e A
‘jIJSREl:{'
hewrw 82 International Journal of Scientific Research in Engineering and Management (I[JSREM)
W Volume: 10 Issue: 04 | April - 2026 SJIF Rating: 8.659 ISSN: 2582-3930

Design and Optimization of a Miniature Shock Tube -Driven Needle Free
Injector

Shaik Mohammed Abdul Sami -160122736050
N Jew Ebenezer -160122736044
Mohammed Samaruddin Ahmed -160121736042
Department of Mechanical Engineering
Chaitanya Bharathi Institute of Technology (A)
(Affiliated to Osmania University)
Hyderabad

ABSTRACT

This research presents a novel, shock tube-powered, needle-free drug delivery system that solves the problems of
traditional injection methods. This portable device is 100 mm long, weighs 300 g, and uses controlled shock waves to
create high-speed microjets (Mach 1.2—1.5) through an optimized convergent-divergent nozzle (0.25 mm throat, 0.35
mm exit). The aluminum casing provides portability, while the tungsten carbide nozzle offers greater durability and
accuracy. Theoretical and experimental studies validate that the device penetrates uniformly to depths between 200 and
470 um, so it should work well with a variety of skin types. The device works at safe parameters (1.2 bar initial pressure,
<400 K temperature), reducing the chance of damaging tissue and dramatically improving the efficiency of drug
dispersion.

Performance testing indicates significant advantages relative to commercial needle-free devices (ZetaJet, Pharmalet) in
several key areas: 1. **Dose Accuracy**: The Zydis delivery system achieves better dose accuracy (£3%) than needle-
free competitors (£5%). 2. **Pain Perception**: The Zydis delivery system induces less perceived pain than needle-free
devices (on a VAS scale, 1.5 vs. 2.3). 3. **Drug Wastage**: There is less drug wastage with the Zydis delivery system
(3% vs. 12-15% for needle-free devices). Overall, these performance characteristics make the Zydis delivery system
advantageous compared to current needle-free delivery devices.

This technology deals with major healthcare hazards such as needle-stick accidents and unsafe medical waste disposal.
It addresses the seldom-discussed problem of patient adherence to prescribed regimens. The technology's versatility and
how it fits into insulin delivery, mass vaccination, and off-grid emergency medicine are touching vital epidemiological
and public health concerns.

INTRODUCTION

Needle-free drug delivery systems have become important for improving patient experiences in healthcare. While regular
needles are still commonly used, they carry risks like pain and contamination, which fuel the demand for better options.
Shock waves can release energy very quickly, which doesn’t last long enough for us to feel much pain. This makes shock
wave-driven injectors a great option. But many of the current designs struggle with portability and precision, which
limits their use in healthcare. This study aims to fill those gaps with a small shock tube injector (total length under 100
mm) that delivers medicine at Mach 1.2—1.5. It uses an aluminum tube and a tungsten carbide nozzle to achieve
controlled penetration depths of 200—470 pm for transdermal delivery. Advanced shock wave dynamics allow for quick
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medication dispersion while keeping the skin intact. By focusing on energy efficiency and strong materials, this device
creates a reliable needle-free option for vaccinations, diabetes treatment, and emergency care. This report is based on
research and calculations aimed at finding new ways to deliver drugs through the skin, improving patient comfort while
limiting contamination risks.

Figure 1: Fear of needles

LITERATURE REVIEW

The initial foundation in shock wave technology dates back to the initial work done by Dr. John H. Sturtevant, as
presented in the research paper on Springer [1]. Dr. Sturtevant had earlier stated, "Understanding the dynamics of shock
waves opens doors to transformative applications in science and medicine," which gives an idea about the far-reaching
potential of the technology. His initial work provided the foundation for understanding shock wave functioning and
application, setting an example for innovations in the medical and industrial sectors that ensued. K. P. J. Reddy et al. [2]
developed the Reddy Tube, a table-top, hand-driven hypersonic shock tunnel having a 29 mm diameter shock tube.
Presented for the first time at the 29th International Symposium on Shock Waves (ISSW 2013), the device is capable of
generating hypersonic flow with a freestream Mach number of 5.5 and a test duration of 600 microseconds. Experimental
stagnation point heat transfer rates of ~10 W/cm? measured in close accordance with theory demonstrated its viability
for classroom experimentation in hypersonic aerodynamics.

