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Abstract
The Vietnam War-era M16 rifle was chosen as an OME system to highlight the benefits of a Systems Engineering design process. The rifle’s early design had many shortcomings during its deployment in the Vietnam War and a Systems approach will be used to address these and evidence the benefits of left-siding an OME’s design.
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1 Introduction
The purpose of this assignment is to provide a Systems Engineering design portfolio on an OME system to evidence the benefits of left-siding the design process. Doing so significantly reduce costs and errors resulting from poorly defined customer requirements, as well as untenable design and development options. The M16 rifle was chosen as a case study due to its famously rushed and incompetent development process, resulting in significant loss of life to US troops during its initial deployment in the Vietnam War. [1]
















2 M16 Rifle
3.1 Introduction
The early M16 rifle was a weapons system fraught with various and major design failures. Despite its widespread use and growing popularity among US generals during the Vietnam War, frequent and repeated instances of gun failures were being reported by troops in combat situations. [1] In 1967, Representative Ichord received a letter from a US soldier stating that ‘in battles there in Vietnam, the only things that were left by the enemy after they had stripped the dead of our side were the rifles, which they considered worthless.’ [1] Despite the early M16’s limitations it is the longest serving rifle in US history and has been used by multiple US allies, leading to the adoption of small-calibre high-velocity service rifles in all major armies in the world. [2] [3] The combination of early design failures but improved design over time make it an excellent case study for the left-siding of design decisions.
[image: M16 Vietnam airsoft rifle]
Figure 1: Replica of the Vietnam-Era M16 Rifle [4]
3.2 Background to the M16
With the evolution of warfare during the Second World War, previous weapon designs required modernising to stay relevant. Positional infantry warfare was being replaced by mechanised movement in the form of tanks and planes, requiring infantry to support these vehicles with smaller and lighter weapons than the in-service M1 Garand rifle. [5] The War Department Equipment Board was created to discuss future weapon requirements based on experience and lessons learned from the Second World War, attempting to anticipate user requirements for future wars. [5]
However, US weaponry largely remained the same during the Korean War, with the exception of a much greater reliance on infantry power than tanks and planes due to the difficult mountain terrain experienced by troops. The Korean War mirrored the trench warfare experienced in the First World War. [5] This influenced the US’s attempts at creating a new weapons system, with weapons producers attempting to create a rifle with the firing power of the lightweight M-1 carbine with the automatic fire of the BAR. [5] It was also at this time that Kalashnikov developed the AK-47 rifle, which would prove to be a major competitor to the US in the future and have a significant impact on the development of the M16. [6]
The British Beeching report assessed the suitability of rounds smaller than .30 calibre and concluded that in-service rifles were overly powerful for the ranges in which they were engaged. Using data from the Korean War, it was asserted that the ideal rifle would be capable of controlled automatic fire up to a range of 600 yards. [5] Despite this, the US’ Ordnance Department, as the result of nationalism and political pressure, insisted on a .30 calibre cartridge, suggesting that smaller calibres would be unsuitable for the range of rounds required for infantry deployments. [1] As a result of this, a new .30 calibre cartridge was developed and deployed. This 7.62x51 mm cartridge was standardised as the NATO rifle cartridge in 1953. [5] Using this new cartridge, an improved version of the M1 Garand was refined and implemented as the M14 in 1957. [1] This was the result of twelve years of design and testing, as well as over one hundred million dollars. [1]
Also in 1957, a new rifle was launched by the Armalite Company. This was the AR-10 and used the same cartridges as the M14, with test results proving to be positive. The weapon was considered to be reliable and lightweight, with a simple design and modern manufacturing techniques and materials being employed. [3] Due to the success of this product, the company was then requested to make a rifle capable of firing .22 calibre cartridge for use under automatic firing conditions. This resulted in a scaled down version of the AR-10, the AR-15, implementing a smaller 5.56mm cartridge. The AR-15 suffered major delays during production and Armalite Company came under considerable financial hardship. These delays were further antagonised by the Army Ordnance Corps, owners of the M14 and direct competitors of the new AR-15, seeking to downplay the effectiveness of the weapon. [5] An ultimatum was issued and production of the AR-15 was incorporated into the US army with crucial design changes, changing its name to M16 and replacing production of the M14. [1] While some testing of the M16 had occurred, its development took only eleven months. No testing of these rushed developments occurred prior to deployment, nor was the AR-15’s designer consulted. [1]
3.3 Design Issues during the Vietnam War
One major design issue with the M16 for use in the Vietnam War was the failure to chrome line the chamber, barrel bore and bolt carrier. This feature was included in the M14 but had been deemed unnecessary in the M16. [1] This had catastrophic consequences for troops on operations in Vietnam as cartridge cases easily became lodged in the corroded chambers when left in the humid jungle conditions. Cartridges therefore became stuck in the chamber, with frequent and widespread gun failures reported by troops, resulting in a large number of deaths to men being surprised by the failure or while trying to clear the malfunction. [6] [1] The resultant stuck cartridges required cleaning with a steel rod, however cleaning kits were not issued with the weapon and no space had been designed into the stock for this purpose. [1] Soldiers on deployment in Vietnam were told the M16 was self-cleaning. [5] Another design issue with the M16 was its three-pronged compensator, which soldiers frequently caught on trees and bushes in the jungle environment. [1] The replacement M161A included a chrome-lined chamber and ‘bird cage’ compensator to cover the prongs. [1]
Another major design issue was the use of ball-type propellant. While improving the M16’s mass production capabilities the combustion of this propellant produced significant residue and high temperatures. This high heat and residue moved from the barrel’s gas port into the bolt carrier to cycle the action, burning lubrication and further increasing the rate of misfires and barrel corrosion. [5]
The M16’s magazines were another issue for the weapon system. As a key requirement they were designed to be lightweight, however the aluminium casing was thin and easily damaged during operations. [5] Further to this, soldiers were found to be untrained in storing and maintaining the magazines, with many found to contain dirtied ammunition. [5] This was extensively reported by the US as the main cause of M16 malfunctions, however it should be noted that Marines had similar issues with the M16. Major Durham suggests that this widespread reporting was an excuse to absolve senior military commanders of responsibility for design and production failures. [1] An inspection team sent to Vietnam by the M16’s manufacturers to inspect a Marine Battalion’s weapons stated that ‘the chambers of the rifles were so badly pitted that the only thing they could use the rifles for were a club.’ [1]
The early M16 suffered serious issues during its deployment in the Vietnam War, mainly due to a rushed development process with minimal testing being conducted prior to production. The main weakness of the rifle - its high rate of malfunctions, was the result of political and financial pressure leading to a rushed development and multiple untested design failures. [5] These flaws were partly rectified in the newer M16A1, but not before major loss of life occurred to US troops.














