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1. Background 
 

1.1 Gun control legislation in Germany 
 

Gun control legislation in Germany is considered to be one of the most stringent in 

Europe. Unprecedented school shootings in Germany in 2002 and 2009 have sparked 

political debates about gun control and have resulted in law changes that aimed at 

further restricting access to firearms [1, 2]. 

In Germany, firearms ownership for the civilian population is restricted. To get a 

license issued, it is required, among other things, to prove the necessity of owning a 

gun (e.g. as a hunter, competitive shooter, gun collector, firearms expert, person at 

risk, weapons dealer) [3].  

 

However, legislation regarding airguns is less restrictive. Airguns are available for 

purchase by persons 18 years of age or older under the condition that these weapons 

bear an approval test mark issued by the German statutory proof house (Physikalisch-

Technische Bundesanstalt, PTB). The muzzle energy of these airguns must not be 

higher than 7.5 J [4]. 

 

 

1.2 Gun control legislation in Vietnam 
 

Compared to the German gun control legislation, gun control in Vietnam is much more 

restricted. In an attempt to preserve the social order and security, gun law in the 

Socialist Republic of Vietnam was tightened under the “Ordinance on Management 

and Use of Weapons, Explosives and supporting Tools” No. 16/2011/UBTVQH12 

which was issued on June 30th 2011 [5]. According to this law, there is no legal private 

possession of guns in Vietnam anymore. Threshold projectile energy values similar to 

the German 7.5 J limit are unknown in Vietnamese gun control legislation. 

 

While competitive airgun shooting is performed in Vietnam, there is no legal private 

possession of airguns. For recreational purposes, airguns are provided as pieces of 

sports equipment in special sports centers to be used under state supervision [5]. 
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Although offence against the weapons law is punished rigorously, there is illegal 

possession and use of firearms in Vietnam. Some ethnic groups living in mountainous 

areas use hand-made firearms without permission for hunting purposes. In the 

hospitals of bigger cities such as Hanoi, Hai Phong, or Ho Chi Minh City, injuries 

related to firearms are treated regularly [6]. Police statistics also observed an increase 

in gun related criminal acts in Vietnam in recent years [7]. 

 

 

 

 
Figure 1 
Clinical cases of injuries caused by airgun projectiles. Male patient, 45-year-old, twofold suicidal airgun 

shot into the mouth. Two diabolo airgun pellets penetrated into the right maxillary sinus (a). Male 

patient, 16-year-old, diabolo airgun pellet penetrated the right hand (b). Male patient, 21-year-old, 

diabolo airgun pellet penetrated the left lower leg (c) 
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1.3 The 7.5 Joule projectile energy limit in the German weapons law 

 

The so-called 7.5 J limit was firstly introduced in the executive order of the German 

gun control law (BWaffG, Bundeswaffengesetz) in the year 1968 [8]. The German 

legislature allowed for certain facilitations for weapons that featured muzzle energy 

values of 7.5 J or less as these weapons were considered to be “less dangerous” [8]. 

 

Originally, this muzzle energy threshold has been experimentally worked out based on 

the clearly defined question “below which energy value common projectiles (of the 

calibers 6.35 mm, 7.65 mm, 9 mm) are not able to penetrate the cranial cavity” [8]. For 

the calibers in question, the muzzle energy threshold was found to be approximately 

10 Joule (1 mkp). After deduction of an appropriate safety margin, the energy limit of 

7.5 J (0.75 mkp) was then implemented in the German gun control law (BWaffG, 

Bundeswaffengesetz) [8]. 

 

As clinical experience shows, the assumption that projectiles below 7.5 J are “less 

dangerous” must be called into question. Numerous clinical cases demonstrate the 

penetration capacity of these low energy projectiles (Figure 1). There is also abundant 

medicolegal and traumatological literature reporting on injuries and fatalities due to 

airgun projectiles [10].  
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2. Aims and Objectives 

 

In German gun control legislation, the 7.5 J limit is applied to airguns without further 

definition of projectile characteristics like projectile head, projectile shape or projectile 

mass. Although the diabolo pellet (or wasp waist pellet, hourglass shaped pellet) is the 

most commonly used airgun projectile today, there are numerous different projectile 

types available [10]. However, experimental research on these low energy projectiles 

is scarce. 

 

As summarized above, gun control legislation in Vietnam is very strict compared to 

Germany. In the course of a possible relaxation of gun control and facilitation of private 

gun ownership (especially of airguns) in Vietnam, an implementation of a kinetic 

energy limit, similar to the German 7.5 J limit, is conceivable. 

 

The underlying hypothesis of this cumulative doctoral thesis is that the 7.5 J limit is not 

a sufficient threshold to estimate the dangerousness of a weapon or projectile, 

especially in cases where the characteristics of the projectiles are fundamentally 

different from the “standard” projectiles which were basis for the implementation of the 

kinetic energy threshold in 1968. 

 

Therefore, it is the aim of this work to investigate basic ballistic data of three different 

types of uncommon low-energy projectiles (Figure 2) and to work out the influence of 

certain projectile characteristics on the potential wounding capacity. Finally, the 

difficulties and limitations of kinetic energy limits without sufficient consideration of the 

projectile characteristics are discussed. 
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Figure 2 
Different types of low-energy projectiles that are objectives of this work. Cal. 4.5 mm plastic-sleeved 

composite projectile, so-called “hunting pellet” (a). Cal. 4.5 mm sabot with subcaliber projectile (b). Cal. 

5.9 mm arrow projectile (c). Characteristics of these three projectile types vastly differ from the 

“standard” projectiles that were basis for the implementation of the so-called 7.5 J limit in 1968 [8] 
(Figure 2b: International journal of legal medicine by SPRINGER-VERLAG. Reproduced with permission of SPRINGER-VERLAG 

in the format Thesis/Dissertation via Copyright Clearance Center. Confirmation Number: 11290903) 
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3. Material and Methods 

 

3.1 Original articles that are basis for this cumulative work 
 

This cumulative work is based on experimental investigations that have been 

published in the following original articles: 

 
Frank M, Schönekeß H, Jäger F, Herbst J, Ekkernkamp A, Nguyen TT, Bockholdt B (2013) 

Ballistic parameters of .177 (4.5 mm) caliber plastic-sleeved composite projectiles compared 

to conventional lead pellets. Int J Legal Med 127:1125-1130 

 

Frank M, Schönekeß H, Herbst J, Staats HG, Ekkernkamp A, Nguyen TT, Bockholdt B (2014) 

Subcaliber discarding sabot airgun projectiles. Int J Legal Med 128:303-308 

 

Nguyen TT, Grossjohann R, Ekkernkamp A, Bockholdt B, Frank M (2014) Ballistic parameters 

and trauma potential of carbon dioxide-actuated arrow pistols. Int J Legal Med, online first 

 

 

3.2. General methods for the assessment of basic ballistic data 
 

The first step in evaluating the hazard potential of weapons or projectiles is the 

investigation of basic ballistic data. 

 

Mass m of the projectiles was measured using a precision laboratory balance (L420S, 

Sartorius AG, Göttingen, Germany).  

 

The cross-sectional density q, defined as the ratio of mass and cross-sectional area A 

was calculated by the formula: 

         (Equation 1) 

 

where m is the mass of the projectile (in g) and k is the caliber of the projectile (in mm) 

[11]. 
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The velocity of the test projectiles was measured using a ballistic speed measurement 

system based on two infrared light barriers [12].  

All measurements were taken in a completely enclosed shooting test stand free from 

weather influences. To determine the basic ballistic parameters (velocity v, kinetic 

Energy Ekin), generally ten shots (if not otherwise specified) were averaged. 

 

The kinetic energy Ekin of the test projectile was calculated based on the mass (m, in 

g) and velocity (v, in m/s) by the formula: 

 

       (Equation 2) 

 

The energy density ED (energy E per unit contact area A) was calculated by dividing 

the kinetic energy E of the projectile by the projectile´s cross-sectional area A [11]: 

       (Equation 3) 
 

During all investigations, reference test shots were made using a standard cal. 4.5 mm 

diabolo lead pellet (RWS Meisterkugel, RUAG Ammotec GmbH, Fürth, Germany; 

mass m = 0.53 g) as recommended for standardized ballistic test procedures [13] 

(Figure 3). 

 

 
 
Figure 3 
Standard cal. 4.5 mm diabolo pellet used as reference projectile (RWS Meisterkugel, RUAG Ammotec 

GmbH, Fürth, Germany; mass m = 0.53 g) 
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4. Results  

 

4.1 Ballistic parameters of .177 (4.5 mm) caliber plastic-sleeved composite 
projectiles compared to conventional lead pellets [10] 
 

Since decades, diabolo pellets (Figure 3) and spherical lead or steel balls (also known 

as “BBs”) are the standard projectiles for airguns. However, there are many other 

projectiles available that are completely different in shape, size, and weight [10]. 

 

Since the late 1970s, composite projectiles are available for airguns, in which the 

metal core projectile (made of steel, lead, zinc, or a zinc and aluminum alloy) is 

embedded into a plastic skirt (Figure 4). According to the manufacturers of these 

projectiles, the plastic sleeve is supposed to create superior air seal and to increase 

initial resistance (while the friction in the barrel is supposed to be reduced) to enable 

more effective propulsion [10].  

 

These plastic-sleeved composite projectiles are of medicolegal and traumatological 

interest for two reasons: First, plastic-sleeved composite projectiles are advertised by 

the manufacturers to reach higher muzzle velocities compared to conventional airgun 

pellets and hence might obtain higher penetrating capabilities. Second, as the core 

projectile has no contact with the internal surface of the barrel, it probably does not 

show any identifiable rifling characteristics like pellets, which were propelled from 

airguns with inside barrel rifling, typically have. 

 

Lack of reliable data on these projectiles, especially on their ballistic performance and 

behavior in different airgun types, induced this experimental investigation. 

 

The kinetic parameters of twelve different cal. 4.5 mm plastic-sleeved composite 

projectiles (Figure 4),  propelled from five different airguns (Figure 5), were evaluated 

and compared to the ballistic performance of standard diabolo pellets (Figure 3). 

 

 

 

 



9 
 

 

 

 
 
Figure 4 
Cal. 4.5 mm plastic sleeved composite projectiles (so-called “hunting pellets”) used in this test series: 

Skenco (Skenco, Phoenix/AZ, USA) Hyper Velocity Field Pellets Type 1 (a); Skenco Blue Arrow Type 2 

(b); Skenco Golden Rod Long Range Pellets Type 3 (c); Skenco Golden Match Type 4 (d); Kvintor  

(Kvintor, Nizhny Novgorod, Russian Federation) Tornado Magnum (e); Kvintor Tornado Super Magnum 

(f); Kvintor Tornado (g); Walther (Walther/Umarex, Arnsberg, Germany) High Power Pellets (h); 

Prometheus (Prometheus, London, United Kingdom) Pellets (i); Prometheus CO2 Pellets (j); 

Prometheus Paragon Z7 (k); COAL (COAL, Lendava, Slovenia) PSP Heavy Pointed (l) 
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Figure 5 

Airgun types used for test shots: Walther LG400 pre-charged pneumatic (PCP) match air rifle (Carl 

Walther GmbH, Ulm, Germany) (a); Walther LGR single-stroke pneumatic match air rifle (Carl Walther 

GmbH, Ulm, Germany) (b); Weihrauch HW35 spring-piston air rifle (Weihrauch & Weihrauch Sport 

GmbH & Co. KG, Mellrichstadt, Germany) (c); Webley Cub spring-piston air rifle (Webley & Scott, 

Dartmouth, United Kingdom) (d); Walther LP300 pre-charged pneumatic (PCP) match air pistol (e) 

 

 

Although overall results were inconsistent, for some projectile-weapon combinations 

(particularly spring-piston airguns) a significant increase of the kinetic energy values 

compared to the reference projectile was observed. Figures 6 – 10 show the kinetic 

energy of the plastic-sleeved pellets compared to the RWS Meisterkugel as reference 

projectile.  
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When discharged from the Webley Cub (Figure 5d) spring-piston air rifle, kinetic 

energy of the Skenco Type 1 (Figure 4a) projectiles as well as the Prometheus CO2 

(Figure 4j) projectiles were increased by 48 %, compared to the RWS Meisterkugel as 

reference,. Although the Webley Cub airgun features the “F-in-pentagon mark” issued 

by the German national proof house (PTB), for some projectile types the legal limit of 

7.5 J is exceeded (Figure 9). 

 

To conclude, depending on the type of weapon used, some composite plastic-sleeved 

pellets significantly increase the muzzle energy of an airgun while others significantly 

decrease the muzzle energy compared to standard lead pellets. This effect is greater 

for the tested spring-piston air guns (Walther HW35, Webley Cub) than for pneumatic 

airguns (Walther LG400, Walther LGR, Walther LP300). 

 

 

 
Figure 6 
Walther LG 400 airgun. Ballistic data of the RWS Meisterkugel as reference projectile at mass  

m = 0.532 g 
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Figure 7 
Walther LGR airgun. Ballistic data of the RWS Meisterkugel as reference projectile at mass m = 0.532 g 

 

 

Figure 8 
Weihrauch HW 35 airgun. Ballistic data of the RWS Meisterkugel as reference projectile at mass  

m = 0.532 g 
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Figure 9 
Webley Cub airgun. Ballistic data of the RWS Meisterkugel as reference projectile at mass m = 0.532 g 

 

 

 

Figure 10 
Walther LP 300 airgun. Ballistic data of the RWS Meisterkugel as reference projectile at mass  

m = 0.532 g 
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4.2 Subcaliber discarding sabot airgun projectiles [14] 
 

As presented in chapter 4.1 of this work, there is a wide range of different airgun 

projectiles available. A very uncommon, and up to today unique, subcaliber discarding 

sabot airgun projectile has been placed on the market in the 1980s by Sussex 

ballistics Ltd. (Ashington, United Kingdom) under the tradename “SUSSEX SABO” 

(Figure 11, Table 1). 

