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A b s t r a c t  Bullet velocity is a basic parameter in wound 
ballistics studies. It is usually measured electronically by 
means of a variety of solid or photoelectric barriers con- 
nected to equipment measuring the time elapsing between 
impulses, enabling the velocity to be calculated. With the 
advent of Doppler radar velocity measurement of large 
calibre artillery shells, the use of this equipment for 
wound ballistics experiments was investigated. Anaes- 
thetized pigs were shot at a range of 9-10 metres and the 
velocities measured by Doppler radar and photocells were 
compared. A very good correspondence between the mea- 
sured entry and exit velocities in low and medium veloc- 
ity bullets was found, i.e. an average deviation of less than 
1% (range 0-2%) between the two types of equipment. In 
high velocity bullets measurement of entry velocities was 
just as good, but in both methods measurement of the exit 
velocity was complicated by the cluttering of signals by 
fragments of tissue released from the exit wound and the 
deflection of the bullet, Doppler radar offers important 
benefits - simple set up, minimal risk of damage of equip- 
ment by stray bullets and very good accuracy - and may 
replace photocells and similar equipment in studies in- 
volving low and medium velocity bullets. Measurement 
of the exit velocity of high velocity bullets is unsatisfac- 
tory in both methods, and it is necessary to improve the 
Doppler radar method in order to measure that as well. 

Key words Wound ballistics • Doppler radar • Velocity 
measurement 

P. J. T. Knudsen ([~) 
Institute of Pathology, Aarhus University Hospital, 
Kommunehospitalet, DK-8000 Aarhus C, Denmark 

Defence Medical Training Centre, Ja~gersborg Barracks, 
DK-2820 Gentofte, Denmark 

J. Svender 
Technical Division, Army Artillery School, Varde Barracks, 
DK-6800 Varde, Denmark 

Zusammenfassung Die Geschol3geschwindigkeit ist ein 
wichtiger Parameter ballistischer Studien. Oblicherweise ba- 
siert ihre Berechnung auf der Messung des Implusinter- 
vails zwischen massiven oder fotoelektrischen Barrieren. 
Das bisher ftir die Geschwindigkeitsmessung yon Artille- 
rie-Granaten gr6geren Kalibers eingesetzte Doppler-Ra- 
dar wurde ftir die Bestimmung der Ein- und Ausschuf3ge- 
schwindingkeit bei wundballistischen Experimenten ge- 
testet. Es wurden Schtisse auf anfisthesierte Schweine aus 
neun his 10 Meter Entfernung abgegeben. Die Meger- 
gebnisse der fotoelektrischen und der Doppler-Radar- 
methode wurden verglichen. Es ergab sich sehr gute Uber- 
einstimmung der mit beiden Methoden gemessenen Ge- 
schwindigkeiten bei Untersuchungen von Gescbossen 
niedriger und mittlerer Geschwindigkeit. Die mittlere Ab- 
weichung lag hier unter 1%. lQbereinstimmung erhab sich 
auch beztiglich der Eintrittsgeschwindigkeit yon Hochge- 
schwindigkeitsgeschossen. Erhebliche Abweichungen re- 
sultierten bei der Messung der Austrittsgeschwindingkeit 
von Hochgeschwindigkeitsgeschossen. Die Differenzen 
werden mit der Geschol3abweichung und dutch die aus 
der Ausschugwunde herausgeschleuderte Gewebsfragmente 
erkl~rt. Vorteile der Doppler-Radarmessung gegentiber der 
fotoelektrischen Messung bei Untersuchungen yon Ge- 
schossen niedriger und mittlerer Geschwindigkeit sind die 
sehr gute Pr~izision, die einfache Untersuchungsvorrich- 
tung und das minimale Zerst6rungsrisiko durch verirrte 
Geschosse. Die Geschwindigkeitsmessung yon Hochge- 
schwindigkeitsgeschossen ist mit beiden Methoden unbe- 
friedigend. 

