
Modeling Dynamic Behavior of a Safety and Arming 
Mechanism 

K. Gurses and B. Acar 
Roketsan Missile Ind. 

Abstract: In the development of any new high explosive ammunition, often, the most intricate and 
problematic component is the fuzing system. Primary purpose of the fuze is to function with the 
bursting charge in a munition at a specified time and place. The fuze must include a Safety and 
Arming Device (SAD or S&A mechanism) to ensure that the ammunition may only switch into the 
armed state following exposure to firing forces and after reaching a safe distance from the muzzle. 
S&A mechanisms are often mechanical and operate using clockwork escapement mechanisms, 
similar to those found in wrist watches but in a less sophisticated manner. S&A mechanism is 
made up of a clockwork mechanism and safety devices which prevent the clockwork from arming 
until predetermined environmental conditions have been met e.g. setback acceleration and spin 
rate above a certain threshold. Use of Finite Element Analysis approach is inevitable, since 
conducting live firing ammunition trials is very expensive at the beginning of design cycle. In this 
paper, utilizing Abaqus/Standard, the complex rigid multibody dynamics of S&A mechanism was 
modeled and various potential design issues in the early design & development stage were 
studied. In order to satisfy required “arming time” under given operating conditions, which is the 
main design objective of S&A mechanism; inertia and location of center of mass properties of 
rotor and pallet are tuned. To this end, nearly all parts within the mechanism are modeled using 
rigid bodies and also to obtain computationally more efficient solutions, pinion-gear pairs in gear 
train are modeled using flow-converter connector elements instead of using more expensive 
contact definition. As a result, Abaqus/Standard simulations have provided a valuable insight into 
operation of the fuze and address the possible weaknesses of design before manufacture and 
physical testing. 
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1. Introduction 

In the development of any new high explosive ammunition, often, the most intricate and 
problematic component is the fuzing system. Fuze is a devise designed to detonate or set forces 
into action to ignite or detonate the charge under specific conditions have been met. Fuses are used 
in ammunitions/projectiles to provide basically the functions of (1) safety, i.e., keeping the 
ammunition safe for storing, handling, transportation, and launching, (2) arming, i.e., sensing the 
environments related with operational conditions including safe separation from the muzzle and 
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then aligning the explosive train to initiate bursting charge in the munition at a specified time and 
place (MIL-HDBK-757, 1994). 
Fuzes can be classified with respect to different categories such as “by end item”, “by purpose”, 
“by tactical application”, “by location” and “by functioning action” (MIL-HDBK-757, 1994). The 
functioning action can also be sorted as “impact”, “time”, “proximity” and “pressure”. In our case, 
we deal with a mechanical time fuze which is a subclass of time fuzes. Time fuzes are used to 
initiate the munition at some desired time after launch. These fuzes are generally settable to a 
specific amount of time utilizing a clockwork device. Typically, time fuzes have set times ranges 
from as low as a fraction of a second to 200 seconds. 
Fuzes are usually placed at the nose section of projectiles (Figure 1). A typical safety and arming 
(S&A) mechanism located in fuze with main components is demonstrated in Figure 1. 
 

 
Figure 1. Typical safety and arming mechanism in fuze (Will, 2007). 

 

In designing a fuze S&A mechanism, it is very important to use the environmental forces that are 
most predictable and consistent. It is good practice and usually mandatory to use at least two 
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separate and independent environmental forces. In our case, these forces result from the launching 
and ballistic environments: (a) inertial setback acceleration force especially when the projectile 
travels through the barrel due to expansion of burning gases and (b) centrifugal force (rotational 
velocity) due to spinning of the projectile around its longitudinal axis. Spinning of the projectile 
around its longitudinal axis is realized by manufacturing helical grooves inside of the barrel. This 
spinning serves to gyroscopically stabilize the projectile by improving its aerodynamic stability 
and accuracy. 