 

 

 

 
 
Figure 11 
Cal. 4.5 mm (.177) discarding sabot airgun projectile (SUSSEX SABO, Sussex Ballistics Ltd., 

Ashington, United Kingdom) (International journal of legal medicine by SPRINGER-VERLAG. Reproduced with permission 

of SPRINGER-VERLAG in the format Thesis/Dissertation via Copyright Clearance Center. Confirmation Number: 11290903, 

Order detail ID: 66075343) 

 

 
Table 1 
Characteristics of the SUSSEX SABO projectile compared to the standard diabolo pellet (RWS 

Meisterkugel) 

 

 
Parameter 

SABO 
complete 

SABO  
sabot cup 

SABO  
core projectile 

RWS  
Meisterkugel 

     

Caliber cal. (in 

mm) 

4.5 mm 4.5 mm 3.62 mm 4.5 mm 

Mass m (in g) 0.52 g 0.03 g 0.49 g 0.53 g 

Sectional density  

q (in g/mm2) 

 

0.033 g/mm2 

 

0.002 g/mm2 

 

0.048 g/mm2 

 

0.0333 g/mm2 
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Sabot projectiles are of peculiar interest for forensic and trauma experts. After leaving 

the muzzle, the lightweight sabot quickly loses velocity and falls to the ground while 

the core projectile continues on target. As the barrel of the gun does not have contact 

to the core projectile, the barrel does not leave rifling marks on the bullet. This makes 

the bullet untraceable. 

 

The ballistic performance of subcaliber discarding sabot airgun projectiles has not yet 

been investigated or proofed under forensic–traumatological aspects. Therefore, it was 

the aim of this work to answer the following questions [14]: 

 

-  Does the sabot principle work properly in airguns as proposed by the manufacturer? 

-  If so, does it also work in low-energy airguns (Ekin < 7.5 J)? 

-  What are the ballistic parameters and the physical appearance of the Sussex Sabo 

core projectile after separation from the sabot cup in comparison to a reference 

diabolo pellet? 

- How high is the kinetic energy of the plastic sabot cup after having discarded the 

core projectile? 

 

 

The proper function of the sabot principle was demonstrated by a high-speed motion 

analyses performed with a high-speed camera system (Figure 12). Figure 13 captures 

the separation of the core projectile from the sabot cup a few centimeters away from 

the muzzle. While the core projectile continues on target, the sabot quickly loses 

velocity and tumbles downrange. 

 

The kinetic energy of the projectile parts (complete sabot projectile, separated sabot 

cup, separated core projectile) was determined by measuring the velocity of the 

projectile parts with a transient recording ballistic speed measurement system 

between two photoelectric light barriers 3 and 4 m away from the muzzle. The data 

signals allowed for the determination whether the sabot cup had discarded the core 

projectile or not (Figure 14). 
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Figure 12 
Test set-up to visualize the supposed separation of the subcaliber core projectile from the sabot cup. 

The projectile was discharged from a Feinwerkbau 800X Field Target airgun (Feinwerkbau Westinger & 

Altenburger GmbH, Oberndorf/Neckar, Germany). The high-speed motion analysis of the projectile's 

trajectory was performed with the high-speed camera MotionXtra HG-100 K (Redlake Digital Imaging 

Systems, Tallahassee, FL, USA) at the range of 0 – 20 and 20 – 40 cm away from the muzzle 
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Figure 13 
High speed motion analysis of the sabot cup releasing the core projectile shortly after leaving the 

muzzle (left). Stable flight of the core projectile while the lightweight sabot cup tumbles downrange 

(right) (International journal of legal medicine by SPRINGER-VERLAG. Reproduced with permission of SPRINGER-VERLAG in 

the format Thesis/Dissertation via Copyright Clearance Center. Confirmation Number: 11290903, Order detail ID: 66075343) 

 
 

 
 
Figure 14 
Transient recorder signal (x-axis: time in ms, y-axis: electric potential in Volts) of a discarded core 

projectile passing through the velocity measurement system (signals A and B, velocity vprojectile = 262.9 

m/s), followed by the sabot cup (signals C and D, velocity vsabot = 83.2 m/s). In case of non-separation of 

the sabot-projectile, only two signals would be recorded (International journal of legal medicine by SPRINGER-

VERLAG. Reproduced with permission of SPRINGER-VERLAG in the format Thesis/Dissertation via Copyright Clearance Center. 

Confirmation Number: 11290903, Order detail ID: 66075343) 
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The test shots were performed with three different high-, mid- and low-energy airguns 
(Figure 15). 

 

 

 
 
Figure 15 
Airgun types used for test shots: Feinwerkbau 800X Field Target, Ekin = 17.5 J (FeinwerkbauWestinger 

& Altenburger GmbH, Oberndorf/Neckar, Germany) (a); Weihrauch HW 35, Ekin = 12.5 J (Weihrauch & 

Weihrauch Sport GmbH & Co. KG, Mellrichstadt, Germany) (b); Steyr Hunting 5, Ekin = 6.3 J (Steyr 

Sport GmbH, Ernsthofen, Austria) (c) 

 

 

Test shots fired from the high-energy airgun (Feinwerkbau 800X Field Target, 

Ekin=17.5 J) showed regularly the separation of the core projectile from the plastic 

sabot cup during all test shots. 

Test shots fired from the mid- and low-energy airguns (Weihrauch HW35, Ekin = 12.5 J 

and Steyr Hunting 5, Ekin < 7.5 J) were not consistent. While some test projectiles 

separated after leaving the muzzle, others did not. 
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The measured velocity of the separated core projectiles was for all airgun types similar 

to the velocity of the reference diabolo pellet (RWS Meisterkugel). The velocity of the 

separated six-petal plastic sabot cup was measured to be approximately two to three 

times less than the velocity of the core projectile (Table 2). 

 

While the velocity of the subcaliber core projectile was similar to the velocity of the 

reference diabolo pellet, the energy density ED of the subcaliber projectiles was 

significantly higher (+47 % for the Feinwerkbau 800X Field Target, +35 % for the 

Weihrauch HW35, and +59 % for the Steyr Hunting 5, respectively) (Tabelle 2). 

 

Hence, the penetration depth into ballistic soap was approximately twice as high for 

the subcaliber core projectile compared to the standard diabolo pellet (Figure 16). 

 
Table 2 
Ballistic parameters of the Sussex Sabo core projectile compared to the standard diabolo pellet as 

reference (RWS Meisterkugel) 

 

Weapon / Ballistic 
Parameter 

Sussex Sabo core projectile Standard diabolo pellet 

   

Feinwerkbau 800X   

Velocity v (in m/s) 261 m/s 257 m/s 

Energy E (in J) 16.8 J 17.5 J 

Energy Density ED (in 

J/mm2) 

1.6 J/mm2 1.1 J/mm2 

   

Weihrauch HW 35   

Velocity v (in m/s) 210 m/s 217 m/s 

Energy E (in J) 10.8 J 12.5 J 

Energy Density ED (in 

J/mm2) 

1.1 J/mm2 0.8 J/mm2 

   

Steyr Hunting 5   

Velocity v (in m/s) 161 m/s 154 m/s 

Energy E (in J) 6.3 J 6.3 J 

Energy Density ED (in 

J/mm2) 

0.6 J/mm2 0.4 J/mm2 
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Figure 16 
Penetration depth of the subcaliber core projectile (top) compared to the standard diabolo pellet 

(bottom). Both projectiles were discharged from the Feinwerkbau 800X Field Target air rifle. While the 

energy of both projectiles does not differ significantly (E = 16.4 J for the subcaliber core projectile vs. E 

= 16.7 J for the diabolo pellet), the energy density ED of the subcaliber core projectile is increased by 

approximately 50 %  
(International journal of legal medicine by SPRINGER-VERLAG. Reproduced with permission of SPRINGER-VERLAG in the 

format Thesis/Dissertation via Copyright Clearance Center. Confirmation Number: 11290903, Order detail ID: 66075343) 

 

 

To conclude, this work demonstrates: 

 

-  While the sabot principle works properly in high-power airguns, the separation of the 

core-projectile from the plastic sabot cup is also observed when propelled from low-

energy airguns (E < 7.5 J). 

- Although kinetic energy Ekin of the discarded core projectile is similar to the kinetic 

energy of a standard diabolo pellet, energy density ED is significantly higher which 

results in a significantly higher penetration capacity. 
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4.3 Ballistic parameters and trauma potential of carbon dioxide-actuated arrow 
pistols [15] 
 

The Arcus Arrowstar (SEMEX, Vienna, Austria) is a pistol that belongs to the category 

of air and carbon dioxide weapons (Figure 17). It propels cal. 5.9 mm arrows which are 

actuated by carbon dioxide. This newly developed weapon technology combines the 

internal ballistics of CO2 guns with the external ballistics of crossbow bolts. Lack of 

information on this weapon subclass induced the investigation of the ballistic 

parameters in comparison to the well-known parameters of cal. 4.5 mm diabolo 

pellets. 

The carbon dioxide is stored in a metal cylinder held in the pistol grip. The Arcus 

arrowstar complies with the requirements of the German gun control legislation (§9 

Abs. 2 Nr. 1 BeschG, Beschussgesetz) and bears the so called “F-in-pentagon mark” 

issued by the German national proof house (PTB, Physikalisch-Technische 

Bundesanstalt) [4]. 

 

 
 
Figure 17 
Arcus Arrowstar. The arrow projectile (a) is loaded from the muzzle into the barrel of the pistol (b). The 

gas cylinder is stored in the handgrip (b,1), charger handle (b,2).  
(International journal of legal medicine by SPRINGER-VERLAG. Reproduced with permission of SPRINGER-VERLAG in the 

format Thesis/Dissertation via Copyright Clearance Center. Confirmation Number: 11290909, Order detail ID: 66075353) 
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The characteristics of the cal. 5.9 mm arrow projectiles vastly differ from the standard 
cal. 4.5 mm diabolo pellets which are used in conventional airguns (Table 3).  

 
Table 3 
Characteristics of the Arcus Arrowstar arrow projectile compared to the standard diabolo pellet (RWS 

Meisterkugel) 

 

Parameter Arcus Arrowstar projectile Standard diabolo pellet 

   

Caliber cal. (in mm) 5.9 mm 4.5 mm 

Mass m (in g) 9.7 g 0.53 g 

Length l (in mm) 207 mm 5.5 mm 

Sectional density q (in g/mm2) 0.355 g/mm2 0.0333 g/mm2 

   

 

 

Average projectile velocity v of the Arcus Arrowstar arrow was measured v = 38.5 m/s. 

Average kinetic energy E was calculated E = 7.2 J/mm2. Table 4 summarizes the basic 

ballistic parameters of the arrow projectile in comparison to the standard cal. 4.5 mm 

diabolo pellet. 

 

 
Table 4 
Ballistic parameters of the Arcus Arrowstar arrow projectile compared to the standard diabolo pellet 

(RWS Meisterkugel, propelled from the Steyr Hunting 5 airgun) 

 

Ballistic Parameter Arcus Arrowstar projectile Standard diabolo pellet 

   

Velocity v (in m/s) 38.5 m/s 154.2 m/s 

Energy E (in J) 7.2 J 6.3 J 

Energy Density ED (in J/mm2) 0.26 J/mm2 0.39 J/mm2 
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To determine the penetration depth of the arrow projectile into ballistic soap, ten test 

shots were fired from a distance of 4 m through the velocity measurement system into 

ballistic soap blocks. Average penetration depth was d = 70 mm for the Arcus 

Arrowstar arrow projectile. For comparison, the penetration depth into ballistic soap of 

a cal. 4.5 mm standard diabolo pellet propelled from a Steyr Hunting 5 airgun was d = 

52 mm on average. 

 

The influence of the filling level of the gas cylinder on the ballistic parameters of a CO2 

gun is a well-known phenomenon [16]. To investigate this influence on the ballistic 

parameters of the Arcus Arrowstar arrow projectiles, velocity of one hundred 

consecutive shots (until a full cylinder was entirely depleted) was measured and the 

energy values were calculated (Figure 18).  

 

 

 
Figure 18 
Influence of the shot numbers on the ballistic performance. Each box represents a series of ten 

consecutive shots (International journal of legal medicine by SPRINGER-VERLAG. Reproduced with permission of 

SPRINGER-VERLAG in the format Thesis/Dissertation via Copyright Clearance Center. Confirmation Number: 11290909, Order 

detail ID: 66075353) 
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The rapid decrease of the muzzle energy (average energy of the tenth series 

amounted to approximately 15 % of the energy of the first series) is caused, of course, 

by the depletion of the gas cylinder. On the other hand, especially when shots are 

made under high rates of fire, the rapid decrease of the muzzle energy is also caused 

by the cooling effect of the expanding CO2 [16].  

 

According to the formula [11] 

 

         (Equation 4) 

 

(with EDgr = 0.1 J/mm2) the threshold velocity vgr  (e.g. the minimum velocity, upon 

which the arrow projectile will perforate human skin) of the arrows discharged by the 

Arcus Arrowstar pistol can be calculated to be approximately vgr = 24 m/s. However, 

true threshold velocity vgr might be even lower as this calculation does not consider the 

specific projectile characteristics: The pointed arrow-head decreases the cross 

sectional area A at the initial point of impact. Subsequently, the sectional density q is 

increased at the initial point of impact, which in turn decreases the threshold velocity 

vgr. 

