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ABSTRACT 
The main objective of this paper is to present a design of the 

power source for gene gun based on the principle of electro-
magnetic mechanism.  The energy stored in capacitors will be 
discharged toward the electromagnetic device of gene gun for 
providing micro-projectiles with electromagnetic force to gen-
erate the desired impact force, and a specific electronic circuit is 
to be designed to achieve the coupling between the electro-
magnetic device and the energy storage capacitor.  A gene gun is 
to be implemented for a testing purpose.  In order to reduce the 
size and the cost of the gene gun, a two-stage electromagnetic 
control strategy is developed in which a single chip is utilized to 
control the discharge time of dual capacitors in order to increase 
the impact force.  According to the experimental results, with 
the same capacitance, the proposed gene gun can generate 
higher impact force with smaller sizes and lower cost, and the 
validity and feasibility of the proposed electromagnetically 
powered gene gun is thus verified. 

I. INTRODUCTION 
The gene gun is also known as “particle gun.” In the proc-

ess of genetic engineering, DNA (Deoxyribonucleic Acid) is 
first extracted from donor cells.  Then we divide DNA and 
vectors with restrictive enounce, connect exogenous gene of 
DNA fragments to carriers with DNA ligase, and thus form 
recombinant DNA molecules.  The recombinant DNA mole-
cules are then delivered into receptor molecules with gene 
guns in which small gold or tungsten genes coated with DNA 
are accelerated to the high speed of 430 m/sec and for pene-
trating cell walls and/or cell membranes.  In this way, the 

DNAs are delivered into target cells and the process of gene 
transfer is thus completed.  Due to the chemical inactivity of 
the pure gold, such processes will not bring forth toxicity to 
the receptor.  The first application of this technology was for 
gene transfer of plants such as maize, nicotiana, onion, gladio- 
lus, asparagus, soybean, paddy rice, wheat, sugar cane, cotton 
and grapes [8-11, 18, 31].  Later on it was applied to micro-
organism and mammalian experiment systems.  With gene 
guns, researchers had successfully transferred genes into cul-
ture cells such as bacillus, skin epidermis, skin dermis, muscle, 
liver, pancreas, hematopoietic stem cells (HSC), prostate 
cancer cells, chest epithelial cells, nerve cells, melanoma cells, 
sarcoma cell and other living tissues [4, 7, 19, 25, 26, 28-30].  
Therefore, as a branch of biotechnology, gene gun technology 
not only promotes the success but also enhances the technical 
capability of biotechnology. 

In 1987, Professor John Sanford (Cornell University, U.S.) 
invented a gunpowder-driven gene gun for launching micro- 
projectiles [21].  However, with gunpowder as a power source, 
the gene gun could result in issues of pollution, loud noise, 
complicated auxiliary equipments, and safety concern [21, 22, 
32].  Hence, researchers have developed other types of gene 
guns driven by high voltage discharge [5, 14, 15, 33], com-
pressed gas [1, 12, 13, 16, 17, 20, 23, 24] centrifugal force [23, 
24], and static electricity [23, 24].  Each of those gene guns has 
certain drawbacks.  For gene gun driven by high voltage dis-
charge, the accelerator is driven by the heated gas (evaporated 
from a small droplet of water) generated by the discharge of 
high voltage (24 kV-dc), and yet this is a very noisy approach 
and the gas with high speed and high temperature generated by 
the shock wave may kill the cells.  The gene gun driven by 
compressed gas usually uses expensive helium, and the ex-
haust of such high-pressure gas might cause additional prob-
lems.  The gene gun driven by centrifugal force utilizes a 
high-speed rotating wheel, which generates an adhesive or 
breakaway micro particle with an ultra high speed.  When this 
micro particle breaks away from the rotating wheel, it follows 
the path in a tangential direction; however, controlling such 
impact force is not easy.  The gene gun driven by static elec-
tricity utilizes electrostatic charged micro particles for the 
acceleration of sub-atoms, and it is also not easy to control 
such impact force. 
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The process of gene transfer is essentially the process of 
delivering exogenous genes into some complete living cells or 
tissue with small gold or tungsten powder particles coated 
with DNA.  The “particles” are small sticky gold or tungsten 
particles with the diameter of 0.4-2.0 μm.  Because the “par-
ticles” cannot be accelerated directly, they must be attached to 
projectiles or diaphragms such that the DNA may be acceler-
ated along with these objects to high velocity and then trans-
ferred into acceptors.  Although the DNA transfer by impact 
with the micro-particle acceleration system has been devel-
oped for about 20 years, due to the complexity and difficulty 
of measurement, there has been not much literature related to 
the formation of impact force and the speed of micro-particles. 