3 Systems Engineering Design Portfolio
A Design QFD 1, shown in Figure 2, was completed to generate the functions of an M16 for a Functional Means Analysis. As can be seen in Figures 2 and 3, loading of the cartridge was found to be the most important function.
	How
	Importance
	Deliver munition
	Load magazine
	Load cartridge
	Launch effect
	Deliver effect
	Unload
	Reload

	Requirements
	 
	 
	 
	 
	 
	 
	 
	 

	The customer requires the rifle to be compatible with a 5.56mm cartridge
	5
	 
	9
	9
	3
	 
	3
	3

	The customer requires reliable performance
	5
	3
	9
	9
	9
	9
	9
	9

	The customer requires the rifle to be mass produceable
	5
	3
	 
	 
	 
	 
	 
	 

	The customer requires the rifle to be lightweight
	5
	 
	3
	3
	 
	1
	 
	 

	The customer requires the rifle to be capable of controlled automatic fire up to a range of at least 600m
	5
	 
	3
	9
	9
	9
	3
	3

	The operator requires a simple unload / reload procedure
	5
	 
	9
	1
	 
	 
	9
	9

	The customer requires the system to perform in cold and hot climates
	5
	 
	3
	9
	9
	3
	3
	3

	 
	 
	30
	180
	200
	150
	110
	135
	135



Figure 2: Design QFD 1
[image: ]
Figure 3: QFD 1 Functional Importance Chart
After completion of Design QFD 1 a Functional Means Analysis was completed with the previous functions, shown in Figure 4.
	Function
	Means

	Deliver munition
	H83 box
	Wooden packs

	Load magazine
	Bolt catch
	Charging handle

	Load cartridge
	Firing pin
	 

	Launch effect
	Ball-type propellant
	Extruded stick-type propellant

	Deliver effect
	Automatic
	Semi-Automatic

	Unload
	Bolt catch
	Charging handle

	Reload
	Bolt catch
	Charging handle



Figure 4: Functional Means Analysis
The Design QFD 1 and Functional Means Analysis were then combined and fed into Design QFD 2, shown in Figure 5.
	Design feature
	Importance
	H83 box
	Wooden packs
	Bolt catch
	Charging handle
	Firing pin
	Extruded stick-type propellant
	Automatic fire

