on the shell surface when the shockwave
occurred, all four selected points were on the shell surface
near the energetic material area. Figure 1c(i) shows the
effective stress of four points on the shell under the
internal shockwave when the shell thickness t was 2mm.
The maximum effective stress was 38.7MPa, which did
not exceed 50MPa. Figure 1c(ii) shows the change in the
maximum effective stress on the outer surface of the shell
with the thickness t of the tubular shell and the trans-
parent cover from 3mm to 1.6 mm. The value of t
decreased from 3mm to 1.6 mm, and the maximum
effective stress increased; when the value of t was between
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Fig. 1 Overview and numerical characterization of drug delivery microsystem based on microexplosion shockwave injection. a Schematic
diagram of the structure and characteristic dimensions of the explosive shockwave-based drug delivery microsystem. b An implantable targeted
drug delivery microsystem performs shockwave drug injection in the gastrointestinal tract, brain, and curved or flexed area of blood vessels.
c Variation in effective stress at different points on the shell under shockwave and the relation between the thickness t of the tubular shell and the
maximum stress. The red circle indicates the final manufacturing selection of the shell thickness value
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2mm and 1.6 mm, the maximum effective stress
increased faster. When the value of t was 1.6 mm, the
maximum effective stress exceeded 50MPa, and when the
value of t was 1.5 mm, the shell fractured under shock-
wave finite element simulation. Research has shown that
when the shell thickness t is 2 mm or more than 2mm,
the system worked reliably. However, choosing a larger
value of t resulted in a smaller internal space and
increased the difficulty of manufacturing and assembly.
Therefore, in the case of the outer diameter of the shell
D0= 10 mm, we chose the thickness t of the shell as the
ideal value. After determining the thickness t of the shell
and transparent cover, we continue to design, manu-
facture and evaluate the performance of the internal
energetic system.

Performance characterization of the copper azide
In the drug delivery microsystem, copper azide was used

as an energetic material to generate an explosive shockwave,
which was characterized by a small detonation wavefront
area, high-energy density, and a deflagration point of 195 °C.
The copper azide used in this study was light in weight and
small in volume. The copper azide we prepared was 300 μm
in thickness and 1mm in diameter due to factors such as
process technology. Figure 2 shows the process flow for
preparing copper azide. As shown in Fig. 2(i), the mold and
the nanoporous copper needed for copper azide were

designed and prepared; the nanoporous copper was pre-
pared by the polystyrene template method. The polystyrene
spheres (PS)/Cu core–shell structure was prepared by
depositing a layer of copper on the surface of polystyrene
microspheres by electroless plating, and then the PS/Cu
core–shell structure was obtained by grinding and sintering
the microspheres to obtain nanoporous copper with a large
pore structure. As shown in Fig. 2(ii), the mold plate was
first assembled, and nanoporous copper powder was added.
Then, the pressing mold was added, and finally, the high-
density copper powder was obtained by pressure. As shown
in Fig. 2(iii), high-density porous copper and the mold were
laser-cut, and the nanoporous copper was ammoniated to
obtain high-density copper azide. In addition, we could
observe the crystal phase diagram of porous copper and
copper azide under an electron microscope.

Structure and performance characterization of the
semiconductor bridge
The microsemiconductor bridge provided an energy

source for the shockwave-based drug delivery micro-
system, and its structure and material properties had an
essential influence on the full release of the energy of the
energetic drug copper azide. As shown in Fig. 3a-ii, the
pulse current flowed through the bridge area, and the
current density was the highest at the gap, forming a burst
point. The semiconductor bridge vaporized rapidly under
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Fig. 2 Preparation process of copper azide. i Preparation of the energetic material mold and nanoporous copper. ii Preparation of the high-density
porous copper powder: mold assembly, adding porous copper powder, adding a pressing mold, and finally pressing to obtain high-density porous
copper. iii Ammoniating high-density porous copper to obtain copper azide, the crystal phase diagram of porous copper and copper azide under the
electron microscope
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Joule heating and formed a weak plasma discharge under
the application of an electric field; the bridge area reached
more than 1000 K in a very short time. When the semi-
conductor bridge was vaporized, the circuit was

