RICOCHET OF 9 MM LUGER BULLETS OFF PLYWOOD, MEDIUM-DENSITY FIBREBOARD (MDF) AND MELAMINE BOARD: AN EMPIRICAL INVESTIGATION IN AID OF SHOOTING RECONSTRUCTION
Abstract 
	Ricochet is the glancing rebound of fired bullets from surfaces and is regularly reported during shooting incidents worldwide. Although existing scientific literature presents many ricochet-related empirical works in aid of shooting incident reconstructions, studies focusing on commonly used bullets ricocheting off modern target surfaces found in contemporary urban environments are still limited and continuously in demand. This empirical-based ricochet study presents exciting findings about the ricochet behaviour of 9 mm Luger bullets with the three most popular engineered wood types present in modern society: plywood, melamine and medium-density fibreboard (MDF). To evaluate the ricochet behaviour and impact evidence, two different mounted firearms, each discharging 9 mm Luger bullets were used to fire at engineered wood targets held at low angles to the impacting bullets. This study reports the first documented observation of a strong statistical relationship between the angles of incidence and ricochet during 9 mm Luger bullet ricochet on plywood, melamine and MDF. Evidence is also provided of a relationship between a bullet's angle of incidence and its corresponding ricochet marks on tested wood targets, not previously highlighted in wood-based bullet ricochet studies and the critical angles reported for these engineered wood types ranged between 14 and 18 degrees. Additionally, the first observation of "wood spalling" during a ricochet event is presented, offering important insight into the process of bullets ricocheting off layered structures, and being of great forensic significance for future scene reconstructions.  


RICOCHET OF 9 MM LUGER BULLETS OFF PLYWOOD, MEDIUM-DENSITY FIBREBOARD (MDF) AND MELAMINE BOARDS: AN EMPIRICAL INVESTIGATION IN AID OF SHOOTING RECONSTRUCTIONS 
1.	INTRODUCTION
	Bullet ricochet is a commonly observed phenomenon in shooting incidents in which fired bullets 'bounce' off surfaces with the potential to still fatally injure individuals [1 - 3]. Following ricochet, trajectory determination and scene reconstruction of bullet ricochet-related cases are more challenging for investigators and warrant a sound understanding of bullets' behaviours when ricocheting off different bullet-surface combinations. Bullet ricochet can be affected by an array of factors, including ricochet surface material properties [4, 5], the firearm [6], and the bullet's angle of incidence, velocity, design, stability and construction. Additionally, recent studies have suggested ricocheting surfaces with layered compositions [7] and the reaction of the ricocheting surface to impacting bullets [8] also significantly contribute to the ricochet behaviour of bullets. These studies emphasise that the complex nature of ricochet phenomena involving different bullets and surfaces in modern society cannot be understood using universal models, and therefore empirical investigations focused on specific combinations are considered the most reliable method for bullet trajectory determination and incident reconstruction of bullet ricochet casework [6 - 10]. As such, it is important to expand the range of ricochet behaviour studies in the literature for new building materials that have become commonplace in modern society to ensure practitioners have the information at their disposal for the accurate investigation of shooting scenes. 
In addition to understanding the post-ricochet trajectories of bullet target combinations, ricochet marks on target surfaces provide vital information about the shooting incident [3, 5, 11]. These marks carry significant information about the firearm and bullet combination used in shooting cases, such as the type of bullet and its construction [12], the direction of the impact [8], the twist direction of bullets (from the barrel rifling) [3] and the angle of incidence [8]. Recent studies have presented interesting ricochet mark features on commonly encountered target surfaces with substantial evidential value and highlight the practical validity for these to be used in real cases. The double-head ricochet mark (with 7.62 mm x 39 mm bullets) [8] and guitar-shaped ricochet mark (with 5.56 mm x 45 mm bullets) on 1 mm sheet metal targets [12], and caterpillar ricochet mark on standard tiles (with 9 mm Luger bullets) [3], are some of the interesting highlights in this regard.  
	This empirical study explores the ricochet behaviour and evidence when 9 mm Luger bullets ricochet off popular and regularly reported wooden surface in recent crime scenes, being plywood, melamine and medium density fibreboard (MDF). These engineered woods have become popular in the furniture and interior design industries for many reasons, such as durability and aesthetic versatility [13 - 15]. These wood types are also more affordable than solid wood, making them an economical option for budget-conscious projects [16, 17]. Due to these reasons, they are now commonly seen everywhere in different forms, particularly in indoor areas, and there is a real possibility these could be encountered during bullet ricochet incidents. On the other hand, 9 mm Luger bullets fired using a popular handguns and submachine gun types have been reported as the most frequently reported bullet and firearm combination in recent shooting cases. [18 - 20] The findings of this study are believed to have great practical significance in support of future bullet ricochet investigations.   
2.	METHODOLOGY 
2.1	Experimental Setup and Target Types 
	This study used an experimental design similar to those of recently published ricochet experiments [8, 10 - 12], using firmly mounted firearms capable of firing 9 mm Luger bullets (Browning Hi-Power Pistol and the Heckler & Koch MP5 (HK MP5K) submachine gun) to fire at plywood, melamine, and medium-density fibreboard (MDF) targets held at low angles to the impacting bullets to evaluate their ricochet behaviour and impact marks. 
2.2	Gun and Target Mounts 
	A gun mount was made using L-angle bars to hold the guns firmly and was fixed on a stable steel platform kept on the ground. Once fixed, the barrels of the guns were parallel to the ground, and a custom-made level with a bore sighting tool was used to level the gun barrel. The level was checked after each shot, and the position of the gun and level of the barrel was confirmed to have not changed.   
[bookmark: _Int_T8w9c5DC]	A target mount was made using steel bars to hold a target holding tray with wood boards at different angles to the bullet impact. The target holding tray of 45 cm x 30 cm was made using steel bars to keep the wood boards at various angles. The target boards were fixed to the mount using nuts and bolts at the four corners. The boards were not supported underneath at the impact points. The target holding tray was hinged to the rear bar of the steel mount so it could be lifted from one side with the target boards to offer different angles with the impacting bullets. A locking mechanism using steel pins and holes was used to hold the target tray once an angle was set, which prevented the target tray and targets from changing due to the shots' impacts. The horizontal bars of the target mount and tray were parallel to the ground, and a bubble level was used to level them. Once fixed onto the gun mount, the distance between a gun's muzzle end and the target boards' centre was 10 m. Paper witness screens were fixed perpendicular to the frame at the end of the target holder to capture the impacts of the ricocheting bullets. This arrangement has been used in many previous ricochet studies to calculate the ricochet angle using basic trigonometry [3, 6, 7, 10]. The experimental arrangement and the method of calculating the ricochet angle are shown in Figure 1.