	Functionality
	
	
	
	
	
	
	
	

	Deliver Munition
	5.00
	9
	9
	
	
	
	
	

	Load magazine
	5.00
	1
	1
	9
	9
	
	
	

	Load cartridge
	5.00
	1
	1
	9
	9
	9
	9
	9

	Launch effect
	5.00
	
	
	3
	3
	9
	9
	9

	Deliver effect
	5.00
	
	
	1
	1
	3
	9
	9

	Unload
	5.00
	
	
	3
	3
	
	3
	

	Reload
	5.00
	
	
	3
	3
	
	3
	3

	
	
	55
	55
	140
	140
	105
	165
	150



Figure 5: Design QFD 2
Figure 6 shows a chart of Feature Importances derived from Design QFD 2, where the most important feature is shown to be the extruded stick-type propellant.
Figure 6: QFD 2 Feature Importance Chart
A Prime P Diagram was then created for the M16 rifle, shown in Figure 7 below. The tables have been reproduced for clarity in Appendix A.
[image: ]
Figure 7 – Prime P Diagram for M16, individual tables provided in Appendix A for clarity
A What Why Table, shown in Figure 8 with a larger version in Appendix B, was generated from the P Diagram by mapping Control Factors against Noise Factors. Graphs were then produced to plot the most important factors.
[image: ]
Figure 8: M16 What Why Table, larger table found in Appendix B
The results of this table are displayed graphically in Figures 9 and 10 below.

Figure 9 – M16 Control Factors Chart

Figure 10 – M16 Noise Factors Chart
Figure 9 shows that the barrel lining was the most significant Control Factor for the M16 rifle, while Figure 10 shows that ageing of metal was the most significant Noise Factor.
After this, a Functional Means Analysis was performed for the M16 rifle, shown in Figure 11.

	Function
	Means

	Insert cartridge
	Magazine
	Operator
	 

	Bolt carrier lock
	Bolt-fed
	5.56mm
	Safety lock

	Pull trigger
	Operator
	 
	 

	Hammer strikes cartridge
	Barrel
	 
	 

	Bullet leaves barrel
	Barrel
	Gas pressure
	 

	Gas cycling
	Barrel
	Gas tube
	 

	Eject casing
	Gas tube
	Ejector
	 



Figure 11 – M16 Functional Means Analysis
To identify critical components a QFD 2 was then produced from the M16 Functional Means Analysis, shown in Figure 12.
	Design feature
	Importance
	Magazine
	Operator
	Bolt-fed
	5.56mm
	Barrel
	Gas pressure
	Gas tube
	Ejector

	Functionality
	 
	 
	 
	 
	 
	 
	 
	 
	 

	Insert cartridge
	5.00
	9
	1
	3
	9
	9
	1
	1
	9

	Bolt carrier lock
	5.00
	9
	 
	9
	9
	9
	 
	 
	 

	Pull trigger
	5.00
	 
	9
	1
	 
	1
	3
	 
	3

	Hammer strikes cartridge
	5.00
	1
	 
	1
	9
	9
	3
	3
	1

	Bullet leaves barrel
	5.00
	 
	 
	3
	9
	9
	9
	3
	1

	Gas cycling
	5.00
	3
	 
	1
	1
	9
	9
	9
	9

	Eject casing
	5.00
	3
	 
	3
	3
	9
	3
	9
	9

	 
	 
	125
	50
	105
	200
	275
	140
	125
	160



Figure 12 – Component QFD 2

Figure 13 – Feature Importance Chart for Component QFD 2
As can be seen from Figure 13, the barrel of the M16 was identified as the critical feature of the rifle. A P diagram was therefore created for this component to further breakdown the system. The Noise and Control Factor tables shown in Figure 14 are provided in Appendix C for clarity due to size restrictions.
[image: ]
Figure 14: P Diagram for M16 Barrel, individual tables provided in Appendix C for clarity
A What Why Table, shown in Figure 15 with a larger version in Appendix D, was generated from the P Diagram by mapping Control Factors against Noise Factors. Graphs were then produced to plot the most important factors for the M16 barrel.