disconnected and the temperature did not continue to rise
at this time. As shown in Fig. 3a-iii, the semiconductor
bridge provided ignition energy to the copper azide. After
heat conduction, the copper azide chemically reacted and
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continued to generate heat. Finally, an explosion occur-
red, and a shockwave was generated. In the process of
ignition energy transfer from the semiconductor bridge to
copper azide, at higher peak temperatures and faster heat
conduction, the heat received by copper azide was greater
than the heat dissipated, and the shockwave generated by
the explosion was stronger. When the heat generation
rate or the peak temperature of the semiconductor bridge
decreased, it was difficult for the energetic material cop-
per azide to ignite and then detonate. A picture of the
semiconductor bridge and an enlarged view of the bridge
area under the electron microscope are shown in Sup-
plementary Fig. S4.
The peak temperature and temperature rise rate of the

semiconductor bridge were related to the resistivity of the
semiconductor bridge. The resistivity of the semi-
conductor bridge was determined by the aspect ratio ω,
the V-shaped angle θ, and the doping concentration of
nonmetallic elements, that is, R= R(ω, ND, θ, ρ). The
length direction of the semiconductor bridge was taken as
the x axis, and the width direction was taken as the y axis
to establish a rectangular coordinate system, as shown in
Fig. 3a-i. The resistance was obtained by integrating the
two parts of ① and ②, and the cross-sectional area of the
semiconductor bridge area along the x-axis could be
expressed as:

SðxÞ ¼ δ w� 2xctg θ
2

� �
0 � x � 1

2

δ w� 2ðl � xÞctg θ
2

� �
1
2 � x � l

(

ð1Þ

For a conductor with a constant cross-section, the
resistance was proportional to the length l and inversely
proportional to the cross-section S, and the resistance was
calculated as follows:

R ¼ ρ
l
S

ð2Þ

The integral and sum of the resistance at 0 ≤ x ≤ l/2 and
l/2 ≤ x ≤ l yielded:

R ¼ ρ

δ

l½2w� lctgðθ=2Þ�
2w½w� lctgðθ=2Þ� ð3Þ

where ρ/δ= Rs is the square resistance of the semiconduc-
tor bridge. Let ω= l/w, known as the aspect ratio, then:

R ¼ Rsω

2
1þ 1

1� ωctgðθ=2Þ
� �

ð4Þ

Equation (3) is the theoretical calculation formula for the
resistance of the V-shaped semiconductor bridge. When
the square resistance was determined, the resistance of
the semiconductor bridge was only related to the aspect

ratio ω and the V-shaped angle θ. The aspect ratio of the
semiconductor bridge was generally approximately 1:4,
and the typical size was 100 μm× 400 μm× 2 μm. The
design of the V-shaped angle θ needed to meet a certain
range, that is, 2argtanω < θ < π; when θ= π, the R value
was the smallest; when θ= 2argtanω, since
ω= l/w= 0.25, θ= 2argtanω= 28°; at this time, R was
infinite. In addition to the semiconductor bridge struc-
ture, knowing the change in square resistance with
temperature was also necessary. Since the doping thick-
ness was generally δ= 2 μm, it was necessary to calculate
the change in resistivity with temperature.
According to the principle of semiconductor physics

and the calculation method of a double V-shaped semi-
conductor bridge26, the expressions of the resistivity of
the semiconductor bridge in different temperature
regions can be obtained:

ρ ¼

1
NDqμn

T0 � T � T1

1
ðND þ n2i =NDÞqμn T1 � T � Tmelt

1
ρðTmeltÞ� 2:7ðt�TmeltÞ Tmelt � T � Tg

8
>><

>>:
ð5Þ

In Eq. (5), Tg= 2880 K and Tmelt= 1684 K are the boiling
point and melting point of the semiconductor bridge,
respectively; T1 is the upper limit of the saturation
ionization temperature; and T0 is the normal temperature
of 300 K. The relationship between the doping concentra-
tion and the upper limit of the saturated ionization
temperature T1 is shown in Fig. 3b-i.
We analyzed the temperature field of the semi-