Schliisselwiirter Wundballistik - Doppler Radar • Ge- 
schwindingkeitsmessung 

Introduction 

Bullet velocity has always been one of the fundamental 
parameters in wound ballistics (Sellier and Kneubuehl 
1992). Solid barriers, high-speed photography, photocells 
and coils for measuring velocity have a number of practi- 
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for small calibre bullets as well. In order to see whether 
this m e t h o d o l o g y  can  be  used  in w o u n d  bal l i s t ics ,  w e  
used  D o p p l e r  radar  in c o n n e c t i o n  wi th  a set up w h i c h  is 
s imi la r  to w o u n d  bal l i s t ics  e x p e r i m e n t s  wi th  an imals .  

/ 
/ 

/ 

Fig. 1 Photocell (upper) and Doppler radar (lower) set-up com- 
pared, not to scale 

cal  and theore t i ca l  d i s advan tages ,  a c c o r d i n g l y  a s impler ,  
but  equa l l y  p rec i se  m e t h o d  o f  m e a s u r e m e n t  is des i rable .  
D o p p l e r  radar  has b e e n  used  for  a n u m b e r  o f  years  to 
m e a s u r e  the v e l o c i t y  o f  ar t i l le ry  shel ls ,  bu t  a r e f i n e m e n t  
o f  the  t e c h n i q u e  has  m e a n t  that  i t  is n o w  poss ib l e  to use  it 

Materials and methods 

The Defense Training Center (DMTC) has been staging exercises 
for a number of years where National Service doctors operate on 
anesthetized pigs during their reserve officers training course. The 
exercise has been described elsewhere and the details are not rele- 
vant in this investigation (Knudsen et al. 1990; Knudsen 1993). 
Briefly, the anaesthetized animals are suspended head clown and 
shot with 3 different weapons. The animals are then taken through 
the normal chain of treatment and evacuation and are sacrificed at 
the end of the day. In order to be certain of the velocity of the bul- 
lets used, entry velocities are routinely measured and where exit 
velocities are of interest in conjunction with wound ballistic inves- 
tigations these are measured as well. 

The weapons used for this investigation were the SIG P210, a 
conventional 9 mm x 19 semiautomatic pistol, with a muzzle ve- 
locity of approx. 350 trdsec, the 5.45 m m x  39 AK-74 Kalashnikov 
assault rifle with a muzzle velocity of approx. 900 m/sec and a 
7.62 mm M1 Carbine (US Carbine), which is a medium velocity 
weapon with a muzzle velocity of approx. 600 m/sec. The first 2 
weapons were used to shoot the pig in the thighs while a shot in the 

Fig.2 Photocell equipment, 
EV 100 upper, CC2000 lower 
right, ER 120 IR lower left 
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Fig.3 Doppler radar equipment, ED900 (upper) and DR5000 
(lower) 

left side of the abdomen at the level of the phrenico-costal recess 
and the spleen was inflicted by the latter weapon. The ammunit ion 
used was full metal jacketed bullets of conventional design which 
is regularly supplied for the weapons• 

Entry and exit velocities were initially measured by both pho- 
tocells and Doppler radar, in order to confirm the accuracy of the 
entry velocity measurements; in later shots only the exit velocity 
was recorded by both methods (Fig. 1). Two sets of photocell 
equipment were used for measuring the velocities. Entry velocity 
was measured by an EV 100 Photocell Transducer System (mounted 
on a 2 m base) in connection with a CC2000 velocity meter, which 
measures the time between a start and a stop signal from the pho- 
tocell transducers and then converts them into a velocity. The ve- 
locity is determined midway between the weapon and the sus- 
pended animal• Exit velocity was measured by two EV 120 IR Re- 
flex Screens (mounted on a 2 m base) in connection with another 
CC2000 velocity meter. A witness screen was erected behind the 
Reflex Screens in order to be able to determine the deflection of 
the bullet when it had passed through the animal. Both systems de- 
scribed above are manufactured by TERMA Elektronik AS and 
conform to NATO STANAG 4114 "Measurements of Projectile 
Velocities" (Fig. 2). 

