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Abst rac t  The yaw angle in flight of high velocity bullets 
has been discussed for a number of years, due to its contri- 
bution to the tumbling of the bullet in the target. Since few 
unclassified reports of contemporary bullets are available, 
we investigated the yaw angles of the bullets used in the 
MI6A2,  G3, AK-47 and AK-74 rifles by the shadowgraph 
technique. Our results show that bullets from military rifles 
tend to stabilize at less than 3 ° within 25 m, and this angle 
has been thought to be insignificant in the production of 
gunshot wounds. Bullets from some modem small calibre 
high velocity rifles such as the M!6A2 and the AK-74 can 
have quite large yaw angles in their initial flight. The results, 
which confirm the opinion of contemporary writers, should 
settle the controversy in this area of wound ballistics. 
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Zusammenfassung Die Anstellwinkel von Hochgeschwin- 
digkeitsgeschossen werden wegen ihres Einflusses auf das 
Taumeln des Geschosses im Ziel seit langem diskutiert. 
Da hierzu nur wenige unklassifizierte Berichte ver6ffent- 
licht worden sind, haben wir die Anstellwinkel von Ge- 
schossen aus den Gewehren M16A2, G3, AK-47 und AK- 
74 mit der Shadowgraphtechnik untersucht. Unsere Ergeb- 
nisse zeigen, dab sich die Anstellwinkel yon Geschossen 
aus Milit~irgewehren nach 25 m bei weniger als 3 ° stabili- 
sieren. Diese Winkel werden allgemein als bedeutungslos 
eingesch~itzt. Die Projektile einiger moderner Hochge- 
schwindigkeitsgewehre wie M16A2 und AK-74 k6nnen 
im ersten Teil der Flugbahn relativ groge Anstellwinkel 
en'eichen. Unsere Resultate best~itigen die Meinung zeitge- 
n6ssischer Autoren und sollten dazu beitragen, die Kontro- 
versen auf diesem Gebiet der Wundballistik aufzul6sen. 
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Introduction 

Many factors are of importance in wounds caused by mil- 
itary rifle ammunition, one of them being the angular 
movement,  if any, of the bullet after hitting the target 
(Janzon et al. 1979; Janzon 1983). It is universally agreed 
that the "yawing" of the bullet contributes significantly to 
its wounding power, especially as it may lead to its break- 
ing up (Fackler et al. 1984a; Moffat 1984). It is also ac- 
cepted, that a bullet will tumble earlier on its way through 
tissue, if it is already yawing when it hits the target, than 
will one whose axis is parallel to the line of  flight on im- 
pact (Sellier and Kneubuehl 1994b). The immediate pre- 
impact yaw angle has been hotly debated in the wound 
ballistics literature (Fackler 1987, 1988). Despite the fact 
that the necessary technology has been available for more 
than a century (Boys 1890, 1893a, b), surprisingly few pa- 
pers that have properly documented the yaw angle have 
been published, Statements about the yaw angle of bullets 
have been anecdotal, classified (DiMaio 1985; Kneubuehl 
and Maissen 1978) or misleading (Fackler 1987, 1988). 
We therefore decided to investigate the yaw angles of bul- 
lets from a number of well known military rifles, using 
the shadowgraph technique. 