 

To conclude, although the muzzle energy values are almost equal, the Arcus 

Arrowstar arrow projectile shows an increased penetration depth by approximately 35 

% compared to a conventional cal. 4.5 mm diabolo pellet. This enormous penetration 

capacity is caused by the pointed projectile head and by the higher cross-sectional 

density q of the arrow compared to the standard diabolo pellet. 
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5. Discussion 

 

The origins of airguns go back to the blowguns (or blowpipes, blow tubes) that have 

been used by many cultures for hunting purposes for thousands of years. Blowguns 

use the force that is created when the hunter strongly squeezes the air out of his 

airways to propel an arrowy projectile. While these weapons are still in practical use in 

some parts of the world [16], blowgun shooting today is mainly performed as sporting 

activity. Modern blowguns propel the dart projectiles at velocities of up to 30 m/s 

resulting in kinetic energy values of approximately E = 0.5 J (energy density ED up to 

0.59 J/mm2) [17]. While penetrating injuries due to blowgun darts seem to be rare, 

there are reports on unintentional aspiration of homemade blowgun darts in 

adolescents [18]. 

The development of mechanical airguns that have some reservoir for holding 

compressed air is older than 400 years [16]. In the 18th and 19th century, airguns 

were used in military service (these weapons were also known as “Windbüchse” in 

those days), a famous example is the Girardoni Repeating Rifle used in the Austrian 

army [19, 20]. With further development of firearm technology, airguns have become 

less important in military service. Since the 20th century, airguns are widely used for 

sports activities and informal recreational purposes in Germany. 

 

With respect to weapon technology, there are three basic types of modern airguns: 

spring-piston airguns, pneumatic airguns (which can be subdivided into single- / multi-

stroke guns and pre-charged pneumatic airguns), and CO2 guns [20].  

The core part of spring-piston airguns is a strong spring which is cocked manually (for 

example by “breaking” the barrel of a break-barrel airgun). Pulling the trigger, the 

spring accelerates the piston which compresses air in the cylinder. The column of 

compressed air propels the pellet down the barrel [20]. Examples for this type of 

airgun are the Weihrauch HW35 and the Webley Cub used in this work (Figure 5). 

Pneumatic airguns use pre-compressed air to propel the projectile. The air is either 

manually compressed by one (single-stroke) or more (multi-stroke) motions of the 

cocking lever and then stored in a gas tank. An example for a single-stroke pneumatic 

airgun is the Walther LGR (Figure 5). The gas tank of pre-charged pneumatic (PCP) 

airguns however is filled by decanting compressed air from an external source, for 
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example from a diving cylinder. Examples for PCP-airguns are the Walther LP300, the 

Walther LG400, or the Feinwerkbau 800X Field Target (Figures 5, 15). 

Carbon dioxide-actuated guns use gaseous CO2 as propellant. Compressed liquefied 

CO2 is stored in a disposable gas cylinder. When the gun is fired, a small amount of 

CO2 streams out of the cylinder and instantly is converted into gaseous CO2 by 

evaporation, which generates a high pressure as propulsive force [16]. An example for 

a carbon dioxide-actuated gun in this work is the Arcus Arrowstar pistol (Figure 17). 

A very rare variant of airguns are those actuated by air cartridges (in German called 

“Luftenergiepatrone”, LEP). Air cartridges look similar to revolver or pistol cartridges. 

However, instead of gunpowder, they contain pre-compressed-air as propellant. As 

with common pistol or revolver ammunition, the projectile and the propellant are 

contained in the body of the cartridge. When the air cartridge is fired, the compressed-

air is released through a valve and the projectile is discharged.  

 

In Germany, airguns are available in the small-bore calibers 4.5 mm (.177) and 5.5 

mm (.22), while the 4.5 mm caliber, which is also the caliber of the Olympic airgun 

disciplines, is by far the most popular. In Vietnam, the common caliber for airguns is 

also 4.5 mm.  In the USA, big-bore airguns up to caliber .71 are available [21, 22]. For 

these big-bore airguns, muzzle energy values up to Ekin = 783 J are reported [21, 22].  

 

With regard to legal regulations of airguns, there are different energy thresholds 

implemented in the German weapons act (Waffengesetz, WaffG). Generally, guns are 

exempted from the law if the muzzle energy is less than 0.5 Joule (Annex 2 (to Section 

2 (2) through (4)): “guns … designed for play, provided that they can only fire 

projectiles to which kinetic energy of no more than 0.5 joules (J) is imparted, unless 

they can be modified using standard tools so that the kinetic energy imparted to the 

projectile exceeds 0.5 joules (J).”) [23]. Guns that generate muzzle energy values of 

less than 0.5 J are categorized as “toy guns” and are regulated in Directive 

2009/48/EC of the European Parliament and of the Council of 18 June 2009 on the 

safety of toys [24, 25]. Airguns (“compressed air weapons, spring-operated weapons 

and weapons which use cold propellants to expel the projectile”) that generate kinetic 

energy values between Ekin = 0.5 J and Ekin = 7.5 J shall bear the proof test mark “F-in-

pentagon” (Figure 19) issued by the German national proof house (PTB) and can be 

acquired and possessed without a license [3]. Airguns which were manufactured 
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before 1 January 1970 in the former West Germany, or before 2 April 1991 in the 

former East Germany are not subject to this energy limit [3].  

There are other countries in which the legal regulations applied to airguns correspond 

with the kinetic energy of the projectiles propelled by the gun (Table 5). 

 

 

 
 
Figure 19 
So called “F-in-pentagon mark” shown in Figure 1 in Annex 1 to the first ordinance concerning the 

Weapons Act of 24 May 1976 (Federal Law Gazette I, p. 1285) (left) [1]. Proof-test mark on the Walther 

LG 400 airgun, issued by the German national proof house (PTB, Physikalisch-Technische 

Bundesanstalt) (right) 

 

 

Table 5 
Exemplary list of countries where gun control legislation applied to airguns corresponds with the kinetic 

energy of the projectiles propelled by the gun 

 

Country Legal regulation Reference 
   

Austria No kinetic energy limit; Projectile caliber must not exceed 6 mm [26] 
   

Czech Republic “gas guns where the kinetic energy of the projectiles  reaches a maximum 
of 16 J at the breech of the barrel” are considered  as category D firearm; 
no license required 

[27] 

   
Italy Kinetic energy limit of 7.5 J for  airguns; no license required for sub-limit 

airguns; airguns exceeding 7.5 J require license and registration 
[28] 

   
Poland Airguns with kinetic energy values of less than 17 J are freely available; 

airguns exceeding 17 J must be registered 
[29] 

   
Swiss Compressed-air guns and CO2 of less than  7.5 J are not considered as 

“weapons” and are not regulated; if the muzzle energy exceeds 7.5 J, they 
are considered as weapons, although no license is required 

[30] 

   
United Kingdom Kinetic energy limit of 12 ft/lbs (approximately 16 J) for air rifles and 6 ft/lbs 

(approximately 8 J) for air pistols; no license required for sub limit airguns 
[31] 

   
 



28 
 

Historically, the kinetic energy limit of 7.5 Joule, which is implemented in the German 

gun control legislation, has been worked out for the calibers 6.35 mm, 7.65 mm, and 9 

mm as they were common at the time. As stated above, this energy limit has been 

experimentally worked out based on the concrete question “below which energy value 

common projectiles … are not able to penetrate the cranial cavity” [8]. 

 

Although the design characteristics of modern cal. 4.5 mm airgun projectiles are far 

away from the calibers 6.35 mm, 7.65 mm, and 9 mm that were the basis for the 

implementation of the 7.5 J limit in 1968, this energy threshold is still applied to airguns 

without considering specific projectile characteristics. According to Sellier, projectiles 

(with a spherical projectile head) that surpass a critical projectile mass of 6 g (6 pond 

in the original publication) are unable to penetrate through human skin under the 

condition that the kinetic energy does not surpass 7.5 J (0.75 mkp in the original 

publication) [32]. However, projectiles of less than 6 g will penetrate through human 

skin even at lower kinetic energy levels than 7.5 J [32]. Because of the low cross-

sectional density q (defined as ratio of mass m to cross-sectional area A of the 

projectile), however, penetration depth s is supposed to be very low and severe 

injuries might not be expected [32]. 

 

As mentioned in the introduction to this work, the injury potential of conventional airgun 

projectiles is well documented in numerous clinical cases [10]. The majority of injuries 

and fatalities due to air guns involve children [33]. According to data of the US National 

Center for Injury Prevention and Control (CDC), in the United States altogether 14,991 

people were injured in nonfatal incidents with airguns (BB guns or pellet guns, 

nonpowder guns) in the year 2013, of which 9,740 involved adolescents and children 

age 19 or younger [34]. With 1,763 nonfatal injuries, incidents due to pellet guns and 

BB guns were among the 20 leading causes of injuries in the age group 5 – 9 in the 

United States in the year 2013 [34].  

 

While penetration of airgun pellets into the cranial cavity is not uncommon in children, 

experimental as well as clinical studies observed cranial penetration in adults 

especially in contact shots [33, 35]. In contact airgun shots to the head, the wound 

track immediately adjacent to the muzzle acts like a kind of “barrel extension” so that 
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the propulsive force and the penetration depth are increased [35]. Similar to gunshot 

wounds, a dissection of gases between scalp and skull is observed [35]. 

 

 
 
Figure 19 
Clinical case. Male patient, 21-year-old, accidental airgun shot to the right temporoparietal region (a 

friend of the victim playfully aimed to his head in the mistaken belief that the airgun (muzzle energy Ekin 

< 7.5 J) was unloaded; shooting distance approximately 5 m). No penetration into the cranial cavity. 

Initially short term unconsciousness, the cal. 4.5 mm wadcutter diabolo pellet was removed under local 

anaesthesia  

 

 

With the utmost caution, one might state that the 7.5 J limit, under certain 

circumstances (distant shots, diabolo pellet with wadcutter/flat projectile head, target 

area with sufficient thickness of the skull), might be a sufficient threshold also for 

airgun projectiles in the sense of the original question raised in 1968 ““below which 

energy value common projectiles … are not able to penetrate the cranial cavity [8]” 

(Figure 19). However, as stated by Bligh-Glover, “Projectiles that perforate bone and 

enter the cranium do so via a transnasal, transocular, or transtemporal path. In other 

words, these projectiles enter the cranium where the bone is thinnest: in the nose, 

behind the eye, and through the squamous portion of the temporal bone.” [36]. 

 

The more the design characteristics of uncommon airgun projectiles differ from the 

standard projectiles that were basis for the implementation of the 7.5 J limit (namely 

projectiles with a ball-shaped head with a minimum caliber of 6.35 mm or above), the 
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more the validity of this limit itself recedes in importance and must be called into 

question. 

 

This applies particularly to the sabot projectiles as well as to the arrow projectiles that 

were subject of this work: 

It has been demonstrated that the penetration capacity of the discarded SUSSEX 

SABO core projectile is significantly higher compared to a conventional diabolo pellet 

while velocity and kinetic energy of the projectiles are almost equal. The reason 

behind this higher penetration capacity is the higher cross-sectional density q of the 

SUSSEX SABO core projectile compared to the standard diabolo pellet. The threshold 

velocity (Equation 4) for the penetration of human skin is also lower for subcaliber 

SUSSEX SABO core projectiles (vgr = 64 m/s) compared to conventional cal. 4.5 mm 

diabolo pellets (vgr = 77 m/s). In case of human injuries due to SUSSEX SABO core 

projectiles, a deeper penetration (and hence a higher risk of injury of vital organs) 

compared to conventional diabolo pellets must be expected.  

 

According to the German Weapons Act (WaffG), the use of sabot ammunition is 

prohibited (Annex 2 (to Section 2 (2) through (4)): “cartridges for guns with rifled 

barrels with projectiles with a smaller caliber than the gore [author´s note: core] 

diameter of the firearms in question, enclosed in a propelling and guidance shell which 

separates from the projectile on leaving the barrel.”) [23]. This prohibition, however, is 

not applicable to airgun projectiles as they are no “cartridges”. 

 

The high penetration capacity of the Arcus arrowstar arrow projectiles is also 

explained by their high cross-sectional density (high mass m in relation to the sectional 

area A) in comparison to standard diabolo pellets. Due to their high cross-sectional 

density, arrow projectiles transfer most of the energy that is imparted to them into the 

target [33]. Although the kinetic energy is less than 7.5 J, there is no doubt that the 

Arcus Arrowstar arrow projectile might penetrate the cranial cavity. 

 

Generally, with increasing sectional density q, the threshold velocity vgr (e.g. the 

velocity below which no skin penetration is observed) decreases (Table 6) [37].  
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Table 6 
Cross-sectional density q and threshold velocity vgr of different projectile types. With increasing sectional 

density q, the threshold velocity vgr (e.g. the velocity below which no skin penetration is observed) 

decreases 

 

Projectile type 
(cal.) 

Mass 
m  [g] 

SD 
q [g/cm2] 

Threshold 
velocity  
vgr [m/s] 

Energy at 
vgr 

E [J] 

Reference 

      

Shot pellet (1 mm) 0.006 0.76 185 0.102 [37] 

Shot pellet (1,5 mm) 0.020 1.13 133 0.177 [37] 

Shot pellet (2 mm) 0.047 1.50 105 0.259 [37] 

Shot pellet (2 mm) 0.047 1.5 116 0.316 [35] 

Shot pellet (3 mm) 0.16 2.26 94 0.707 [35] 

Shot pellet (4 mm) 0.38 3.02 81 1.247 [35] 

Diabolo (4.5 mm) 0.53 3.33 70 - 80 1.30 – 1.70 [37] 

Diabolo (4.5 mm) 0.53 3.33 77 1.57 [35] 

BB (4.5 mm) 0.53 3.33 60 0.95 [37] 

Sussex Sabo (3.6 mm) 0.49 4.8 64* 1.0 [14] 

.22 LR (5.6 mm) 2.55 10.35 44 2.47 [35] 

9 mm Luger 8.0 12.58 40 6.4 [35] 

38 Spl. 10.2 16.15 35 6.25 [35] 

45 Auto 14.8 14.30 37 10.13 [35] 

7.62 x 39 8.0 17.54 34 4.62 [35] 

Arcus Arrowstar (5.9 mm) 9.7 35.5 24* 2.8 [15] 

Construction steel nail 6.2 73 18  1.0 [37] 

      

* values calculated according to Equation 4 

 

 

To conclude, this work demonstrates that legal energy limits are less conclusive 

without consideration of the projectiles´ design characteristics. Special projectile types 

(like the plastic-sleeved composite pellets) reach significantly higher kinetic energy 

values compared to standard diabolo pellets (and hence a higher penetration 

capacity). Other projectile types (like the SUSSEX SABO projectile or the Arcus 

Arrowstar projectile) exert a higher penetration capacity whereas kinetic energy is 

similar to standard diabolo pellets.  
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Therefore, it is strongly recommended to specify kinetic energy limits in gun control 

legislation in greater detail. The design characteristics of the projectiles (cross-

sectional density q and design of the projectile head) should be appropriately taken 

into consideration. 