As an alternative to photocells an "X-band Radar Antenna 
ED900" in connection with a "DR5000 Trajectory Analyzing Sys- 
tem" was used (Fig. 3). The antenna was placed just  below the 
muzzle of the weapon in order to minimize the angle between the 
trajectory of the bullet and the direction of the radar beam. The 
DR5000 Trajectory Analyzing System converts the signal from the 
antenna into a "velocity versus time registration" based on the 
Doppler-Radar-Principle. This registration is converted into a 
curve showing the "velocity versus distance". From this curve it is 
possible to determine both entry and exit velocities (Figs. 4-6).  
The distance between the weapon and the suspended animal was 
approximately 9 m, which corresponded well to the curves. This 
equipment is also manufactured by TERMA Elektronik AS and 
will - very soon - conform to NATO STANAG 4114. The witness 
screen was retained in situ for the Doppler radar experiments. 
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Fig.4 Printout of P210 
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Fig. 6 Printout of AK-74 

The results are only comparable with certain modifications. The 
photocells measure an average velocity over a distance of 2 m for 
both the entry and the exit velocity. The Doppler radar measures 
the velocity continuously. The entry velocity measured by the photo- 
cells is the average velocity over the distance between the photo- 
cells extrapolated to the front surface of the pig, while the Doppler 
radar measures the velocity just  before the bullet hits the animal. 



Likewise behind the animal the photocells measure the average 
velocities between them extrapolated to the back of the pig while 
the Doppler radar measures the bullet as it emerges from the 
body. 

Results 

In  the  case  o f  the  en t ry  ve loc i ty ,  11 shots  w i th  the  P 210, 
9 shots  f r o m  the  U S  ca rb ine  and  9 shots  f r o m  the  A K - 4 7  
p r o v i d e d  resul ts  by  bo th  pho toce l l s  and D o p p l e r  radar. In 

Table 1 Entry velocities with the P210 

P210 Entry(p) Entry(D) Entry(p) - Entry(D) 
(m/s) (m/s) (m/s) 

1-  1 360 356 +4 
1-  2 360 359 +1 
1- 3 345 345 0 
1-  4 347 343 +4 
1-  5 360 359 +3 
1-  6 354 351 +3 
1- 7 352 351 +1 
1-  8 357 352 +5 
1-  9 357 356 +1 
1-10 361 358 +3 
1-11 340 336 +4 

Table 2 Exit velocities with the P210 

P210 Exit (p) Exit(B ) Exit(p) - Exit(D ) Deflection 
(m/s) (m/s) (m/s) 

2-  1 318 318 0 3 ° 
2 -  2 293 290 +3 18 ° 
2 -  3 286 284 +2 1 ° 
2 -  4 290 287 +3 4 ° 
2 -  5 287 283 +4 3 ° 
2 -  6 306 304 +2 3 ° 
2 -  7 296 294 +2 6 ° 
2 -  8 255 262 -7  6 ° 
2 -  9 269 274 -5  3 ° 
2-10 259 256 +3 6 ° 
2-11 287 279 +8 3 ° 
2-12 255 250 +5 5 ° 
2-13 270 263 +7 1 ° 

Table  3 Entry velocities with the US Carbine 

US Carbine Entry(p) Entry(D ) Entry(p) - Entry(~) 
(m/s) (m/s) (m/s) 

3-1 580 578 +2 
3-2 583 579 +4 
3-3 586 585 +1 
3-4 588 588 0 
3-5 588 587 +1 
3-6 581 580 +1 
3-7 594 593 +1 
3-8 591 589 +2 
3-9 580 578 +2 
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Table  4 Exit velocities with the US Carbine 

US Carbine Exit (p) Exit(D) Exit(p) - Exit(D) Deflection 
(m/s) (m/s) (m/s) 

4-1 437 435 +2 7 ° 
4-2  516 517 -1  1 ° 
4-3 439 440 -1 6 ° 
4-4  412 409 +3 11 ° 
4-5 423 425 -2  8 ° 
4-6  469 469 0 2 ° 
4-7 414 418 - 4  5 ° 
4-8 510 511 -1 4 ° 
4-9 492 494 -2  4 ° 

Table 5 Entry velocities with the AK-74 

AK-74 Entry(p) Entry(D) Entry(p) - Entry(D) 
(m/s) (m/s) (m/s) 

5-1 898 898 0 
5-2 901 898 +3 
5-3 894 889 +5 
5~4 892 890 +2 
5-5 903 903 0 
5-6 892 891 +1 
5-7 895 892 +3 
5-8 896 896 0 
5-9 896 896 0 

