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ABSTRACT 
 

 
Inertial release of the RCF-67 side release buckle is investigated in this thesis through 

review of the literature, finite element modeling, and experimental testing. A finite element (FE) 

model is developed using the explicit non-linear finite element code LS-DYNA. The propensity 

of the buckle to unlatch under various combinations of acceleration pulse amplitudes, durations, 

and belt tension is simulated and profiled. The non-linear modal response of the spring is found 

to be significant contributor. The results are correlated and compared against experimental test 

data within the literature. Rate sensitive foam is added to the buckle model to demonstrate 

prevention of inertial release through addition of a damping element. The FE model predicts the 

performance of the buckle with high fidelity and granularity both before and after the rate 

sensitive foam is added. Laboratory impact sled testing is performed on both configurations to 

further corroborate the results of the model. A “whipping” effect is observed in the buckle 

housing acceleration data and high speed video which causes oscillation in the acceleration of the 

housing, where peak accelerations are also higher and pulse durations are longer measured at the 

buckle CG compared to those measured on the rigid mounting structure. The wealth of 

experimental and computational data found in the literature, combined with that obtained in this 

study, allows for insightful conclusions to be drawn regarding the unlatching potential of the 

RCF-67 buckle as well as the effectiveness of adding rate sensitive foam to this buckle design. 

This modification to add damping provides a simple, inexpensive, and effective means of 

rendering a seat belt buckle safe under severe crash conditions where it may not otherwise 

perform as intended. Applicability to automotive seat belt buckle design in general is expanded 

on. LS-DYNA and the associated methodology used in this study proves effective in analyzing a 

buckle design for prevention of inertial release based on limited test data.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The simplicity of design, ease of manufacture and assembly, and overall cost 

effectiveness of the side release seat belt buckle has made it one of the most popular and widely 

used buckle designs in the automotive industry. The most common buckle historically used in 

American automobiles is the “RCF-67” side release buckle designed by Robert C. Fisher in 

1965. As early as 1966, this buckle was involved in congressional hearings on transportation 

safety and the subject of much controversy [1]. The design was patented in 1967 and a later 

improvement patent was awarded in 1971 [2, 3]. This buckle design was produced and utilized in 

an almost identical embodiment for over 30 years, most notably by both Ford Motor Company 

and General Motors (GM). Other very similar side release buckle designs are the Tokai Rika B-

020, ASEC 476215, and Gateway 900. Side release buckles, particularly the RCF-67, have long 

since been the subject of much litigation due to their propensity to unlatch under high inertial 

loadings as seen in side impact crashes and vehicle roll-overs. American automakers have gone 

to great lengths to disprove inertial unlatching, suggesting that the acceleration levels required 

for inertial release are far beyond what is seen in real world crashes, as described to Congress in 

1966 by John Bugas of Ford as nothing more than a “parlor trick” [1]. However, the presence of 

the conditions necessary for inertial release have been well demonstrated in the literature through 

experimental crash testing, laboratory testing, and computational modeling. 
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1.2 Literature Review 

Experimental testing funded by General Motors and performed by Failure Analysis 

Associates, Inc (FaAA) in 1992 and 1993 has long been used by automotive industry lawyers in 

litigation suits to support the improbability of the inadvertent unlatching phenomenon [4, 5]. In 

fact, an early report by the National Highway Transportation Safety Administration (NHTSA) in 

1979 had determined that inertial unlatching was not a common problem and did not warrant 

further investigation [6]. Contemporary to the FaAA studies was another investigation by 

NHTSA, reported by Howe et al. in 1992 [7]. The authors reported that the test data showed the 

short distance between the occupant torso and the buckle was insufficient to create large enough 

inertial loads at sufficient pulse durations to achieve inertial unlatching in real crashes. Moffatt et 

al. reported a comprehensive analysis of the FaAA data in 1995 asserting that although inertial 

unlatching had been demonstrated in the 1992 laboratory pendulum tests, these conditions were 

not realistic as they were not observed in the 1993 sled tests and vehicle rollover tests [8]. 

Similar to the preceding NHTSA studies, they concluded that inertial unlatching was not likely 

to be achieved in real world crashes. The thresholds for which inertial unlatching was observed 

in the FaAA pendulum tests is summarized in Table 1.  

TABLE 1 
 

THRESHOLDS FOR INERTIAL UNLATCHING 
IN FAAA LABORATORY PENDULUM TESTS  

Test Conditions 
Belt Tension 

0 N 90 N (20 lbf) 180 N (40lbf) 

Pu
ls

e 
D

ur
at

io
n 

(m
ill

is
ec

) < 2 ms 410 G 455 G 500 G 

2 - 6 ms 150 G 310 G 440 G 
> 6 ms 140 G 250 G 530 G 
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It is apparent that as belt tension increases, the buckle can withstand higher amplitude 

acceleration pulses. It is also noted that longer duration pulses reduce the amplitude of the load 

required to release the latch. 

Also contemporary to the Moffatt et al. studies, researchers James et al. determined in 

1993 there was no cause for concern with inertial unlatching in the real world [9]. They deduced 

that button release force increased linearly with belt tension, and that low web tension coupled 

with a long duration high amplitude acceleration pulse would be required for inertial unlatching. 

It had long been known that the likelihood of inertial unlatching decreased with increasing belt 

tension. NHTSA had shown through testing in 1978, precluding their 1979 public report, that 

unlatching could occur, but is most likely with no belt tension [10]. In spring loaded plunger 

impact tests of 225 buckles, one in three Ford and GM buckles unlatched [11]. This testing had 

revealed that unlatching becomes much more difficult at higher belt tensions, where buckles 

loaded to 300 G with no belt tension were more likely to unlatch than those loaded to 340 G with 

130 N (30 lbf) belt tension. This was later re-enforced in subsequent studies as evident in the 

FaAA 1992 pendulum test data afore presented in Table 1, as well as in testing in 1993 

performed by Arndt & Associates, Ltd. Arndt et al. tested a sampling of fifteen side release push 

button style buckles from multiple makes (Toyota, Nissan, Suzuki, Chrysler, Ford, and GM) 

using a drop test fixture [12]. The testing confirmed that most side release buckle design were in 

fact capable of inertial release at acceleration thresholds of 100 G to 250 G combined with low 

belt tension, although one of the buckles tested did not release under any test conditions (Ford 

Taurus). The study focused on delta velocities and their effect on inertial release, pointing out 

that low delta velocities coupled with high peak acceleration pulses and low belt tension were the 

most likely conditions to yield inertial release. A preliminary computational model of the buckle 



4 
 

was developed (the first seen in the literature) and used to correlate with the data. The model is 

not discussed in detail, although it was found to have good correlation and likely provided the 

first glimpse at how the modal response of the spring affects inertial release. 

 Now despite the conclusions arrived at by Moffatt et al., James et al., and Arndt et al. 

regarding the low probability of inertial unlatching, some very interesting correlations can be 

drawn from the FaAA sled and rollover crash data. For instance it is noteworthy that in the 

rollover tests, peak buckle accelerations far exceeded the peak accelerations seen by the vehicle 

chassis, sometimes by more than an order of magnitude. At the same time, belt tension often 

decreased at the moment of peak buckle acceleration. In what was determined to be the “most 

severe” of the rollover tests performed, where 2 ¾ rolls were observed, a peak acceleration pulse 

of 118 G with a duration of 8 ms was achieved while belt tension dipped to 90 N (20 lbf). At that 

pulse duration and belt tension, the FaAA pendulum tests would suggest a required acceleration 

approaching 250 G to unlatch the buckle. There was in fact one of the tests that achieved this 

level of acceleration, where 4 ½ rolls were observed, during which peak buckle acceleration 

reached 242 G. The pulse duration, however, was slightly under 1 ms and belt tension was high 

(greater than 445 N or 100 lbf). Now it is worth noting the pre-test belt tensions were sometimes 

as high as 800 N (180 lbf), much tighter than any occupant would realistically wear a seat belt, 

even though it was stated that only the retractor was used to tension the belts and “no cinching” 

was performed. Even with this high pre-test tension, belt tension saw as much as a 90 % 

reduction at the moment of peak buckle acceleration. For a 90 N (20 lbf) initial tension this 

would equate to a belt tension of only 9 N (2 lbf) during a peak acceleration pulse. The key 

loading cases mentioned above are summarized in Table 2. 
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TABLE 2 

KEY LOADING CASES OBSERVED IN FAAA VEHICLE ROLLOVER TESTS 

Test Conditions 
Observed Loads 

Peak 
Acceleration 

Pulse 
Duration Belt Tension* 

Observed 
Rolls 

2 3/4 Rolls 118 G 8 ms 90 N (20 lbf) 
3 1/2 Rolls 242 G 1 ms > 445 N (100 lbf) 

*Pre-test belt tensions were as high as 800 N (180 lbf). 