	Details of the guns and ammunition used in the study are shown in Table 1, and images of the firearms and ammunition headstamps are shown in Figure 2. This study used two firearm types discharging the same bullet under two velocity groups to compare velocity-related observations regarding ricochet angles and marks. The study considered only low-velocity pistol bullet types as high-velocity rifle bullets tend to perforate wood samples of a similar thickness at low angles without ricochet due to their relatively low hardness. 
2.3 	Target Wood Types
	Three machine-made wood types, plywood, melamine and MDF of 45 cm x 30 cm x 20 mm (L x W x H), were selected for this study. Although these boards are available in many gauges, 20 mm was chosen as the thickness of the boards, and it is the most popular gauge in the wood-based furniture industry [21]. Plywood panels are fabricated from multiple layers or ‘plys’ of softwood veneer glued together with the grain direction of each veneer layer perpendicular to the adjacent layers. These cross-laminated wood veneer sheets are fastened with a waterproof phenol-formaldehyde resin adhesive and cured under heat and pressure [22]. Plywood sheets usually have different finishes on each side, being ‘rough’ and ‘’smooth, with the rough side generally recommended to face outwards [23]. Medium-density fibreboard (MDF) is an engineered wood product that is formed by breaking down hardwood or softwood residuals into wood fibres and then combining with wax and a resin binder to form panels after the application of high temperature and pressure [24]. Melamine board is an engineered wood product with an MDF core covered with a melamine laminate [25]. These wood types adopt a standard manufacturing technique, and their surfaces are significantly more homogeneous than other natural wood types. Some of the manufacturing details of the wood types are given in Table 2.