The M16A2 is the best known weapon of the new gen- 
eration of small calibre high velocity military rifles in the 
West. The NATO countries and a number of neutral coun- 
tries have chosen the calibre 5 .56mm × 45 to replace cal- 
ibre 7 .62mm NATO. The M16 and M16A1, produced by 
Colt Industries Inc., won fame and notoriety during the 
Viet Nam war and a large amount of literature is available 
on this subject. The M16 was strongly critizised, however, 
an attempt to outlaw it in the UN was rejected (Sellier and 
Kneubuehl 1994a). The M16 and M16A1 used the M193 
bullet, but by later modification to the M16A2 the heavier 
M855 bullet with a slightly lower muzzle velocity was 
adopted, and this bullet, manufactured by FN (Belgium), 
designated SS109 is the NATO standard (Berlin et al. 
1976; DeVeth 1982; Fackler 1989; Nordstrand et al. 1979). 
It has been claimed that it is less harmful than the M193, 
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but this has not been confirmed by independent  observers 
(Berlin et al. 1988; Fackler 1989). The G3 infantry rifle is 
manufactured by Heckler & Koch (Germany),  and was 
adopted by the Bundeswehr  in the beginning  of the 1960s 
and later by, among others, Denmark  (M75) and license 
produced in many  countries. The G3 uses the 7 . 6 2 m m  x 
51 cartridge, in NATO standard and this cartridge is gen- 
erally called the 7.62 m m  NATO. The 7.62 m m  NATO am- 
muni t ion  has been investigated with a view to fragmenta- 
tion (Fackler 1989; Knudsen  and Theilade 1993). The 
AK47 is probably the best known  example of the so- 
called assault rifle. The robust  and simple design will al- 
low maltreatment  and still remain serviceable. The AK-47 
and its slightly modified successor the A K M  is used by 
the ex-Warsaw Pact countries and China  and is made on 
license all over the world in different versions. The AK-  
47 uses calibre 7 . 6 2 m m  x 39 cartridges and some designs 
of the bullet  may have a steel penetrator (Fackler 1989). 
The bullet  is to a large extent non-deforming or non-frag- 

Fig. 1 The setup using 2 Shadowgraph Stations BS-520 
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ment ing (Aebi et al. 1977; Fackler  1989; Fackler et al. 
1990; Nordstrand et al. 1979; Ryan et al. 1988). The AK-  
74 in calibre 5.45 m m  x 39 is the late Warsaw Pact answer 
to the M-16 and represents the most advanced develop- 
ment  of the AK-47 which it resembles in design as well as 
in appearance. The AK-74 bullet  is rather similar to the 
SS 109, having a steel penetrator extending for most  of the 
length of the bullet  and fragmentat ion is not seen except 
when penetrating hard targets. The behaviour  of the bullet  
in tissue simulants is now ascribed to the shape of the bul- 
let and not due to a change in center of gravity caused by 
the cavity in its tip (Bowen and Bel lamy 1988; Fackler  et 
al. 1984b; Fackler  and Mal inowski  1988; Fackler 1989, 
1991). 

Material and methods 

For the investigation 4 types of military rifles in current use were 
selected. The M16A2 used was in as-new condition, no. 8181826, 
with in-bore measurement of 5.55 mm at the breach and 5.54 mm 
at the middle of the barrel and at the muzzle. Dispersion ("worst" 
group of 7-9 shots) at 42 m was within a circle of 9 cm diameter. 
Ammunition used was Swedish, made by FFV, conforming to 
NATO standard 5.56mm sk ptr 5 stkprj, Lot no. 07086012 08-28. 
The average muzzle velocity was 935 m/sec and the bullet weight 
was 4.00g. The G3 used was manufactured in 1964, no. G3HK 
0324484 1/84, with in-bore measurements of 7.62mm at the 
breach, at the middle of the barrel and at the muzzle, and disper- 
sion ("worst" group of 7-10 shots) at 42m was within a circle of 
11.5 cm diameter. Since the results were not as good as we had ex- 
pected, another weapon with the same specifications was tried, but 
this gave essentially the same results. Ammunition used was Dan- 
ish, made by AMA, 7.62mm SKPT M/75, Lot no. 02AMA91. The 
average muzzle velocity was 810m/sec and the bullet weight was 
9.42g. The AK-47 used was license-manufactured in DDR in 
1962, no. 62 J 2657, with in-bore measurements of 7.61 mm at the 
breach and 7.62 mm at the middle of the barrel and at the muzzle. 
Dispersion at 42 m ("worst" group of 8-9 shots) was within a cir- 
cle of 8.5 cm diameter. The ammunition was Finnish, made by La- 
pua, 7.62 x 39 Luoti $405, Lot no. JIKW. The average muzzle ve- 
locity was 720 m/sec and the bullet weight was 7.98 g. The AK-74 
used was license-manufactured in the People's Republic of China 
in 1980, no. 117496, with in-bore measurements of 5.46 mm at the 
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Fig.2 Graphic presentation of the Shadowgraph Station BS-520 
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Fig.3 Photographs of bullets 
with high angles of yaw from a 
the M16A2 8.00 °, b the G3 
6.38 °, c the AK-47 2.87 °, d the 
AK-74 9.72 ° 
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breach, at the middle of the barrel and at the muzzle. Dispersion at 
42m ("worst" group of 8 shots) was within a circle of 8cm diam- 
eter. The ammunition was produced in the GDR, lot no. 080. The 
average muzzle velocity was 910m/sec and the bullet weight was 
3.44 g. 