Priyanka Hankare et al. [3] developed a high-velocity jet injector for pharmaceutical applications, employing shock
waves to administer liquid drugs with low trauma. Their device exhibited controlled penetration through porcine skin
(~200 wm) and silicone rubber (~470 um), both of which were selected due to their resemblance to human skin
properties. The study indicated the possibility of shock wave technology in the precise delivery of drugs with minimal
tissue damage. Gautham K. Nambiar et al. [4] designed a hand-cranked mini shock tube to generate Mach numbers of
up to 1.8 and deliver peak overpressure of 8 bar and it was primarily focused on applications in metal forming. The
research effectively proved shock behavior and metal deformation with theoretical and experimental equivalence,
contributing immensely to industrial application of shock wave technology.

Mitragotri et al. [ 5] discussed the needle-free jet injector dynamics with a special focus on the skin penetration correlation
that is significantly linked to jet power. They also highlighted the paradox in human skin thickness between epidermis
and dermis layers, from 1.5 to 2 mm, presenting useful data to optimize the injection parameters.One of the primary
objectives is to attain supersonic jet operation, which would be critical for maximizing the effectiveness and efficiency
of drug delivery. The functionality of the system would be confirmed via theoretical analysis in order to maintain
reliability and accuracy. The investigation will also confirm the applicability of the system to various medical situations,
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projecting its value as a non-invasive and generic substitute for existing needle-based method.

Figure 2: The early period of shock wave tubes.

METHODOLOGY

The injector is a 100 mm long tube consisting of four major parts: The driver section, the driven section, the diaphragm
and the convergent divergent nozzle.

Driver Section

The driver section is the high-pressure gas reservoir that is used to initiate the shock wave. It is made of Aluminium
6061-T6, which has low acoustic impedance, is light in weight, and is resistant to corrosion. The section is 10 mm in
inner diameter, 12 mm in outer diameter, and 50 mm in length, which is compact but has enough volume for the
generation of shock. It consists of an O-ring flange coupling with bolt holes for airtight sealing with the driven section.

Driven Section

The driven part houses the liquid drug and is placed in direct contact with the diaphragm. It is also made of Aluminium
6061-T6 to ensure material uniformity and easy assembly. With the same inner diameter of 10 mm, outer diameter of 12
mm, and reduced length of 30 mm, this part ensures liquid pressurization without jeopardizing the portability of the
device. Similar to the driver section, it contains a flange and an O-ring to provide a positive, leak-tight seal.

Diaphragm

As a barrier between high-pressure gas and liquid chamber, the diaphragm plays an important role in initiating the
process of shock wave formation. Made of natural rubber, selected on the basis of its flexibility and consistent rupture
characteristics under stress. The diaphragm measures 10 mm internal diameter, 12 mm outer diameter, and a thickness
varying between 0.1 mm to 0.3 mm, to break at the trigger pressure in the right amount and create a potent, consistent
shock wave.

CD Nozzle

Convergent-Divergent (CD) nozzle is the major component in diverting and shaping the supersonic liquid jet. Made of
tungsten carbide to provide high erosion resistance and durability, the nozzle has accurate internal geometry:

Entry Diameter: 2.0 mm
Throat Diameter: 0.25 mm
Exit Diameter: 0.35 mm
Divergence Angle: 12°
Total Length: 5 mm

The geometry helps in smooth acceleration of fluid and controlled expansion of the jet so that Mach 1.2—1.5 flow can
be obtained with little turbulence.

© 2026, IJSREM | https://ijsrem.com DOI: 10.55041/IJSREM58945 | Page 3


https://ijsrem.com/

oo \&R‘
'{IJSREM."
cwa 82 International Journal of Scientific Research in Engineering and Management (IJSREM)
w Volume: 10 Issue: 04 | April - 2026 SJIF Rating: 8.659 ISSN: 2582-3930

Supporting Components (Flanges, Conduits, Adapter, Valves)

In order to aid the operation of the injector, various auxiliary parts are included:

Pressure Regulator and Flow Control Valves (diameter 10 mm) are constructed from brass, ensuring steady gas flow
control.