 

With respect to possible future efforts in relaxation of Vietnamese gun control 

legislation and facilitation of private airgun ownership in Vietnam the following 

recommendations are made: 

 

 

1. The implementation of a kinetic energy limit (similar to the German 7.5 J limit) in 

gun control legislation generally is recommended. 

  

2. The kinetic energy limit should be enhanced by the specification of certain 

projectile characteristics (shape of the projectile head, sectional density q). 

  

3. The wadcutter diabolo pellet (Figure 3) should be implemented as standard 

projectile for airguns in gun control legislation. 

  

4. A ban on plastic sleeved composite pellets as well as on sabot projectiles for 

airguns should be discussed: without identifiable benefit for sports or 

recreational shooting, these projectiles might substantially increase the muzzle 

energy (or energy density). They might also reduce the traceability of the 

projectiles due to lack of typical rifling impression pattern on the projectiles. 

  

5. Arrowy projectiles with extremely high cross sectional density q should also be 

banned for airguns. 
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6. Summary 
 

Compared to gun control legislation in Germany, which is supposed to be one of the 

most stringent in Europe, gun control legislation in Vietnam is by far stricter. Private 

possession of guns is not possible in Vietnam.  

One key point in the German weapons act is the allowance for certain facilitations for 

airguns that impart kinetic energy of less than 7.5 J to the projectile. These airguns are 

freely available for purchase by persons 18 years of age or older. The 7.5 J limit is 

applied to airguns without further definition of projectile characteristics like projectile 

head, projectile shape or projectile mass. 

In the course of a possible relaxation of gun control and facilitation of private gun 

ownership (especially of airguns) in Vietnam, an implementation of a kinetic energy 

limit, similar to the German 7.5 J limit, is conceivable.  

It was the aim of this cumulative doctoral thesis to investigate if this energy limit was a 

sufficient threshold to estimate the dangerousness of a weapon or projectile, 

especially in cases where the characteristics of the projectiles are fundamentally 

different from the “standard” projectiles which were basis for the implementation of this 

energy threshold in the German weapons act in 1968. 

 

The first study investigated basic ballistic parameters of plastic-sleeved composite 

projectiles in comparison to standard diabolo pellets. Although overall results were 

inconsistent, for some projectile–weapon combinations (particularly for spring-piston 

air guns), a significant change of the kinetic energy (− 53 up to + 48 %) to the 

reference projectile was observed. For some projectile types the legal limit of 7.5 J 

was exceeded by far. 

 

The second study focused on an uncommon discarding sabot airgun projectile 

(SUSSEX SABO). It was demonstrated, that the sabot principle works properly in high 

power airguns (Ekin > 17 J), but separation of the core projectile from the sabot cup 

was also observed in mid- (Ekin = 12.5 J) and low-energy (Ekin < 7.5 J) airguns. While 

muzzle velocity and kinetic energy values of discarded sabot projectiles are 

comparable to conventional diabolo pellets, energy density (ED) and penetration 

capacity are significantly higher. 
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Finally, the ballistic performance of a carbon dioxide-actuated arrow pistol (Arcus 

Arrowstar) was investigated. Compared to conventional diabolo pellets of a similar 

kinetic energy level, the penetration depth of this arrow projectile was increased by 

approximately 35 %. This high 

penetration capacity was mainly caused by the uncommon projectile characteristics 

(high cross-sectional density q and pointed arrow head). 

 

The findings of this work reveal that special projectile types, like the plastic-sleeved 

composite pellets, might substantially increase the muzzle energy of airguns. Other 

uncommon projectile types (like the SUSSEX SABO projectile or the Arcus Arrowstar 

projectile) exert a higher penetration capacity whereas kinetic energy is similar to 

standard diabolo pellets and is still beneath the legal limit. For these uncommon 

projectile types, the 7.5 J limit implemented in the German weapons act is not a 

sufficient threshold. 

 

As demonstrated, next to kinetic energy Ekin and energy density ED, the characteristics 

of the projectile influence their ballistic parameters. So it is strongly recommended to 

specify legal kinetic energy limits in gun control legislation in greater detail. The design 

characteristics of the projectiles (cross-sectional density q and design of the projectile 

head) should be appropriately taken into consideration. 

 

 

 

 

 

 

  

 

 

 

 

 

 

 



35 
 

7. References 

 

[1] Bundesministerium des Innern (BMI), Waffengesetz-Novelle 2002, 
http://www.bmi.bund.de/DE/Themen/Sicherheit/Waffenrecht/Waffengesetz-Novelle-
2002/waffengesetz-novelle-2002_node.html. Accessed 20 Jan 2015 

  
[2] Bundesministerium des Innern (BMI), Änderungen des Waffenrechts 2009, 

http://www.bmi.bund.de/DE/Themen/Sicherheit/Waffenrecht/Aenderungen-
Waffenrecht-2009/aenderungen-waffenrecht-2009_node.html. Accessed 20 Jan 2015 

  
[3] Bundesministerium der Justiz und für Verbraucherschutz (BMJV), Waffengesetz 

(WaffG), http://www.gesetze-im-internet.de/waffg_2002/index.html. Accessed 20 Jan 
2015 

  
[4] Physikalisch-Technische Bundesanstalt (PTB), Liste der PTB angezeigten und 

geprüften Schusswaffen gemäß § 9 Abs. 2 Nr. 1 Beschussgesetz (BeschG), 
http://www.ptb.de/cms/fileadmin/internet/fachabteilungen/abteilung_1/1.3_kinematik/1.
33/Anzeigeliste.pdf. Accessed 20 Jan 2015 

  
[5] The Socialist Republic of Viet Nam,, Ordinance No. 16/2011/UBTVQH12 of the 

National Assembly Standing Committee on management and use of weapons, 
explosives and supporting tools 

  
[6] Vết thương sọ não ở trẻ 6 tháng do súng tự chế (Case report of a six-months child 

with penetrating head injury by a handmade gun), BỆNH VIỆN NHI ĐỒNG 2 (Children 
Hospital 2), Ho Chi Minh City, Vietnam, 
http://www.benhviennhi.org.vn/news/detail/3593/vet-thuong-so-nao-o-tre-6-thang-do-
sung-tu-che.html. Accessed 12 Feb 2015 

  
[7] Nóng bỏng thực trạng tội phạm sử dụng vũ khí "nóng", Báo Công an nhân dân điện 

tử (Gun crime statistics), CAND Online, http://cand.com.vn/ANTT/Nong-bong-thuc-
trang-toi-pham-su-dung-vu-khi-nong-178758/. Accessed 12 Feb 2015 

  
[8] Sellier K (1976) Die Eindringtiefe von Bleikugeln verschiedener Durchmesser in 

weiches Gewebe. Arch Kriminol 158:175-185 
  

[10] Frank M, Schönekeß H, Jäger F, Herbst J, Ekkernkamp A, Nguyen TT, Bockholdt B 
(2013) Ballistic parameters of .177 (4.5 mm) caliber plastic-sleeved composite 
projectiles compared to conventional lead pellets. Int J Legal Med 127:1125-30 

  
[11] Kneubuehl BP, Coupland RM, Rothschild MA, Thali MJ (2011) Wound Ballistics, 

Basics and Applications. Springer-Verlag, Berlin Heidelberg 
  

[12] Franke E (1981) Ermittlung der Bewegungsenergie der Geschosse. In: Zobel KF (ed) 
PTB-Bericht W-19 Gesetzliche Munitionsprüfung. Physikalisch-Technische 
Bundesanstalt, Braunschweig und Berlin, pp 27–31 

  
[13] Vereinigung der Prüfstellen für angriffshemmende Materialien und Konstruktionen 

(VPAM) (2012) ARG 2012 Prüfrichtlinie “Materialien und Konstruktionen zur 
Vermeidung von ab- und rückprallenden Geschossen”. http://www.vpam.eu. 
Accessed 14 Jan 2015 

  
[14] Frank M, Schönekeß H, Herbst J, Staats HG, Ekkernkamp A, Nguyen TT, Bockholdt 

B (2014)  Subcaliber discarding sabot airgun projectiles. Int J Legal Med 128:303-308 



36 
 

[15] Nguyen TT, Grossjohann R, Ekkernkamp A, Bockholdt B, Frank M (2014) Ballistic 
parameters and trauma potential of carbon dioxide-actuated arrow pistols. Int J Legal 
Med, Epub ahead of print 

  
[16] House JE (2003) C02 Pistols & Rifles. Krause Publications, Iola 

  
[17] Karlsson T, Stahling S (2000) Experimental blowgun injuries, ballistics aspects of 

modern blowguns. Forensic Sci Int 112:59-64 
  

[18] Walz PC, Scholes MA, Merz MN, Elmaraghy CA, Jatana KR (2013) The internet, 
adolescent males, and homemade blowgun darts: a recipe for foreign body aspiration. 
Pediatrics 132:e519-e521 

  
[19] Beeman RD (2007) Austrian large bore airguns. Girandoni style air rifles and pistols – 

preliminary research presentation, http://www.beemans.net/Austrian%20airguns.htm. 
Accessed 21 Jan 2015 

  
[20] Brukner B (2011) Die Luftpistole. dwj-Verlags GmbH, Blaufelden 

  
[21] Phetteplace S (2011) History, development, and types of airguns, with a forensic 

study of big bore airguns: part I. AFTE J 43:28–36 
  

[22] Phetteplace S (2012) History, development, and types of airguns, 
with a forensic study of big bore airguns: part II. AFTE J 43:121–136 

  
[23] Bundesministerium der Justiz und für Verbraucherschutz (BMJV), Weapons Act 

(WaffG), http://www.gesetze-im-
internet.de/englisch_waffg/englisch_waffg.html#p0796. Accessed 23 Jan 2015 

  
[24] Bundesministerium des Innern (BMI), Ab welcher Geschossenergie fallen Soft-Air-

Waffen unter das Waffengesetz ? 
http://bmi.bund.de/SharedDocs/FAQs/DE/Themen/Sicherheit/waffenrecht_soft_air_wa
ffen.html. Accessed 25 Jan 2015 

  
[25] European Union, Directive 2009/48/EC of the European Parliament and of the Council 

of 18 June 2009 on the safety of toys, EUR-Lex. Access to European Union Law.  
http://eur-lex.europa.eu/legal-content/en/ALL//?uri=CELEX:32009L0048. Accessed 25 
Jan 2015 

  
[26] Republik Österreich, Österreichisches Waffengesetz (WaffG), 

http://www.jusline.at/Waffengesetz_(WaffG).html. Accessed 29 Jan 2015 
  

[27] Czech Republic , Act No. 119/2002 Coll. on Firearms and Ammunition 
  

[28] Banco Nazionale di Prova per le Armi da Fuoco Portatili e le munizioni commercial, 
https://www.bancoprova.it/index.php/en/home.html. Accessed 12 Feb 2015 

  
[29] Smedra-Kaźmirska A, Barzdo M, Kedzierski M, Szram S, Berent J (2010) 

Experimental effect of a shot caused by 4.5 mm cartridges fired from a Norica Dragon 
air-rifle and a Walther PPK/S air-pistol. Arch Med Sadowej Kryminol 60:77-82 

  
[30] Bundesgesetz über Waffen, Waffenzubehör und Munition (Waffengesetz, WG), 

http://www.admin.ch/opc/de/classified-compilation/19983208/index.html. Accessed 29 
Jan 2015 

  



37 
 

[31] Bruce-Chwatt RM (2010) Air gun wounding and current UK laws controlling air 
weapons. J Forensic Leg Med 17:123–126 

  
[32] Sellier K (1969) Die biologischen Grundlagen des Durchschlagvermögens eines 

Geschosses in  Beziehung zum neuen Bundeswaffengesetz. Arch Kriminol 143:145–
147 

  
[33] Pollak S (1978) Statistik und Phänomenologie kombinierter Selbsttötungen und 

anderer suizidaler Mehrfachschädigungen im urbanen Bereich (II). Arch Kriminol 
161:68–81 

  
[34] WISQARS (Web-based Injury Statistics Query and Reporting System), Centers for 

Disease Control and Prevention, National Center for Injury Prevention and Control 
(NCIPC) (2013). Nonfatal injury reports. 
http://www.cdc.gov/injury/wisqars/nonfatal.html. Accessed 3 Feb 2015 

  
[35] Sellier K (1977) Schußwaffen und Schußwirkungen II. Forensische Ballistik, 

Wundballistik. Verlag Max Schmidt-Römhild, Lübeck 
  

[36] Bligh-Glover WZ (2012) One-in-a-million shot: a homicidal thoracic air rifle wound, a 
case report, and a review of the literature. Am J Forensic Med Pathol 33:98-101 

  
[37] Kneubuehl BP (2013) Geschosse, Gesamtausgabe. Ballistik, Messtechnik, 

Wirksamkeit, Treffsicherheit. Stocker-Schmid, Dietikon 
  



38 
 

8. Reprints of the original articles that are basis for this cumulative work 

 
 
The following original articles are protected by copyright and all rights are held 

exclusively by Springer-Verlag Berlin Heidelberg. In the electronic version of this 

cumulative thesis, the following offprints are replaced by the accepted manuscript 

versions of the original articles for copyright reasons. 