Table  6 Exit velocities with the AK-74 

AK-74 Exit (p) Exit(D) Exit(p) - Exit(D ) Deflection 
(m/s) (m/s) (m/s) 

6-1 560 725 -165 5 ° 
6-2 509 495 +14 5 ° 
6-3 590 673 -83 0 ° 
6 4  634 698 -64  18 ° 

the  case  o f  the  exi t  v e l o c i t y  13 shots  w i th  the  P 210,  9 
shots  f r o m  the  U S  ca rb ine  and 4 shots  f r o m  the A K - 4 7  
p r o v i d e d  results .  T h e  accu racy  o f  the  v e l o c i t y  m e a s u r e -  

m e n t  w i th  the  D o p p l e r  radar  is n o r m a l l y  be t t e r  than  0 .1%.  
B e c a u s e  o f  the  y a w  o f  the  p ro jec t i l e  af ter  it has  passed  
th rough  the  pig,  the  cen t re  for  the  radar  c ross  sec t ion  
" e l e c t r o n i c a l l y "  m o v e  f o r w a r d  and b a c k w a r d  and there-  
fore ,  the  accu racy  o f  the  ex i t  v e l o c i t y  m e a s u r e d  wi th  the 
D o p p l e r  radar  is d e c r e a s e d  a p p r o x i m a t e l y  tenfo ld ,  bu t  is 
stil l  be t t e r  than  1%. T h e  resul ts  f r o m  the  2 m e t h o d s  are  
c o m p a r e d  in Tables  1-6 .  

Discussion 

A n u m b e r  o f  d i f fe ren t  t e chn iques  h a v e  b e e n  used  to es-  
tab l i sh  the  en t ry  and exi t  ve loc i t i e s  o f  bul le ts .  M e t a l  or  
o ther  so l id  fo i ls  (Ber l in  et al. 1976; F a c k l e r  et  al. 1986, 
1988; F a c k l e r  and M a l i n o w s k i  1988;  H a r v e y  et al. 1962; 
H o p k i n s  and Wat ts  1963; N o r d s t r a n d  et al. 1979; T ikka  et  
al. 1982), w i re  gr ids  (Ber l in  et al. 1979; R y b e c k  1974; 
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Suneson et al. 1989) or photocells (Giles and Leeming 
1989; Kundsen 1988, 1993; Knudsen et al. 1990; Nord- 
strand et al. 1979; Tikka et al. 1982) create a barrier which 
when broken will enable the velocity to be measured by 
means of electrical equipment. In other methods a bullet 
made of a magnetic material passing through a coil will 
induce changes in the current, which enables the velocity 
to be determined (Sellier and Kneubuehl 1992), high- 
speed photography triggered by the bullet may be used 
(Sellier 1967) or one may photograph sound waves in air 
as the bullet passes a row of small holes (Harvey et al. 
1962). Photocells have succeeded most of the other meth- 
ods which create a barrier for the bullet and are now the 
standard method of measuring bullet velocity, both at en- 
try and exit. The most precise measurements of  the entry 
velocity are obtained by measuring as close to the target 
as possible. The closer the photocell is placed to the target 
and thereby the further from the muzzle, the greater are 
the demands put upon the accuracy of the shooter. There 
is a very real risk of  hitting the photocell itself with a stray 
bullet. There will frequently be a physical limitation to the 
minimal distance from the photocell to the animal. There- 
fore the velocity measured is not only an average over the 
length of the photocells, it is also not measured at the en- 
try, but at a distance from this. This problem is of less or 
no importance when immobile simulants like gelatine, 
soap or cadavers are used. We very often see a deviation 
of the bullet after hitting the target (up to 18 ° in the cases 
used here), which means that the use of  a photocell like 
the one in front of animals is impractical behind the target. 
Instead so-called screens are used. These are placed at an 
even longer distance from the animal and will furthermore 
measure the bullet travelling at an angle to the ideal tra- 
jectory between the 2 sky screens, a problem which is shared 
by the Doppler radar measurement. In order to get a reli- 
able measurement of velocity, the distance between the 2 
photocells has to be determined with an accuracy of 0.1 mm. 