In order to demonstrate the angle of the bullet in relation to the 
trajectory, it had to be photographed in 2 planes at 90 ° angles. The 
technology for taking photographs for this purpose has been 
known for a number of years and for this investigation equipment 
produced by TERMA Elektronik AS was used. This was a dupli- 
cated system consisting of 2 Shadowgraph Stations BS-520, each 
consisting of a system of mirrors and a Hasselblad 553 camera fit- 
ted with a Zeiss 150mm lens, AI-500 sparkflash, EO-130 infrared 
screen and AP-500 power supply (Figs. 1 and 2). The films used 
were Kodak Tri-x and TMY 6053, both 400 ASA, f= 11. The sys- 
tem was adjusted using a Kevlar wire through the barrel to estab- 
lish the trajectory and 2 reference wires, which would give a per- 
fect base for measurement on both the 2 renderings of the bullet at 
90 ° angles. The rigidly mounted rifle was fired in the darkened 
shooting tunnel by remote control. The bullet triggered the spark- 
flash by way of an infrared screen with the camera lens focused at 
the shadow of the passing bullet. In order to record the velocity a 
Doppler radar equipment was used (Knudsen and Svender 1994). 
This radar equipment, viewing the bullet from behind, gave infor- 
mation of the velocity and might be used to determine yaw in ad- 
dition to the velocity information. A DR5000 Velocity Analyzer 

linked to a 94 Ghz IM400 Doppler radar antenna unit manufac- 
tured by TERMA Elektronik AS was used. 

The experiments were carried out in a shooting tunnel 50 m 
long, which meant that a range of a little over 40 m was available 
for the tests. The experiments were conducted at 20°C. While the 
ideal set-up would be an infinite number of cameras at infinitely 
small intervals along the whole of the trajectory, reasons of space 
and economy dictated a considerably less ambitious system. In or- 
der to obtain 2 photos of the same bullet during its trajectory, 2 
Shadowgraph Stations were used with a distance of 0.7 metres be- 
tween them. This meant that with predetermined measurement 
ranges of 1, 5, 10, 20, 30 and 40 metres measurements were ob- 
tained at 1, 1.7, 5, 5.7, 10, 10.7 up to 40.7 metres. The photos were 
developed to A4 size, providing a good base for measuring devia- 
tions of the flight angle of the bullet from the shadow of the refer- 
ence wire to an accuracy of approximately 0.3-0.4 ° (Fig. 3 a-d). 
For each of the 4 weapons at least 5 shots were fired at the various 
ranges giving a minimum of 60 measurements for each weapon. 

