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Abstract: In order to obtain the minimum size, thickness and safe separation distance, 
for  the cube-shaped transfer charges used  in MEMS (micro-electromechanical 
system) explosive trains, an explosive train using a JO-9C(III) cube-shaped transfer 
charge was designed for experimental research. Detonation transfer experiments 
and  detonation interruption experiments were  conducted in  turn. In  initial 
experiments, the electric detonators were all in the armed position, but different 
thicknesses of the cube-shaped transfer charges were used. In the later experiments, 
the thickness of the transfer charges were unchanged, but the separation distances 
were different. The detonation path of the transfer charge under unsafe conditions 
was  analyzed using the  shock wave attenuation law. The  results showed 
that the minimum thickness ranged from 0.2 mm to 0.4 mm, the minimum safe 
separation distance ranged from 0.4 mm to 0.6 mm; and the cube-shaped transfer 
charge is detonated by a shock wave from a steel gap rather than air clearance 
when the safe separation distance is less than the minimum threshold. The thickness 
design value of the cube-shaped transfer charge (JO-9C(III)) should not be less 
than 0.6 mm, and the safe separation distance design value of the MEMS explosive 
train should not be less than 1 mm.
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Symbols and abbreviations
d	 Diameter of the donor charge [mm]
HMX	 1,3,5,7-Tetranitro-1,3,5,7-tetrazocane
l	 Distance from the incident point [mm]
pl	 Pressure where the distance from the incident point is l [GPa]
RDX	 1,3,5-Trinitro-1,3,5-triazinane
s	 Safety separation distance [mm]
t	 Thicknesses of the cube-shaped transfer charge [mm]

1	 Introduction

The explosive train is one of the most important parts of fuse design, and reliable 
transfer detonation and safety interruption detonation are the basic requirements 
of an explosive train [1]. Transfer charges serve as the connecting link between 
the preceding and following charges in an explosive train. It is an intermediate 
part of transferring and enlarging a detonation [2]. Miniaturization of an explosive 
train will play a critical role for meeting future military requirements considering 
the present demands for smaller, more efficient, and more “intelligent” systems [3].

In 2006, a MEMS (micro-electromechanical system) explosive train 
based on  a  cube-shaped transfer charge structure was  reported  [4,  5]. 
It  includes three elements: the  stationary input and  output charge columns, 
both of which have parallel but non-collinear central axes, and  the movable 
cube-shaped transfer charge, which has its longitudinal axis always perpendicular 
to  the  foregoing central axes. The  cube-shaped transfer charge has  axial 
misalignment and  there  is  a  steel gap (barrier) instead of  a  transfer charge 
between the input charge and the output charge when kept in the safe position. 
Thus, the output charge cannot be detonated by the input charge due to their axial 
misalignment and gap interruption. In the armed position, the input charge column 
is adjacent to the first end of the transfer charge, thereby initiating the transfer 
charge, and the second end of the transfer charge is adjacent to the output charge, 
thereby initiating the output charge. There are two vertical initiations in the process 
of detonation transfer. It involves corner effects and shock wave attenuation [6-
10]. This is a safer design because the input and the output charges are physically 
separated and never in line. Therefore, this structure has been applied to a variety 
of  MEMS fuses, and  the  detonation propagation characteristics of  similar 
charges have  been  studied  [11-14]. However,  these  studies did  not  consider 
the  structure and  assembly conditions of  the  explosive train. For  reasons 
of  reliability, in  the  armed position, cases  where  the  cube-shaped transfer 
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charges are  too  thin to be detonated by  the donor charge should be avoided. 
Therefore, the minimum thickness (tmin, mm) must be determined. In addition, 
in order to ensure that the transfer charge in the safe position is not detonated 
by  the  accidental ignition of  the  donor charge, the  design safety separation 
distance (s, mm, equal to the separation length of the two closest edges between 
the donor charge and the transfer charge) must be greater than the minimum 
safe separation distance (smin, mm). In the case of s < smin the transfer charge 
will  be  detonated by  the  accidentally ignited donor charge in  one  of  two 
possible paths. Therefore, it is necessary to determine which path will operate, 
which can provide a basis for the designer to improve the design.