 
 
1. Frank M, Schönekeß H, Jäger F, Herbst J, Ekkernkamp A, Nguyen 

TT, Bockholdt B (2013) Ballistic parameters of .177 (4.5 mm) caliber 

plastic-sleeved composite projectiles compared to conventional lead 

pellets.  

Int J Legal Med 127:1125-1130 
 

(International journal of legal medicine by SPRINGER-VERLAG. Reproduced with 

permission of SPRINGER-VERLAG in the format Thesis/Dissertation via Copyright 

Clearance Center. Confirmation Number: 11298147, Order detail ID: 66150722) 

 

IF (2013)

2.597

2. Frank M, Schönekeß H, Herbst J, Staats HG, Ekkernkamp A, 

Nguyen TT, Bockholdt B (2014) Subcaliber discarding sabot airgun 

projectiles.  

Int J Legal Med 128:303-308 
 

(International journal of legal medicine by SPRINGER-VERLAG. Reproduced with 

permission of SPRINGER-VERLAG in the format Thesis/Dissertation via Copyright 

Clearance Center. Confirmation Number: 11298161, Order detail ID: 66150812) 

 

IF (2013)

2.597

3. Nguyen TT, Grossjohann R, Ekkernkamp A, Bockholdt B, Frank M 

(2014) Ballistic parameters and trauma potential of carbon dioxide-

actuated arrow pistols.  

Int J Legal Med, Epub ahead of print 
 

(International journal of legal medicine by SPRINGER-VERLAG. Reproduced with 

permission of SPRINGER-VERLAG in the format Thesis/Dissertation via Copyright 

Clearance Center. Confirmation Number: 11298167, Order detail ID: 66150830) 

IF (2013)

2.597

 



 

1 

 

Ballistic parameters of .177 (4.5 mm) caliber plastic-sleeved composite 

projectiles compared to conventional lead pellets 

 

Matthias Frank1,2, Holger Schönekeß3, Frank Jäger3, Jörg Herbst3, Axel 

Ekkernkamp1,2, Thanh Tien Nguyen2, Britta Bockholdt4 

 

 

1. Department of Trauma and Orthopedic Surgery, 

University Medicine Greifswald, Sauerbruchstraße, 17475 Greifswald, Germany 

 

2. Department of Trauma and Orthopedic Surgery,  

Unfallkrankenhaus Berlin (ukb), Warener Str. 7, 12683 Berlin, Germany 

 

3. Physikalisch-Technische Bundesanstalt (PTB),  

Bundesallee 100, 38116 Braunschweig, Germany 

 

4. Department of Legal Medicine, 

University Medicine Greifswald, Kuhstraße 30, 17489 Greifswald, Germany 

 

 

  



 

2 

 

Abstract 

 

The capability of conventional airgun lead pellets (diabolo pellets) to cause severe 

injuries or fatalities even at low kinetic energy levels is well documented in medical 

literature. Modern composite hunting pellets, usually a metal core (made of steel, 

lead, zinc, or a zinc and aluminum alloy) encased in a plastic sleeve, are of special 

forensic and traumatological interest. These projectiles are advertised by the 

manufacturers to discharge at higher velocities than conventional airgun pellets thus 

generating very high tissue penetrating capabilities. Lack of experimental data on 

these uncommon airgun projectiles induced this work. Ballistic parameters of twelve 

different caliber .177 (4.5 mm) composite pellets, discharged from two spring-piston 

airguns (Weihrauch HW 35, Webley CUB) and three pneumatic airguns (Walther 

LGR, Walther LG400, Walther LP300) were investigated using a ballistic speed 

measurement system and compared to a conventional diabolo pellet (RWS 

Meisterkugel) as reference projectile. Although overall results were inconsistent, for 

some projectile-weapon combinations (particularly spring-piston airguns) a significant 

change of the kinetic energy (-53% up to +48%) to the reference projectile was 

observed. The data provided in this work may serve as a basis for forensic 

investigation as well as traumatological diagnosis and treatment of injuries caused by 

these uncommon projectiles. 
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Introduction 

 

Medical literature abounds with reports on injuries and fatalities caused by airgun 

projectiles. While most of these injuries and fatalities are due to accidents [1-3] or 

suicide attempts [2, 4-12], homicides are also reported [13, 14]. As found by Pollak in 

1978, the majority of injuries and fatalities due to airguns involve children [4]. Today, 

this trend remains unchanged. In 2011, according to data of the United States 

National Center for Injury Prevention and Control (CDC), 16,451 people were injured 

in incidents with airguns, of which 10,288 involved teenagers and children age 19 or 

younger [15]. 

While spherical lead or steel balls (also referred to as BBs or Shots) and waisted 

(diabolo) pellets have been the standard projectiles for airguns for decades, today, 

hundreds of different types of projectiles in various shapes, sizes and weights are 

available [16, 17]. Moreover, since the late 1970s, innovative composite projectiles 

have been developed, in which a metal core (steel, lead, zinc, or a zinc and 

aluminum alloy) is encased in a plastic sleeve (Figure 1). The plastic skirt is 

supposed to create superior air seal and to increase initial resistance to enable 

effective propulsion. The friction in the barrel is supposed to be reduced. According to 

the English manufacturer, who initially introduced the first composite projectiles into 

the market, these pellets are also referred as “Prometheus pellets”. 

These projectiles are advertised by the manufacturers to be discharged at higher 

velocities compared to conventional airgun pellets and hence obtain high penetrating 

capabilities. However, to the best of the authors´ knowledge, reliable data on the 

ballistic features of composite airgun projectiles compared to standard pellets have 

not yet been published in forensic literature although these parameters of weapon-

projectile combinations are of great interest in a variety of areas: scene investigation, 

firearms examiners´ casework and forensic as well as surgical assessment of the 

resulting injury patterns. Therefore, it is the aim of this study to provide ballistic data 

for different plastic-sleeved composite pellets in comparison to conventional waisted 

lead pellets. 
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Material and Methods 

 

Twelve different caliber .177 (4.5 mm) plastic-sleeved hard-core projectiles of five 

different manufacturers (Skenco, Phoenix/AZ, USA; Kvintor, Nizhny Novgorod, 

Russian Federation; COAL, Lendava, Slovenia; Walther/Umarex, Arnsberg, 

Germany; Prometheus, London, United Kingdom) were subject of this investigation 

(Fig. 1). As reference, test shots were performed using conventional diabolo lead 

pellets (RWS Meisterkugel 0.53 g, RUAG Ammotec GmbH, Fürth, Germany), which 

are recommended for standardized ballistic tests [18]. 

 

The mass of the projectiles was measured with a precision laboratory balance 

(L420S, Sartorius AG, Göttingen, Germany). For each projectile, ten measurements 

were averaged. The sectional density (q), defined as the ratio of mass (m) to cross-

sectional area (A), was calculated by the formula 

 

� � 	
�

�
�	

�	�

��		
          (Equation 1) 

 

where m is the mass of the projectile (in g) and k is the caliber of the projectile (in 

mm) [19]. 

 

Five different types of air guns were used for test shots: 

Weihrauch HW 35 (Weihrauch & Weihrauch Sport GmbH & Co. KG, Mellrichstadt, 

Germany), a break barrel, spring-piston air rifle. 

Webley Cub (Webley & Scott, Dartmouth, United Kingdom), a break barrel, spring-

piston air rifle. 

Walther LGR (Carl Walther GmbH, Ulm, Germany), a single-stroke pneumatic match 

air rifle. 

Walther LG 400 (Carl Walther GmbH, Ulm, Germany), a pre-charged pneumatic 

(PCP) match air rifle. 

Walther LP 300 (Carl Walther GmbH, Ulm, Germany), a pre-charged pneumatic 

(PCP) match air pistol. 
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Ten test shots were performed for every weapon-ammunition combination. The 

velocity of the test projectiles was measured between two light barriers 1.0 m and 2.0 

m in front of the muzzle [20]. 

The kinetic energy of each test projectile was calculated based on its mass (m, in g) 

and velocity (v, in m/s) by the formula 

 


��� 	� 		


�
		�		��          (Equation 2) 

 

To compare the kinetic energy (ETest) of each test projectile with the energy of the 

reference projectile (EReference) the normalized Energy (Enorm) was calculated by the 

following formula 

 


���� 	� 		
�����

����������
          (Equation 3) 

 

The velocity measuring system (Trans-PC® and TransAS® v. 2.6.5, Elsys AG, 

Niederrohrdorf, Switzerland) was checked before and after each series of ten 

measurements. The uncertainty of the velocity measurements is specified by a 

standard deviation of about 1 %. All measurements were taken in a completely 

enclosed laboratory free from weather influences (air temperature 23 °C, relative 

humidity 22 %, atmospheric pressure 1,005 hPa). 
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Results 

 

The highest increase in muzzle energy (+48%, compared to the RWS Meisterkugel 

as reference) was measured for the Skenco Type 1 and for the Prometheus CO2 

pellets discharged from the Webley Cub spring-piston air rifle. The largest decrease 

in muzzle energy was measured for the Kvintor Magnum pellet discharged from the 

Weihrauch HW35 spring-piston air rifle (-53%, compared to the RWS Meisterkugel as 

reference). 

 

Compared to the RWS Meisterkugel diabolo pellet as reference projectile, the highest 

change in kinetic energy was measured for the plastic-sleeved pellets discharged 

from the spring-piston airguns  (Webley Cub -37% to +48%; Weihrauch HW35 -53% 

to +32%). The change in kinetic energy was much smaller when the plastic-sleeved 

pellets were discharged from the pneumatic airguns (Walther LGR -33% to -5%; 

Walther LG400 -32% to +14%; Walther LP300 -25% to +6%). 

For detailed data on the weapon-projectile combinations see Table 1. 
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Discussion 

 

While small bore airguns have been very popular in Europe for decades (with the 

.177 (4.5 mm) caliber by far the most prevalent), big bore airguns proliferated in the 

United States [21, 22]. In many countries, the regulation of airguns is based on the 

amount of kinetic energy they deliver to a projectile. For example, in the United 

Kingdom, the legal muzzle energy limit for air rifles is 16.3 J (12 foot lbs) and for 

pistols 8.1 J (6 foot lbs) [23, 24]. In Germany, air guns delivering muzzle energy 

values of up to 7.5 J (corresponding to a muzzle velocity of a 0.53 g lead pellet of 

approximately 175 m/s [25]) can be legally owned by persons over the age of 18. 

However, literature abounds with reports which prove that airgun projectiles below 

these energy limits can cause severe or even fatal injuries, dependent on the point of 

impact and the path of the wound channel in the body. Kneubuehl specifies the 

threshold velocity of conventional caliber 4.5 mm lead pellets to be non-hazardous 

(i.e. “it is highly probable that it will not cause any injury to the unprotected human 

body” [19]) for impacts to the human skin to be vD = 77 m/s (corresponding to the 

kinetic energy value ED = 1.6 J), for impacts to the human eye to be vD = 39 m/s 

(corresponding to the kinetic energy value ED = 0.40 J) [25]. The hazardous shooting 

distance (muzzle-target distance) for a conventional caliber 4.5 mm lead diabolo 

(initial velocity v0 = 180 m/s) is also reported by Kneubuehl to be 170 m for impacts to 

the human skin, and 240 m for impacts to the human eye [25]. As reported by Haag, 

the Ballistic Coefficient (BC) of caliber 4.5 mm lead diabolo pellets is quite low (BC 

0.008 – 0.017) compared to common handgun and rifle bullets [26].  

However, due to their mode of construction, airguns can easily be modified, 

increasing the velocity of the projectile. Ziegler and Weinke [27] as well as Nedivi [28] 

describe two cases of airguns which were originally designed to discharge 4.5 mm 

caliber pellets, which were manipulated into firearms capable of shooting 5.6 mm 

(.22) caliber rimfire ammunition. Also, phenomena like the dieseling effect (where 

compressed air at high temperature causes fuel, residual gun oil or other lubricant 

within an airgun to self-ignite) might significantly increase the muzzle energy of 

spring-piston airguns [29, 17].  

As this work demonstrates, the selection of suitable airgun-projectile combinations 

produces an enormous effect on the measured ballistic parameters. Modern plastic-

sleeved pellets might substantially increase the muzzle energy of an airgun to levels 
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above the legal limit. However, other weapon-projectile combinations might 

substantially decrease the muzzle energy compared to conventional diabolo pellets 

(Table 1) which contradicts the information of the manufacturers. The kinetic energy 

of a projectile is of major importance in wound ballistics. However, it is not the total 

energy of the projectile that determines the destruction of tissue, but rather the 

energy that is transferred as the projectile passes through the tissue [19]. This energy 

transfer per unit distance (measured in J/cm) is directly proportional to the 

instantaneous energy of the projectile and inversely proportional to its sectional 

density (q) [19]. Penetration depth, on the other hand, is directly proportional to 

sectional density and inversely proportional to energy transfer [19]. However, next to 

the physical and design characteristics (which describe the effectiveness or potential 

effect of a projectile) also factors like the point of impact, the path of the wound 

channel in the body, and the physical and mental state of the victim contribute to the 

effect of a projectile [19]. 

Initially, these plastic-sleeved pellets were designed for hunting purposes as they 

penetrate deeper than conventional lead pellets [30]. As plastic-sleeved pellets are 

lead-free and non-toxic, they were developed for use against vermin on farmland, in 

grain elevators or grain silos, and all areas where the threat of lead pollution 

associated with conventional lead pellets is unacceptably high [30].  