Results 

T h e  resu l t s  o f  the  m e a s u r e m e n t s  o f  y a w  ang le  are  g i v e n  in 

Table  1. A n  ave rage  fo r  each  range  was  c o m p u t e d ,  and  this 
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Table 1 Yaw angles, average and min-max values in degrees of bullets fired from the weapons examined 

Range M 16A2 G3 AK-47 AK-74 

1 m 4.26 ° (0.91°-8.00 °) 3.00 ° (1.10°-5.00 °) 0.73 ° (0.30°-1.14 °) 
1.7 m 0.59 ° (0.20°-1.39 °) 2.64 ° (1.24°-3.97 °) 1.79 ° (0.72°-2.87 °) 
5 m 1.76 ° (0.89°-2.62 °) 2.51 ° (1.36°-2.72 °) 1.16 ° (0.90°-1.79 °) 
5.7 m 1.10 ° (0.20°-1.36 °) 4.18 ° (3.19°-5.75 °) 1.38 ° (1.00°-1.77 °) 
10 m 5.32 ° (3.62°-6.58 °) 3.37 ° (1.28°-4.59 °) 1.63 ° (0.54°-2.95 °) 
10.7 m 2.36 ° (1.94°-2.70 °) 2.44 ° (1.20°-4.37 °) 0.64 ° (0.10°~0.91 °) 
20 m 2.62 ° (0.760-4.66 °) 2.19 ° (0.670-4.56 °) 1.09 ° (0.60°-1.73 °) 
20.7 m 1.15 ° (0.22°-2.12 °) 3.67 ° (2.82°-5.81 °) 0.92 ° (0.420-2.60 °) 
30 m 1.19 ° (0.220-2.56 °) 4.11 ° (2.050-6.38 °) 0.89 ° (0.45°-1.53 °) 
30.7 m 2.79 ° (1.80°-4.03 °) 4.62 ° (2.20°-5.82 °) 1.01 ° (0.28°-1.72 °) 
40 m 2.50 ° (0.57°-3.85 °) 3.70 ° (3.35°-4.14 °) 0.47 ° (0.10°-1.20 °) 
40.7 m 0.94 ° (0.32°-2.02 °) 3.06 ° (2.42°-3.75 °) 0.63 ° (0.00°-1.78 °) 

4.81 ° (2.55°-6.74 °) 
5.71 ° (3.39°-9.72 °) 
3.06 ° (1.04°-5.05 °) 
2.62 ° (0.91°-4.00 °) 
1.86 ° (0.60o-3.47 ° ) 
2.81 ° (0.71°-6.84 °) 
1.16 ° (0.32°-2.19 ° ) 
3.06 ° (1.03°-5.89 ° ) 
1.57 ° (0.300-2.97 ° ) 
1.86 ° (0.81°4.01 ° ) 
1.62 o (0.450-2.75 o) 
2.21 ° (0.92o-3.40 ° ) 

Fig.4 Yaw angles of bullets 
from a the M16A2, b the G3, 
c the AK-47, d the AK-74, 
compared to the distance from 
the weapon 
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is g i v e n  t oge the r  wi th  the m i n i m u m  and m a x i m u m  values .  
F o r  each  w e a p o n  the  va lues  are i l lus t ra ted  g raph ica l ly  in 
Fig. 4 a -d .  The  average  va lue  in compar i son  to the ra in -max  
va lues  g ives  an ind ica t ion  o f  cases  wi th  a w i d e  var ia t ion .  

T h e  M 1 6 A 2  has a grea t  va r i a t ion  b e t w e e n  r ange  aver -  
ages  in the  first  1 0 m  o f  its t ra jectory,  bu t  af ter  that  i t  
s eems  to be  r e a s o n a b l y  s table  at approx.  2 - 3  ° (Fig.  4a ) .  
O n l y  one  v a l u e  at 3 0 m  e x c e e d e d  4 ° by  a m i n u s c u l e  mar -  
gin. T h e  m e a s u r e m e n t s  o f  the  G3 s h o w e d  an a v e r a g e  ini-  
t ia l  y a w  o f  3 ° ( 1 ° - 5  °) w h i c h  was  m o r e  o r  less u n c h a n g e d  
at 1 0 m .  E v e n  at c o n s i d e r a b l y  l o n g e r  r anges  the  bu l le t  d id  
no t  s tab i l i ze  suf f i c ien t ly  to at tain an a v e r a g e  y a w  ang le  o f  
less than 3 ° (Fig.  4b).  A t  3 0 m  a v e r a g e  va lues  are  a b o v e  
4 °, and at 4 0 m  m a x i m u m  va lues  are still  c lose  to 4 °. T h e  