2	 Experimental

2.1	 Experimental program
A simple explosive train sample was designed using a  micro-scale electric 
detonator (donor charge), a booster (witness charge), and a cube-shaped transfer 
charge (receptor charge). The transfer charge was press loaded into the charge 
gap, which has  the same thickness. The  dimensions of  the  two end surfaces 
of  the  cube-shaped transfer charge are  larger than  the  middle transmission 
section. This  design allows the  cube-shaped transfer charge to  better accept 
the output energy from the electric detonator and further enlarge the output energy 
to detonate the booster. In order to simplify the experiments, the electric detonator 
was offset instead of moving the  transfer charge to simulate the  interruption 
process. A schematic of  the structure of  the explosive train sample is shown 
in Figure 1. In the schematic, there are two holes for the detonator in the detonator 
enclosure (5), which correspond to the two states of safe position and armed 
position. The diagram shows their positional relationship. The actual part has only 
one hole, because each part can only simulate one state for testing. The transfer 
charge was press loaded into the charge gap (3), and an inseparable subassembly 
was formed. This is illustrated as two separated parts for showing its outer shape.
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Figure 1.	 Schematic of the explosive train sample: 1  –  booster enclosure, 
2  –  booster, 3  –  charge gap, 4  –  cube-shaped transfer charge, 
5 – detonator  enclosure, 6 –  electric detonator (armed position), 
7 – electric detonator (safe position)

The first set of experiments involved detonation transfer experiments. 
In  this  set  of  experiments, all  electric detonators in  the  explosive train 
were in the armed position, but the thicknesses of the cube-shaped transfer charges 
(t, mm) were varied. The different thicknesses of the transfer charge were pressed 
into the corresponding thickness of the charge gap. In 2015, the author of this paper 
studied the MEMS explosive train using JO-9C(III) cube-shaped transfer charges, 
and found that the detonation reliably transferred step by step when t = 0.8 mm. 
However, variable thickness detonation transfer and variable separation distance 
detonation interruption have  not  been  studied  [15]. Therefore,  beginning 
at t = 0.6 mm and decreasing each subsequent step by 0.2 mm until the transfer 
charge could not be detonated, the tmin was obtained.

Next set of experiments involved detonation interruption experiments. 
In  this  set of  experiments, t  was  held constant (determined  according 
to the detonation transfer experiments), but s was varied. Therefore, beginning 
at s = 0 mm and adding 0.2 mm at each subsequent step until the detonation 
was safely interrupted. The smin was thus obtained.

2.2	 Experimental elements and materials
Electric detonator size (shaped-charge concave output surface): diameter 2.5 mm; 
main charge: CL-20; output detonation pressure: 14.26 GPa (measured value, 
standard deviation in test value was 1.56). Manufacturer: Liaoning North Huafeng 
Special Chemistry Co. Ltd.
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Main measuring equipment: H-type micro manganin piezoresistive 
sensor; MH4E  constant current source with  high-speed synchronous pulse; 
Tektronix TDS5054B digital phosphor oscilloscope. The measuring equipment 
below is the same as this, and will not be described again.

Transfer charge: authorized transfer charge JO-9C(III) (95 wt.% of submicron 
HMX + 5 wt.% of Viton); charge density: 1.7 g·cm–3 (90% theoretical density); 
output detonation pressure: 16.48 GPa (measured value, standard deviation in test 
value was 1.28). Manufacturer: North University of China.

Booster size: diameter 2.5 mm; main charge: JO9C (95 wt.% of micron 
HMX +  5  wt.% of Viton). Manufacturer:  Liaoning North Huafeng Special 
Chemistry Co. Ltd.

Detonator enclosure and booster enclosure: super-hard aluminum 7A04.
Charge gap: high strength martensitic stainless steel 1Cr11Ni2W2MoV. 
Charge way: position fixation press loaded.
Subassemblies of charge gap are shown in Figure 2. Each sample was secured 

by 4 × M4 screws.