Significant buckle loading cases were also observed during the fifteen FaAA sled tests of planar 

collisions with no rollovers. The two most severe are summarized below in Table 3. 

TABLE 3 

KEY LOADING CASES OBSERVED IN FAAA VEHICLE PLANAR SLED TESTS 

Test Conditions 
Observed Loads 

Peak 
Acceleration 

Pulse 
Duration Belt Tension* 

30 mph - Front Leading 280 G 4.4 ms > 445 N (100 lbf) 
30 mph - Left Rear Leading 436 G 3.8 ms > 445 N (100 lbf) 
*Pre-test belt tensions were not reported. 

Moffatt et al. also reported on the FaAA testing of hip impacts on human test subjects, Hybrid II 

dummies, and Hybrid III dummies. They found that the stiffer dummies resulted in hip impact 

accelerations of the buckle averaging 90% higher than on human subjects. This data was used to 

support the argument that the crash tests performed using dummies were conservative, and still 

resulted in no inertial releases. 

The testing performed by FaAA on behalf of GM remains the most comprehensive 

example found in the literature, as most later studies were sub-scale. A study on human hip 

impact of the buckle was carried out by Blick and Harcourt in 1997, finding that a 6 cm initial 

clearance between the hip and buckle and a 15 G input can yield a contact speed of 4 m/s, 

creating the potential for inertial release [13]. Thereafter studies focused largely on analytical 
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and computational modeling for its efficiency and the ability to simulate a wide range of 

conditions. In 1996, Andreatta et al. had developed a system of equations governing the kinetics 

and kinematics of the RCF-67 buckle [14]. Free body diagrams were established for each 

component of the buckle assembly and force balancing was used to determine the relative 

accelerations. Key assumptions were made to simplify the model, namely, friction was not 

considered and separation of the spring and pawl was ignored. While this model was only 

somewhat effective in predicting inertial unlatching when compared with the experimental data 

in the literature, it did reinforce and expand on prior key findings. The model predicted linearly 

increasing acceleration required to unlatch the buckle as seat belt tension was increased. The 

results also confirmed that both the maximum acceleration and the pulse duration were key in 

determining inertial release, where opening of the latch under inertial loading is an “integrated 

acceleration effect.” This model formed a basis for understanding the boundary conditions, 

inputs, and dependencies of the buckle system, providing a useful precursor to later more refined 

computational models. 

The first finite element model of the RCF-67 buckle reported in the literature was 

developed by Sances et al. in 1999 [15]. The model’s ability to predict inertial unlatching was 

validated by comparing it to pendulum test data also generated in the same study, and it was 

found to have good correlation with the test data. The testing had shown that depending on the 

stiffness of the impact material, release could be seen at varied impact velocities, as low as 2.2 

m/s. The stiffness of the spring was then varied in the model to see the effects on inertial release, 

as was webbing tension. As predicted in prior studies and as evident in the experimental data, 

higher belt tension resulted in proportionally higher accelerations and longer pulse duration 
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required for unlatching, as did the use of a stronger, stiffer spring. Drop testing performed that 

year by Stilson and Vega had shown the same dependency on pulse amplitude and duration [16]. 

Sances later in 2003 collaborated with Kumaresan, Clarke, Renfroe, Herbst, and Pozzi to 

build on the body of inertial unlatching test data and further the understanding of the mechanical 

response of the RCF-67 buckle in various impact scenarios [17]. A wide array of buckle designs 

and makes were tested, including the RCF-67. Testing of RCF-67 buckles loaded with tension in 

the webbing due to an inverted occupant showed that the button release force could be as much 

as three times that of an unloaded buckle, and that some occupants might not be able to unlatch 

the buckle in that scenario. In another series of tests, four side impact sled tests were performed 

on a production truck, which was accelerated on a cable-led trolley and decelerated on impact 

with a corrugated honeycomb block. A bean bag simulating the weight of an infant was placed in 

a child seat with metal side supports and the seat was secured on the front right passenger side 

with the three point harness. At impact speeds of 7 m/s to 8 m/s, the RCF buckle inertially 

unlatched in two of the four impacts when the child seat shifted inboard and impacted the buckle 

body. While subscale tests had long before demonstrated inertial unlatching, this was the first 

example presented in the literature of inertial unlatching of the RCF-67 buckle during a full scale 

vehicle impact test. Further collaboration in 2003 between Meyer, Hock, and Forrest including 

additional contributions by Herbst, Sances, and Kumaresan provided insight into how low belt 

tension may be generated during a long duration rollover sequence [18]. By examining thirteen 

real-world case studies, the investigation found that occupant accelerations during the rollover 

sequence are independent and can be out of phase with main vehicle structure accelerations, 

resulting in the potential failure of retractor reels to lock or stay locked throughout the entire 

crash sequence. This observation was fundamental in understanding how low belt tension may 
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arise during a real-world crash sequence yielding a higher potential for inertial unlatching and 

occupant partial or full ejection. Herbst partnered with this same team (less Hock) that same year 

to show that buckles mounted on a rigid arm could see amplified accelerations compared to the 

vehicle frame [19]. Using an audio transducer attached to the vehicle floor pan, Herbst et al. 

compared the applied accelerations from the transducer to the acceleration measured on the 

buckle, finding that accelerations could be amplified through the buckle mounting arm by a 

factor of thirteen times when frequencies were below 8.5 kHz. This study highlighted the 

importance of the frequency response of the entire buckle mounting system in inertial release. 

In 2006, Renfroe et al. went on to publish a comprehensive examination of the evolution 

of seat belt buckle design through historical research and examination of patents [20]. One key 

finding of this research was an affirmation of the growing understanding within industry by 

buckle designers of the real potential for inertial release. At the time early buckle designs were 

developed and for many years into production of these designs the accelerations experienced in 

the passenger compartment during accidents were believed to peak between 30 G and 60 G. 

Knowledge of the inertial unlatching tendencies of side-release buckles such as, but not limited 

to, the RCF-67 had led to the evolution of the end-release buckle as an anti-inertial release 

design. Renfroe et al. observed that with this evolution came a revised understanding of real-

world crash accelerations within the passenger compartment where industry and academic 

experts began to document cases of accelerations in excess of 500 G. Roberts partnered with 

Renfroe, Partain, and Batzer that same year to perform a failure analysis of a crash in which an 

end-release buckle was believed to have failed [21]. They published the results in 2007 

indicating that, through examination of the forensic evidence combined with data collected from 

laboratory subscale tests and computational modeling in MADYMO, the buckle was believed to 
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have failed under inertial loading conditions on the order of 170 G. This affirmed that, although 

end release buckles can be more resistant to inertial loading, even some variants of this 

packaging are still susceptible to inertial unlatching. 