In this paper, based on the principles of electromagnetic 
mechanism, a new type of power source, with energy first 
stored in capacitors and then discharged, is proposed for pro-
viding micro projectiles with electromagnetic force to gener-
ate the desired impact force.  In order to reduce the size and the 
cost of the gene gun, a two-stage electromagnetic control strat- 
egy is developed in a way by which a single chip is utilized to 
control the discharge time of dual capacitors to increase the 
impact force.  The implemented gene gun has an advantage 
over the above-mentioned types of gene guns with lower cost 
and easy operation.  This paper is organized as follows.  In 
Section 2, fundamentals on electromagnetic impacts are dis-
cussed.  In Section 3, the details of circuit design and simula-
tion are described.  Then the experimental results are shown in 
Section 4 as the demonstration of the validity and feasibility of 
the control circuit for the proposed gene gun, and as the proof 
that the multi-stage electromagnetic control strategy can in-
deed improve the impact force and reduce the device size. 

II. ELECTROMAGNETIC IMPACT FORCE 
According to the Faraday’s law of electromagnetic induc-

tion [3, 6], in a static closed loop coil the induced voltage (e) 
equals to the negative rate of time variation of the magnetic 
flux (φ) flowing through this loop and can be shown as 

 de
dt
φ

= −  (1) 

where φ and t denote the magnetic flux (wb) and time (sec), 
respectively.  The negative sign in (1) guarantees that current 
generated by the induced voltage follows in the direction 
against the variation of magnetic flux.  When there are N turns 
in the coil, the induced voltage can be found as 

 ( )d d N de N
dt dt dt
λ φ φ

= − = − = −  (2) 

where λ = Nφ is the flux linkage (wb). 
When a current i(A) flows through a coil with constant 

inductance L(H),  from (2) the induced voltage will be 

Solenoid

F'

i

x(m) S(m2)

Plunger

 
Fig. 1.  Solenoid with N-turn coil and plunger. 

 

 ( )di de L
dt dt

λ
= − = −  (3) 

 ( )d Ldi d Liλ = =  (4) 

 /L iλ=  (5) 

In a magnetic system, if the magnetomotive force is F = Ni 
(A-t), then the magnetic flux flowing in the magnetic circuit 
will be φ = F/R = FP (wb) with R and P denoting the re-
luctance and permeance of the system, respectively.  Then the 
inductance L (H) can be found  as 

 2( ) ( )N N N N iL N
i i i i
λ φ

= = = = =
F P P

P  (6) 

Consider the magnetic system shown in Fig. 1 where the 
plunger made of soft iron is moving inside the solenoid.  The 
solenoid carries a current i(A) with N turns per unit length, and 
the plunger has cross-sectional area S(m2) and permeability μ.  
As the plunger moves in the solenoid with a depth of x(m), the 
permeance P becomes 

 0 r
S S
x x

μ μ μ= =P  (7) 

 
2

2 0 r N SL N
x

μ μ
= =P  (8) 

where μo = 4π × 10−7 (wb/At-m) is the permeability of free air 
and μr is  the relative permeability of the soft iron.  The in-
ductance of the part of the solenoid without the plunger is 

 
2

2 0N SL N
x

μ
= =P  (9) 