Figure 2.	 Sub-assemblies of the charge gap, assembled samples

3	 Results and Discussion

3.1	 Explosive train transfer experiments
Three sizes (t = 0.6 mm, 0.4 mm and 0.2 mm) of cube-shaped transfer charges 
were pressed into the gap. In the process of sample preparation, press loading 
of  0.2  mm transfer charges in  the  gap was  very  difficult; the  pass  rate 
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was  less than  20%. The  quality defects of  transfer charges, for  example, 
attached  to  the mold, flaws, drop  pieces, etc.,  can occur owing to  the  cube-
shaped transfer charge being too thin. These problems revealed that the press 
load technique had not been adapted to a charge of such small thickness.

The sample residues after the transfer experiment are shown in Figure 3, 
and experimental conditions and results are listed in Table 1. The experimental 
results from Figure 3 and Table 1 showed that the explosive train can transfer 
step  by  step when  t  =  0.4  mm and  t  =  0.6  mm, but  the  detonation failed 
to  transfer when  t  =  0.2  mm. At  the  same time, the  cube-shaped transfer 
charges were disintegrated by  the action of  the output energy of  the electric 
detonators. The cause of failure was that the electric detonator did not initiate 
the transfer charge. All parts were intact except for the detonation shock imprint. 
The thickness value of the ‘failed to transfer’ test was obtained, and the testing 
of this group was complete.

  
                       (a)                                                 (b)

(c)
Figure 3.	 Sample residues after the transfer experiments
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Table 1.	 Detonation transfer experiment results

t [mm] Test 
number

Transfer charge weight 
[mg]

Detonated 
numbera

Shock depthb

[mm]
0.6 10 26 ±1 10 0.9
0.4 10 17 ±1 10 0.6
0 2 8 ±1 0 0

a Detonated number refers to the whole explosive train that was reliably transferred, step by step 
(all charges were detonated); b Shock depth refers to the detonation shock imprint depth on the 
contact surface between the enclosure and the transfer charge, and are approximate values.

Since the threshold of detonation pressure of  the  transfer charge 
had not been provided in the references, a qualitative analysis method was used 
to analyze the explosive train transfer experiment results. Xu et al. [16] studied 
the  detonation reaction zone length of  small booster charges and  found 
that the  chemical reaction zone thickness of  JO-9C is  about  0.22  mm. 
Therefore,  0.2  mm JO-9C cannot complete the  chemical reaction; in  other 
words, 0.2 mm JO-9C cannot be detonated. Wang [17] reported the shock wave 
sensitivity of  JO-9C as  10.08  mm; for  JO-9C(III) (90%  theoretical density) 
it is 9.15 mm. Clearly, the JO-9C has greater shock sensitivity than JO-9C(III). 
Therefore if 0.2 mm JO-9C cannot be detonated by a shock wave, then 0.2 mm 
JO-9C(III) will also fail to be detonated. Therefore,  tmin has a value between 
0.2 mm and 0.4 mm.

3.2	 Explosive train interruption experiments
According to the previous experiments, the detonation transfer has  at  least 
a 1.5 times margin when t = 0.6 mm. Hence, the thickness of the transfer charge 
in the detonation interruption experiments was 0.6 mm and the charge weight 
was 26 ±1 mg.

The samples with different safe separation distances after detonation 
are shown in Figure 4. The experimental results showed that the cube-shaped 
transfer charges were detonated when s = 0 and 0.2 mm, and the boosters were also 
detonated by  the  transfer charges. Clearly,  the  detonation of  explosive train 
is not safely interrupted when s = 0 mm and 0.2 mm. Two samples were detonated, 
and another two samples were interrupted with s = 0.4 mm. All of the samples 
were safely interrupted when s = 0.6 mm, and the transfer charges were intact. 
In the samples that were detonated, the metal gaps were broken due to the output 
of the detonator. Hence, smin has a value between 0.4 mm to 0.6mm.
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(a)                                                        (b)

   
(c)                                                        (d)

Figure 4.	 Sample residues after the detonation interruption experiments

The assembly of charge gap and booster enclosure is designed as a clearance fit, 
therefore, there is in fact an air clearance between the charge gap and the detonator 
enclosure, and its thickness is 0 mm to 0.08 mm. Considering these mechanical 
characteristics, in  theory the  transfer charge could  be  detonated by  a  shock 
wave, which could possibly come from the gap or air clearance. Two methods 
of  pressure attenuation and  propagation velocity are  used to  determine 
the  detonation path. The  location of  the  detonation interruption experiment 
is  idealized and  illustrated in Figure 5. The shock wave curves (dotted  line) 
are illustrative in Figure 5, and only express the shock wave propagation path 
and the tendency for attenuation.