conductor bridge with different V-shaped angles in the
COMSOL finite element software. Figure 3b-ii shows that
when the V-shaped angle of the semiconductor bridge
was 30°, the peak temperature was higher, and the energy
was more concentrated. As the V-shaped angle θ
increased, the peak temperature was smaller and the
temperature field was more divergent. Additionally, the
temperature field variation with time of the semi-
conductor bridge with different V-shaped angles was
studied under different doping concentrations of non-
metallic elements, as shown in Fig. 3b-ii. The higher the
doping concentration was, the higher the peak tempera-
ture was, and the faster the peak temperature was
reached. We also experimentally verified that the semi-
conductor bridge could successfully initiate copper azide.
The structure and chemical parameters of the semi-
conductor bridge were determined based on finite ele-
ment analysis and experiments. The manufacturing
process is shown in Fig. 3c:

(1) Silicon wafer cleaning and preparation
(2) Magnetron sputtering silicon oxide, with a

thickness of 500 nm
(3) Spin-coated photoresist, with a thickness of 4 μm
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(4) Lithography used to select the location of the
semiconductor bridge area

(5) Removal of photoresist and wet etching of silicon
oxide with hydrofluoric acid

(6) Sputtering highly doped silicon, with a thickness
of 2 μm

(7) Spin coating photoresist, glue process, the
thickness of 4 μm

(8) Lithography used to select the semiconductor
bridge area graphically

(9) TMAH wet corrosion process to complete the
release of the silicon electrode structure

(10) Metal electrode deposition, Al, with a thickness of
200 nm

(11) Spin coating photoresist, with a thickness of
400 nm

(12) Forming a metal electrode in the semiconductor
bridge area

(13) Dry etching (ICP) metal electrode
(14) Sputtering highly doped silicon with a thickness of

2 μm
(15) Spin-coated photoresist, with a thickness of

400 nm
(16) Lithography used to graphically select the

semiconductor bridge area
(17) Fabrication of the semiconductor bridge area by a

dry etching process (ICP).

Results and discussion
Performance of the microshockwave in drug release
Since the drug spray under the microexplosive shockwave

was completed in the order of microseconds, we needed to
evaluate the important dimensional parameters in the finite
element model. As shown in Fig. 4a, we reported the ability
of the drug powder to spray under the microexplosive
shockwave at different L1 values. The amount of drug
powder sprayed decreased with increasing L1 value; when
L1= 14mm, no powder was sprayed. As shown in Fig. 4b, c,
we used the velocity of the top single particle in the powder
and the kinetic energy of the all powder over time in the
finite element analysis. An increase in the value of L1 caused
a decrease in the speed of the powder particles. The kinetic
energy first increased and then decreased. This was because
the kinetic energy of the powder decreased when the
powder passed through the hole of diameter D1 and then
stabilized. Considering the assembly methods and the
integration relationship between the components, we
believed that an L1 value of 5mm or 8mm was more
appropriate. In the case of L1= 5mm, we analyzed the
influence of the diameter D1 of the hole on the transparent
cover on the drug powder spray. We found that the kinetic
energy decreased significantly when the hole diameter was
less than 3mm. Interestingly, when the hole diameter was
larger than 3mm, the kinetic energy of powder injection did

not increase significantly; a hole diameter that was too large
reduced the amount of drug powder loaded. Considering
the size of the outer diameter of the tubular shell
D0= 10mm, we believed that 3mm D1 was the most ideal
choice. During the generation of shockwaves by the
microsystem to release the drug. The vibration displace-
ment of the system shell in the x, y, and z directions is
shown in Fig. 4e. The vibration displacement in the x and y
directions was within +0.4mm and −0.4mm, respectively,
and the vibration displacement in the z direction was within
1mm. Since the working area of the drug delivery micro-
system in the body was mostly in the range of several
millimeters to several centimeters, the vibration at this value
could be ignored.
A visualized schematic diagram of the manufacturing