	The hardness of the wood sample types was measured using the Janka Hardness Test, performed in a material science lab by a qualified technician. The results of the test are given in Table 3. The Janka Hardness Test measures the force required to push a steel ball with a diameter of 11.28 millimetres (0.444 inches) into the wood to a depth of half the ball's diameter [26]. The wood types were checked for any production faults or drops in quality when obtaining them from a reputed supplier. Pictures of the machine-made wood used for the study are shown in Figure 3.
2.3	Data Collection and Analysis 
	Data collection commenced with placing a target type at 5 degrees to the bullet's impact, and ten shots were fired at each angle and target surface type combination. Four to six bullet impacts were collected per wood sample, moving the target tray horizontally from one side to another between shots. The angle of the target tray was increased at 3-degree intervals until no ricochets were observed and all ten shots perforated a sample. This process was repeated for all three wood types. Given plywood sheets usually have two sides with different grades of roughness [27], the rough side (recommended side to face outwards was used to fire at and collect data and grain directions of both sides were perpendicular to the bullets` impacts when attached to the target holder for firing). The front and back surfaces of Melamine and MDF have similar surfaces and just one side was used for data collection. All ricochet marks were photographed and measured in different aspects using digital callipers (Carbon Fibre Composite Digital Calibre with ± 0.2 mm accuracy).
	The velocity of each bullet was measured using a Doppler Radar (LabRadar v.1.3 with ± 0.1 % accuracy) [28]. Cumulative Failure Plot Analysis using MINITAB software [29] was employed to estimate the critical angles for each wood and weapon type combination. In the software, the ricochet probability (50 %) was modelled as a function of incident angle with a true ricochet given a value of "1" and a perforation event given "2". This standard method is used in many ricochet experiments to estimate the critical angle [10 - 12, 30]. The coefficient of determination function [31] in MS Excel software was also employed to understand any relationships between bullet angles of incidence and ricochet and the lengths of the ricochet marks, measuring how well a statistical model predicts an outcome. Regression analysis [32, 33] was conducted using MS Excel for each wood type to identify any statistically significant relationships between the angles of incidence and ricochet. One-way ANOVA effect size tests (partial Eta squared) were performed to understand the effect size and the practical significance of the findings. Partial Eta-squared measures effect size in the context of ANOVA, quantifying the proportion of variance in the dependent variable attributable to a specific independent variable while controlling for other variables [34]. It helps researchers understand how much of the total variability is explained by an independent variable after accounting for other factors and makes it a valuable tool for interpreting the significance of results in statistical analyses. Output values range from 0 to 1, where values closer to 1 indicate a more substantial effect of the independent variable on the dependent variable [34]. The pictures of the experimental arrangement are shown in Figure 4. Some of the test-fired samples are shown in Figure 5.
3.	RESULTS AND DISCUSSION 
	Previous studies have studied the ricochet behaviour of different bullets on various wood targets [30, 35 - 41]. Of these studies, only Mattijssen et al. [35] and Koene et al. [36] have examined the ricochet behaviour of bullets with MDF and laminated particle boards (another engineered wood type). All other studies [30, 37 - 41] have used natural wood as the targets for their ricochet experiments. This discussion is focused on analysing and presenting the findings of this study compared with the other wood-based ricochet studies and ricochet-related scientific literature, as well as physical and material science-based theory for ricochet events. The average velocity reported for 9 mm Luger bullets fired from Browning HP pistol was 330 m.s-1 ± 6 m.s-1 and for the HK MP5, this value was 291 m.s-1 ± 5 m.s-1. The length of the HK MP5 SMG barrel (114 mm, 4.5 inches) is shorter than the Browning HP barrel (119 mm, 4.7 inches) (Figure 2), and this difference resulted in a comparatively lower muzzle velocity for the bullets fired by the HK MP5. 