Arming process consists mainly of the actions involved in aligning the explosive train elements or 
in removing the barriers along the train. The time (arming) for this process to take place is 
controlled so that the fuze cannot fuze until it has travelled a safe distance from the launching site. 
For design purpose, it is often more realistic to express the arming action in terms of elapsed time 
from launch (MIL-HDBK-757(AR), 1994).  

Hence to measure the elapsed time, S&A mechanisms are often mechanical and operate using 
clockwork escapement mechanisms, similar to those found in wrist watches but in a less 
sophisticated manner. The clockwork mechanism is being frequently used in the production of 
S&A devices for all modern types of fuses for artillery projectiles because of its precision, 
physical stability and above all its reliability (Krstic, 2005).   

A typical S&A mechanism is illustrated in Figure 1 and Figure 2 basically consists of (1) a rotor 
with a sector gear, (2) a gear train which transmits the rotor torque, (3) escapement mechanism 
(escape wheel and pallet), (4) preloaded setback pin, (5) preloaded spin locks, and (6) a detonator 
carried by rotor.  

 
Figure 2. Typical Setback Pin and Spin Locks shown in S&A Mechanism (MIL-

HDBK-757(AR), 1994). 
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A typical, gear train which consists many pinion-gear pairs explicitly shown in Figure 3 transmits 
torque from rotor to escape wheel by decreasing the torque and increasing the rotational speed 

 

 
Figure 3. Gear Train and Runaway Escapement of a typical S&A mechanism 

(Krstic, 2005). 

 
There are three general types of escapements namely, (1) the untuned two-center type, (2) the 
tuned two-center type and, (3) the tuned three-center type. In our case, type-(1) escapement is 
utilized which is also known as with different names: (a) runaway escapement, (b) verge 
escapement, or (c) inertial governor (Mundy, 1991).  Runaway escapement can be considered as 
the heart of S&A mechanism and it consists of mainly two components which are a pallet and an 
escape wheel (Figure 4).  Pallet is simply an oscillating inertial mass whose duty is to make 
interference with the rotation of escape wheel at high frequency. If the torque applied to the escape 
wheel is increased, the pallet will oscillate more rapidly and the escape wheel will rotate more 
rapidly, since the pallet is not a true simple harmonic oscillator which is found in mechanical 
watches. Runaway escapement behaves like a mechanical damper to control the rotational motion 
of the rotor. 

In application, there are two types of pallets which are shown in Figure 4, (a) flat sided pallet, and 
(b) pin pallet. In this study, we deal with pin pallet (Figure 4 (b)), although the typical S&A 
mechanism includes flat-sided pallet as given in Figure 1, Figure 2 and Figure 3. 
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Figure 4. Runaway Escapements: (a) Pallet with Flat Pallet Faces, (b) Pallet with 

Pin Pallets (Mundy, 1991). 

 
Immediately after firing, projectile starts moving through the barrel, the inertial and centrifugal 
forces overtake resistances of springs, and finally release i.e., unlock the rotor from its safety 
position. Rotor generates a torque since its center of gravity has some inherent eccentricity with its 
own axis of rotation (pivot point) which is shown in Figure 5. Torque generated is delivered to 
gear train through the sector gear attached to the rotor (Figure 3). At the same time, the runaway 
escapement mechanism regulates the rotor spin motion i.e., so that detonator cap placed on the 
rotor is aligned with the rest of the explosive train  -ready for busting the charge- at the end of 
arming time period. 

 

 
Figure 5. Torque generated by rotor due to centrifugal force (AMCP 706-210, 1969). 
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Since, conducting live firing ammunition trials is very expensive at the beginning of design cycle. 
Then use of Finite Element Analysis approach is inevitable at this point. In this paper, utilizing 
Abaqus/Standard, the complex rigid multibody dynamics of S&A mechanism was modeled and 
various potential design issues in the early design & development stage were studied. In order to 
satisfy required “arming time” under given operating conditions, which is the main design 
objective of S&A mechanism; inertia and location of center of mass properties of rotor and pallet 
are tuned successfully.  