Kuk et al. went on to build a computational multi-body model in ADAMS in 2007 and 

performed a parametric study to analyze combined system effects between the occupant, the 

restraint system, and the buckle [22]. The study, published in 2008 focused on an “anti-G” end 

release buckle design showing that computation modeling can be used to optimize the buckle 

design parameters for prevention of inertial release under extreme accelerations. A few years 

later, in 2010, Thorbole and Renfroe built a computational multi-body model of the RCF-67 

buckle [23]. The semi-static load-deflection performance of the spring was characterized 

experimentally on an MTS machine and used as an input for a simple spring element modeled in 

MADYMO, where the other components of the buckle were modeled as rigid bodies. The model 

was found to have good correlation with experimental data in the literature when predicting 

inertial release for medium to long duration pulses and low belt tensions. However, the simple 

quasi-static stiffness used to model the spring resulted in predicted accelerations that were higher 

than those known to cause unlatching with short pulse durations. The predicted acceleration 

thresholds are given in Table 4 and are used as an additional basis for comparison in this study. 

TABLE 4 

THRESHOLDS FOR INERTIAL UNLATCHING IN MADYMO SIMULATION 

Simulated 
Conditions 

Belt Tension 
5 N (1 lbf) 90 N (20 lbf) 180 N (40 lbf) 

Pu
ls

e 
D

ur
at

io
n 

(m
ill

is
ec

) 

1 600 G 1000 G - 
2 300 G 600 G 1000 G 
3 300 G 400 G - 
4 300 G 300 G 600 G 
6 150 G 300 G 600 G 
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The analysis, published in 2013, went on to focus on examination of the modal behavior of the 

spring and its frequency response as an explanation for inertial unlatching at lower acceleration 

amplitudes and shorter pulse durations. A dimensionally accurate finite element model of the 

spring was developed in LS-DYNA and input excitations were applied at varied frequencies to 

determine the modal shapes at resonance. The spring was found to resonate at input frequencies 

of 2061, 4050, and 7786 Hz. The operating deflection shape of the spring at input excitations 

around the 2000 Hz resonance band was characterized by a “flattening of the spring in the 

middle” which would lend itself to clearance between the latch and pawl and thereby release of 

the buckle under inertial loading. Thorbole and Renfroe eloquently state: 

“In an RCF-67 buckle there is no damping available, thus the shorter pulse width with a 
high magnitude acceleration could result in a higher ODS at resonant frequency, a recipe 
for inertial unlatching [23].” 
 

1.3 Motivation 

The RCF-67 buckle design is light weight, simple, and inexpensive which makes it very 

attractive from an automaker’s perspective. However, a fatal design flaw is apparent when one 

considers the undamped spring. The propensity of the buckle to unlatch under inertial loading, 

regardless of the disputed severity of the issue, has forced it out of favor with automakers due to 

safety risks to the motoring public. It is the desire of this author to present an effective design 

modification to damp the rotation of the pawl in a side-release buckle with negligible cost and 

weight penalties. This modification should use a readily available industrial material with known 

damping properties and should render a side-release buckle design safe for the motoring public 

under all foreseeable inertial crash conditions. In this way, it is possible that this simple and cost 

effective design would come back into favor with automakers and could once again be used in 

the automotive industry.  
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CHAPTER 2 

OBJECTIVES AND METHODOLOGY 

2.1 Objectives 

 Through experimentation and computational modeling, this thesis is aimed at 

contributing to the body of knowledge regarding inertial unlatching of seatbelt buckles, in 

particular the RCF-67 side-release buckle design. It endeavors to help further explain the 

phenomenon through consideration of the modal response of the spring element by way of a 

parametric finite element model in LS-DYNA. Several critical parameters are utilized for 

correlating the numerical model with the experimental data found in the literature. 

Additionally, this thesis is extended to include a functional and simple modification to the 

already simplistic side-release buckle design, in which rate sensitive aerospace grade foam is 

used to damp the spring response in high frequency events and prevent inertial unlatching. The 

effectiveness of this modification is examined both analytically in LS-DYNA and experimentally 

in the lab.  

2.2 Methodology 

The approach of this study can be broken down into two key categories. The first is the 

development and implementation of an explicit finite element model of the buckle. 

Dimensionally accurate CAD models of the rigid components of the buckle are obtained from 

Thorbole and Renfroe as used in prior multi-body dynamics simulations, as well as an accurate 

CAD model of the spring used in the finite element analysis of its modal response to input 

frequencies [23]. The models are assembled and the mid-surfaces extracted and meshed. Section 

properties, contacts, constraints, boundary conditions, and loads are then applied as determined 

from careful examination of the parameters found in the literature. Upon obtaining the results of 
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the finite element model, it is observed whether or not the buckle unlatches for a given 

combination of loading conditions. Unlatching thresholds are compared to those determined 

experimentally by Moffatt et al. as previously presented in Table 1 [8]. A 90/10 rule is applied to 

determine if acceptable correlation has been reached, where 90% of the loading cases examined 

are expected to match the experimentally obtained unlatching thresholds within ±10% variation. 

The initial correlation matrix, based on the Table 1 results with ±10% variation applied, is given 

in Table 5, where sixteen out of eighteen cases are required to correlate prior to continuation. 

TABLE 5 

EVALUATION MATRIX FOR COMPUTATIONAL MODEL CORRELATION 

Test Conditions 
Belt Tension Acceleration 

Threshold 
Scale Factor 

Expected Result 
0 N 90 N 

(20 lbf) 
180 N 

(40 lbf) 

Pu
ls

e 
D

ur
at

io
n 

(m
ill

is
ec

on
ds

) 

2 ms 369 G 410 G 450 G 90 % No Unlatching 
2 ms 451 G 501 G 550 G 110 % Unlatching 
4 ms 135 G 279 G 396 G 90 % No Unlatching 
4 ms 165 G 341 G 484 G 110 % Unlatching 
6 ms 126 G 225 G 477 G 90 % No Unlatching 
6 ms 154 G 275 G 583 G 110 % Unlatching 

Where this level of correlation is at first not met, iterations are performed by varying the 

coefficients of friction between components and the modulus of the spring steel material, these 

properties being common within ±1% to all load cases for a given iteration. Peak acceleration 

amplitude predictions which are generally too high indicate a need to either decrease friction 

coefficients, decrease the modulus of the spring, or a combination thereof to match actual data. 

The converse is true of threshold predictions which are generally too low compared to actual 

data, where friction coefficients and the spring modulus may need to be increased. The modulus 

of the spring material is a dominant contributor at low belt tensions and short pulse durations. 
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Inaccurate coefficients of static and kinetic friction, particularly between the latch and pawl and 

between the spring and housing, become increasing detrimental as pulse duration and belt 

tension is increased.  

Once an acceptable level of correlation to the undamped test data is achieved, the 

remainder of a total of 102 undamped load case simulations are executed. A damping element is 

then added with dimensions and properties approximated to those of the rate sensitive foam. 20 

additional load cases are run at conditions highly favorable to inertial release to prove out the 

design treatment. This high level process flow is depicted in flow-chart form in Figure 1 below. 

 

Figure 1. Flow-chart of the overall methodology used in this study 
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The non-linear properties used for the foam are extracted from test data obtained from the 

National Institute for Aviation Research (NIAR) as reported by Lankarani [24]. Load deflection 

performance of a Confor CF-45 Blue foam sample three inches in thickness is given in Figure 2.  

 

Figure 2. Confor CF-45 Blue foam load-deflection curve [24] 

The second key segment of this study is use of experimental data to characterize the 

performance of the buckle under various inertial loading conditions. Experimental results 

obtained by Moffatt et al. will be used to characterize the unmodified buckle design’s 

performance with no damping component [8]. Lab testing is then performed on a buckle 

modified to include a rate sensitive foam damping component. The effectiveness of this design 

treatment is evaluated using a pneumatically driven sled impactor at inertial loading conditions 

highly favorable to latch separation.  