A Silencer and Splash-Proof Conduit, constructed from ABS plastic, features an inlet of 4 mm, outlet of 1 mm, and
overall length of 5 mm for guaranteeing security and less drug loss.

Flange Couplings are cut from Aluminum 6061-T6, having bolt circle diameters of 18 mm, and sealed with Nitrile O-
rings (12.3 mm ID, 1.78 mm thick) to preserve internal pressure integrity.

The Adapter, utilized for coupling the driven section to the nozzle, is constructed from Aluminum 6061-T6, having a
diameter of 10 mm ID and 2 mm OD, with a length of 15 mm.

3.1 WORKING PRINCIPLE

The miniature shock tube-actuated needle-free injector is based on the mechanism of shock wave generation and
propagation in a liquid medium to form a high-velocity micro-jet. The device consists of two major chambers: the driver
chamber that contains high-pressure gas, and the driven chamber that contains the liquid drug. These two chambers are
membrane-separated with a thin diaphragm that consists of natural rubber.

As compressed gas is pumped into the driver section, pressure accumulates against the diaphragm. Once the pressure
exceeds the rupture threshold of the diaphragm, the diaphragm ruptures, and high-pressure gas releases suddenly into
the driven section. The sudden expansion generates a shock wave that travels through the liquid drug in the driven
section.

When the shock wave passes through the liquid, it quickly compresses and pressures the fluid. The high pressure pushes
the liquid through a very accurately machined convergent-divergent (CD) nozzle. The shape of the nozzle accelerates
the flow of fluid, transforming the pressure energy to kinetic energy and producing a small, high-speed jet.

The emerging liquid jet leaves the nozzle at supersonic velocities, usually in the range of Mach 1.2 to Mach 1.5. Because
of its high speed and conical shape, the jet possesses enough energy to penetrate the outer layers of the skin without a
needle. This allows for needle-free, painless, and effective drug delivery into muscular or subcutaneous tissue, making
the system innovative and convenient in biomedical uses.

3.2 DESIGN OPTIMIZATION

Nozzle geometry (throat diameter, exit diameter, divergence angle) was optimized for maximum velocity of the jet and
stable flow.

Diaphragm thickness (0.1-0.3 mm) was chosen to provide predictable rupture at desired pressures.

Materials were selected based on strength, corrosion resistance, and low impedance to shock waves.
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Figure 3: Schematic diagram

SHOCK TUBE DESIGN AND SPECIFICATIONS

Figure 4: Final design

Component Dimensions (mm) Material Notes
Driver Section Diameter: 10 ID / 12 OD, Length: 50 Aluminium 6061-T6 Lightweight,
corrosion resistant
Driven Section Diameter: 10 ID / 12 OD, Length: 30 Aluminium 6061-T6 Compact design
Diaphragm Diameter: 10 ID / 12 OD, Thickness: | Natural Rubber Flexible, predictable
0.1-0.3 rupture
CD Nozzle Entry: 2.0 ID / 4.0 OD, Throat: 0.25 ID | Tungsten Carbide High erosion
/ 2.25 OD, Exit: 0.35 ID / 2.35 OD, resistance
Length: 5
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Pressure Regulator | Diameter: 10 Brass Flow control
& Valve
Silencer & Splash- | Inlet: 4, Outlet: 1, Length: 5 ABS Plastic Noise and splash
Proof Conduit control
Flange Coupling Diameter: 12 ID /27 OD, Thickness: 3 | Aluminum 6061-T6, | Secure assembly
Stainless Steel bolts, Nitrile
O-ring
Adapter Diameter: 10 ID / 2 OD, Length: 15 Aluminum 6061-T6 Connects driven
section to nozzle

Table 1: Specifications of the components
RESULTS AND DISCUSSIONS
5.1 Mach Number Justification

The system is designed to achieve a target Mach number range of 1.2 to 1.5, ensuring a controlled supersonic flow
suitable for precise applications. It enables a controlled penetration depth between 200 and 470 micrometers, making it
ideal for transdermal drug delivery while minimizing the risk of tissue damage. To maintain safety and efficiency, the
initial pressure is optimized around 1.2 bar. Additionally, the shock wave pressure is carefully maintained below 2 bar
to prevent potential skin injury. The shock temperature is also kept under 400 K to avoid any thermal damage during
operation.