2. Finite Element Model 

Since S&A device is under development, our company does not allow us to share details of the 
model of the S&A mechanism, therefore in this paper; we give a very simplified version of the 
S&A mechanism.  
In this study, Finite Element (FE) model is established using Abaqus/CAE version 2016. All parts 
in the FE model are modeled as a rigid body. A few parts in the FE model are meshed to be able to 
define contact assignments, since Abaqus/Standard does only allow defining contact between two 
bodies provided that one of them is deformable. Contrary to this, Abaqus/Explicit allows to define 
contact between two rigid bodies. 
Firstly, for each rigid body, a reference point is created to assign its point mass/inertia properties. 
Secondly, a display body constraint is assigned for each body for visualization purpose during 
simulation. Thirdly, if a rigid body needs additional nodes to attach connector elements – in 
addition to its reference node – then, a rigid body constraint (tie/pin nodes) is assigned to itself. 
 

 
Figure 6. Initial rotor and runaway escapement model of S&A Mechanism. 

 
Initial design of rotor and runaway escapement parts modeled as rigidly is partially shown in 
Figure 6. Materials assigned to these parts can be stainless steel, aluminum or brass alloy. 
In order to obtain computationally more efficient solutions, pinion-gear pairs in gear train are 
modeled using flow-converter connector elements instead of using more expensive contact 
definition (Figure 7). 
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Figure 7. Modeling gear contact using connector elements 

 

As shown in Figure 7 the pinion and gear are each modeled with a hinge and a flow-converter 
sharing a node (1st RP and 3rd RP). The second node of flow-converter FC-3 and FC-4 is common 
(2nd RP). This node (2nd RP) is defined as tie node in the definition of rigid body constraint of 
housing part so its motion is exactly the same with the motion of housing. The gear ratio of 4.0 is 
maintained by defining the scaling factor β (with proper sign) in flow-converters FC-3 and FC-4; 
for this case, the scaling factors are 1.0 and –4.0, respectively (Figure 7). 

In FE model, contact definitions are kept at minimum in order to run Abaqus/Standard simulations 
faster. Also utilizing analytical rigid bodies in contact simulations is computationally cheaper, thus 
additional “dummy” analytic rigid bodies and “dummy” deformable bodies are created and 
attached to original rigid bodies using “tie” or “kinematic coupling” type constraints as shown in 
Figure 7.  In addition to this, all contact definitions made in FE model is frictionless. Approach 
used in one of the most critical contact definition is demonstrated in Figure 7. 
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Figure 8. Modeling contact between two rigid bodies in Abaqus/Standard. 

 

Centrifugal force and setback acceleration loadings are applied to the FE model using the 
boundary conditions (Figure 9). For this purpose, cylindrical connector element is used to impose 
absolute axial acceleration and angular velocity (spin rate) to the housing of S&A mechanism.  
Setback acceleration and spin rate amplitude curves applied to housing is given in Figure 10. 
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Figure 9. Application of loading to S&A mechanism using boundary conditions 

 

 
Figure 10. Setback acceleration and spin rate loading amplitude curves. 
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3. Results 

Analysis result of initial FE model shows that S&A mechanism has a serious locking problem at 
the beginning of rotor motion as shown in Figure 11. After a small amount of rotation of the rotor, 
it can be seen from Figure 11 that the mechanism is locked because of various reasons. Assuming 
that applied loading to the mechanism remains the same, locking problem can be solved by 
various iterative design changes.  
 

 
Figure 11. Relative angle for aluminum rotor (initial FE model). 

 

In order to remove locking problem and to satisfy arming time requirement – which is around 
from 120 ms to 200 ms – following design changes can be recommended: 

• Geometry and/or material of the rotor, thus changing CG of the rotor results in a change 
in the torque generated by rotor 

• Geometry and/or material of the runaway escapement (especially the pallet body) 
• Stiffness of preloaded springs 

After the application of many design changes/iterations to the FE model of S&A mechanism, it 
can be seen in Figure 12 and Figure 13 that successful solutions are obtained.  