process of the targeted drug delivery microsystem is shown
in Fig. 4f. The tubular shell, transparent cover, and flexible
rod of the system were processed by 3D printing. The shell
and transparent cover were made of ASTM resin, and the
push rod was made of rubber. The tubular shell was pro-
vided with a rotating groove, and correspondingly, a pro-
truding rotating buckle was provided on the transparent
cover. As shown in Fig. 4f-i, the rotating buckle was in the
shape of an inverted hammer. The rotating buckle was
inserted into the rotating groove and then rotated coun-
terclockwise; the transparent cover, and the tubular rotating
shell could be fixed axially. The PDMS and the curing agent
were mixed in a ratio of 10:1. The mixed liquid glue was
dropped on the homogenizer and spin-spread. The curing
was accelerated in a 100 °C incubator to form the 1mm-
thick PDMS film. we needed. The PDMS film with a dia-
meter of 8mm was cut. The tubular housing, transparent
cover, copper azide, circuit module welded with the semi-
conductor bridge, PDMS film, and metal wire were
assembled. The assembled drug delivery microsystem is
shown in Fig. 4f-iii. The flexible rod was designed into a
conical tube to facilitate assembly and fixation. We
assembled two devices with sizes L1 of 5mm and 8mm.

Evaluation of the drug delivery effect of the microsystem
We used pig intestines to conduct drug injection

experiments to evaluate the feasibility and biological
safety of the drug delivery microsystem based on explo-
sive shockwave injection. The pig intestines were folded in
half to create a curve, and the curved section on the pig
intestines was marked with a marker pen. The curve area
is shown in Fig. 5a-i. Our goal was to deliver the drug
powder to the marked area by means of shockwave
injection. Red chalk powder was used to highlight the
experimental effect. The device was inserted into the pig’s
intestine, the top of the transparent cover was aligned
with one of the marks, and the pig’s intestine was always
in a curved state during the entire experiment. The
external power supply was 5 V, and the experiment was
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started. According to the two types of L1 value micro-
systems provided in the previous section, four sets of
experiments were performed for each of the two types of
microsystems. The pig intestines were cut after the test
along the axial direction. The result is shown in Fig. 5a-ii.
The red chalk powder was sprayed into the intestines and
occupied up to 60% of the local area, proving the feasi-
bility of the design. As shown in Fig. 5a-iii, when the L1
value of the microsystem was small, the powder area

sprayed on the pig intestine was large, and the color was
darker in comparison. This was because in this case, the
shockwave was stronger.
Since copper azide produced copper and nitrogen after

explosion27, copper could cause heavy metal poisoning in
the human body. Therefore, we needed to carry out bio-
logical safety experiments in pig intestines, and used salt
as drug powder. After the experiment was completed, we
dried the sample and performed phase detection under a
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multifunctional X-ray diffractometer (Rigaku SmartLab,
Japan), as shown in Fig. 5b. Figure 5b-ii is the sample
spectrum after scanning; the sample spectrum was com-
pared with the standard spectrum of the components to
be detected. The peak intensity of the sample spectrum
was completely consistent with the standard spectrum of
NaCl, which proved that the sample contained the powder
sprayed by the microsystem, as shown in Fig. 5b-iii. We
could also see that the sample spectrum had no peak
intensity at the standard spectra of Cu, Cu(N3)2 and CuO,
which proved that no Cu, Cu(N3)2, or CuO were sprayed
onto the pig intestine with the drug powder.

Conclusion
In summary, given the recognized capacity of implan-

table targeted therapy for disease treatment, we report a

new type of biomedical device. The explosive shockwave
not only sprayed the drug powder into the tubular area of
the body but also, more importantly, delivered the drug
powder to the hard-to-reach areas of the gastrointestinal
tract, brain, trachea, and other organs in the body, such as
the curved or zigzag areas. The use of drug adhesion and
water absorption to attach the drug to the lesion provided
effective treatment. In this study, the overall design of the
drug delivery microsystem based on the microexplosive
shockwave injection was carried out. The combination of
finite element simulation and experiments was used to
evaluate the characteristic parameters of the tubular shell,
transparent cover, semiconductor bridge, and other
modules and to analyze the influence of the characteristic
parameters on shockwave drug delivery. Finally, the
optimal parameters were selected to process modules of
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the microsystem. More importantly, we demonstrated the
capacity of the microsystem for targeted drug delivery in
our experiments. The maximum injection area reached
more than 60% of the local area, and the system was
nontoxic and free of collateral damage. In addition, the
system could match different structural sizes according to
the size of the human body cavity and was applied to treat
a series of lesions in hard-to-reach areas in the body.
The main contribution and novelty of this work can be