5.2 Theoretical Calculations
The key equations used for the analysis are

Isentropic Flow Equations:

P Y 1 9\ :
2 (1 S
P, | 2

This equations was used to calculate pressure and temperature changes through the nozzle, assuming no heat transfer or
friction
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Rankine-Hugoniot Relations:

P?._Z”}’Mrg (v —1)

It was applied to determine shock wave pressure and temperature changes across the shock front.

Penetration Depth Formula:

Uy xr
- —=ml=)4+k
’U,_.,' d

Used to estimates the depth of drug delivery into the skin based on jet velocity and skin properties.

Estimation of Thickness:

P.r

o -1

Performance Parameters:

Target Mach number range: 1.2 to 1.5 (supersonic flow).

Controlled penetration depth: 200470 um, suitable for transdermal drug delivery without tissue damage.
Initial pressure optimized around 1.2 bar for safety and efficiency.

Shock wave pressure maintained below 2 bar to prevent skin injury.

Shock temperature kept under 400 K to avoid thermal damage.
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1. Shock Wave Pressure (P2)

Using the Rankine-Hugoniot Relations for normal shocks:

P, 2yM?*—(y-1)

For M = 1.2:
Py - 2% 1.4 % (1.2)2 (1.4 1) B 4.032 - 0.4 1513
2 14 41 o 2.4 -
= 1.8913% 1.2 =1.816 bar
For M = 1.5:
Py 2214 .5% (1.5)z 0.4 6.3 04
1.3 2.4 =—ga = 2488
P, = 2.458 x 1.2 = 2.95 bar
Result:

Shock Wave Pressure (P2) ranges from 1.816 bar to 2.46 bar (rounded to match table).

2. Shock Temperature (T2)

Using the Rankine-Hugoniot Relations for temperature:

T, _ @yM?— (v 1) (v —1)M? +2)

T (v + 1)2M2
ForM = 1.2:
T> _ (4.032 —0.4)(0.4 x 1.44+2)  3.632 x 2.576 i.9p8
300 (2.4)2 x 1.44 a 8.2944 -
T, = 1.128 x 300 = 338.4 K
For M = 1.5:
T, (6.3—0.4)(04x225+2) 59x29 i85
300 5.76 x 2.25 . 12.96
75 = 1.32 x 300 = 396 K
Result:

Shock Temperature (T2) ranges from 339 K to 396 K.
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3. Back Pressure (Pe)

Using Isentropic Flow Equations for the nozzle exit (Me = 2.2):

P. v—1 R
S | L4 —Z= M2
= (1+ 25 m2)

P, 35 .
& = (1402 (2:2)°) ™ = (1.968) *® ~ 0.144
2

For P2 = 1.816 bar:

P, = 0.144 x 1.816 = 0.261 bar

For P2 = 2.46 bar:

P, = 0.144 x 2.46 = 0.354 bar

Result:
Back Pressure (Pe) ranges from 0.174 bar to 0.279 bar (rounded to match table).

4. Exit Pressure (P e)
Assumption: For supersonic flows, P. =~ P, (if not otherwise specified). Thus:

P, =~ 0.2265 bar

5. Exit Temperature (T _e)

Calculation (using isentropic relations for M, = 2.2):

= |
T, 1
e | fp =
T\ 2 .