  



15 
 

2.2.1 Computational modeling methodology for “no foam” simulations 

Dimensionally accurate CAD solid models of the RCF-67 buckle assembly components 

are first assembled and positioned in the CATIA V5R18 Assembly Design workbench [25]. The 

models, originally generated in SolidWorks as .sldprt files, are those used by Thorbole and 

Renfroe [23]. Four key components make up the buckle assembly: the housing, latch, pawl, and 

spring. The buckle also includes a cover which attaches to the housing and a button which 

depresses the pawl. The geometries of these two components are omitted from the model but 

their mass is later considered. An image of the solid geometry is shown in Figure 3 below. 

 

Figure 3. Dimensionally accurate CATIA V5R18 solid geometry of the buckle 

The assembled solid models are exported as a .stp file and then imported into HyperMesh 

where the mid-surfaces are extracted from the solid bodies and the resultant shell surfaces are 

meshed [26, 27, 28]. Since the housing, latch, and pawl are modeled as rigid bodies a 5 mm 

element size is used when meshing these components for better computational efficiency. An 

element size of 0.5 mm is used for the spring to create a finer mesh since it is the critical 

component in this analysis. The HyperMesh .hm file is imported into LS-PRE/POST where the 

Housing 

Latch 

Spring 

Pawl 
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mesh is then refined [29, 30]. The mesh size of the latch and the pawl shells where the two come 

into contact is refined to 5 mm elements. This better captures the frictional interface and is 

important when considering frictional effects caused by belt tension applied to the latch. 

Material and section properties are assigned, contacts and assembly constraints are 

applied, and boundary and loading conditions are defined using LS-PRE/POST as the pre-

processor. The mass of the afore mentioned cover is added to the housing as a distributed nodal 

mass resulting in no change in the location of the housing center of gravity (CG). Similarly the 

small mass of the push button is added to the pawl as a distributed nodal mass. The CGs of the 

cover and push button are very closely aligned with the CGs of the housing and pawl, 

respectively, in the direction of motion making this a representative approximation. The physical 

properties of each component of the assembly are given below in Table 6. 

TABLE 6 

PHYSICAL PROPERTIES OF THE BUCKLE COMPONENTS 

Component Material Thk (cm) Vol (cm3) ρ (g/cm3) mass (g) E (GPa) 
Housing CRES 0.182 8.337 7.85 65.4 210 
Latch CRES 0.191 2.637 7.85 20.7 210 
Pawl CRES 0.178 2.241 7.85 17.6 210 
Spring Spring Steel 0.035 0.146 7.85 1.1 62.4 ± 1% 
Cover* CRES 0.089 1.756 7.85 13.8 * 
Button** Alum-Brz 0.035 0.642 7.45 4.8 ** 
Confor Foam CF-45 Blue *** 0.444 0.093 0.04 1.5E-03 
    * mass of the cover is added to the housing shell as a distributed nodal mass 
  ** mass of the push button is added to the pawl shell as a distributed nodal mass 
*** thickness of the foam is variable, foam is only included in select simulations 

The resultant net masses of the housing and pawl shells within the model are thus 79.2 g and 

22.3 g after adding the masses of the cover and push button, respectively. The modulus of the 

spring is determined through iteration, and corresponds closely to ¼-hard spring steel. 
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Upon determining the physical characteristics and material properties of the components, 

the next step is to select representative material models. An isotropic elastic (type 1) material 

combined with a fully integrated Belytschko-Wong-Chiang (type 16) shell element formulation 

and full projection warping stiffness (type 8) hourglass equations are used to cost-effectively 

model the spring while handling its non-linear load-deflection response and non-planar geometry 

[31]. Conversely, the housing, latch, and pawl are all an order of five times greater in thickness 

than the spring and are considered as infinitely stiff for the purposes of this study. These 

components are modeled as rigid bodies (material type 20) using Belytschko-Tsay (type 2) shell 

element formulations for reduced computational load [32].  

The next consideration is to begin defining the boundary conditions by establishing the 

contacts between each component of the assembly. Automatic surface-to-surface contacts are 

used where components touch each other and experience relative movement during the 

simulation. The key inputs to each contact definition are defining the master and slave 

component as well as determining the coefficients of static and dynamic friction. The friction 

coefficients are predominantly defined by the surface finishes of the two contacting components 

in combination. The housing and latch are zinc plated, which creates a smooth, shiny, metallic 

finish for corrosion protection and improved appearance. The pawl and spring are non-aesthetic 

components and receive a black oxide finish for corrosion protection only which is lustrous and 

coal-like in appearance and texture. These two finishes yield three combinations within the 

assembly: zinc-on-zinc, zinc-on-oxide, and oxide-on-oxide. Zinc-on-zinc has the lowest 

coefficients of friction as might be expected due to the combination of polished finishes. Oxide-

on-oxide has the highest due to combined surface roughness, particularly in static conditions. 

The most common combination within the buckle assembly is a zinc plated component 
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contacting a black oxidized component. This type of contact is also the most critical for accurate 

definition of frictional coefficients since it defines the interface between the latch and pawl, 

which is essential in accurately simulating the effects of increased belt tension applied to the 

latch. Belt tension on latch increases friction at this interface, which has a tendency to resist 

relative movement of the pawl, thus increasing the unlatching thresholds for acceleration pulse 

duration and amplitude. The coefficients of static and dynamic friction for this contact are the 

key parameters varied when iterating to find correlation with actual test data at elevated belt 

tension. A summary of the contacts, finishes, and friction coefficients is provided in Table 7, 

where the contacts are listed in order from lowest to highest coefficients of friction. 

TABLE 7 

FINISHES AND FRICTION COEFFICIENTS AT THE CONTACTS 

Contacting Components Material Finishes Friction Coefficients 
Master Slave Master Slave Static (μs) Dynamic (μd) 
Housing Latch Zinc Plated Zinc Plated 0.40 0.36 
Housing Pawl 

Zinc Plated Black Oxide 0.59 
0.55 ± 1% 

Housing Spring 
Latch Pawl 
Pawl Spring Black Oxide Black Oxide 0.78 

Once the contacts have been established and friction coefficients finalized via iteration, 

the boundary conditions can then be applied. Prescribed rigid motion is used to define the 

loading of the housing. A triangular peak acceleration pulse is defined and the curve is assigned 

to the housing using the acceleration flag. The acceleration is applied along a vector parallel to 

the z-axis, and the housing is prevented from translating along the y-axis or rotating about the x-

axis and y-axis or to simulate the rigid mounting structure on the vehicle chassis. Additionally, 

the latch is prevented from rotating about the y-axis in similar fashion. Body loading is used to 

apply 1 G to all components of the assembly in the downward (negative-y) direction simulating 
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gravity. Belt tension is applied to the latch in the upward (positive-y) direction using node set 

loading on the nodes in the vicinity of the webbing attachment. A free body diagram (FBD) 

depicting the afore mentioned boundary conditions is shown in Figure 4 below. Also depicted 

are the meshed shells of the assembly components. 

 

Figure 4. Free body diagram of the buckle assembly with meshed component shells shown 

Gravitation acceleration and tension on the latch are both held constant throughout the 

simulation. The acceleration of the housing is labeled a(t) indicating it is a function of time.       
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A sample triangular pulse plot extracted using LS-PRE/POST with a peak acceleration amplitude 

ap of 500 G and pulse duration t2 of 1 ms is depicted graphically in Figure 5. 

 

Figure 5. Sample triangular peak acceleration pulse function, 500 G, 1 ms 
The loading applied to the housing can be thought of as an impulse function, and key to 

understanding the unlatching phenomenon is an understanding of the total impulse applied. The 

impulse is merely the change in momentum, mass times the change in velocity, or the integral of 

the acceleration pulse function with respect to time multiplied by the mass. As seen in Figure 5 

the acceleration function for the triangular peak pulse can be broken into two functions. The 

acceleration function from t0 to t1 is given in equation (1) and the acceleration function from t1 to 

t2 is given in equation (2). 