[image: ]
Figure 15: M16 Barrel What Why Table, larger table found in Appendix B
Figure 16 shows that the lining of the M16 barrel was found to be the most important Control Factor, while Figure 17 shows that barrel corrosion was the most significant Noise Factor. This correlates to research completed in which major misfiring events were occurring due to an improperly lined barrel, resulting in rapid deterioration of the barrel due to corrosion. [1]

Figure 16 – M16 Barrel Control Factors Chart

Figure 17 – M16 Barrel Noise Factors Chart










5 Conclusion
In conclusion, the M16 rifle was chosen as a case study in an attempt to improve upon its initial design and development process. A design portfolio was created and used to break down the M16 system into key components. Noise Factors and Control Factors were determined at various stages of the process, and the M16’s barrel was found to be the most critical component of the system. This portfolio has shown the barrel lining to be a major control factor in the operation of the barrel, with its corrosion being the most significant noise factor to be addressed. Had a Systems Engineering approach been taken with the early M16 rifle, many of the issues reported by US soldiers during its deployment in the Vietnam War would have been left-sided and designed out.
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7 Appendices
Appendix A – Prime P Diagram Tables
	External

	Noise Factors

	Temperature

	Humidity
	 

	Poor Assembly

	Operator Error

	Dirty Magazine

	Muzzle Attachment

	Malformed Magazine


	Unit to unit

	Noise Factors

	Variation in Chamber Size

	Variation of Barrel Length

	Variation of Propellant Strength

	Variation in Rifling Groove Size



	Deterioration

	Noise Factor

	Ageing of Metal

	Propellant Ageing

	Firing Pin Malformation

	Dirt Buildup

	Heat Buildup

	Firing Pin Malformation


	Control Factors

	Barrel Lining

	Material

	Barrel Length

	Rifling Twist Rate

	Barrel Maintenance

	Magazine Maintenance

	Storage Conditions













2

Appendix B – Prime What Why Table
	
	
	 
	 
	 
	 
	NOISE FACTORS
	 
	 
	 
	 
	 
	 
	 
	Relative Importance of noise in meeting performance via control factor

	Design control parameters
	Weighting 
	Unit to Unit Variation
	Deterioration
	External
	 
	

	
	of design
	Mfg
	Mfg
	Mfg
	Mfg
	Raw Mat'l
	Raw Mat'l
	Raw Mat'l
	Raw Mat'l
	Raw Mat'l
	Environment
	Environment
	Human
	Human
	Human
	Total
	

	
	control parameter
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	 
	Variation in chamber size
	Variation of Barrel Length
	Variation of Propellant Strength
	Variation in Rifling Groove Size
	Ageing of Metal
	Propellant Ageing
	Firing Pin Malformation
	Dirt Buildup
	Heat Buildup
	Temperature
	Humidity
	Poor Assembly
	Operator Error
	Dirty Magazine
	 
	 

	Barrel Lining
	5
	3
	9
	9
	9
	9
	9
	9
	9
	9
	9
	9
	9
	3
	9
	114
	570

	Material
	5
	1
	9
	3
	3
	9
	9
	9
	3
	3
	3
	3
	9
	9
	3
	76
	380

	Barrel Length
	5
	9
	9
	3
	9
	3
	3
	 
	3
	3
	3
	3
	3
	1
	1
	53
	265

	Rifling Twist Rate
	5
	1
	3
	3
	9
	3
	3
	1
	3
	9
	3
	3
	3
	 
	3
	47
	235

	Rifle Maintenance
	5
	 
	 
	 
	 
	9
	3
	3
	9
	3
	3
	9
	1
	3
	9
	52
	260

	Magazine Maintenance
	5
	3
	1
	3
	1
	9
	3
	3
	9
	9
	3
	3
	1
	9
	9
	66
	330

	Storage Conditions
	5
	 
	 
	9
	 
	9
	9
	3
	9
	9
	9
	9
	 
	9
	9
	84
	420

	Relative importance of noise factor:
	85
	155
	150
	155
	255
	195
	140
	225
	225
	165
	195
	130
	170
	215
	 
	




Appendix C – M16 Barrel P Diagram Tables
	External

	Noise Factors

	Temperature
	 

	Humidity
	 

	Poor Assembly
	 

	Operator Error
	 

	Dirty Magazine
	 





	Unit to unit

	Noise Factors

	Variation in Chamber Size

	Variation of Barrel Length

	Variation of Propellant Strength

	Variation in Rifling Groove Size


	Deterioration

	Noise Factor

	Ageing of Metal

	Propellant Ageing

	Barrel Corrosion

	Dirt Buildup

	Heat Buildup


	Control Factors

	Barrel Lining

	Barrel Strength

	Barrel Length

	Barrel Rifling Twist Rate

	Barrel Maintenance

	Magazine Maintenance

	Storage Conditions

	Barrel Material















Appendix D – M16 Barrel What Why Table
	
	
	 