summarized as follows: (1) This work proposed a micro-
explosive shockwave-based drug delivery microsystem,
which can realize parametric design and processing to
meet the treatment of different areas in the body. The
flexible rod of this device enables drug delivery in hard-to-
reach areas such as curved or zigzag areas in the body.
(2) In this study, a high-energy semiconductor bridge and
a high-density explosive, copper azide, were designed and
fabricated so that the system could release high energy in
tens of microseconds driven by a small amount of elec-
tricity (a minimum electric current of 1 A). The copper
azide was ignited, and an explosive shockwave was gen-
erated so that the drug powder could be sprayed onto the
surface of the lesion at a maximum speed of 60m/s in the
human body. Due to the extremely short drug spraying
time, this process will not cause pain to or heat the human
body. In addition, the internal structure of the device was
designed so that the explosive shockwave is transmitted
mainly in the axial direction and the radial vibration is
small, resulting in better safety. (3) The integrated
microsystem was applied to pig intestines and other
experimental tests to verify the drug delivery ability and
biosafety.

Materials and methods
Microexplosive shockwave drug spray simulation
Finite element simulation of drug spray under micro-

explosive shockwave was carried out to evaluate the
important parameters of microsystem structure. The
instruction set modeling was conducted with Truegrid
software, and the geometric parameters, material prop-
erties, constraints, and explosion boundary of this struc-
ture were mainly set. L1= 3mm was taken as an example
(L1 is the distance between the two PDMS films, that is,
the distance of the explosive shockwave in the tube). The
specific steps of modeling are as follows: first, the center
of the hemispherical transparent cover was set as the
origin, from which the coordinate position of each device
of the microsystem can be known. Combined with the
index mapping method, the transparent cover, tubular
shell, PDMS film, copper azide, and circuit board were
modeled according to the instructions. The model was
presented in the form of a grid, as shown in Supple-
mentary Fig. S1. The explosive impact process follows the
CJ theory of detonation wave, and the propagation

velocity of detonation wave is U. On the wavefront, the
relationship between mass conservation, momentum
conservation, and energy conservation can be obtained:

m ¼ ρ0ðU � v0Þ ¼ ρðU � vÞ ð6Þ
ρ0ðU � v0Þ2 � ρðU � vÞ2 ¼ p� p0 ð7Þ

m e0 þ 1
2

U � v0ð Þ2� 1
2

U � vð Þ2 þQ~v

� �
¼ p0v0 � pv

ð8Þ

In the formulas, p, ρ, v, and e represent the pressure,
density, velocity, and specific internal energy in the
explosion, and p0, ρ0, v0, e0 represent the initial state of
the explosive pressure, density, velocity, specific internal
energy, respectively. The particle velocity before detona-
tion is v0= 0, and ρ= 1/~v (~v is the specific volume).
ρ= 1/~v was brought into Eqs. (6) and (7), and the sorted
results were inserted into (8) to finally obtain:

p� p0 ¼ �U2

~v20
~vþ U2

~v0
ð9Þ

Then we calculated the constructed model in LS-DYNA.
After the calculation was completed, the results were
post-processed in LS-PrePost, and the relationship
between the kinetic energy of the drug powder and time
was obtained. Finally, by changing the parameters L1 and
D1, we analyzed the effect of different L1 and D1 values on
the kinetic energy of the powder.

Development of an explosive shockwave-based drug
delivery microsystem
The preparation of the microsystem was mainly divided

into three steps: (1) design and processing of the warhead-
like shell; (2) design and processing of the energetic device
semiconductor bridge; and (3) preparation of the ener-
getic material copper azide.
The microsystem mainly included a transparent cover, a

tubular shell in the middle part, and a flexible rod at the
tail. All three parts were processed by 3D printing (Xin-
gyou Technology Co., Ltd., China).
Next, we proceeded to prepare a semiconductor bridge.