       

    
  

  
   (1) 

       

    
   

  
       (2) 
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Next multiplying by the mass and taking the integral with respect to time we see that the impulse 

function is as shown in equation (3). 

            

    

  
              

            

    
  

  

  

  
  (3) 

Substituting equations (1) and (2) into equation (3) and recognizing that t0 is simply zero, we 

arrive at the impulse function presented in equation (4). 
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Now integrating equation (4) with respect to time brings us to equation (5). 
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The next step is to evaluate the integrand in equation (5) for t1 and t2 and pull out the common 

term ap which gives us equation (6), where map may be thought of as the peak force multiplier. 
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Now recognizing that t1 is simply half of t2 we make the substitution and arrive at equation (7). 
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Notice that the first and fifth terms inside the brackets of equation (7) are the same and can be 

combined. The second, third, and fourth terms cancel out leaving us with equation (8). 

   
 

 
      (8) 

More simply, the total impulse applied to the housing in this simulation, or its total change in 

momentum, can be thought of as the area under the acceleration pulse curve seen in Figure 5 

multiplied by the mass of the housing. This is confirmed when compared to formula derived in 

equation (8) above. Impulses simulated in this study range from 0.064 kg-m/s to 1.796 kg-m/s. 
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Now that the materials, section properties, contacts, assembly constraints, boundary 

conditions, loads, and governing equations are all fully defined, the .k (key) files generated using 

LS-PRE/POST can serve as the input decks for computation in LS-DYNA [31, 32, 33]. A typical 

.k input deck for a “no foam” simulation is provided in Appendix D. LS-DYNA is run using 

eight CPUs on the servers at the Wichita State University High Performance Computing Center 

(HIPECC). The .d3plot result files generated by LS-DYNA, with results written once every half 

millisecond, are then read using LS-PRE/POST as the post-processor software. 

2.2.2 Computational modeling methodology for “with foam” simulations 

Upon successful correlation of the “no foam” model to the experimental data in the 

literature, foam is added to the existing buckle model in LS-DYNA. The foam is modeled using 

solid hex elements with a 0.5 mm mesh size in the direction of compression, which is consistent 

with the mesh size of the spring.  Constant stress solid element formulation (type 1) equations 

are used in combination with a low density foam material (type 57) [32]. The stress-strain curve 

for the CF-45 blue foam is derived from load-deflection data, collected by Lankarani and afore 

presented in Figure 2, yielding the curve shown in Figure 6 (generated in LS-PRE/POST) [24]. 

 

Figure 6. Confor CF-45 Blue foam stress-strain curve generated in LS-PRE/POST (LCID = 6) 
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Figure 7 below provides the material card settings used for the foam as input into LS-

PRE/POST. The stress-strain curve for the foam is referenced as load curve ID (LCID) “6”.  

 

Figure 7. CF-45 foam material card inputs in LS-PRE/POST 

Figure 8 shows an updated free body diagram and isometric view of the buckle model with the 

foam added. The latch is not shown in the isometric view for improved visibility of the foam. 

 

Figure 8. Free body diagram of the buckle assembly with foam mesh included 

Automatic surface to surface contacts are established from the foam to the spring, pawl, and 

housing in the same fashion as described in the “no foam” methodology section. Coefficients of 
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static and kinetic friction of 0.085 and 0.075, respectively, are used in all three contacts. A scale 

factor of 1.5 is applied to the contact thickness of the spring to prevent excessive penetration of 

the solid foam elements into the spring’s thin shell elements. Lastly, minute hourglass control is 

added to the foam to help deal with the large deformations in compression. An hourglass 

coefficient of 0.01 is used to prevent excessive stiffening [31]. A representative LS-DYNA .k 

input deck for a “with foam” simulation is provided in Appendix E. 

2.2.3 Laboratory sled testing detailed methodology 

In order to first test the validity of introducing viscoelastic foam into the buckle as a 

damping agent, an impact test is arranged as a proof of concept. The intention of the testing was 

to create conditions that were highly favorable to inertial unlatching. As previously discussed, it 

has been well demonstrated in the literature that the conditions favorable to unlatching are high 

acceleration pulse coupled with a long pulse duration and low belt tension. If the buckle could 

then be shown to consistently and repeatedly inertially unlatch under these conditions, then those 

conditions would be conducive to demonstrating the effectiveness of the foam in preventing 

unbuckling under inertial load. Testing is performed in the crash dynamics lab at The 

Engineering Institute in Farmington, Arkansas. The Engineering Institute is a research and 

consulting firm specializing in automotive crash dynamics and accident reconstruction. They 

have conducted extensive testing in the past on both side release and end release seat belt 

buckles. Their engineers provide the perfect background expertise for setting up and conducting 

buckle impact testing. 

Three buckles are initially selected for testing. All buckles are of the RCF-67 design but 

from different manufacturers, TRW (Ford), Bendix (Chrysler), and General Safety (GM). 

Preliminary inspection of the buckles shows that the button push force of the Bendix and General 
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Safety buckles is about twice that of the TRW buckle. Deductive reasoning indicates that the 

TRW buckle is more likely to inertially unlatch, particularly at lower accelerations, than the 

other buckles with stiffer springs. Several undocumented impact tests are conducted on the three 

different buckles and the afore mentioned hypothesis is confirmed. At the minimum acceleration 

required for the TRW buckle to inertially unlatch, the Bendix and General Safety buckles do not. 

The same holds true as the acceleration is increased by 20 to 30 percent. Hence, the TRW buckle 

is ultimately selected for further testing as it proves the most favorable to inertial unbuckling. 

This statement must be prefaced with the fact that the buckles are salvaged from used vehicles. 

Factors affecting the spring performance are not only the manufacturer but also the age of the 

buckle and its frequency of use. Indeed it stands to reason that a spring which has experienced 

more cyclic loadings will be more ‘broken in’ and likely more easily compressed. Hence, it is not 

the intention of this author to suggest that all RCF-67 buckles manufactured by TRW are more 

likely to inertially unlatch than those of other makes, but only this particular sample. Thus, this 

particular TRW buckle is selected in keeping with the goal to create conditions most favorable to 

unlatching.  

To demonstrate more clearly the performance of the foam, and to avoid introducing 

additional variables into the experiment, the same buckle is used throughout testing. The ease of 

assembly of the RCF-67 buckle also lends to its ease of disassembly. Thus, it is convenient to 

easily remove the buckle casing from the buckle body to insert and interchange the foam. 

Similarly, the simple construction of the design allows for mistake-proof re-assembly, where 

errors in assembly are immediately evident and easily corrected. The only tool required is small 

flathead screw driver. 
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The procedure of disassembly the buckle, insertion of the foam, and reassembly is shown 

pictorially in Figure 9. Frame one shows the fully assembled buckle, with the latch removed. 

 

Figure 9. Buckle disassembly and damping foam assembly procedure 

Frame two shows the buckle housing (right) with pawl and spring installed and the cover (left) 

with the push button in position. Frame three shows the fully disassembled buckle, however, the 

spring remains clipped in place to the pawl (far right). Finally, frames four through six depict the 

insertion of the foam and reassembly. Several shapes, thicknesses, and locations for the foam are 

preliminarily evaluated. Ultimately, a rectangular foam strip is selected and placed between the 

spring and the pawl as shown in Figure 9, frame 5. This configuration provides for maximum 

damping with the lowest increase in button push force. Additionally, the foam can be easily 

inserted and consistently located without the need for a measurement device or special tool. The 

dimensions of the foam insert used during sled testing are given in Figure 10. 

 

Figure 10. Damping foam insert dimensions 

 

   

   

 1  2  3 
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Two different foams are selected for testing, one representing a harder rate sensitive foam and 

the other a softer rate sensitive foam. For the harder foam, EAR Confor CF-47 series firm green 

foam is selected. For the softer foam, CF-45 medium-firm blue foam is used. These foams are 

typically used in aircraft seat cushion applications, but are used as damping agent in this testing. 