The bullet impact holes on paper screens with all three target types were circular at lower angles (5 and 8 degrees) and broadside impacts of bullets angled to the right were seen at higher angles. The observation complied with previous ricochet studies [6, 8], where post-ricochet bullets' nose orientations were reported to produce circular impacts at low incident angles. This phenomenon occurs due to the relatively small bullet-target interactions at low incident angles, resulting in bullets skidding over the surfaces. The right-angled orientation of the bullets observed on the screens for most of the shots is due to the right twist of the barrel and the resulting rightwards rotation of the bullets [6]. However, such observations were inconsistent with MDF targets. More surface damage was observed with ricochet creases on MDF (with irregular edges extending outwards) than with other surface types (Figure 5). The comparative softer nature of MDF than other wood types and the different failure mechanisms may have been responsible for inconsistencies in the bullets' post-ricochet orientations.   
The ricochet marks on the surfaces had a clear bullet wipe feature to identify the impact directions (Figure 5). Three surface types exhibited different characteristics concerning ricochet creases due to varying properties of materials/ layered structures and resulting impact dynamics when bullets enter the sub-surfaces and move forward during crater production.
3.1	Critical Angles of Bullets
A cumulative failure plot analysis, which estimated the ricochet probability for MDF with both types of firearms, is given in Figures 6 and 7. The summary of all the results for each firearm and target combination for calculating the critical angle using cumulative failure plot analysis is shown in Table 4. 
	The reported critical angles compared with the wood hardness order in Table 3 demonstrate that the results complied with the existing understanding of the relationship between the critical angle and wood hardness; the critical ricochet angle increased with the target hardness [30, 41]. Considering the wood hardness, the results also suggest that ricochet angles in harder wood types are generally higher than in softer wood types. This finding is also important as wood ricochet-related literature [30, 35 - 41] has not highlighted this relationship. The hardness value variations of plywood and melamine wood samples (Table 3: 5.45 kN for Melamine and 5.03 kN for Plywood) and the close critical angle values of both wood types are also significant (17 degrees with Browning HP pistol and HK MP5 SMG). A layered structure-related effect may have resulted in these observations but no evidence could be found to prove this claim directly.    
	In a previous ricochet study, Koene et al. [36] reported the critical angle of MDF as 11 to 14 degrees with 7.65 mm Browning pistol projectiles (with an average bullet velocity of 288 m.s-1). These results closely complied with the 14-degree critical angle estimated for MDF in this study for both gun types. The results of Koene and this current study emphasised the excellent reproducibility of critical angle results with MDF and pistol calibre bullets providing useful practical application for future shooting reconstructions. Mattijssen et al. [35] also reported a similar critical angle value (14 to 18 degrees) with 9 mm Luger bullets fired from an SMG for laminated particle board, another engineered wood type (with an average velocity of 342 m.s-1), which is generally more rigid than MDF [42]. This suggests that most engineered wood types can have critical angle values between 12 and 19 degrees. However, further empirical investigations must be performed to support this claim. Further comparisons can be made with other wood ricochet studies [30, 36 - 41] as these studies have used natural wood and different bullet types with different velocities. However, it was understood through various studies that the critical angle of a bullet and target combination depends on many factors, in particular the bullet velocity [36], type of wood [38] and target hardness [30, 41]. The shape of the bullet tip (nose) could also affect the critical angles and ricochet behaviour; however, no evidence could be found in this study as it only used ogive-shaped projectiles. 
3.2 	Ricochet Angles 
	Calculated average ricochet angles from ten shots fired at each angle for Plywood, MDF and Melamine are given below in Figures 8 to 10.
	Ricochet angles reported with all wood types were consistent and indicated a positive trend with increasing angles of incidence that complied with existing literature [30, 35 - 41]. This study provides further evidence along with previous wood ricochet studies to more strongly suggest that the positive trend for ricochet angles is universal for rifle and handgun bullets with different velocities and shapes and for natural and machine-made wood target types. 