A K - 4 7 ,  the o ldes t  and s l owes t  o f  the  4 w e a p o n s ,  g a v e  re-  
sults that  w e r e  on  an a v e r a g e  less  than 2 ° at all  ranges ,  and 
o n l y  v e r y  f e w  ind iv idua l  bu l le t s  e x c e e d e d  2 ° (Fig.  4c),  the  
fur thes t  one  at 20.7 m. In c o m p a r i s o n ,  the  A K - 7 4 ,  w h i c h  
is a sma l l  ca l ib re  d e v e l o p m e n t  o f  the  A K - 4 7 ,  has  large  
y a w - a n g l e s  in its ini t ia l  f l ight ,  in fac t  the  la rges t  s ing le  de-  

v ia t ion  m e a s u r e d  at 9 .72 ° (Fig.  3d), bu t  b e c o m e s  reason-  
ab ly  s table at l o n g e r  ranges  (Fig.  4d),  w h e r e  it is on  par  

wi th  the  M 1 6 A 2  and be t te r  than  the G3.  

Discussion 

T h e  in t roduc t ion  o f  r i f l ing  p r o d u c e d  a g y r o s c o p i c a l l y  sta- 
b i l i zed  bul le t .  Th is  was  o f  in te res t  to w o u n d  ba l l i s t ic ians ,  
s ince  dev i a t i on  f r o m  the  idea l  b e h a v i o r  o f  the  bu l le t  c o u l d  
h a v e  a s ign i f i can t  i n f l u e n c e  on  the les ions  ( C o o p e r  and 
R y a n  1990). S ince  e v e n  a t heo re t i ca l l y  idea l  bul le t ,  w h i c h  
had b e e n  g i v e n  a g y r o s c o p i c a l  s tabi l iza t ion ,  cou ld  not  be  
e x p e c t e d  to f ly  pe r f ec t ly  true,  the  i nev i t ab l e  to le rances  in 
m a n u f a c t u r e  o f  bu l le t s  and w e a p o n s  m e a n t  that  in addi-  
t ion to this a no t  i n c o n s i d e r a b l e  la tera l  or  angu la r  m o v e -  
m e n t  o f  the  bu l le t  cou ld  be  expec t ed ,  e spec ia l ly  in the first  
part  o f  the  t r a j ec to ry  ( A m a t o  and R i c h  1972). 

A bu l le t  wi l l  lose  its s tabi l i ty  and  start  to tumble ,  w h e n  
it enters  a sol id  m e d i u m  such as t i ssue  o r  t i ssue  s imulants .  
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It is immediately obvious that if the bullet were at an an- 
gle to its trajectory as it entered the target, the distance 
from the entry until the bullet had tumbled 90 ° or even 
180 ° would be much shorter and the potential for wound- 
ing considerably greater, since the "neck" or "narrow chan- 
nel" would be shorter (Sellier and Kneubuehl 1994b). 
This part of the trajectory has a length of 15 cm or more in 
some military rifle bullets, meaning that it may penetrate 
an arm or a leg before the instability has an effect (Fack- 
ler 1986). Some bullets travel a considerably shorter dis- 
tance in tissue or tissue simulants before tumbling, as is 
seen in some small caliber weapons such as the M-16 and 
AK-74 (Bowen and Bellamy 1988). Thus there is a much 
greater chance that the temporary cavity or the point 
where the bullet fragments would be within the target. We 
were surprised when going through the literature to find 
little evidence of the yaw angles of rifle bullets in flight, 
and none in the English language literature. This was the 
more surprising since the technology for photographing 
the bullets or rather the shadow of the bullets, was pio- 
neered by Prof. Ernst Mach in Prague before the turn of 
the century (Boys 1890, 1893 a, b). We have no illusions 
about being the first to show rifle bullets with this tech- 
nique (Warken 1982), but must by necessity be of the 
opinion that much of the previous scientific work has 
been classified, thereby making it inaccessible for civilian 
scientists and improper to use as a reference (DiMaio 
1985; French and Callender 1962; Sellier and Kneubuehl 
1994b). So although we realize that some of our experi- 
ments have been done before, we found it of interest to 
present unclassified information about the behavior of the 
bullets of these 4 well known weapons. 