The completed assemblies, prior to reattachment of the cover, are depicted in Figure 11 below. 

 

Figure 11. Buckle with CF-47 green foam (left) and CF-45 blue foam (left) installed 
In order to measure the pulse experienced by the buckle during impact loading, a 600G Silicon 

Designs single axis accelerometer is mounted directly to the buckle body, as seen in Figure 12.  

 

Figure 12. Buckle housing with single axis accelerometer installed 

Care is taken to ensure the mounting screws only engaged the thickness of the buckle body, and 

do not penetrate into the buckle cavity. A penetration into the compression zone of the spring or 

pawl could cause either of them to bottom out on the fasteners and give a false result. 

Confor Green Confor Blue 
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So as to introduce a consistent inertial load on the buckle, an impact sled with a 

pneumatic cylinder is selected. Past testing conducted at the Engineering Institute had shown the 

occurrence of inertial unlatching in some RCF-67 buckles at as low as a 50 psi charge to the 

cylinder. Preliminary tests ran on an unaltered TRW test article at 70-90 psi had also produced 

inertial unlatching. Hence, 100 psi is selected as the cylinder charge for all testing to produce 

exceedingly favorable unlatching conditions. The test sled is retrofitted with a rigid structural 

member to which the buckle can be mounted and its orientation adjusted. Once mounted, the 

angle of the mounting plate is adjusted to hold the buckle perfectly vertical and ensure loading 

directly normal to the buckle body. The buckle is mounted as is typical in rigid mounting 

scenarios within a vehicle, with the flange of the buckle body bolted to the rigid structure and the 

remainder of the buckle body suspended. A rigid aluminum impactor is installed to create a 

metal to metal contact and generate a sharp pulse. Images of the impactor sled, release lever, test 

sled, buckle mounting structure, rubber stop, and pressure gauge are shown in Appendix F. A 

simplified schematic of the sled test setup is given below in Figure 13. 

 

Figure 13. Impact sled test setup schematic 
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To maintain consistent spacing between the impactor and the test sled throughout all testing, a 

three inch diameter rubber cylinder is used as a spacer each time the test sled position is reset. As 

a safety precaution, the latch is tethered to the test sled to prevent it from becoming a projectile 

in the event of unlatching. High strength fishing line is used as the tether as seen in Figure 14.  

 

Figure 14. Buckle mount and tether 

With the exception of its own weight, no tensile load is placed on the buckle. Again, this is in 

favor of inertial unlatching as it has been well demonstrated in the literature that higher belt 

tensions greatly decrease the likelihood of inertial unbuckling [10, 11, 12, 13, 14, 15, 18]. 

 A total of eight impact tests are conducted on the buckle. Initially, two tests are run with 

no damping agent in the buckle assembly to ensure unlatching is achieved. The Confor CF-47 

firm green foam is then added and two additional tests are run. Next, the firm green foam is 

exchanged for Confor CF-45 medium-firm blue foam and two tests are run in this configuration. 

Lastly, to verify unlatching performance is independent of the accelerometer mounting and to 

verify the integrity of the acceleration data, the foam is removed and the accelerometer mounting 

is moved from the buckle housing to the rigid sled prior to conducting the two final tests. 

Acceleration measurements are recorded to the data acquisition system every one tenth 

millisecond and each test is captured on high speed video at a rate of one frame per millisecond. 

Tension is applied to the latch after each test to verify weather latch separation has occurred.  

Mounting Bolt 

Tether 
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CHAPTER 3 

RESULTS AND DISCUSSION 

3.1 Results 

The results reported in this section are obtained from the finite element model once 

correlation has been achieved with experimental data found in the literature. Results are also 

reported for the laboratory sled impact tests conducted as part of this study. Both sets of results 

depict the performance of the buckle before and after foam damping treatment is added to the 

spring. Eight data points are obtained from the experimental results representing three unique 

sets of conditions. One hundred forty unique data points are generated from the finite element 

analysis, all of which are for unique conditions and twenty of which include rate sensitive foam. 

3.1.1 Computational modeling results 

The computational model is first correlated based on the load cases afore presented in 

Table 5, where a minimum of 16 out of 18 “correlation” simulations (89%) are required to 

predict the expected outcome based on known experimental data. A replication of the Table 5 

simulated condition matrix with results overlaid is presented in Table 8 below. 

TABLE 8 

RESULTS FOR COMPUTATIONAL MODEL FINAL CORRELATION 

Test Conditions 
Belt Tension Acceleration 

Threshold 
Scale Factor 

Expected Result 
0 N 90 N 

(20 lbf) 
180 N 

(40 lbf) 

Pu
ls

e 
D

ur
at

io
n 

(m
ill

is
ec

on
ds

) 

2 ms N N N 90 % No Unlatching (N) 
2 ms Y Y Y 110 % Unlatching (Y) 
4 ms N N N 90 % No Unlatching (N) 
4 ms Y Y Y 110 % Unlatching (Y) 
6 ms N Y N 90 % No Unlatching (N) 
6 ms Y N Y 110 % Unlatching (Y) 
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Extensive iterations are used to fine tune the spring stiffness and frictional coefficients at the 

contacts to achieve this level of correlation. Over 400 simulations are conducted in the 

preliminary correlation phase. Expected results are ultimately achieved for 16 out of 18 final 

correlation cases. At a long pulse duration of 6 ms and medium belt tension of 90 N, however, 

the model predicts an inverse unlatching threshold. That is, the buckle unlatches at 90% of the 

experimentally determined acceleration threshold, but does not unlatch at 110% of the threshold. 

The correlation results are determined to be acceptable and further simulations are then 

conducted. 

3.1.1.1 Modeling results for undamped buckle 

Following the 18 “final correlation” simulations, 102 additional simulations are 

conducted to fully characterize the undamped buckle performance, for a total of 120 unique sets 

of undamped conditions evaluated. Simulations are categorized by short, medium, and long 

duration pulse conditions and are further grouped into low, medium, and high belt tension. 

Results for short pulse duration (1-2 ms) and low belt tension (5 N) are shown in Table 9 below. 

TABLE 9 

RESULTS FOR SHORT PULSE, LOW BELT TENSION SIMULATIONS 

1 lbf (5 N) 
Tension 

Peak Acceleration 
300 G 400 G 500 G 600 G 

D
ur

at
io

n 1 ms Y N N N 

2 ms N Y N Y 

  N: Latch does not Eject         Y: Latch Ejects 

The results are indicative of the non-linear behavior of the spring model, where higher 

accelerations and longer pulse durations for a given set of conditions do not necessarily result in 

unlatching. This is a product of the frequency response of the spring, as pointed out by Thorbole 
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and Renfroe [23]. The lowest peak acceleration for which unlatching is observed at low belt 

tension is 300 G when pulse duration is only 1 ms. However, when pulse duration is increased to 

2 ms, the acceleration threshold actually increases to 400 G counter to what one might predict 

based simply on observation of general trends. Results for short pulse duration and medium belt 

tension (90 N) are given in Table 10, where the results again exemplify the non-linear modal 

response of the spring. The buckle does not unlatch at 400 G and 500 G, but does at 450 G. 

TABLE 10 

RESULTS FOR SHORT PULSE, MEDIUM BELT TENSION SIMULATIONS 

20 lbf (90 N) 
Tension 

Peak Acceleration 
400 G 450 G 500 G 600 G 

D
ur

at
io

n 1 ms N Y N N 

2 ms N Y N Y 

  N: Latch does not Eject         Y: Latch Ejects 

The results of doubling the belt tension (180 N) for short duration pulses are provided in Table 

11, where they are observed to be more dependent on friction and less dependent on the spring. 