The output of the electric detonator is concentrated approximately at point “o” 
because of the concave shaped-charge (see Figure 5). Hence, the shock wave 
propagates outwards in  the  form of  concentric circles around the  point  “o” 
in the gap and  rapidly attenuates as the distance increases [18-21]. When the shock 
wave reaches the  transfer charge surface, if  the  pressure of  the  shock wave 
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is greater than the detonation threshold of the transfer charge, the transfer charge 
will be detonated. Otherwise, the transfer charge will be safe.

Figure 5.	 Detonation interruption experiments, location schematic: 
1  –  detonator enclosure, 2  –  detonator case, 3  –  detonator main 
charge, 4  –  shock wave (in  air  clearance), 5  –  air  clearance, 
6 – shock wave (in gap), 7 – gap, 8 – booster enclosure, 9 – cube-
shaped transfer charge 

Initially, it is assumed that the transfer charge is  detonated by  a  shock 
wave coming from  the  “gap”. The  shock  wave sensitivities mentioned 
above were  obtained by  the  small scale gap test  (SSGT)  [22,  23]. 
The SSGT involves detonating a standard donor charge which abuts a cylindrical 
polymethylmethacrylate  (PMMA) attenuator (the  “gap”), which  in  turn 
abuts the  acceptor charge that  is  under test  [24]. The  shock wave generated 
by  the  donor charge is  attenuated through the  gap. The  propagation shock 
wave then  may  or  may  not  trigger the  acceptor, depending  on  the  level 
of attenuation. If the acceptor is detonated, a hole is created in the witness block. 
The gap thickness is then adjusted and the test repeated until a critical thickness 
(go/no-go) is obtained for the test sample as the acceptor charge. The critical 
gap thickness for which the acceptor has 50% probability of being detonated, 
marks the shock sensitivity of the acceptor [25, 26]. A uniform standard of donor 
charge is used when testing the shock wave sensitivity by the SSGT method. 
Consequently,  Wang  studied the  mathematical model under the  standard 
conditions, and presented a shock wave attenuation rule in the PMMA gap under 
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the standard methodology (the donor charge is cylindrical RDX with a density 
of 1.6 g·cm–3) as given in [27]:

p = 18.803e–0.186X� (1)

where p is the pressure of the shock wave in the gap, in GPa, and X is the gap 
thickness (equal to the shock wave sensitivity value), in mm. From Equation 1, 
the  pressure at  which  JO-9C(III) (90%  theoretical density) is  detonated 
can be calculated, with a probability of 50%, as p = 6.35 GPa.

Zhao et al. [28] studied the attenuation model of a shock wave in the gap 
and  gave an  attenuation rule for  the  shock wave under different conditions. 
The  attenuation rule that  matched the  detonation interruption experiment 
conditions is as follows:

2 3

0

1 0.9493 0.3802 0.0563lp l l l
p d d d

� � � �� � � �� � � �
� � � � � (2)

where pl is the pressure, in GPa, where the distance from the incident point is l , 
in mm, in the steel gap, p0 is the incident point pressure (equal to the output 
detonation pressure of  the  electric detonator in  this  experiment), in  GPa, 
and d is the diameter of the donor charge (equal to the diameter of the main charge 
of the electric detonator, 2 mm, see Figure 5), in mm. Equation 2 can be used 
to calculate the shock wave pressure. These results are listed in Table 2.

Table 2.	 Shock wave pressure coming from the gap
l [mm] s [mm] pl [GPa]
1.25 0 7.72
1.45 0.2 6.99
1.65 0.4 6.33
1.85 0.6 5.74

The relation between l and s is shown in Figure 5. Obviously, the shock wave 
sensitivity of JO-9C(III) is closest to p1.65, according to the calculated results. 
This indicates that when s = 0.4 mm, the transfer charge will be detonated with 
50% probability, and this is in good agreement with the experimental result.