Although geometry details of S&A mechanism is not given here, solutions – satisfying desired 
arming time – for aluminum rotor material and brass rotor material are given in Figure 12 and 
Figure 13 respectively.  
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Figure 12. Relative angle for aluminum rotor (improved FE models). 

 

 
Figure 13. Relative angle for brass rotor (improved FE models). 
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4. Discussions 

Utilizing Abaqus/Standard, the complex rigid multibody dynamics of S&A mechanism was 
modeled and various potential design issues in the early design & development stage were studied.  
In order to get desired arming time (from 120 ms to 200 ms), many design iterations have been 
done using rigid multi-body FE model and results obtained gives useful hints to mechanical 
design. 
As a near future study, verification and tuning FE model results with the simplest benchtop tests 
will be carried out on a step by step basis. This also can help tune friction value between bodies. 
As a far future study, verification and tuning FE model with firing tests will be carried out with 
telemetry data. 
Additionally, some critical parts in the model can be converted from rigid bodies to deformable 
elastic bodies in order to investigate any possible failures due to extreme loading environment. 
As a result, Abaqus/Standard simulations have provided a valuable insight into the operation of 
the fuze and identified the possible weaknesses of the mechanical design before manufacturing 
and physical testing. 
 

5. References 

1. Finch, C., “EX 437 Multi-Option Fuze for Navy”, 47th Annul Fuze Conference, 
(http://www.dtic.mil/ndia/2003fuze/finch.pdf, 2003. 

2. Krstic, T., and Ugrcic, M., “Mathematical Modeling of Motion of the Clock Safety and 
Arming Devices”, Scientific-Technical Review, Vol.LV, No.1, 2005. 

3. Mundy, W R., “The Analysis of Runaway Escapements Utilized in Clockwork Mechanisms”, 
MSc. Thesis, 1991. 

4. Will, B., “Multi-Option Fuze for Navy (Mk 437 MOFN)”, 51st NDIA Fuze Conference, 
(http://www.dtic.mil/ndia/2007fuze/SessionIVA/will0920.pdf), 2007. 

5. AMCP 706-210, “Engineering Design Handbook: Fuzes”, Washington D.C., 1969. 
6. MIL-HDBK-757(AR), “Military Handbook: Fuzes”, 1994. 
7. Abaqus Example Problems Guide, Version 2016, Dassault Systémes Simulia Corp., 

Providence, RI. 

2017 Science in the Age of Experience 149

http://www.dtic.mil/ndia/2003fuze/finch.pdf
http://www.dtic.mil/ndia/2007fuze/SessionIVA/will0920.pdf

	TermsOfUse
	TOC
	AerospaceDefense
	AD_ATAEngineering_Blades
	A Computational Framework for the Analysis of an Aero-Thermochemical-Elastic Eroding Nozzle
	1. Introduction
	2. Overview of the Multiphysics Framework Coupling Methodology
	2.1 CHEM-CHAR Coupling
	2.2 CHEM-CHAR-Abaqus Coupling (No Mechanical Degrees of Freedom)


	AD_NASA_C. LEE
	AD_Purdue_Favaloro_Flow
	Anisotropic Viscous Flow Simulation in Abaqus
	1. Introduction
	2. Method Description
	3. Implementation Details
	4. Example: Squeeze Flow of a Circular Disk in /Standard
	5. Example: Center Gated Disk Flow in /Explicit using SPH
	6. Conclusions
	7. Acknowledgements
	8. References

	AD_U.S. Army - ARDEC_Galles
	1. Introduction
	2. Simulation Model Setup
	3. Heat Transfer Simulations
	4. Static Stress Simulations
	5. Conclusions and Future Work
	6. References