The magnetic force varies with the different position of the 
plunger inside the solenoid.  The solenoid will generate an 
attractive force F′ (Newton) to pull the plunger inward.  If the 
distance of inward movement is assumed as x, then the mag-
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netic force will be [6] 

 dWF
dx

′ = −  (10) 

where W denotes the magnetic field energy stored in the so-
lenoid and can be represented as 

 
2 2 2 2( )

2 2 2
Li N i N iW = = =

P P  (11) 

The attractive force becomes 

 
2

21 ( ) 1 ( )
2 2

dW d N i dF N i
dx dx dx

′ = − = − = −
P P  (12) 

From (7), 

 2
dP d S S
dx dx x x

μ μ⎛ ⎞= = −⎜ ⎟
⎝ ⎠

 (13) 

Therefore,  

2
2 2

2 2
1 1 ( )( ) ( )
2 2 2

d S N i SF N i N i
dx x x

μμ⎛ ⎞′ = − = − − =⎜ ⎟
⎝ ⎠

P  (14) 

The attractive force F′ will decrease as x increases. 
To determine the capacitance C of the capacitor, consider 

the single phase bridge rectifier in the capacitor input filter 
circuit.  Usually every rectifier diode will be conductive for 
3ms to supply electricity to the output, and for the rest 7 ms the 
electricity will be supplied by the filter capacitor.  The energy 
storage of the capacitor will fluctuate by about 20%.  For every 
half power cycle, output of the capacitor, i.e. 20% of the stored 
energy, is provided corresponding to 70% of the output power 
Po, and the power provided in advance for the output within 
one second is [2] 

 2
o

10.2 2 0.7
2

f CV P× × =  (15) 

Then the capacitance will be  

 o
2

7
2

PC
V f

=  (16) 

where V and f denote the peak voltage and frequency, respec-
tively. 

III. DESIGN AND SIMULATION OF  
CONTROL CIRCUIT 

1. Design of Control Circuit 

AC Input Step Up
Circuit

Solid
Switches

Micro
Computer

Photo
Interface

AC/DC
Converter

Power
Controller

Energy
Device

 
Fig. 2.  Structure of the control system of the particle gun. 

 
 
The control circuit of the gene gun is composed of an ex-

ternal circuit and a microcomputer to drive the electromag-
netic energy device.  The gene gun utilizes the capacitor to 
store energy and to discharge to the electromagnetic solenoid 
in a very short time such that a strong impact force is generated.  
The major components of the external circuit include a DC 
current source, multiple optoelectronic interfaces, multiple 
energy storing capacitors, two sets of solid-state switch circuit, 
a zero voltage control circuit, a power source control circuit, a 
voltage comparator circuit and an electric energy compensa-
tion circuit.  Fig. 2 shows the structure of the gene gun control 
circuit in this study.  With the control of microcomputer pro-
gram, we can deliver continuous impact force in order to solve 
the issue of inadequate impact force of the traditional single 
impact approach.  

The microcomputer and the optoelectronic interface circuit 
consisting of two optoelectronic interfaces, as shown in Fig. 3, 
are designed to facilitate the control the discharge time of two 
sets of capacitors.  When the microcomputer sends out electric 
energy compensation signal C, in the meantime it also sends 
out signals for the activation of optoelectronic interfaces.  
When the output is completed, the electric energy compensa- 
tion signal C will be stopped and zero voltage circuit control 
signal D will be sent out to stop the output of circuit.  When the 
switch (S5) is (ON), the microcomputer will send zero voltage 
circuit control signal D to stop the circuit output; this process 
from the activation to the termination of program by micro- 
computer is the so-called programmable control.  The solid 
stage switch circuit is shown in Fig. 4.  When a single opto- 
electronic interface is activated, the SCR of the corresponding 
single set of solid state switch will be triggered to be “ON” 
such that the capacitor can immediately discharge to the elec- 
tromagnetic device to achieve the output of electromagnetic 
force.  And since there are two sets of solid state switch 
circuits, continuous output of electromagnetic force can be 
achieved. 