	 
	 
	 
	NOISE FACTORS
	 
	 
	 
	 
	 
	 
	 
	Relative Importance of noise in meeting performance via control factor

	Design control parameters
	Weighting 
	Unit to Unit Variation
	Deterioration
	External
	 
	

	
	of design
	Mfg
	Mfg
	Mfg
	Mfg
	Raw Mat'l
	Raw Mat'l
	Raw Mat'l
	Raw Mat'l
	Raw Mat'l
	Environment
	Environment
	Human
	Human
	Human
	Total
	

	
	control parameter
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	 
	Variation in chamber size
	Variation of Barrel Length
	Variation of Propellant Strength
	Variation in Rifling Groove Size
	Ageing of Metal
	Propellant Ageing
	Barrel Corrosion
	Dirt Buildup
	Heat Buildup
	Temperature
	Humidity
	Poor Assembly
	Operator Error
	Dirty Magazine
	 
	 

	Barrel Lining
	5
	3
	9
	9
	9
	9
	9
	9
	9
	9
	9
	9
	9
	3
	9
	114
	570

	Barrel Strength
	5
	1
	9
	3
	3
	9
	9
	9
	3
	3
	3
	3
	9
	9
	3
	76
	380

	Barrel Length
	5
	9
	9
	3
	9
	3
	3
	3
	3
	3
	3
	3
	3
	1
	1
	56
	280

	Barrel Rifling Twist Rate
	5
	1
	3
	3
	9
	3
	3
	9
	3
	9
	3
	3
	3
	 
	3
	55
	275

	Barrel Maintenance
	5
	 
	 
	9
	 
	9
	9
	9
	9
	1
	9
	9
	1
	1
	9
	75
	375

	Magazine Maintenance
	5
	3
	1
	3
	1
	9
	3
	9
	9
	9
	3
	3
	1
	9
	9
	72
	360

	Storage Conditions
	5
	 
	 
	9
	 
	9
	9
	9
	9
	9
	9
	9
	 
	9
	9
	90
	450

	Barrel Material
	5
	 
	1
	1
	1
	9
	3
	9
	3
	9
	9
	9
	3
	 
	3
	60
	300

	Relative importance of noise factor:
	85
	160
	200
	160
	300
	240
	330
	240
	260
	240
	240
	145
	160
	230
	 
	




Feature Importances
H83 box	Wooden packs	Bolt catch	Charging handle	Firing pin	Extruded stick-type propellant	Automatic fire	55	55	140	140	105	165	150	


Control Factors
Barrel Lining	Material	Barrel Length	Rifling Twist Rate	Rifle Maintenance	Magazine Maintenance	Storage Conditions	570	380	265	235	260	330	420	#REF!	


Noise Factors
Variation in chamber size	Variation of Barrel Length	Variation of Propellant Strength	Variation in Rifling Groove Size	Ageing of Metal	Propellant Ageing	Firing Pin Malformation	Dirt Buildup	Heat Buildup	Temperature	Humidity	Poor Assembly	Operator Error	Dirty Magazine	85	155	150	155	255	195	140	225	225	165	195	130	170	215	#REF!	


Feature Importances
Magazine	Operator	Bolt-fed	5.56mm	Barrel	Gas pressure	Gas tube	Ejector	125	50	105	200	275	140	125	160	


Control Factors
Barrel Lining	Barrel Strength	Barrel Length	Barrel Rifling Twist Rate	Barrel Maintenance	Magazine Maintenance	Storage Conditions	Barrel Material	570	380	280	275	375	360	450	300	#REF!	


Noise Factors
Variation in chamber size	Variation of Barrel Length	Variation of Propellant Strength	Variation in Rifling Groove Size	Ageing of Metal	Propellant Ageing	Barrel Corrosion	Dirt Buildup	Heat Buildup	Temperature	Humidity	Poor Assembly	Operator Error	Dirty Magazine	85	160	200	160	300	240	330	240	260	240	240	145	160	230	#REF!	
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Barrel Lining 5 3 570
Barrel Strength 5 380
Barrel Length 5 280
Barrel Rifling Twist Rate 5 215
Barrel Maintenance 5 1]
Magazine Maintenance 5
Storage Conditions 5
Barrel Material 5 300
Relative importance of noise factor:
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