Unsurprisingly, shortly after their introduction at the end of the 1970s, injuries due to 

these plastic composite pellets have found their way into medical literature. Cain and 

Weeks report the case of a boy who had been hit in the neck by a polyethylene-steel 

composite pellet [31]. They point out that the radiolucent plastic sleeve had become 

detached from the steel core and had been left in the track of the missile, some 

distance from where the steel core of the projectile had come to its standstill [31]. Our 

own test shots on ballistic soap blocks confirm this observation (Fig. 3). Campbell-

Hewson et al. report the case of a self-inflicted shot to the chest using a 

“Prometheus” type pellet. The projectile traversed the body of the victim at the level 

of the second lumbar vertebra causing a laceration of the spleen, a perforation of the 

stomach, and an abrasion of the liver [8]. Similar to suicides committed with firearms 

[32], the head and chest are the main target areas for intentionally self-inflicted 

airgun injuries [2, 4-12]. 
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With respect to forensic case reconstruction or weapon identification, there are also 

considerable differences between airguns and firearms. As airguns propel the 

projectiles with pressurized gases that are not derived from products of combustion 

[33], there are no gunshot residues which could be used for estimation of firing 

distance as characteristically described for firearms [33-37]. Also, entrance wounds 

and wound channel due to airgun projectiles are considerably different compared to 

those inflicted by firearms [33, 38, 39].  

Air weapons are an important issue in criminal behaviour. 48% of all offences related 

to guns in England and Wales in 2006-2007 were committed with an airgun [40].  

Moreover, compared to firearms, the threshold to discharge airguns seems lower, for 

example, in 92% of all cases involving air weapon offences they are discharged, 

whereas handguns are fired in only 12% of offences they were used in [41]. Besides 

their misuse in robberies, violence against the person, and burglaries, malicious 

property damage makes up to almost 80% of airgun offences [40-42]. For example, 

Jobski recently reported the case of an airgun that was used for assaults on street 

railways [43]. Finally, the data provided in the present study might also be helpful for 

firearms examiners´ casework. 

 

 

Conclusions 

 

- Depending on the type of weapon used, some composite plastic-steel pellets 

might substantially increase the muzzle energy of an airgun while others might 

substantially decrease the muzzle energy compared to conventional lead pellets. 

This effect is greater for spring-piston air guns than for pneumatic airguns. 

- In forensic case reconstruction of injuries due to air weapons, ballistic investigation 

of the specific projectiles used in the specific airgun should be the rule.   

- During penetration of soft tissue, detachment of the plastic sleeve from the metal 

core might occur. Identification of the radiolucent part of the projectile by 

conventional radiographs might be difficult. 
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Figure Legends 

 

 

 

 

Fig. 1  Projectile types used for test shots. Pointed projectile head (a): Type 2 

(Skenco), Type 3 (Skenco), PSP (Coal). Wadcutter projectile head (b): High Power 

Pellet (Walther), Type 4 (Skenco), CO2 (Prometheus). Round nose projectile head 

(c): Tornado (Kvintor), Magnum (Kvintor), Magnum Super (Kvintor), Type 1 (Skenco), 

Prometheus Pellets (Prometheus), Z7 Paragon (Prometheus). Plain radiograph 

(projectiles in the same order) demonstrates that only the hard core is radiopaque (d) 
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Fig. 2  Energy values of the test projectiles compared to the RWS Meisterkugel 

diabolo pellet as reference projectile (blue box: RWS Meisterkugel; yellow box: 

plastic-sleeved pellet type with highest energy values; green box: plastic-sleeved 

pellet type with lowest energy values). For the Walther LGR airgun, no plastic-

sleeved pellet type performed better than the reference projectile 
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Fig. 3  Path of a .177 caliber plastic-sleeved pellet (Skenco Type 1, Fig. 1c) fired 

from a Weihrauch HW35 rifle (Fig. 2c) in ballistic soap. Shooting distance 1 m. The 

sleeve detached from the metal head. The undeformed metal projectile deviated a 

few centimeters from its last course shortly before coming to its standstill in tail first 

position. Total length of the path 120 mm. Under identical conditions, the penetration 

depth of a .177 caliber diabolo pellet (RWS Meisterkugel) was measured as 

approximately 70 mm 

 

 



Table 1 Ballistic parameters of the test projectiles. Values represent a ten shot average, standard deviation in brackets (SD: sectional density; Enorm: normalized 

Energy = ETest / EReference ) 

   
RWS 

Meisterkugel 
 

 
Skenco 
Type 1 

 
Skenco 
Type 2 

 
Skenco 
Type 3 

 
Skenco 
Type 4 

 
Kvintor 

Tornado 

 
Kvintor 

Magnum 

 
Kvintor 

Magnum 
Super 

 
COAL 

150 PSP 

 
Walther 
HPP 

 
Prometheus 

CO2 

 
Prometheus 

Pellets 

 
Prometheus Z7 

Paragon 

               

Mass m [g] 0.532 
(0.0047) 

0.392 
(0.0103) 

0.392 
(0.0013) 

0.547 
(0.0156) 

0.624 
(0.0051) 

0.205 
(0.0081) 

0.576 
(0.0036) 

0.771 
(0.0056) 

0.524 
(0.0030) 

0.364 
(0.0009) 

0.314 
(0.0053) 

0.386 
(0.0045) 

0.508 
(0.0010) 

               

SD q [g/mm
2
] 0.0335 0.0246 0.0246 0.0344 0.0392 0.0129 0.0362 0.0485 0.0329 0.0229 0.0197 0.0243 0.0319 

               
Weapon               

               
HW35 v [m/s] 216.9 

(4.0) 
289.4 
(14.6) 

279.5 
(14.1) 

207.1 
(5.2) 

197.6 
(5.9) 

295.6 
(11.5) 

142.8 
(8.2) 

149.2 
(5.1) 

221.1 
(6.2) 

287.7 
(17.0) 

333.0 
(7.9) 

251.6 
(12.9) 

185.4 
(9.2) 

               

 E [J] 12.5 
(0.5) 

16.5 
(1.6) 

15.4 
(1.6) 

11.8 
(0.6) 

12.2 
(0.7) 

9.0 
(0.7) 

5.9 
(0.7) 

8.6 
(0.6) 

12.8 
(0.7) 

15.0 
(1.8) 

17.5 
(0.8) 

12.31 
(1.3) 

8.75 
(0.87) 

               

 Enorm 1 1.32 1.23 0.94 0.98 0.72 0.47 0.69 1.02 1.2 1.4 0.98 0.7 

               
Webley v [m/s] 150.0 

(6.8) 
213.0 
(7.8) 

194.5 
(11.6) 

173.5 
(5.6) 

122.5 
(9.2) 

203.4 
(15.0) 

114.2 
(12.8) 

122.1 
(4.4) 

148.8 
(7.9) 

199.7 
(16.6) 

236.6 
(7.3) 

201.0 
(5.0) 

146.3 
(8.8) 

               

 E [J] 6.0 
(0.6) 

8.9 
(0.7) 

7.4 
(0.9) 

8.3 
(0.5) 

4.7 
(0.7) 

4.3 
(0.6) 

3.8 
(0.9) 

5.7 
(0.4) 

5.8 
(0.6) 

7.3 
(1.2) 

8.9 
(0.5) 

7.8 
(0.4) 

5.5 
(0.7) 

               

 Enorm 1 1.48 1.23 1.38 0.78 0.72 0.63 0.95 0.96 1.22 1.48 1.3 0.92 

               
LGR v [m/s] 179.6 

(3.6) 
199.1 
(4.7) 

197.8 
(4.8) 

172.5 
(4.5) 

161.7 
(4.1) 

234.5 
(14.7) 

158.6 
(5.4) 

146.4 
(2.5) 

174.9 
(2.9) 

196.6 
(4.6) 

207.9 
(6.7) 

190.8 
(4.1) 

159.0 
(11.6) 

               

 E [J] 8.6 
(0.3) 

7.8 
(0.4) 

7.7 
(0.4) 

8.2 
(0.4) 

8.2 
(0.4) 

5.7 
(0.7) 

7.2 
(0.5) 

8.2 
(0.3) 

8.0 
(0.3) 

7.0 
(0.3) 

6.8 
(0.4) 

7.1 
(0.3) 

6.5 
(0.9) 

               

 Enorm 1 0.91 0.90 0.95 0.95 0.66 0.84 0.95 0.93 0.81 0.79 0.83 0.76 

               
LG400 v [m/s] 

 
171.1 
(3.2) 

207.7 
(7.4) 

189.7 
(14.1) 

179.4 
(4.5) 

159.6 
(7.4) 

257.9 
(14.6) 

157.4 
(3.2) 

149.6 
(2.8) 

172.5 
(5.3) 

206.1 
(6.3) 

183.8 
(3.4) 

204.4 
(6.2) 

165.5 
(5.8) 

               

 E [J] 
 

7.8 
(0.3) 

8.5 
(0.6) 

7.1 
(1.1) 

8.9 
(0.4) 

8.0 
(0.7) 

6.9 
(0.8) 

7.1 
(0.3) 

8.6 
(0.3) 

7.8 
(0.5) 

7.7 
(0.5) 

5.3 
(0.2) 

8.1 
(0.5) 

7.0 
(0.5) 

               

 Enorm 1 1.09 0.91 1.14 1.03 0.88 0.91 1.10 1.0 0.99 0.68 1.04 0.90 

               
LP300 v [m/s] 

 
159.9 
(3.6) 

185.5 
(4.3) 

186.1 
(6.7) 

161.3 
(4.6) 

149.5 
(3.4) 

222.1 
(14.7) 

133.2 
(6.3) 

128.4 
(2.3) 

162.4 
(3.7) 

185.9 
(4.6) 

194.4 
(5.9) 

184.9 
(5.5) 

154.7 
(6.5) 

               

 E [J] 
 

6.8 
(0.3) 

6.8 
(0.3) 

6.8 
(0.5) 

7.2 
(0.4) 

7.0 
(0.3) 

5.1 
(0.7) 

5.1 
(0.5) 

6.3 
(0.2) 

6.9 
(0.3) 

6.3 
(0.3) 

6.0 
(0.4) 

6.6 
(0.4) 

6.1 
(0.5) 

               

 Enorm 1 1 1 1.06 1.03 0.75 0.75 0.93 1.01 0.93 0.88 0.97 0.90 
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Abstract 

 

Medical literature abounds with reports on injuries and fatalities caused by airgun 

projectiles. While round balls or diabolo pellets have been the standard projectiles for 

airguns for decades, today, there are a large number of different airgun projectiles 

available.  A very uncommon - and until now unique - discarding sabot airgun 

projectile (Sussex Sabo Bullet) was introduced into the market in the 1980s. The 

projectile, available in .177 (4.5 mm) and .22 (5.5 mm) caliber, consists of a plastic 

sabot cup surrounding a subcaliber copper-coated lead projectile in typical bullet 

shape. Following the typical principle of a discarding sabot projectile, the lightweight 

sabot is supposed to quickly loose velocity and to fall to the ground downrange while 

the bullet continues on target. These sabot-loaded projectiles are of special forensic 

interest due to their non-traceability and ballistic parameters. Therefore, it is the aim 

of this work to investigate the ballistic performance of these sabot airgun projectiles 

by high-speed video analyses and by measurement of the kinetic parameters of the 

projectile parts by a transient recording system as well as observing their physical 

features after being fired. While the sabot-principle worked properly in high-energy 

airguns (E > 17 J), separation of the core projectile from the sabot cup was also 

observed when discharged in low-energy airguns (E < 7.5 J). While the velocity of the 

discarded Sussex Sabo core projectile was very close to the velocity of a diabolo-

type reference projectile (RWS Meisterkugel), energy density was up to 60 % higher. 

To conclude, this work demonstrates for the first time the regular function of this 

uncommon type of airgun projectile. 
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Introduction 

 

Injuries and fatalities due to airgun projectiles are the subject of many scientific 

papers in forensic traumatology. While most studies focus on the clinical presentation 

of the injury patterns [1–6], a few have been published on the ballistic characteristics 

of these weapons and their projectiles  [7-16]  

While round balls or diabolo pellets have been the standard projectiles for airguns for 

decades, today, there are a confusingly large number of different airgun projectiles 

on the market [17]. A classification system and identification key for .177 caliber air 

gun pellets based on a five-class characteristic criterion is reported by Bailey [18]. A 

recent work revealed unexpectedly high energy values of plastic-sleeved composite 

projectiles compared to conventional waisted (hour-glass-shaped or diabolo) pellets 

[19]. 

 

Subcaliber sabot airgun projectiles 

 

A very uncommon - and until now unique - discarding sabot airgun projectile (Sussex 

Sabo Bullet) was introduced into the market by Sussex Ballistics Ltd., Ashington, 

United Kingdom, in the 1980s. This projectile was available in .177 (4.5 mm) and .22 

(5.5 mm) calibers and consists of a plastic sabot cup surrounding a subcaliber 

copper-coated lead projectile in typical bullet shape (Fig. 1). While the cal. .177 

projectile is pre-assembled, the cal. .22 projectile has to be manually assembled and 

inserted together with the plastic sabot into the chamber of the airgun with a special 

insertion tool. Following the typical principle of a discarding sabot projectile, the 

lightweight sabot is supposed to quickly lose velocity and to fall to the ground 

downrange while the bullet continues on target. According to the manufacturer´s 

information, the Sussex Sabo Bullets “should not be used in rifles which create less 

than 9 ft/lbs (12.2 J) muzzle energy or 685 ft. per second (209 m/s) muzzle velocity” 

to avoid malfunction in the proper operation of the projectile. 

 

Aim of this investigation 

 

Sabot-loaded projectiles are of special forensic interest. When in perfect working 

order, the barrel of an airgun does not leave rifling marks on the bullet which makes 
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the bullet untraceable. To the best of the author´s knowledge, the ballistic 

performance of these sabot airgun projectiles has never been investigated or proofed 

under forensic-traumatological aspects.  

 

Therefore, it was the aim of this work to answer the following questions: 

 

-  Does the sabot-principle work properly in airguns as proposed by the 

manufacturer? 

-  If so, does it also work in low-energy airguns (Ekin < 7.5 J)? 

-  What are the ballistic parameters and the physical appearance of the Sussex 

Sabo core projectile after separation from the sabot cup in comparison to a 

reference diabolo pellet? 