Subsequently, it is assumed that the transfer charge is detonated by a shock 
wave coming from  the “air clearance”. Xu et al. [29] studied the attenuation 
rule of detonation waves in air under micro-scale charge conditions, and gave 
the formula as follows:
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0
l

lp p e
���� � (3)

where α is the attenuation coefficient of the detonation products, in  mm–ψ, 
and ψ is the modification coefficient for pressure attenuation of the detonation 
products in a rarefaction medium. The author gave the values of the coefficient 
under different conditions. The values for d = 2 mm were not given, but the values 
listed are α = 1.932, ψ = 0.3766 when d = 3 mm, and α = 4.662, ψ = 0.3826 
when d = 1.5 mm. The pressure for d = 2 mm is between these two diameters. 
Equation 3 can be used to calculate the shock wave pressure, and the results 
are listed in Table 3. From this result, it can be concluded that when the shock 
wave pressure is a value between 0.05 GPa and 1.38 GPa, the transfer charge 
will be detonated with a probability of 50%. This does not match the results 
from Equation 1 (6.35 GPa).

Table 3.	 Shock wave pressure coming from the air clearance

l [mm] pl [GPa]
d = 1.5 mm d = 3 mm

1.25 0.089 1.746
1.45 0.066 1.546
1.65 0.050 1.383
1.85 0.039 1.248

In the condensed medium, there is a linear relationship between the shock 
wave velocity (D,  km·s–1) and  its  post-wave particle velocity (u,  km·s–1), 
over a fairly wide range of velocities [30]:

D = c0 + λu� (4)

where c0, in km·s–1, and λ, dimensionless, are Hugoniot parameters. For the case 
where  the  medium is  stainless steel and  p  <  190  GPa, c0  =  4.58  km·s–1 
and  λ  =  1.49  [30]. In  fact,  post-wave particle velocity u is  positively 
correlated with the pressure of the shock wave p. Therefore, D > 4.6 km·s–1. 
According  to  the  Prandtl relation, the  shock wave velocity (D',  km·s–1, 
approximation) in air can be obtained by the following equation [31]:

D' = c + u'� (5)

where c is the sonic velocity (≈0.34 km·s–1) and u' (km·s–1) is the post-wave particle 
velocity in air. Velocity u' is  correlated with the shock wave pressure in air p'. 
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Yang  [32]  studied the  detonating properties of  energetic materials and  gave 
u' = 2.49 km·s–1 when p' = 39.5 GPa. It can thus be calculated that D' ≈ 2.83 km·s–1 
in this case. However, it is known from the above calculations that p' < 1.38 GPa 
under the  interruption experimental conditions. Therefore,  u'  <  2.49  km·s–1. 
In other words, D' < 2.83 km·s–1. It is obvious that the shock wave in the gap 
reaches the transfer charge before the shock wave in the air.

Therefore, the above analysis shows that the cube-shaped transfer charge 
was detonated by  the shock wave from  the gap rather than  the air clearance. 
This conclusion allowed us to recognize the actual detonation path.

4	 Conclusions

From the experiments and analysis of the cube-shaped transfer charge 
in  the  explosive train, some  conclusions were  drawn (charge  conditions: 
JO-9C(III), press loaded in steel gap, density 1.7 g·cm–3):
(1)	 The tmin has a value between 0.2 mm and 0.4 mm. Detonation could not transfer 

step by step in the explosive train if t < tmin, because the cube-shaped transfer 
charge is too thin to be detonated by the donor charge. It is recommended 
that  the  cube-shaped transfer charge thickness be  not  less than  0.6  mm 
in the design of the MEMS explosive train.

(2)	 The smin has a value between 0.4 mm and 0.6 mm. Detonation cannot be safely 
interrupted if s < smin, and the cube-shaped transfer charge will be detonated 
by the shock wave coming from the steel gap rather than the air clearance. 
It is recommended that the safe separation distance be not less than 1 mm 
in the design of the MEMS explosive train.
Because of its excellent characteristics, JO-9C(III) is a modern authorized 

transfer charge in  China, and  has  been  used in  many micro-scale charges 
and explosive trains. Hence, the conclusions are equally valid in these fields.
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