Microcomputer device uses single chip to control the dis-
charge time.  The functional diagram of single chip control  
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Fig. 3.  Microcomputer and optoelectronic interface circuit. 
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Fig. 4.  Solid switches. 

 
 

system is shown in Fig. 5.  The control approach is in the 
following way.  After the single chip receives activation signal 
(ON/OFF switch) from external users, it sends out N signals 
triggering the discharge of capacitors following the order and 
then stops. 

2. Circuit Simulation 
When the plunger enters solenoids, anti-magnetic force will 

be generated.  For further enhancement of impact force, we 
develop a multi-stage electromagnetic control strategy and 
utilize the PSPICE software to simulate the discharge voltage 
and current of the multi-stage electromagnetic control circuit.   

External circuits wait for triggering signals
from single chip 

Single chip sends out two signals triggering
external circuits in order  

Single chip receives activating signal sent
by user 

Actions completed in two external circuits 

Signal for resetting external circuit
is sent out by the single chip 

Start

End
 

Fig. 5.  Functional diagram of single chip control system. 
 
 
100 V

50 V

0 s 5 ms 10 ms 15 ms  
Fig. 6. PSPICE simulation curve of discharge voltage of two-capacitor 

two-stage electromagnetic control circuit. 
 
 

The PSPICE simulation result of discharge voltage curves of 
the two-stage double-capacitor electromagnetic control circuit 
is shown in Fig. 6.  These two capacitors have been pre- 
charged to a certain potential level.  When the first capacitor is 
discharged to approximately one half of the discharge volt- 
age, the second capacitor is introduced to instantly raise the 
discharge voltage for the second discharge.  The PSPICE simu- 
lation result of discharge current curves of the two-stage 
double-capacitor electromagnetic control circuit is shown in 
Fig. 7.  Discharge current will rise along with the spike of dis- 
charge voltage to generate more impact force. 
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Fig. 7. PSPICE simulation curve of discharge current of two-capacitor 
two-stage electromagnetic control circuit. 

 

IV. EXPERIMENTAL RESULTS 

1. Experiment I 
Based on aforementioned circuit characteristics and design 

considerations, we are to implement an electromagnetic gene 
gun by modifying the interior structure of an electric tacker as 
the impact device for the gene gun.  The solenoid of the impact 
device has resistance of 0.68 Ω and inductance of 3.07 mH, 
with power at 1000 W, DC input voltage at 150 V, and fre-
quency at 60 Hz.  The minimum capacitance C can be calcu-
lated from (16) as: 

 o
2 2

7 7 1000 2593 F
2 2 150 60

PC
V f

μ×
= = =

× ×
 (17) 

Energy stored in the capacitor will be instantly discharged 
to the impact device such that the generated electromagnetic 
force will provide impact force for projectiles.  This will be 
compared with the requirements for the pressure of gene guns 
[27] in order to verify the validity and feasibility of the theo-
retical analysis of this study. 

Measurements are conducted by using a piezoelectric force 
sensor.  Shown in Fig. 8 is the curve of pressure per unit area 
converted from the measured force sensor voltage under dif-
ferent discharge voltages of a single capacitor (with different 
capacitance), where the pressure unit is psi, the x-axis is the 
discharge voltage of capacitors, and the y-axis is the impact 
force of gene guns.  From this figure we can observe that  
the curves of impact forces generated by different values of 
capacitance are quite similar, while the only difference is the 
discharge voltage for generating the maximum impact pres-
sure.  The smaller the capacitance, the larger the discharge 
voltage is required to generate the same impact force.  The dis- 
charge voltage is roughly proportional to the output impact  
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Fig. 8. Curves of pressure per unit area converted from output voltage of 

single-stage impact force sensor. 
 
 

force.  Larger capacitance will generate larger impact force 
under the same discharge voltage.  For smaller capacitance, 
larger discharge voltage is required to generate larger impact 
force.  However, when the discharge voltage is larger than the 
critical value, the output impact force will actually decrease 
due to the counter force holding the plunger when it enters the 
solenoid coil.  Therefore, the larger the capacitance, the smaller 
the critical voltage for this phenomenon will get. 