The length of the tunnel and the availability of two 
Shadowgraph Stations dictated the limitations of the mea- 
surements. We chose distances of 1, 5 and 10 metres and 
then at 10m intervals up to 40m, with the second Shad- 
owgraph Station at 0.7 m, in order to get measurements 
close to the muzzle, where the yaw angles could be ex- 
pected to be largest. The weapons used were of varying 
age but since the barrels and the dispersion at 40 m were 
all within what might be thought to be production toler- 
ances, they are acceptable. It would of course be no prob- 
lem to increase the yaw angles, either by using worn out 
barrels or substandard or modified ammunition. Our re- 
sults indicate that weapons and ammunition were of good 
quality. 

The M16A2 surprised us by having measurements 
close to the muzzle that would indicate a very stable bul- 
let - apart from the very large yaw angles at i m - but fur- 
ther away the yaw angle increased to what we would ex- 
pect. It ends up being quite stable, as compared to the 
opinions previously expressed about this weapon (Tikka 
et al. 1982). Bullets fired from the G3 did not seem to sta- 
bilize at short ranges. There are 2 possible explanations 
for our findings: firstly, that the bullet will not stabilize 
within the 40m at our disposal, or that the bullet cannot be 
stabilized more than we have described. In both cases it 
will be necessary to investigate the behaviour of the bullet 
at longer ranges than those accessible to us. Warken 
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(1982) also investigated the G3 using an advanced aero- 
ballistic range and these findings confirm that bullets 
from the G3 are not very well stabilized at 25 m which 
corresponds well to our results. Even the absolute angles 
were not significantly different from ours, which indicates 
that our technologically more primitive (or limited) inves- 
tigations were probably representative. The high velocity 
AK-74 bullet has a considerable initial yaw angle as it 
leaves the muzzle, but quickly stabilizes at 2-3 °, indeed in 
the later part of its trajectory it is not that different from 
the M16A2. In contrast the AK-47 is impressively stable 
at an average yaw angle of at most 2 ° at all ranges. We 
thus disagree with the findings by Tikka et al. (1982), who 
insist that the AK-47 is unstable in flight. We remain un- 
convinced that measurement of the length of the neck or 
narrow channel by itself can be used to judge the degree 
of yaw in air. Variation in yaw angles in flight of less than 
1 ° can hardly be responsible for any great variation in the 
size of the wound tract. 

In conclusion, our experiments tend to confirm the 
opinion of many authors who, on the basis of undisclosed 
information, claim that the yaw angles of military rifle 
bullets of the types investigated tend to stabilize at less 
than 3 ° within 25 m. This angle has been thought to be in- 
significant (French and Callender 1962; Hopkinson and 
Marshall 1967, Cooper and Ryan 1990), but whether this 
is true has not been demonstrated convincingly, and this 
investigation of course does not provide an answer. It 
would be of interest to combine our methods with gelatin 
or soap blocks, to discover the effect on the "neck" or 
"narrow channel" of such small angles. However, small 
calibre high velocity rifles like the M16A2 and the AK-74 
can have quite large yaw angles in their initial flight. Our 
results should contribute to settling the controversy in this 
area of wound ballistics. 
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