	Ricochet angles when a bullet ricochets off wood are generally higher than the corresponding angles of incidence [31, 36 - 41]. The results of previous studies have highlighted that at lower angles, ricochet angles are close to angles of incidence, and ricochet angles rapidly increase as angles of incidence increase. However, the current study reports a different phenomenon at a lower angle of incidence range, particularly with plywood and melamine boards reporting equal or lower ricochet angles than the corresponding angle of incidences (these instances are highlighted with squared data points in Figures 8 and 9). Nevertheless, the ricochet angles rapidly increased at higher angles of incidence, complying with current understanding in the field. Observing this with plywood and melamine targets that possess layered structural compositions and not observing the same with MDF boards, being a solid block of wood fibre, wax and a synthetic resin binder [24] strongly suggests a layered structure-related effect has taken place at low incident angles. The same effect was not observed at high incident angles, possibly due to a greater level of energy transfer to the surface and the elastic nature of wood, which is not accessed in the same way at lower, skidding angles. At higher angles of incidence, crater production also becomes more severe due to a ramping effect, contributing to high ricochet angles [30, 36] and slightly higher associated standard deviations. Bullets also interact more with the surface at higher angles than at lower ones. The increased reaction caused by the wood’s material properties to bullets at higher angles of incidence [7] could be the reason for the observed variations with standard deviations at higher angles. The influence of layered structures of target surfaces for ricocheting bullets has been highlighted in a previous study [7] in which adding a thin layer of cement mixture onto flat concrete surfaces considerably affected the ricochet behaviour of bullets. The previous study's findings [7] support the above assumption. No further evidence could be found to support and confirm the observations, and future research is suggested to explore this phenomenon in more depth, which could be valuable to many fields, including terminal ballistics, ammunition design and structural engineering for defence-related construction.
[bookmark: _Int_JuUNy3oP]	Aside from two trend lines for graphs of a given wood type deviating slightly at higher angles of incidence, no significant changes concerning the velocity difference between the two gun types were observed. The Browning HP pistol recorded a higher velocity group in this study (blue coloured trend line in Figures 8, 9 and 10) and consistently reported comparatively high ricochet angles at high incident angles, suggesting the observation to be related to bullet velocity. 
	An unusual relationship was observed between wood and firearm-type variables (Figures 7, 8 and 9). The exponential relationship observed for each wood type with an R2 value almost close to 1 presented a strong ricochet behaviour pattern for 9 mm Luger bullets and machine-made wood types. Notably, none of the earlier wood ricochet studies [30, 35 - 41] has highlighted such a relationship concerning the angles of ricochet and incidence. The findings also demonstrate strong reproducibility and useful forensic significance for future practical reconstructions involving 9 mm Luger bullets and the machine-made wood types used in this study. 
	The low standard deviations and strong mathematical relationships observed in this study for ricochet angles from engineered wood types are in contrast with the standard deviations presented in previous natural wood ricochet experiments with projectiles of different velocities [30, 37 - 41] suggesting that more consistent ricochet angles and relationships with angles of incidence are observed with engineered wood types. The structure of natural wood is highly complex [43] and usually exhibits different hardness zones across the material, such as pith, hardwood, annual rings, and sapwood [43, 44]. The highly homogeneous nature of the material properties and standard manufacturing process for the engineering woods used in this study are the principal factor providing consistent results. The evidence suggests that similar reproducibility would be obtained for all machine-made wood types because they undergo a standard manufacturing process like the types used in this study.
	Regression Analysis conducted for each firearm wood type highlighted a statistically significant relationship between the angle of incidence of bullets and ricochet angles (p<0.05). The regression analysis output for the Browning HP and Plywood combination is shown in Table 5 and Table 6 summarises the p-value (probability value) determined for each firearm and wood combination. 
	Effect size calculations using one-way ANOVA indicated a large effect with all firearm-wood combinations. The output of the effect size calculation for the Browning HP pistol and Plywood combination is shown in Table 7, and the results of the one-way ANOVA to compare the effect of the angle of incidence on ricochet angles are summarised in Table 8. 
	The low p-values, high R2 values close to 1, and large effect sizes reported in the statistical analysis greatly highlight the significance of the data and the greater practical relevance to use in real-world cases.  
3.3 	Spalling Effects 