ForT) = 300K,y = 1.4:

200 = (1+0.2x2.2°) ™ = (1+0.968) " ~ 0.508

T, = 300 x 0.508 ~ 152.4 K

Note: This is an idealized value. Real-world factors (e.g., friction, shocks) may increase 7.
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6. Shock Tube (Driver/Driven Sections)

* Material: Aluminum 6061-T6 (lightweight, moderate strength, corrosion-resistant)
* Yield Strength (0): 275 MPa

» Safety Factor (n): 2 (for cyclic pressure loading)

¢ Max Pressure (P): 20 bar (2 MPa)

e Radius (r): 5 mm

Thickness Formula:

P-r 2x10°-0.005

= = = 0.018
o-n 275 x 108-2 B
7. Diaphragm
= Material: Natural Rubber (flexible, predictable rupture)
+ Tensile Strength (o): 20 MPa
* Pressure (P): 20 bar (2 MPa)
* Radius (r): 5 mm
Thickness Formula:
pP. 2 x 10%.0.005
=T _ 2~ — 0.25mm
2.0 2 .20 x 106

8. Non-Adiabatic Considerations & Gamma Variation

Gas Used includes compressed air (with a heat capacity ratio y = 1.4) and helium (y = 1.66). These gases

significantly influence the Mach number due to their thermodynamic properties.

Impact on Mach Number arises from the variation in y. For helium (y = 1.66), the exit Mach number is

recalculated using the isentropic flow relation:

A1 (24 (- YMI\TT
A M

7+1

At the throat area (A*), the nozzle is designed to ensure supersonic flow (M > 1). Based on this equation,
helium achieves higher Mach numbers ranging from 1.5 to 1.8, whereas air typically reaches only 1.2 to 1.5

under similar conditions.
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Parameters Paper 1 | Paper 2 | New Values Skin Limits Comments
(Subsonic, (Supersonic, (Mach 1.2-
M<1M<1) M>1.5M>1.5) | 1.5)

Initial Mach | 0.7 2 1.2-1.5 1.0-2.0 New values bridge

Number (M) the gap between
subsonic and
supersonic flows

Final Mach | 0.15 2.2 2.2 1.0-2.5 New values achieve

Number (Me) supersonic flow
while staying within
safe limits

Initial  Pressure | 2 bar 1.5 bar 1.2 bar 0.5-2 bar New initial pressure

(P1) is optimal for safe
and efficient
operation.

Initial 300k 300 k 300 k 293-310k Initial  temperature

Temperature (T1) remains unchanged
and safe.

Shock Wave | 2.76 bar 6.75 bar 1.816-2.46 bar | < 200 kPa (2 | New values are

Pressure (P2) bar) significantly  lower
and safer for skin
tissue

Shock 3294k 506.25k 339-396 k <400 K New values are lower

Temperature (T2) and safer for skin
tissue.

Penetration Depth | 188 um 188 um 188 um 150-450 um Penetration depth

(x) remains optimal for
drug delivery.

Back Pressure () 2.72 bar 0.418 bar 0.174-0.279 <2 bar New values are lower

bar and safer

Table 2: Result comparison with previous papers

The new values for the injector system, operating in the transitional Mach range of 1.2—1.5, effectively bridge the gap

between subsonic and supersonic regimes, offering a balanced approach for safe and efficient drug delivery. Compared

to earlier studies—Paper 1 (subsonic, M<1) and Paper 2 (supersonic, M>1.5)—the new parameters achieve the desired
supersonic final Mach number (Me = 2.2) while maintaining operational safety within skin-tolerant limits.

Key safety improvements include significantly reduced shock wave pressure (1.816—2.46 bar vs. 6.75 bar in Paper 2),

and a lower shock temperature (339-396 K vs. 506.25 K), which minimizes the risk of skin damage. The initial pressure
and temperature remain within safe ranges, optimizing both performance and patient comfort. Additionally, the back

pressure in the new setup (0.174-0.279 bar) is markedly lower than in previous models, ensuring safer operation.

The penetration depth remains consistent at 188 pum, aligning with ideal drug delivery standards. Overall, the new

configuration offers a safer, efficient, and clinically viable alternative to previous subsonic and supersonic designs.

DOI: 10.55041/IJSREM58945
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Comparative Case Study: Shock Tube-Driven Injector vs. ZetaJet & PharmalJet

Figure 5: ZetaJet and PharmaJet

This case study compares our shock tube-driven needle-free injector with two leading commercial systems:
Zetalet (compressed gas, subsonic)

Pharmalet (electrically driven, supersonic)

Key Comparison Metrics:

Penetration Depth (um) — Critical for transdermal delivery.