	AD_U.S.Army_PCarlucci
	AD_UNIVHANOI_THAI
	AD_UNIVZAGREB_SMOJVER
	Numerical Analysis of Ballistic Impact Damage in Layered Isotropic Plates
	1. Introduction
	2. Numerical framework
	2.1 Numerical model of the impacted plate
	2.2 Numerical model of the impactor

	3. Analysis
	4. Results
	4.1 Validation of the numerical model
	4.2 Effect of impact incidence angle
	4.3 Effects of impactor shape and target configurations

	5. Conclusions
	6. References

	CPGR_Kimberly-Clark Corp_Hollingsworth
	Failure is Good:
	Perforation Patterns and Stretchy Paper Towels
	1. Introduction
	2. Material Characterization
	2.1 Cyclic Tensile Test
	2.2 Trapezoid Tear Test

	3. Material Model and Fitting Procedure
	3.1 Cyclic Tensile Test
	3.2 Trapezoid Tear Test

	4. Scripting and Parameterization
	5. Dispensing Model
	6. References
	7. Acknowledgment

	HT_BEIJING SYTNA_LI
	Defect Detection and Localization by  Lamb Wave Simulation
	1. Introduction
	1.1 Acousto-ultrasound Method
	1.2 PZT
	1.3 Lamb Wave Propagation

	2. Derivation of Strong and Weak Form
	3. Lamb Wave Simulation
	3.1 Abaqus Model of the Plate and Sensors
	3.2 Sweep the Plate without and with Crack

	4. Defect Detection and Localization
	4.1 Defect Detection with Correlation Analysis and RAPID
	4.2 Results

	5. Summary
	6. Reference

	IE_Singapore Institute of Manufacturing Technology_Feih
	1. Introduction
	2. Experimental Details
	2.1 Cylinder Geometries
	2.2 Build Process Parameters
	2.3 Solid Material Properties
	2.4 Powder Properties

	3. Simulation Details
	3.1 Additive Manufacturing Methodology
	3.2 Heat Source Framework
	3.3 Nodal Flux Simulation
	3.4 Laser Path and Powder Deposition Event Series Generation
	3.5 Energy Balance
	3.6 Mesh Size Refinement for Nodal Flux Model
	3.7 Influence of Surrounding Powder
	3.8 Influence of Time Incrementation
	3.9 Influence of Build Platform
	3.10 Comparison to Goldak Model

	4. Discussion
	4.1 Influence of Build Height and Cylinder Width on Microstructure and Mechanical Properties
	4.2 Temperature Profile Analysis

	5. Conclusions and Outlook
	6. Acknowledgement

	IE_TWI_LONDON
	1. Introduction
	2. Experimental Approach
	2.1 Geometry and SLM Build Parameters
	2.2 Post-processing and heat treatment
	2.3 Metallographic examination

	3. Modelling Approach
	3.1 Overview of the computational framework
	3.2 Geometry and finite element mesh
	3.3 Material properties
	3.4 Loads and boundary conditions
	3.5 Prediction of microstructural characteristics

	4. Summary of Findings
	5. Future work
	6. References
	7. Acknowledgement

	IE_University of Massachusetts at Lowell_SiddarthDev
	Mechanical Testing of FDM Parts for Process Simulation
	1. Introduction
	2. Experimental characterization of FDM printed parts
	2.1 Materials and Fabrication
	2.2 Experimental Setup
	2.3 Characterization of Bead Shape and Volume Fraction
	2.4 Experimental results
	3 Virtual Characterization of FDM Printed Parts
	4 Discussion
	5 Conclusion and Future Work
	6 References

	LS_Dayananda Sagar College of Dental Sciences_ShobhaES
	Contact conditions:
	Loads and boundary conditions:
	Figure 10: Types of Fixations

	LS_Illinois Institute of Tech-Cammino
	TM_DUPONT_SHOJAEI
	TM_GM_NEELA
	1. Introduction
	2. Procedure
	3. Results and discussion
	3.1 Front Door - Spot weld failure at upper hinge region
	3.2 Rear Door - Spot weld failure at checklink region