	Spalling is the process of internal failure or rupture of condensed media through cavitation due to stresses in excess of the material's tensile strength [45]. This failure mode can affect many material types, such as concrete [46 - 50], glass [51] and metal [52], and is an effect often described in the field of shock physics (Figure 11). The term is also regularly used in terminal ballistics concerning bullet impacts on protective structures such as ballistic glass [51], protective wear [53] and tank designs [54], and it is strongly related and discussed with penetration, perforation, and fragmentation. However, the existing scientific literature does not currently highlight spalling effects in relation to ricochet-associated events with wood or any other target type. 
	This study reports the first-ever recorded observation of spalling associated with ricochet events. Wood spalling and crack line propagation proportionate to the kinetic energy and shock wave generation from bullet impacts were seen at the back of the targets immediately beneath the impact points. Significantly, no perforation of bullets was observed on all occasions, highlighting a purely shock wave-associated event. The phenomenon was observed for particular angles of incidence and wood types and with both firearm types; similarly, it was observed with all ten shots fired at these angles and target combinations. A summary of the observations related to the spalling effects are presented in Table 9, and some pictures of the plywood, melamine and MDF targets and their back faces are shown in Figures 12 to 14. As both sides of the plywood boards have rough and smooth surfaces, a few shots were performed at 17 degrees on the smooth side to see whether the spalling occurred on the other side, and a similar phenomenon was observed. This suggests that similar shock wave propagation leading to spalling occurs on both sides, even though outer surface finishes have slight differences (smooth and rough) and slightly different hardness values (5.03 kN and 5.45 kN). However, spall damage morphology on both sides differed, probably due to differences in the shockwave propagation through different wood properties and layered compositions. Although spalling associated with multi-layered structures has been discussed in engineering-related literature [55, 56], no terminal ballistics event has ever been reported. Therefore, further scientific exploration is suggested to examine this phenomenon in depth. 
3.4	Length of the ricochet marks 
	The estimated average lengths of the ricochet marks for each wood type are given in Figures 15 to 17. An illustration of how the measurements were taken is shown in Figure 18.
	The length of a ricochet mark is considered a viable indicator of the angle of incidence for a ricocheting bullet [8]. The relationship between the bullet's angle of incidence and ricochet impact marks on various targets has been proved empirically in studies with different surface types, such as sheet metal [8, 11, 57, 58] and natural targets like skin [59]. However, this has not yet been demonstrated for any wood-related ricochet study. Hardness variations within the anatomy of natural wood [44, 45], leading to varied results, could be a key reason for this. Conversely, the results concerning all machine-made wood types used in this study suggest a good positive correlation between the variables, with some relationships appearing linear and others of a polynomial type. The homogeneous wood properties from standard manufacturing process is likely the reason for these observations, in a similar way to the strong relationships observed concerning angles of incidence and ricochet previously.  
4.	CONCLUSION 
	The Ricochet behaviour of 9 mm Luger bullets with three engineered wood types has been  examined in detail leading a range of key conclusions. The estimated critical ricochet angles for plywood (17 degrees), melamine (17 degrees) and MDF (14 degrees) have been established, with the two firearm types employed (Browning HP Pistol and HK MP5) producing the same critical angle results despite having different muzzle velocities. Strong relationships have also been demonstrated between the angles of incidence and ricochet on these materials, with high correlation coefficients. The consistent nature of machine-made wood compared to natural wood types, a result of the standardised manufacturing processes, is the main influencing factor for the observed repeatability and precision in the results. This study has most notably documented the first observations of wood spalling related to a ricochet event, being reported at specific angles for shots from both firearms used, providing a powerful forensic investigative tool under the particular conditions tested for the commonly used 9 mm Luger bullets. This study overall presents important new findings related to bullets ricocheting off layered structures, warranting further investigation to build deeper understanding of terminal ballistic effects on these material types.  
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TABLES 
TABLE 1: Details of the guns and ammunition used in this study.
	Gun type
	Ammunition Type