Doppler radar, which has been used for many years to 
measure the velocity of  artillery shells, should theoreti- 
cally be adaptable to small arms as well, and a refinement 
of  the technique has made this possible (SCrensen and 
Lolck 1992). 

Since the only equipment used in the shooting gallery 
or range is the antenna which is placed ideally as close to 
the muzzle as possible, accordingly the risk of  hitting the 
equipment is, to all intents and purposes, non-existent. 

Our results showed close agreement between the mea- 
surements of the velocity of  the bullet both before and af- 
ter hitting the target. The average deviation was less than 
1% (range 0-2%) for the entry velocity. The fact that the 
deviation was independent of  the velocity indicates that 
this deviation is the tolerance inherent in the measure- 
ments. As for the exit velocity a similar situation exists 
for the low and medium velocity bullets - an average de- 
viation of less than 2% (range 0-3%) - but for the high 
velocity bullets measurements of the exit velocity were 
unsatisfactory in both methods. 

By itself the ease of measuring the entry velocities 
would justify its use, but also the more complicated be- 

5 

hind-the-target measurement was successful, although 
there were difficulties in the case of the AK-74. Our 
choice of this rifle, as representative of  high velocity 
weapons, was one of expediency - it has been used for 
this exercise for several years - and for good theoretical 
reasons as well, which are the same as those that have 
caused the DMTC to use it in the exercise. It is character- 
ized by having a very high muzzle velocity and the bullet 
will not fragment in the target (Fackler et al. 1984; Knud- 
sen 1993). In most cases this bullet will dilacerate the skin 
at the exit wound, producing many pieces of tissue which 
clutter the radar signal, resulting in a very considerable 
variation in the exit velocities measured. As can be seen, 
the exit velocity varied from 509 m/sec to 634 m/sec mea- 
sured with photocells and from 495 m/sec to 725 m/sec 
when measured with Doppler radar. The conclusion must 
be that measurement of  exit velocity of  the AK-74 is dif- 
ficult, no matter what method is used, and a further re- 
finement of both methods is called for. A solution using 
Doppler radar where the distance available for recording 
the velocity behind the pig is extended to a degree 
whereby the bullet has manifested itself by its longer 
range and better maintained speed as compared to the tis- 
sue fragments, is complicated by the necessity for a very 
large witness screen to record the deflection. The size of 
such a screen would probably be prohibitive. Another so- 
lution using a foil to act as a "mirror" facing the exit 
wound is being studied. A further aspect of the AK-74, 
and the one responsible for the few recorded shots, is the 
often extreme deflection of the bullet, where angles up to 
45 ° were observed. 

It is of course not possible to measure energy deposit 
by measuring entry and exit velocities of a fragmenting 
bullet like the one used in the M16 rifle. Until further ad- 
vances are made, a ballistic pendulum, which may be used 
to measure energy deposit with fragmenting bullets, 
would seem necessary if energy deposit using the AK-74 
is to be measured reliably (Nordstrand et al. 1979; Janzon 
et al. 1979). 

The Doppler radar measures the exact velocity of the 
exiting bullet if there is no angle between the ideal and ac- 
tual trajectory, but will be less and less precise as the an- 
gle increases. This problem is shared by photocells and is 
in practice solved by manually measuring the deflection. 
The exact velocity can then easily be found. 

The biggest disadvantage of the Doppler radar is the 
price of the eqiupment. Both antenna and data processing 
equipment, hardware and software are significantly more 
expensive than traditional photocell equipment. The 
ED900 and the DR5000 have been used since they be- 
came available, but represent a kind of "overkill" and cost 
5 times as much as the photocell set-up. A tailor-made an- 
tenna and velocity analyzer would only cost twice as 
much as photocells, and convenience in use and minimal 
risk of  damage from bullets easily justify the extra ex- 
pense. On the other hand the equipment used allows one 
to study the behaviour of the bullet in flight, e.g. the yaw 
of the bullet, and a study of this phenomenon is being un- 
dertaken. The Doppler radar technique affords an im- 



provement upon the previously used photocell measure- 
ments on almost all counts, it is considerably more expen- 
sive, but where available it may replace photocells in the 
future. 
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