	4. Conclusions
	5. Acknowledgments
	6. References

	TM_PanAsia_Xu
	1. Introduction
	2. Finite Element Simulation
	2.1 Thermal Stress Analysis
	2.2 Dynamic Stress Analysis
	2.3 Finite Element Analysis Results

	3. Fatigue Safety Factor Calculation
	4. Conclusions
	5. References

	TM_PRINCIPIA_RODRIGUEZ
	Modelling Rubber Bushings Using the Parallel Rheological Framework
	1. Introduction
	2. Material model
	2.1 Long-term static behaviour
	2.2 Viscoelastic behaviour

	3. Static analysis
	3.1 Methodology
	3.2 Results

	4. Cyclic analysis
	4.1 Methodology
	4.2 Initial results
	4.3 Sensitivity to the swaging process
	4.4 Discussion

	5. Conclusions
	6. References

	TM_Toyota_Satoshi_Ito
	Development of the high-performance Bushing model using Abaqus
	1. Introduction
	2. Rubber material model
	2.1 Basic concept of the new rubber material model
	2.2 Identification of material coefficients
	2.3 Validation of material coefficients

	3. Suspension arm validation
	3.1 Suspension arm model
	3.2  Validation testing
	3.3 Accuracy validation for transient inputs

	4. New Low DOF Bushing Model
	5. Calculation of the matrix coefficient
	6. Process for estimating dynamic coefficients
	7. Validation of rubber bushing component
	8. Validation of front suspension model
	9. Summary
	10. References
	11. Acknowledgment

	AD_Purdue_Favaloro_Flow.pdf
	AD_UNIVZAGREB_SMOJVER.pdf
	AD_U.S. Army - ARDEC_Galles.pdf
	CPGR_Kimberly-Clark Corp_Hollingsworth.pdf
	IE_Singapore Institute of Manufacturing Technology_Feih.pdf
	IE_University of Massachusetts at Lowell_SiddarthDev.pdf
	Mechanical Testing of FDM Parts for Process Simulation
	1. Introduction
	2. Experimental characterization of FDM printed parts
	2.1 Materials and Fabrication
	2.2 Experimental Setup
	2.3 Characterization of Bead Shape and Volume Fraction
	2.4 Experimental results
	3 Virtual Characterization of FDM Printed Parts
	4 Discussion
	5 Conclusion and Future Work
	6 References

	IE_University of Massachusetts at Lowell_SiddarthDev.pdf
	IE_TWI_LONDON.pdf
	LS_Dayananda Sagar College of Dental Sciences_ShobhaES.pdf
	TM_DANA_RAMKUMAR.pdf
	Designing Cylinder Head Gaskets for New Generation Powertrains
	1. Introduction
	2. Cylinder Head Gasket Technology
	3. “First-Time Right” Gasket Design
	3.1 Optimization of Stopper Height
	3.2 Optimizing Stopper Topography
	3.3 Fatigue Analysis Method
	3.4 Variable Amplitude Fatigue Study

	4. Conclusions
	5. References

	TM_Toyota_Satoshi_Ito.pdf
	11. Acknowledgment

	LS_Illinois Institute of Tech_Cammino.pdf
	HT_BEIJING SYTNA_LI.pdf
	Defect Detection and Localization by  Lamb Wave Simulation
	1. Introduction
	1.1 Acousto-ultrasound Method
	1.2 PZT
	1.3 Lamb Wave Propagation

	2. Derivation of Strong and Weak Form
	3. Lamb Wave Simulation
	3.1 Abaqus Model of the Plate and Sensors
	3.2 Sweep the Plate without and with Crack

	4. Defect Detection and Localization
	4.1 Defect Detection with Correlation Analysis and RAPID
	4.2 Results

	5. Summary
	6. Reference

	TM_PRINCIPIA_RODRIGUEZ.pdf