	9 mm Browning HP pistol, 
Country of production - Belgium
	9 mm x 19 mm Luger ammunition (FMJ bullet with lead core and brass jacket) / Country of production: China (2018)/ Ogive nose projectile.  

	HK MP5K, Submachine Gun
Country - Germany (1990)
	




















TABLE 2: Manufacturing details for wood types used in this study.
	Wood type
	Country of Production
	Details

	Plywood 
	Malaysia

	Type: BB/ CC (BB grade is used for the front surface and CC grade is used for the back surface of constructions. BB surfaces are sanded smooth, tight cut, and have a full-length veneer. Thickness: 20 mm. Manufactured by Asia Plywood Company,  Sdn, Bhd. Production year 2022.

	MDF
	
	Standard-grade rubber wood MDF. Backer series with basic UV protective coating. Thickness 20 mm. Manufactured by Robin Resources Sdn, Bhd.  Production year 2022.

	Melamine 
	
	Decorative Melamine Laminated MDF (Robin W0227). Thickness 20 mm. Manufactured by Robin Resources Sdn, Bhd.  Production year 2022.












TABLE 3. Janka Hardness Test results for the wood samples used in this study.
	Order
(hard to soft)
	Wood Type
	Janka Hardness Test Value (kN)

	1
	Melamine 
	8.4

	2
	Plywood
	5.03 on smooth side (BB)

	
	
	5.45 on rough side (CC)

	3
	MDF
	4.4

















	
	Wood types based on the hardness
(high to low)
	Angle of Incidence
(degrees)
	Number of ricocheted shots
	Number of perforated shots
	Probability of Ricochet
	Critical Ricochet Angles 
(degrees)

	Browning HP pistol
	Plywood
	5
	10
	10
	1
	17

	
	
	8
	10
	10
	1
	

	
	
	11
	10
	10
	1
	

	
	
	14
	10
	10
	1
	

	
	
	17
	7
	3
	0.7
	

	
	Melamine
	5
	10
	10
	1
	17

	
	
	8
	10
	10
	1
	

	
	
	11
	10
	10
	1
	

	
	
	14
	10
	10
	1
	

	
	
	17
	9
	1
	0.9
	

	
	MDF
	5
	10
	10
	1
	14

	
	
	8
	10
	10
	1
	

	
	
	11
	10
	10
	1
	

	
	
	14
	9
	1
	0.9
	

	HK MP5
	Plywood
	5
	10
	10
	1
	17

	
	
	8
	10
	10
	1
	

	
	
	11
	10
	10
	1
	

	
	
	14
	10
	10
	1
	

	
	
	17
	6
	4
	0.6
	

	
	Melamine
	5
	10
	10
	1
	17

	
	
	8
	10
	10
	1
	

	
	
	11
	10
	10
	1
	

	
	
	14
	10
	10
	1
	

	
	
	17
	8
	2
	0.8
	

	
	MDF
	5
	10
	10
	1
	14

	
	
	8
	10
	10
	1
	

	
	
	11
	10
	10
	1
	

	
	
	14
	9
	1
	0.9
	


TABLE 4: Ricochet data and critical angles for 9 mm Luger bullets fired by two firearm types.
	


TABLE 5: Output of the regression analysis for the Browning HP pistol firing 9 mm Luger bullets at a plywood surface.
	Regression Statistics
	
	
	
	
	
	
	

	Multiple R
	0.966579575
	
	
	
	
	
	
	

	R Square
	0.934276075
	
	
	
	
	
	
	

	Adjusted R Square
	0.932906827
	
	
	
	
	
	
	

	Standard Error
	1.777748745
	
	
	
	
	
	
	

	Observations
	50
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	ANOVA
	
	
	
	
	
	
	
	

	 
	df
	SS
	MS
	F
	Significance F
	
	
	

	Regression
	1
	2156.421911
	2156.421911
	682.3276565
	4.99545E-30
	
	
	

	Residual
	48
	151.6987487
	3.160390599
	
	
	
	
	

	Total
	49
	2308.12066
	 
	 
	 
	
	
	

	
	
	
	
	
	
	
	
	

	 
	Coefficients
	Standard Error
	t Stat
	P-value
	Lower 95%
	Upper 95%
	Lower 95.0%
	Upper 95.0%

	Intercept
	-4.152784874
	0.698644953
	-5.944056215
	3.05207E-07
	-5.5575047
	-2.748065049
	-5.5575047
	-2.748065049

	Angle of Incidence
	1.54790967
	0.059258291
	26.12140227
	4.99545E-30
	1.428762889
	1.66705645
	1.428762889
	1.66705645

















TABLE 6: Estimated p-values of each weapon and wood combination.
	Weapon and surface combinations
	p-value (probability value)

	Browning HP and Plywood
	4.99545 x 10-30

	HK MP5 and Plywood
	1.05460 x 10-20

	Browing HP and Melamine
	9.55308 x 10-29

	HK MP5 and Melamine
	1.54115 x 10-24

	Browning HP and MDF
	7.59626 x 10-15

	HK MP5 and MDF
	3.63205 x 10-17


*p<0.05 is considered statistically significant. 