The preparation process required using a lithography
machine, a homogenizer, an etching machine and a
PECVD coating machine (Institute of Semiconductors,
Chinese Academy of Sciences, China). The preparation
process started from the silicon wafer. First, the silicon
wafer was prepared and cleaned, and 500-nm thick silicon
oxide was sputtered on the silicon wafer. The wafer was
spun on the photoresist, the position of the semi-
conductor bridge was selected, and then the photoresist
was removed. Highly doped low resistance silicon with a
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thickness of 2 μm was sputtered on silicon oxide, and then
the semiconductor bridge area was prepared by dry
etching (ICP). The photoresist was spin-coated, and then
photoetched. Then the silicon-based electrode structure
was completed by the TMAH wet etching process, alu-
minum metal with a thickness of 200 nm was deposited,
and finally the metal electrode was prepared by dry
etching (ICP). Hence, the semiconductor bridge was
prepared. The semiconductor bridge was a low-power
device that generated high energy under a low-voltage
drive. The drive voltage of this design was 5 V.
Then, copper azide was prepared, and copper sulfate

(0.1 mol L−1) pentahydrate and ethylene diamine tetra-
acetic acid (0.12 mol L−1) were dissolved in deionized
water. The sodium hydroxide solution was added slowly
at a high stirring speed to a pH of 12.85. The preprocessed
PS (0.2 g L−1) was dispersed into the alkaline bath, fol-
lowed by the addition of formaldehyde (15 ml L−1) to
induce a deposition reaction. The plating process was
conducted at 40 °C for 15min under ultrasound. PS/Cu
core–shell microspheres were collected by centrifuging
the mixed solution at 4000 rpm for 4 min, washed with
deionized water three times, and dried under vacuum at
50 °C for 24 h to yield PS/Cu powders. Then, 0.1 g pow-
ders were pressed by a powder pressing machine to form a
round film. An NPC film was produced by sintering the
PS/Cu film with a heating rate of 5 °C/min in a N2

atmosphere at 400 °C for 1 h to remove PS templates. The
NPC film was pressed into the pores in polycarbonate
confinements, which were custom-made to fabricate a
copper azide microcharge. Furthermore, 2 g sodium azide
and 10 g stearic acid were mixed in a three-neck round-
bottom flask. The left neck was equipped with a gas inlet
valve, and a thermometer was placed on the right neck of
the flask. The middle neck was connected to a custom
glass-made sand core filter to place NPC-filled poly-
carbonate confinements separately for maximum expo-
sure to HN3. The top of the filter was connected to a
buffer absorption device with saturated KOH to filter
unreacted HN3. Before the reaction, the left neck was
introduced to N2 for 10min to exclude O2 from the
system and then the flask was heated with simethicone to
135 °C. After the reaction, N2 was also introduced for
10min to absorb residual HN3. After every 12 h, 2 g
sodium azide and 10 g stearic acid were added to the flask
to confirm a steady stream of HN3 gas. Finally, copper
azide was obtained.

Experimental setup and measurement system
In the experiment to verify the feasibility of this design,

fresh pig intestines were used. The red chalk powder was
placed in the transparent cover of the microsystem, and
the device was inserted into the pig intestines. After the
test, the samples were cut along the axial direction, and

the proportion of the red powder in the local area was
observed and measured. In the biosafety test, salt was used
as a drug powder to spray into pig intestines. After the
experiment, we used a multifunctional X-ray dif-
fractometer (Beijing Institute of Technology, China) to
inspect the samples. We put the samples into the equip-
ment and set the scanning angle from 10° to 90°. In
addition, we performed drug ejection experiments on a
heart model (3D printed in a 1:1 ratio); see Supplementary
Fig. S3. Due to the flexible characteristics of the device,
chalk powder was sprayed into the cardiac lumen of the
heart through the blood vessels. After the experiment, the
connecting part of the blood vessel and the heart was cut,
and it was observed that the inner cavity was sprayed with
red powder.
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