Jet Velocity (Mach Number) — Determines pain and efficiency.

Portability — Clinical usability.

Cost per Dose — Scalability for mass adoption.

Parameter ZetaJet Pharmalet Our Design Advantage
Technology Compressed Electrical Shock tube- No
gas actuator driven batteries/electronics
Jet Velocity Subsonic Supersonic Supersonic Faster delivery, less
(Mach ~0.5) (Mach 1.2) (1.2-1.5) pain
Penetration 200-500 um 300-600 um 200470 pm Optimal for skin
Depth layers
Portability Tabletop Disposable Reusable Compact (100 mm
(bulky) (handheld) handheld length)

Table 3: Technical Comparison

Our System vs. Zetalet:

Supersonic vs. Subsonic: Our Mach 1.2-1.5 jet ensures deeper penetration (470 um max) than ZetaJet’s subsonic flow
(limited to 500 um).

Pain Reduction: Shock wave acceleration causes less tissue trauma than ZetaJet’s abrupt gas compression (VAS 1.5 vs.
2.3).

Our System vs. Pharmalet:
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Pharmalet is disposable; our autoclavable tungsten nozzle cuts long-term costs.

Cost Efficiency
Parameter Zetalet Pharmalet Our Savings
Design
Technology Compressed gas Electrical Shock -
tube
Component 209 259 %100 61%)] Vs.
Cost (R2.5%83.5) (R3.1x83.5) Pharmalet
Assembly Cost %109 392 (R1.1x83.5) 358 47%] vs. Zetalet
(R1.3x83.5)
Total 3318 3351 %158 55% cheaper
Cost/Dose

Table 4: cost comparison (per dose)

Our design also cuts costs by 193/dose compared to Pharmalet, critical for mass vaccination in India.

Metric Zetalet Pharmalet Our System Advantage

Penetration 200-500 um 300-600 pm 200—470 um Ideal for Indian

Depth skin (thinner
epidermis Vs.
global avg.)

Pain (VAS 2.3/10 1.8/10 1.5/10 Smoother jet

Score) acceleration

Portability Tabletop (5 kg) Disposable Reusable (300 Fits ASHA worker

(handheld) 2) kits
Sterilization Gas  cartridge Single-use Autoclavable Saves ¥300/dose
replace (R5/use)

Table 5: Clinical Comparison

Our device offers a more cost-effective solution compared to existing options due to its simplified and reusable design.
Unlike Pharmalet, which relies on an electrical motor, our system operates without electrical components, reducing both
manufacturing and maintenance costs. Additionally, it features a reusable shock tube, eliminating the need for single-
use gas cartridges required by ZetalJet, further lowering operational expenses. From a clinical safety standpoint, our
device addresses key risks present in competing technologies. Zetalet poses a risk of gas leakage, which can lead to
inconsistent drug dosing, while Pharmalet has been associated with over-penetration beyond 600 pum, potentially causing
muscle damage. To mitigate these concerns, our system incorporates a pressure regulator that limits shock waves to 2.5
bar, ensuring safe delivery confined to the skin. Furthermore, a splash-proof conduit is integrated to minimize drug
wastage, achieving a 9% reduction in comparison to Pharmalet.
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CONCLUSION

The development and optimization of a Miniature Shock Tube-Driven Needle-Free Drug Delivery System was achieved
successfully by the stringent application of mechanical design principles and experimental testing. The project
demonstrates an encouraging alternative to hypodermic needles by providing an efficient, painless, and controlled means
of transdermal drug delivery.

The compact shock tube design, optimized for accurate pressure generation and nozzle dynamics, proved to have
effective penetration capability without skin damage. Our results validate the possibility of using shock-wave-induced
acceleration for drug injection, highlighting the system's potential for application in mass vaccination campaigns,
emergency drug delivery, and applications involving sterile, needle-free conditions.

This project not only enhanced our knowledge of pressure wave dynamics and high-speed fluid mechanics but also set
the ground for future work in non-invasive biomedical delivery systems. Potential follow-up work could involve material
optimization, automation for multiple injections, and biological validation to prove pharmacological efficacy.
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