TABLE 7: Output of the one-way ANOVA analysis for a Browning HP pistol firing 9 mm Luger bullets at the plywood surface.
	Tests of Between-Subjects Effects

	Dependent Variable:   RA_Plywood_Browning  

	Source
	Type III Sum of Squares
	df
	Mean Square
	F
	Sig.
	Partial Eta Squared

	Corrected Model
	2252.289a
	 4
	563.072
	453.833
	.000
	.976

	Intercept
	8287.279
	 1
	8287.279
	6679.501
	.000
	.993

	Angle of Incidence
	2252.289
	 4
	563.072
	453.833
	.000
	.976

	Error
	55.832
	45
	1.241
	
	
	

	Total
	10595.400
	50
	
	
	
	

	Corrected Total
	2308.121
	49
	
	
	
	

	a. R Squared = .976 (Adjusted R Squared = .974)

















TABLE 8: Partial Eta squared values for all ricochet angles calculated using each weapon and surface combination.
	Weapon and surface combinations
	Partial Eta squared value (η2)
	Effect Size*

	HP Browing and Plywood
	0.97
	Large effect 

	HK MP5 and Plywood
	0.93
	Large effect

	HP Browing and Melamine
	0.98
	Large effect

	HK MP5 and Melamine
	0.92
	Large effect

	HP Browing and MDF
	0.89
	Large effect

	HK MP5 and MDF
	0.89
	Large effect


*η2 = 0.01 =small effect, η2 = 0.06 indicates a medium effect. η2 = 0.14 indicates a large effect. 












[bookmark: _GoBack]TABLE 9: Summary of parameters that led to spalling for different angles of incidence and engineered wood combinations.
	Wood Type
	Angle of Incidence
	Firearm Type 

	Plywood
	17 - degrees
	Similarly observed with both gun types at specified angles

	Melamine
	14 - degrees
	

	
	17 - degrees
	

	MDF
	11 - degrees
	














FIGURE LEGENDS 
FIG.1 Experimental arrangement (a) and the method used to calculate the ricochet angles (b).
FIG.2 Firearms and the headstamp of the 9 mm Luger ammunition used in this study.
FIG.3 Photos of the machine-made wood used for this study: plywood, MDF and melamine.
FIG.4 Photos of the experimental arrangement. (a) Mounted HK MP5. (b) Mounted Browning HP pistol. (c) & (d) Target tray. 
FIG.5 Some examples of the impacted target boards after ricochet. The bullet's impact direction is shown with a green arrow.
FIG.6 Estimation of the critical angle for MDF boards using the cumulative failure plot analysis for the Browning HP pistol.
FIG.7 Estimation of the critical angle for MDF boards using the cumulative failure plot analysis for the HK MP5.
FIG.8 Calculated average ricochet angles and standard deviations for Plywood targets. Squared data points indicate the instances where ricochet angles were equal to or smaller than the corresponding incident angles. The ricochet angles were higher than the corresponding incident angles in all other instances.
FIG.9 Calculated average ricochet angles and standard deviations for Melamine targets. Squared data points indicate the instances where ricochet angles were equal to or smaller than the corresponding incident angles. The ricochet angles were higher than the corresponding incident angles in all other instances.
FIG.10 Calculated average ricochet angles and standard deviations for MDF targets.

FIG.11 A demonstration of spalling due to shock waves [49]. (Cd: Crater depth, Sd: Spalling depth, t: Concrete thickness).

FIG.12 Front (left) and back (right) of Melamine targets showing Browning HP pistol 9 mm Luger bullet ricochet marks and spalling for 14 and 17-degree impacts. No bullet perforation occurred during the impacts. The bullet's impact direction is shown with a green arrow.

FIG.13 Front (left) and back (right) of MDF targets showing HK MP5 9 mm Luger bullet ricochet marks and spalling for 11-degree impacts. No bullet perforation has occurred during the impacts. The bullet's impact direction is shown with a green arrow.

FIG.14 Plywood targets with bullet ricochet marks and spalling at 17-degree impacts with the Browning HP pistol. The upper picture highlights the spalling observed at the same angle when bullets ricochet off the front (smooth surface) of the plywood boards. The lower pictures highlight the ricochet marks and spalling when the bullets ricocheted off the plywood boards' back (rough surface). Wood grain direction is shown with yellow arrows. The bullet's impact direction is shown with the green arrows. 

FIG.15 Average ricochet mark lengths on MDF targets against angle of incidence for each firearm type.
FIG.16 Average ricochet mark lengths on Melamine targets against angle of incidence for each firearm type.
FIG.17 Average ricochet mark lengths on Plywood targets against angle of incidence for each firearm type.
FIG.18 Demonstration of how the length of a ricochet mark was measured using the example of a Melamine target with a 14-degree bullet impact. The bullet impact direction is shown with the green arrow.