-  How high is the kinetic energy of the plastic sabot cup after having discarded the 

core projectile?  
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Material and Methods 

 

Motion analysis of the projectile´s trajectory 

 

To visualize the supposed separation of the subcaliber core projectile from the 

muzzle, a high-speed motion analysis of the projectile´s trajectory at the range of 0 

cm to 20 cm and 20 cm to 40 cm away from the muzzle was performed (High-speed 

camera MotionXtra HG-100K, Redlake Digital Imaging Systems, Tallahassee, USA). 

 

Determination of the kinetic energy of the projectile parts 

 

The velocity of the sabot projectiles was measured with a transient recording ballistic 

speed measurement system between two photoelectric light barriers 3 m and 4 m 

away from the muzzle [20]. The waveform of the data signals of the transient 

recording system allowed for the determination whether the sabot had discarded the 

projectile or not (Fig. 3). The velocity of each projectile part passing through the light 

barriers (unseparated sabot projectile or subcaliber core projectile and separated 

sabot) was calculated. Multi-channel data acquisition and analysis were performed 

using the transient recording system Trans PC and TranAX Version 3.3.3.981 (32 bit) 

(Elsys AG, Niederrohrdorf, Switzerland). The measuring system was calibrated 

before and after each series of measurements (ten shots). All measurements were 

taken in an enclosed test shooting range to exclude outside influences. 

 

The mass of the projectile parts was determined with a precision laboratory balance 

(L420S, Sartorius AG, Göttingen, Germany) as the average value of ten 

measurements. 

The sectional density (q), which is defined as the ratio of mass (m) to cross-sectional 

area (A), was calculated by the formula 

 

� � 	
�

�
�	

�	�

��		
          (Equation 1) 

 

where m is the mass of the projectile (in g) and k is the caliber of the projectile (in 

mm) [21]. 
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The kinetic energy (Ekin) of the projectiles (or projectile parts in case of separation) 

was calculated based on its mass (m, in kg) and velocity (v, in m/s) by the formula 

 


��� 	� 		


�
		�		��          (Equation 2) 

 

To determine the injury potential for a lengthwise (axial) impact of the test projectiles, 

the energy density (E′) was calculated with the energy of the test projectile being 

divided by the projectile's cross-sectional area (A) [21]. 

 

Weapons used for test shots 

 

Test shots were performed with three air rifles of different energy levels:  

-  Feinwerkbau 800X Field Target (Feinwerkbau Westinger & Altenburger GmbH, 

Oberndorf/Neckar, Germany);  

-  Weihrauch HW 35 (Weihrauch & Weihrauch Sport GmbH & Co. KG, 

Mellrichstadt, Germany);  

-  Steyr Hunting 5 (Steyr Sport GmbH, Ernsthofen, Austria). 

 

Reference test shots were performed with diabolo lead pellets (RWS Meisterkugel, 

RUAG Ammotec GmbH, Fürth, Germany; mass m = 0.53 g) as recommended for 

standardized ballistic test procedures [22].  

 

To illustrate the penetration capacity of the sabot projectile in comparison to the 

reference diabolo pellet, test shots were fired into ballistic soap blocks. 
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Results 

 

Motion analysis of the projectile´s trajectory 

 

High-speed motion analysis proofed the proper functioning of the airgun sabot 

projectiles. Fig. 2 illustrates how the core projectile and sabot cup separate a few 

centimeters away from the muzzle. While the core projectile continues on its 

trajectory, the lightweight sabot quickly loses velocity and tumbles downrange. 

 

Determination of the kinetic energy of the projectile parts 

 

The mass of the unseparated Sussex Sabo projectile was determined m1 = 0.52 g 

(standard deviation SD = 0.0036 g), while the mass of the 6-petal plastic sabot cup 

was determined m2 = 0.03 g (SD = 0.0008 g) and the mass of the sub-caliber core 

projectile was measured m3 = 0.49 g (SD = 0.0039 g). 

While the sabot projectiles fired from the high-energy airgun (Feinwerkbau 800X 

Field Target, Ekin = 17.5 J) separated regularly during all measured test shots, results 

for the mid- and low-energy airguns (Weihrauch HW35, Ekin = 12.5 J and Steyr 

Hunting 5, Ekin < 7.5 J) were inconsistent. Both low-powered airguns discharged test 

projectiles which separated after leaving the muzzle while others did not. Values of 

the velocity measurements and the corresponding energy calculations are 

summarized in Table 1.  

In case of separation, the velocity of the plastic sabot cup (measured between 3 and 

4 m away from the muzzle) was determined to be approximately two to three times 

less than the velocity of the core projectile. 

While the velocity of the separated Sussex Sabo core projectile was very close to the 

velocity of the reference projectile (RWS Meisterkugel), the energy density (E´) was 

higher with each test airgun: + 47 % (Feinwerkbau 800X Field Target), + 35 % 

(Weihrauch HW35), and + 59 % (Steyr Hunting 5), respectively (Table 1). 

 

For the separated Sussex Sabo core projectile, the penetration depth in ballistic soap 

was measured to be approximately twice as high as that of the RWS Meisterkugel 

(Fig. 4). 
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Discussion 

 

The fundamental reason behind the development of subcaliber sabot projectiles is to 

overcome the so-called ballistic paradoxes between contradictory internal and 

external ballistic demands [23]. While under internal ballistic considerations, the cross 

sectional density (q) of a projectile should be as low as possible to reach a high initial 

velocity, under external ballistic considerations, the projectile´s cross sectional 

density should be high to reduce the downrange loss of velocity and energy (1st 

paradox) [23]. The sabot cup provides a high cross sectional area (A) in combination 

with a low total mass which advances acceleration of the projectile in the barrel. 

When the sabot cup has discarded the core projectile however, the relevant caliber is 

small, while the mass of the core projectile is high. Therefore, cross sectional density 

(q) is low within the barrel and high after separation of the core projectile from the 

sabot cup. As seen in Table 1, the cross sectional density (q) of the separated 

Sussex Sabo core projectile surpasses the cross sectional density of the 

unseparated projectile by 45 %. 

According to Kneubuehl, the separation of the core projectile from the sabot cup is a 

complex process induced by centrifugal forces (due to the spin of the projectile) or air 

drag which has a significant impact on the trajectory characteristics of the core 

projectile [23]. Unless this separation process proceeds in absolute symmetry, the 

projectile begins to tumble, which results in poor precision [24, 25]. Due to its very 

low cross sectional density (q = 0.002 g/mm2), the sabot cup quickly loses velocity 

and falls to the ground somewhere downrange while the bullet continues on target. 

Under terminal ballistic considerations, a high effectiveness of a projectile (high 

energy transfer at the target) requires low cross sectional density, which is 

contradictory to the external ballistic demand of energy conservation (2nd paradox) 

[23]. A high penetration depth in materials, however, is consistent with the external 

ballistic demand of a high cross sectional density, whereas a high penetration depth 

and a high effectiveness at the same time cannot be brought down to a common 

denominator (3rd paradox) [23]. As seen in Fig. 4, the penetration depth of the 

Sussex Sabo projectile (q = 0.048 g/mm2) is almost twice the penetration depth of the 

conventional diabolo pellet (q = 0.034 g/mm2) while velocity and kinetic energy are 

similar for both projectiles. Energy transfer per unit distance (measured in J/cm), 

however, is lower for the Sussex Sabo projectile than for the lead diabolo pellet as it 
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is inversely proportional to the cross sectional density (q) [21]. Therefore, under 

wound ballistic considerations, the Sussex Sabo projectile might penetrate deeper 

into tissue than conventional lead pellets. 

Pellets which are discharged from air guns with inside barrel rifling have class and 

individual characteristics similar to bullets discharged from regular firearms as the 

rifling pattern in the barrel of such an air gun produces a typical rifling impression 

pattern on the projectiles [18, 26, 27]. As the core projectile has no contact to the 

internal surface of the barrel, it shows no identifiable rifling characteristics (Fig. 5). 

This makes identifying the weapon in which it was discharged impossible. Sellier 

referred to sabot projectiles as “Bullets without a past” [24]. This is one reason why 

subcaliber discarding sabot projectiles are prohibited for use in firearms in some 

countries (like Germany, for example). In other countries, however, sabot ammunition 

is used in the civilian setting for hunting purposes providing the hunter with a practical 

means of taking small game with a large caliber rifle. In effect, the hunter is able to 

fire two different calibers with just one rifle [24]. 

Uncommon projectiles can cause uncommon entrance wounds [28]. As the sabot cup 

could serve as secondary projectile, it could cause a second mark in close range 

shots. It has recently been demonstrated that a plastic washer, which, similar to a 

sabot cup, provides guidance and centering to fastening pins in the wider bore 

diameter of direct-acting powder-actuated nail guns, can cause a second superficial 

entrance wound for short muzzle-target distances [29]. However, as demonstrated in 

this work, the kinetic energy of the Sussex Sabo sabot cups is quite low (less than 

0.14 J) (Table 1, the energy density (E´) was not calculated due to the tumbling flight 

of the sabot cup). Therefore, even for close range shots, it is unlikely that the sabot 

cup of the Sussex Sabo Bullet produces a second entrance wound.  

 

  



10 

 

Conclusion 

 

In answer to the questions at the beginning, the following can be concluded: 

 

-  While the sabot-principle worked properly in high-energy airguns (E > 17 J), 

separation of the core projectile from the sabot cup was also observed when 

discharged in low-energy airguns (E < 7.5 J). 

-  While muzzle velocity (v) and kinetic energy values (Ekin) of discarded sabot 

projectiles are comparable to conventional diabolo pellets, energy density (E´) 

is significantly higher. 

- As the sectional density (q) is higher for the discarded Sussex Sabo core 

projectile, penetration depth in ballistic soap is higher than that of conventional 

diabolo pellets. 

- As the core projectile has no contact to the internal surface of the barrel, it 

shows no identifiable rifling characteristics which makes the Sussex Sabo 

projectile untraceable. 
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Figure Legends 

 

 

 

 

Fig. 1 

Cal. .177 / 4.5 mm Sussex Sabo airgun projectiles (manufactured by Sussex Ballistics Ltd., 

Ashington, United Kingdom; distributed by Westhaven Marketing Ltd., Southhampton, United 

Kingdom) (cross sectional area A = 15.90 mm2). Caliber of the copper-coated lead bullet 

(right) is 3.62 mm (cross sectional area A´ = 10.29 mm2). Mass (average values of ten 

measurements, standard deviation in brackets) of the unseparated projectile (left) m1 = 0.52 

g (0.0036 g), mass of the 6-petal plastic sabot cup m2 = 0.03 g (0.0008 g), mass of the sub-

caliber core projectile (right) m3 = 0.49 g (0.0039 g) 

  



16 

 

 

 

Fig. 2 

High-speed motion analysis of the projectile´s trajectory (High-speed camera MotionXtra HG-

100K, Redlake Digital Imaging Systems, Tallahassee, USA; frame rate 10,000  ⁄ s). Width of 

the frame approximately 20 cm. Sabot cup releases the subcaliber core projectile shortly 

after leaving the muzzle (left). Stable flight of the core projectile while the sabot cup tumbles 

downrange (right) 
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Fig. 3 

Transient recorder signal (x-axis: time in ms, y-axis: electric potential in Volts) of a discarded 

core projectile passing through the velocity measurement system (signals A and B, velocity 

vprojectile = 262.9 m/s), followed by the sabot cup (signals C and D, velocity vsabot = 83.2 m/s). 

Projectile was discharged from the Feinwerkbau 800X Field Target air rifle. In case of non-

separation of the sabot-projectile, only two signals would be recorded 
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Fig. 4 

Penetration depth in ballistic soap. Sussex Sabo bullet (top; v = 258.7 m/s; Ekin = 16.4 J; 

penetration depth 13 cm) compared to the RWS Meisterkugel diabolo as reference projectile 

(bottom; v = 250.8 m/s; Ekin = 16.7 J; penetration depth 7 cm). Both projectiles were 

discharged from the Feinwerkbau 800X Field Target air rifle 
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Fig. 5 

No identifiable rifling characteristics on the Sussex Sabo core projectile (left) and typical 

rifling impression pattern on head and skirt of a RWS Meisterkugel diabolo pellet ‘(right). 

Both projectiles were discharged from the Feinwerkbau 800X Field Target air rifle into 

ballistic soap (same projectiles as Fig. 4) 



Table 1    Ballistic parameters of separated and unseparated Sussex Sabo Bullets and reference diabolos (RWS Meisterkugel) in detail. Each five test shots were 

averaged (for the HW 35 and the Steyr model, test series were performed until each 5 shots were gathered that separated and that did not separate, 

respectively). Standard deviation in brackets (m: mass; q: cross sectional density; v: velocity; E: Energy; E´: Energy density (
A
 as all test shots separated, no 

value was measured; 
B
 value was not calculated) 

 

Weapon Type Projectile Caliber (mm) m (g) q (g/mm
2
) v (m/s) E (J) E´ (J/mm

2
) 

        

FWB 800X Separated Sussex Sabo       

 - Discarded core projectile 3.62 0.49 0.048 260.8 (2.2) 16.72 (0.28) 1.62 (0.03) 

 - Sabot cup alone 4.5 0.03 0.002 88.9 (6.5) 0.12 (0.02) 
B 

 Unseparated Sussex Sabo 4.5 0.52 0.033 
A
 

A
 

A
 

 Reference diabolo 4.5 0.53 0.034 256.7 (1.6) 17.46 (0.22) 1.10 (0.01) 

        

HW 35 Separated Sussex Sabo       

 - Discarded core projectile 3.62 0.49 0.048 209.6 (3.3) 10.8 (0.34) 1.05 (0.03) 

 - Sabot cup alone 4.5 0.03 0.002 94.4 (7.8) 0.14 (0.02) 
B 

 Unseparated Sussex Sabo 4.5 0.52 0.033 205.1 (5.8) 10.95 (0.61) 0.69 (0.04) 

 Reference diabolo 4.5 0.53 0.034 216.9 (4.0) 12.48 (0.46) 0.78 (0.03) 

        

Steyr Hunter 5 Separated Sussex Sabo       

 - Discarded core projectile 3.62 0.49 0.048 160.5 (6.2) 6.34 (0.48) 0.62 (0.05) 

 - Sabot cup alone 4.5 0.03 0.002 92.2 (12.9) 0.13 (0.04) 
B 

 Unseparated Sussex Sabo 4.5 0.52 0.033 159.9 (2.2) 6.65 (0.18) 0.42 (0.01) 

 Reference diabolo 4.5 0.53 0.034 153.8 (2.0) 6.27 (0.16) 0.39 (0.01) 
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Abstract 

 

Medical literature abounds with reports of injuries and fatalities caused by arrows and 

crossbow bolts. Crossbows are of particular forensic and traumatological interest, 

because their mode of construction allows for temporary mechanical storage of 

energy. A newly developed type of pistol (Arcus Arrowstar), which belongs to the 

category of air and carbon dioxide weapons, discharges arrow-shaped bolts actuated 

by carbon dioxide cylinders. As, to the best of the authors´ knowledge, literature 

contains no information on this uncommon subclass of weapons, it is the aim of this 

work to provide the experimental data and to assess the trauma potential of these 

projectiles based on the ascertained physical parameters. Basic kinetic parameters of 

these carbon dioxide actuated bolts (Velocity v = 39 m/s, Energy E = 7.2 J, Energy 

Density E´ = 0.26 J/mm2) are similar to bolts discharged by pistol crossbows. 