2. Experiment II 
In order to reduce the size and cost of the gene gun, we are 

to design a multi-stage electromagnetic control circuit by 
utilizing: 

 
(a) energy stored in a 3000 μF/200 V capacitor to be instantly 

discharged to the electromagnetic device of the gene gun; 
(b) single chip 8051 to control the input time of two 1500 

μf/200 V capacitors to generate electromagnetic force to 
the electromagnetic device of the gene gun. 

 
The impact forces generate by (a) and (b) will be compared 

to verify that the multi-stage electromagnetic control is supe-
rior to the single-stage electromagnetic control.  The specifi-
cations are: 

 
AC input voltage: 110 V; 
Capacitors: 3000 μF/200 V*1, 1500 μF/200 V*2; 
Impact device: coil resistance 0.68 Ω, inductance 3.07 mH. 
 
Fig. 9 shows two response curves of the discharge voltage 

of the two-capacitor two-stage continuous discharge under 
different timing for capacitor switching.  The difference lies in 
the timing for capacitor switching.  From the figure we can see 
that once the second capacitor is switched for discharging,  
the voltage will rapidly rise and then decrease.  Fig. 10 depicts 
the current response of the continuous discharge of double  
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Discharge gap during continuous energy storage
and discharge of capacitor

Discharge gap during continuous energy storage
and discharge of capacitor

(a)

(b)  
Fig. 9.  Voltage of the two-capacitor two-stage continuous discharge. 

 
 

capacitors at 70 V.  Similarly, the current goes up when the 
second capacitor is switched for discharging and then goes 
down. 

Fig. 11 shows the curves of pressure per unit area converted 
from the force sensor voltages of single and double capacitors 
(with same total capacitance) measured under different dis-
charge voltages, where the unit for pressure is psi, x-axis is the 
discharge voltage of capacitors, and y-axis is the impact force 
of gene guns.  From this figure we can see that when discharge 
voltage is lower than 80 V, single capacitor generates larger 
impact force; but when this voltage is between 80 V and 130 V, 
the impact force generated by multi-stage control method is 
larger; when this voltage continues to rise until surpassing 
certain value, the output impact force will actually decrease 
due to the counter force holding the plunger when it enters  
the solenoid coil.  This result is the same as that observed in 
Experiment I. 

Usually the pressure of gene guns used for the transplant of  

 
Fig. 10.  Current of the two-capacitor continuous discharge at 70 V. 
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Fig. 11. Curves of pressure per unit area converted from output voltage 

of two-stage impact force sensor. 
 
 

plant genes is around 450-2200 psi [27].  The gene gun de-
veloped in this study provides pressure over 4500 psi with 
single capacitor of 6800 μF and discharge voltage at 110 V.  
Therefore it already meets the requirement of maximum 
pressure for plant gene transfer by providing impact force 
covering larger range, and thus outperforms most types of 
gene guns available on the market.  In order to reduce the size 
and cost of the gene gun, we further design the multi-stage 
electromagnetic control circuit and utilizes single chip 8051 to 
control the capacitor discharge time.  The experimental results 
have proven that the multi-stage electromagnetic control is 
superior to the single-stage electromagnetic control. 

V. CONCLUSION 
In this paper, based on the theory of electromagnetism, a 

gene gun has been proposed by utilizing capacitors as the 
storage device for supplying electric energy.  Besides the 
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advantages of low price and convenient operation, the pro-
posed gene gun also provides impact force covering a larger 
range.  The pressure of common gene guns available on the 
market is around 450-2200 psi, while our gene gun can pro-
vide pressure above 4500 psi with the capacitor of 6800 μF.  In 
order to reduce the size and cost of the gene gun, a multi-stage 
electromagnetic control strategy has been developed to en-
hance the impact force.  According to the experimental results, 
with the same capacitance, the proposed gene gun can gener-
ate higher impact force with a smaller size and lower cost, and 
thus the feasibility of the proposed electromagnetically pow-
ered gene gun is verified. 
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