TABLE 11 

RESULTS FOR SHORT PULSE, HIGH BELT TENSION SIMULATIONS 

40 lbf (180 N) 
Tension 

Peak Acceleration 
500 G 550 G 600 G 700 G 

D
ur

at
io

n 1 ms N N Y N 

2 ms N Y Y Y 

  N: Latch does not Eject         Y: Latch Ejects 

Upon completion of the short pulse simulations, medium pulse durations (2-6 ms) are 

evaluated, again for low, medium, and high belt tension. Low belt tension, medium duration 

pulse results are presented in Table 12. 
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TABLE 12 

RESULTS FOR MEDIUM PULSE, LOW BELT TENSION SIMULATIONS 

1 lbf (5 N) 
Tension 

Peak Acceleration 
100 G 150 G 200 G 300 G 400 G 

D
ur

at
io

n 

2 ms N N N N Y 

3 ms N N Y N Y 

4 ms N N Y Y Y 

5 ms N N Y Y Y 
  N: Latch does not Eject             Y: Latch Ejects 

The conditions at which inertial releases are observed for medium pulse duration and low belt 

tension are grouped largely toward the higher peak acceleration range. However, for a 3 ms pulse 

unlatching is observed at 200 G and 400 G, but not at 300 G. Medium belt tension is next 

evaluated for the medium pulse duration range, the results of which are shown in Table 13. 

TABLE 13 

RESULTS FOR MEDIUM PULSE, MEDIUM BELT TENSION SIMULATIONS 

20 lbf (90 N) 
Tension 

Peak Acceleration 
200 G 300 G 400 G 500 G 600 G 

D
ur

at
io

n 

2 ms N N N N Y 

3 ms N N Y N Y 

4 ms Y N Y Y Y 

5 ms N Y N Y N 
  N: Latch does not Eject          Y: Latch Ejects 

While the peak acceleration thresholds for medium belt tension do generally trend downward as 

pulse duration is increased, there are multiple high G, medium pulse duration cases where 

unlatching is not observed even though the peak acceleration is above the minimum threshold for 

which unlatching is observed at that particular pulse duration. Finally evaluated in the medium 

pulse duration category is the group of simulations for high belt tension. Medium pulse duration, 
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high belt tension results are reported in Table 14, where the trend is very similar to the medium 

tension results, although overall peak acceleration thresholds for unlatching are generally higher. 

TABLE 14 

RESULTS FOR MEDIUM PULSE, HIGH BELT TENSION SIMULATIONS 

40 lbf (180 N) 
Tension 

Peak Acceleration 
300 G 400 G 500 G 600 G 700 G 

D
ur

at
io

n 

2 ms N N N Y Y 

3 ms N N Y N Y 

4 ms N N Y N Y 

5 ms N Y Y Y N 

6 ms N N Y Y Y 
  N: Latch does not Eject             Y: Latch Ejects 

 Lastly evaluated is the long pulse duration category of simulations (6-8 ms). Pulse 

duration is stepwise increased from 6 ms to 7 ms and finally to 8 ms as belt tension is increased 

from 5 N to 90 N and lastly to 180 N, respectively. The long duration pulse results are presented 

in Table 15, where inertial release is again observed to be more likely at high G-loading. 

TABLE 15 

RESULTS FOR LONG PULSE, VARIED BELT TENSION SIMULATIONS 

6 to 8 ms 
Pulse 

Peak Acceleration 
100 G 150 G 200 G 250 G 350 G 450 G 550 G 

T
en

si
on

, D
ur

at
io

n 1 lbf (5 N), 
6 ms Pulse N Y Y Y N Y Y 

20 lbf (90 N), 
7 ms Pulse Y N Y Y N Y Y 

40 lbf (180 N), 
8 ms Pulse N N N Y Y Y Y 

  N: Latch does not Eject             Y: Latch Ejects 

Pockets of resistance to inertial release are observed at 5 N tension for a 6 ms, 350 G pulse as 

well as at 90 N tension for a 7 ms pulse duration at both 150 G and 350 G peak accelerations.  
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3.1.1.2 Modeling results for buckle with rate sensitive foam added 

Subsequent to the 120 undamped simulations, 20 simulations are conducted to 

characterize the buckle performance upon addition of the rate sensitive foam, bringing the grand 

total to 140 unique sets of conditions evaluated. The “with foam” or “damped” simulations are 

run for short, medium, long, and very long duration pulses at medium to very high acceleration 

amplitude, all with minimal belt tension. As afore mentioned, these conditions are known 

empirically to be highly favorable to inertial unlatching of the RCF-67 buckle. Results for the 

damped simulations, where the foam properties are modeled based on material test data, are 

presented in Table 16 below. 

TABLE 16 

RESULTS FOR SIMULATIONS WITH RATE SENSITIVE FOAM 

1lbf (5N) 
Tension 

Peak Acceleration 
300G 400G 500G 600G 700G 

D
ur

at
io

n 

2ms N N N N N 

4ms N N N N N 

6ms N N N N Y 

8ms Y N N N N 
  N: Latch does not Eject             Y: Latch Ejects 

The damped buckle is observed to remain latched in all but two of these low tension simulations, 

where 90% of the severe load cases evaluated do not inertially unlatch the buckle. The threshold 

for inertial release is determined to be a 700 G, 6 ms pulse. For a 33% longer pulse duration of 8 

ms, the acceleration amplitude threshold is 300 G, or less than half. For higher peak accelerations 

in the 8 ms pulse duration range, the rate sensitivity of the foam appears to take over and prevent 

release during these sharper pulses.  
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3.1.2 Lab testing results 

The setting of 100 psi on the pneumatic impactor sled generates peak accelerations on the 

buckle housing ranging from 400 G to 600 G with pulse durations ranging from 4.5 ms to 6.5 

ms. A typical acceleration pulse profile from the first test with no foam is plotted in Figure 15 

below. The accelerometer data is presented using a moving average filter. 

 

Figure 15. Typical acceleration pulse for buckle mounted accelerometer, run 1, without foam 

Following the ramp-up in acceleration, oscillation is observed throughout the decline in 

acceleration and final deceleration of the sled. This phenomenon is present in all six of the sled 

test where the accelerometer is mounted to the buckle housing. Careful observation of the high 

speed video from each test reveals that the oscillation is due to the buckle “whipping” back a 

forth about its mounting flange. The remainder of the accelerometer data is given in Appendix G. 
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For the final two runs without foam, the accelerometer is mounted to the sled structure. A 

much sharper pulse is observed for the sled mounted accelerometer as compared to the buckle 

mounted accelerometer. The pulse duration on the sled of 1 ms can be seen in Figure 16 below. 

 

Figure 16. Typical acceleration pulse for sled mounted accelerometer, run 3, without foam 

Comparison of the sled mounted accelerometer pulse data from Figure 16 to that of the buckle 

mounted accelerometer data in Figure 15 affirms the occurrence of “whipping” effect, all other 

conditions having been held constant between the two. The longer pulse duration at the buckle 

CG is caused by an apparent lag in the acceleration of the primary buckle mass, being 

cantilevered and subject to flexure, as it catches up in velocity to its flange mounted on the rigid 

structure. As the CG “sling-shots” forward, it surpasses the velocity and in some cases the 

acceleration of the structure, then oscillates back and forth in this fashion until coming to rest. 
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3.1.2.1 Sled testing results for unmodified buckle (“without foam”) 

Results for the four sled tests conducted with the buckle unaltered (with the exception of 

the mounting of the accelerometer to the housing in two tests) are summarized in Table 17. 

TABLE 17 

CONDITIONS, ACCELEROMETER DATA, AND RESULTS “WITHOUT FOAM” 

Seq. 
Run # 

Accelerometer 
Mounting 

Foam 
Config. 

Run # at 
same Config. 