Subsequent firing resulted in a continuous and fast decrease in kinetic energy of the 

arrows. Test shots into ballistic soap blocks reveal a high penetration capacity, 

especially when compared to conventional projectiles of equal kinetic energy values 

(like, e.g., airgun pellets). To conclude, these data demonstrate the high efficiency of 

arrow-shaped projectiles, which are also characterized by a high cross sectional 

density (ratio of mass to cross sectional area of a projectile). 

 

Key words: 

Air guns; Carbon dioxide guns; Crossbow; Crossbow bolt; Energy density; Threshold 

velocity  
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Introduction 

 

Although injuries and fatalities caused by arrows or crossbow bolts are rare in the 

daily routine of forensic and trauma experts, there is an increasing number of reports 

in the medical literature over the last few years [1–15].  

Due to their mode of construction, which allows, in contrast to a conventional bow 

and arrow, temporary mechanical storage of energy, crossbows are of particular 

forensic and traumatological interest as they play an increasing role in cases of 

accidents [3, 7, 9–11, 15, 16], suicide attempts [3, 5, 8, 11, 14, 17–21], and 

homicides [6, 10–12, 19, 22–24]. 

Modern types of this subclass of weapon are able to discharge arrows similar to 

hand-held pistol crossbows actuated by carbon-dioxide (CO2) as propellant. This 

uncommon weapon technology combines the internal ballistics of CO2 guns and the 

external ballistics of crossbow bolts. 

While the ballistic background of arrows discharged from bows or crossbows has 

been comprehensively investigated [25-31], the literature contains, to the best of the 

authors´ knowledge, no information on this special CO2-cylinder actuated weapon 

subclass. There are, however, circumstances in which knowledge of different 

weapons and their ballistic characteristics is necessary for forensic and trauma 

experts in order to be able to assess their trauma potential and injury characteristics. 

Therefore, it is the aim of this work to provide these data. 
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Material and Methods 

 

Technical description of the Arcus Arrowstar 

 

The Arcus Arrowstar is actuated by CO2 as propellant which is stored in a gas 

cylinder within the handgrip of the weapon. The arrow (mass m = 9.7 g), which is 

made of carbon featuring a metal tip (Fig. 1a), is inserted in retrograde fashion into 

the muzzle of the pistol (Fig. 1b). By pressing a charger handle, the CO2 gas streams 

out of the cylinder into the chamber and the pistol is ready to be discharged. 

According to the manufacturer´s information, the pressure in the chamber is limited to 

33 bar (3300 kPa) by a valve. 

 

The Arcus Arrowstar bears the so called  "F-in-pentagon" mark provided by the 

German National Metrology Institute (Physikalisch-Technische Bundesanstalt, PTB) 

in accordance to paragraph 9 of the German Proof Testing Act (Beschussgesetz, 

BeschG) [32]. 

 

For the test shots, the weapon was charged using steel cylinders containing pure 

carbon-dioxide as propellant (volume 21 ml, net. weight 15.5 g CO2, isi GmbH, 

Vienna, Austria). 

 

Test set-up 

 

The mass of the arrows was determined with a precision laboratory balance (L420S, 

Sartorius AG, Göttingen, Germany). 

The sectional density (q), which is defined as the ratio of mass (m) to cross-sectional 

area (A), was calculated by the formula 

 

� � 	�� �	 �	���		          (Equation 1) 

 

where m is the mass of the projectile (in g) and k is the caliber of the projectile (in 

mm) [33]. 
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The velocity of the arrows was measured between two photoelectric light barriers 1 m 

and 2 m away from the muzzle using a ballistic speed measurement system 

(transient recording system Trans PC and TranAX Version 3.3.3.981 (32 bit), Elsys 

AG, Niederrohrdorf, Switzerland) [34]. The measuring system was calibrated before 

and after each series of measurements (ten shots). All measurements were taken in 

an enclosed shooting range to exclude outside influences. 

 

The kinetic energy (Ekin) of the arrow was calculated based on its mass (m, in kg) and 

velocity (v, in m/s) by the formula 

 


��� 	� 		 � 		�		��          (Equation 2) 

 

To determine the injury potential for a lengthwise (axial) impact of the arrow, the 

energy density (E′) was calculated with the kinetic energy of the arrow being divided 

by the arrow's cross-sectional area (A) [33] 

 


´ � 		
�
�		�		��
����

�			
       (Equation 3) 

 

To determine the basic ballistic parameters (velocity v, kinetic Energy Ekin), ten shots 

were averaged.  

 

To investigate the influence of the CO2 cylinder´s filling level on the ballistic 

performance, kinetic parameters of one hundred consecutive shots were measured 

until a full cylinder was entirely depleted.  

 

Finally, ten test shots were fired from a distance of 4 m through the velocity 

measurement system into ballistic soap blocks to determine the penetration depth. 

 

For comparison, the average penetration depth of a series of ten 4.5 mm caliber 

diabolo pellets (RWS Meisterkugel, RUAG Ammotec GmbH, Fürth, Germany; mass 

m = 0.53 g) discharged from a pneumatic air rifle (Steyr Hunting 5, Steyr Sport 
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GmbH, Ernsthofen, Austria) with comparable kinetic energy levels was measured 

under identical conditions. 
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Results 

 

The average arrow velocity (v) during the first ten-shot series was measured to be 

38.5 m/s (standard deviation SD 1.9 m/s). Kinetic energy (Ekin) was calculated to be 

7.2 J (SD 0.7 J), which corresponds to an average energy density value of E´ = 0.26 

J/mm2 (SD 0.025 J/mm2). Momentum (p) was calculated to be an average of 0.374 

Ns (SD 0.018 Ns). 

 

Over the one hundred consecutive shots, a continuous decrease in kinetic energy of 

the arrows was observed (Figure 2). Average kinetic energy of the tenth series 

amounted to approximately 15% of the first ten-shot series (Figure 2). 

 

Penetration depth of the CO2-actuated arrows (cross sectional density q = 0.355 

g/mm2) into ballistic soap blocks was d = 70 mm on average (SD 6 mm). Average 

kinetic energy during this ten-shot series was calculated to be Ekin = 6.9 J (SD 0.6 J). 

 

By comparison, the penetration depth of the 4.5 mm caliber diabolo pellets (cross 

sectional density q = 0.0333 g/mm2) discharged from the Steyr Hunting 5 air rifle 

(average kinetic energy E = 6.3 J, SD 0.2 J) averaged d = 52 mm (SD 5 mm). 
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Discussion 

 

While the kinetic energy values are similar, the penetration depth of the Arcus 

Arrowstar arrow surpasses the penetration depth of the 4.5 mm caliber diabolo 

pellets by approximately 35%. The sectional density q plays a decisive role in 

estimating the effectiveness of a projectile. The cross sectional density of the Arcus 

Arrowstar arrows (q = 0.355 g/mm2) is approximately ten times as high as the 

sectional density of a 4.5 mm caliber airgun diabolo pellet (q = 0.0333 g/mm2). This 

high cross sectional density provides the arrow with an extremely low air drag and 

with a high penetration capacity when impinging upon solid objects. According to 

Kneubuehl, it is primarily the energy density, and not the impact energy, which 

influences the penetration capacity [35].  For a constant projectile velocity energy 

density is proportional to the sectional density [35]. 

The higher the sectional density of a projectile, the lower its threshold velocity vgr is 

(i.e. the velocity above which skin cannot prevent the projectile from penetrating). For 

common pistol or revolver calibers (q< 0.16 g/mm2) the threshold velocity is reported 

to be 50 – 70 m/s [35], while for diabolo-shaped airgun pellets (q= 0.0333 g/mm2) the 

threshold velocity is approximately 77 m/s [35]. Extremely low threshold velocity 

values are observed for heavy, slender projectiles. Sellier has calculated the 

threshold velocity for construction nails (q= 0.73 g/mm2) to be approximately 18 m/s 

[36] and for harpoons (q= 6.25 g/mm2) to be 5-6 m/s [37]. Based on the formula given 

by Kneubuehl [33] 

 

��� �	�����		�´��	
�           (Equation 4) 

 

(with the threshold energy density being E´gr = 0.1 J/mm2) the threshold velocity of 

the arrows discharged by the Arcus Arrowstar pistol (q= 0.355 g/mm2) can be 

calculated to be approximately vgr = 24 m/s. This calculation does not consider the 

specific design characteristics of the pointed arrow-head which decreases the cross 

sectional area A at the initial point of impact, subsequently increases the sectional 

density q, which in turn decreases the threshold velocity. 

Although it is not feasible to consider a projectile as “dangerous” or “not dangerous” 

relying solely on its physical impact parameters, in many countries legislation defines 
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certain physical thresholds. For example, the so called „7.5-Joule limit“ was 

implemented in the executive order of the German gun control law (BWaffG, 

Bundeswaffengesetz) in 1968. Originally, this threshold had been defined based on 

the question “below which energy value common projectiles (calibers 6.35 mm, 7.65 

mm, 9 mm) are unable to penetrate the cranial cavity” [38]. For these calibers, the 

kinetic energy threshold was found to be approximately 10 Joule (strictly speaking 1 

meterkilopond (mkp)). Deducting an appropriate safety margin, the limit of 7.5 J (or 

0.75 mkp) was then established by law [38]. Although this energy threshold is not 

meant to be a cut-off line between hazardous and nonhazardous weapons or 

projectiles, it reveals the misleading and dangerous assumption that weapons with 

muzzle energy values below this limit are harmless [35]. Applying this energy limit to 

uncommon projectiles (like the Arcus Arrowstar arrows), it has to be taken into 

account that this threshold had been set for projectiles with a ball-shaped head with a 

minimum caliber of 6.35 mm or above, which are completely different from arrow-like 

projectiles. Although the projectiles discharged by the Arcus Arrowstar fulfil the legal 

criterion of a maximum muzzle energy of less than 7.5 Joule, there is no doubt about 

their effectiveness. 

Sectional density (q = 0.355 g/mm2), kinetic energy (Ekin = 7.2 J) as well as energy 

density (E´ = 0.26 J/mm2) of the Arcus Arrowstar arrows are similar to the values 

reported for pistol crossbow bolts (q = 0.215 – 0.295 g/mm2, Ekin = 7.9 – 10.1 J, E´ = 

0.250 – 0.325 J/mm2) [31]. Therefore, life-threatening injuries similar to those caused 

by pistol crossbow bolts [39] must be expected. 

As shown in Fig. 2, muzzle energy continuously decreases with increasing shot 

number. On one hand, this is of course due to the continuous depletion of the gas 

cartridge as a certain amount of gas streams out of the cartridge to propel the 

projectile. In case of a high fire-rate, on the other hand, this decrease is also caused 

by the dependence of the vapor pressure on temperature or, in other words, by the 

cooling effect of the expanding CO2. 
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Conclusions 

 

- Compared to conventional diabolo pellets of a similar kinetic energy range, the 

penetration depth of CO2 actuated arrows is increased by approximately 35%. 

This high penetration capacity is mainly caused by the high cross sectional 

density and the pointed arrow head. 

- As the arrows discharged by the Arcus Arrowstar are of fundamental different 

design characteristics than the “standard projectiles” on which the 

implementation of the 7.5 Joule threshold was based in 1968 (minimum caliber 

of 6.35 mm and above with a ball-shaped projectile head), the quite low 

muzzle energy of less than 7.5 Joule should not be misinterpreted.  

- Consecutive shots result in a rapid decrease of muzzle energy due to the 

depletion of the cartridge. When shots are made under high rates of fire, the 

cooling effect of the expanding CO2 also contributes to the rapid decrease in 

kinetic energy. This should be taken into account in forensic case 

reconstruction of injuries due to CO2 actuated arrow pistols. 
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Figure Legends 

 

 

 

 

 

Fig. 1 

Arcus Arrowstar. The arrow (a; mass m = 9.7 g, length l = 207 mm, caliber d = 5.9 

mm, cross sectional density q = 0.355 g/mm2) is inserted retrogradely into the muzzle 

of the pistol (b). The CO2 cylinder is inserted and screwed into the handgrip (b, 1). By 

pressing the charger handle (b, 2), C02-gas streams out of the cylinder into the 

chamber 
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Fig. 2 

Influence of the shot number on the ballistic performance. Kinetic energy calculations 

of one hundred consecutive shots as average values of ten series of each ten shots 
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