Peak 
Accel. (G) 

Pulse 
Dur. (ms) Result 

1 Buckle 
Mounted 

Without 
Foam 1 600 6 Unlatches 

2 Buckle 
Mounted 

Without 
Foam 2 500 5 Unlatches 

7 Sled Mounted Without 
Foam 3 450 1 Unlatches 

8 Sled Mounted Without 
Foam 4 450 1 Unlatches 

As afore mentioned, it is noted that the sled mounted accelerometer measurements demonstrate 

consistent pulses of 450 G peak acceleration with a duration of 1 ms. The pulse profiles for runs 

3 and 4 “without foam” (sequential run numbers 7 and 8) are nearly identical. Thus, it is clear 

that the acceleration pulse generated at the sled structure is uniform from test to test, while the 

acceleration pulse seen by the buckle at its CG varies and is more severe in all cases.  

Plate 1 contains images obtained from the high speed video for the four sled tests 

conducted with no foam in the buckle assembly. The images are taken shortly after sled impactor 

contact once unlatching has initiated. The results of the first two tests with a buckle mounted 

accelerometer are shown pictorially in frame one (run 1, without foam, 600 G peak, 6 ms 

duration) and frame two (run 2, without foam, 500 G peak, 5 ms duration). The results of the 

final two sled tests with a structure mounted accelerometer can be seen in frame three (run 3, 

without foam) and frame four (run 4, without foam). The buckle inertially unlatches in all four 

tests conducted with no foam damping.  
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Plate 1. Results of sled tests on buckle “without foam” damping added 

Frame 1 - Result: Unlatches 

Frame 2 - Result: Unlatches 

Frame 3 - Result: Unlatches 

Frame 4 - Result: Unlatches 
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3.1.2.2 Sled testing results for buckle with rate sensitive foam added (“with foam”) 

Results for the four sled tests conducted “with foam” added to the buckle are given in 

Table 18, where the accelerometer is mounted to the buckle housing in all cases. 

TABLE 18 

CONDITIONS, ACCELEROMETER DATA, AND RESULTS “WITH FOAM” 

Seq. 
Run # 

Accelerometer 
Mounting 

Foam 
Config. 

Run # at 
same Config. 

Peak 
Accel. (G) 

Pulse 
Dur. (ms) Result 

3 Buckle 
Mounted 

CF-47 
Green 1 400 5.5 No 

Unlatching 

4 Buckle 
Mounted 

CF-47 
Green 2 400 4.5 No 

Unlatching 

5 Buckle 
Mounted 

CF-45 
Blue 1 550 6 No 

Unlatching 

6 Buckle 
Mounted 

CF-45 
Blue 2 550 6.5 No 

Unlatching 

In runs 1 and 2 (sequential runs 3 and 4) “with foam” CF-47 green the acceleration measured at 

the buckle CG peaks at 400 G and ranges from 4.5 ms to 5.5 ms in duration. In runs 1 and 2 

(sequential runs 5 and 6) with the softer CF-45 blue foam, a more severe pulse is measured, 

peaking at 550 G with pulse durations of 6 ms and 6.5 ms, respectively.  

High speed video images obtained from the four sled tests conducted with foam included 

in the buckle assembly are given in Plate 2. The results of the two tests using Confor CF-47 firm 

green foam can be seen in frame one (run 1, with hard foam, 400 G peak, 5.5 ms duration) and 

frame two (run 2, with hard foam, 400 G peak, 4.5 ms duration). The results of the two tests 

including Confor CF-45 medium-firm blue foam within the buckle can be seen in frame three 

(run 1, with soft foam, 550 G peak, 6 ms duration) and frame four (run 2, with soft foam, 550 G 

peak, 6.5 ms duration). The buckle does not unlatch in any of the four tests where rate sensitive 

foam is used. 
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Plate 2. Results of sled tests on buckle with CF-47 (hard) and CF-45 (soft) foam added 

Frame 1 - Result: No Unlatching 

Frame 2 - Result: No Unlatching 

Frame 3 - Result: No Unlatching 

Frame 4 - Result: No Unlatching 
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3.1.2.3 Passenger button push force on unmodified and damped buckles 

An Imada DS2-110 hand-held digital force gauge (accurate to 0.1 lbf) is used to measure 

the push button force as experienced by the operator on two RCF-67 buckles from different 

manufacturers, TRW (Ford) and Bendix (Chrysler). The buckles are the same test articles used in 

the sled impact tests (TRW and Bendix in preliminary sled tests, TRW in official sled tests). Five 

measurements each are taken for both unmodified buckles, then five measurements each are 

taken for the modified TRW buckle, first with CF-45 medium-firm (soft) blue foam installed, 

then with CF-47 firm (hard) green. The results, presented in Table 19 below, are acquired at a 

slow, steady rate by a single operator (the author) at room temperature. 

TABLE 19 

PUSH BUTTON FORCE RESULTS FOR UNMODIFIED AND MODIFIED BUCKLES 

Buckle Treatment Force (lbf) Mean Force (lbf) Standard Deviation (%) 

Bendix Without Foam 
(Unmodified) 

1 5.1 

5.2 3% 
2 5.3 
3 5.4 
4 4.9 
5 5.3 

TRW Without Foam 
(Unmodified) 

1 2.8 

2.8 0% 
2 2.8 
3 2.8 
4 2.8 
5 2.8 

TRW CF-45 Foam 
Inserted 

1 5.3 

5.7 4% 
2 5.7 
3 5.9 
4 5.8 
5 5.6 

TRW CF-47 Foam 
Inserted 

1 8.2 

7.8 5% 
2 7.7 
3 8.3 
4 7.3 
5 7.5 
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The measurements are subject to some variation, being taken by hand (images available 

in Appendix H), but provide an additional glimpse into the rate sensitive behavior of the foam. 

Standard deviation for the unmodified Bendix buckle is 3%, where the mean force is nearly 

double that of the TRW buckle, there being no variation in the TRW force measurements. When 

the softer of the two foams (CF-45) is added to the TRW test article the push button force 

doubles and variation arises. The push button force is nearly tripled upon addition of the hard 

foam (CF-47) compared to the unmodified TRW buckle and standard deviation is higher at 5% 

compared to the standard deviation of 4% for the softer foam. The increase in deviation is likely 

attributable to both the increase in mean push button force as well as the rate sensitivity of the 

foam. The buckle with the stiffer, more rate sensitive CF-47 foam requires more exertion to 

depress the button and the rate of depression is more difficult to control. The mean push button 

force results are also compared in bar chart form in Figure 17. 

 

Figure 17. Mean push button force for unmodified and damped buckles, room temperature 

It is noted that the addition of CF-45 foam (grade tested in sled tests and analyzed in LS-DYNA 

simulations) to the TRW buckle (test article used in official sled tests) yields a comparable push 

button force to that of the unmodified Bendix buckle at room temperature. 
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Research performed at National Institute for Aviation Research (NIAR) and reported by 

Thorbole, Lankarani, and Costello has shown that rate sensitivity and stiffness of the foam are 

also dependent on temperature [34]. Load deflection performance of a Confor foam buildup two 

inches in thickness is given in Figure 18, which compares quasi-static foam stiffness at elevated 

and subzero temperatures.  

 

Figure 18. Confor foam quasi-static stiffness at elevated and subzero temperature [34] 

Excessive foam stiffness at cold temperatures could result in unacceptable button push force. 

Additionally, the foam’s effectiveness in damping will tend to be reduced at elevated 

temperatures. 

3.2 Discussion 

Further discussion is needed regarding both the computation model results and the 

laboratory test results, including those generated in this study and those found in the literature. In 

particular, the undamped buckle model’s level of correlation to experimentally determined and 
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computationally predicted thresholds found in the literature requires assessment. Additionally, it 

is desirable assess the results of the finite element model’s prediction of thresholds for the buckle 

with foam installed alongside those results obtained in the lab sled tests as part of this study. 

3.2.1 Discussion of computational model results 

The results afore presented in Table 8 through Table 15 indicate non-linear predictions of 

unlatching behavior in the unmodified RCF-67 buckle simulations, as is also observed in 

empirical results generated by Moffatt et al (afore summarized in Table 1) [8]. Some 

combinations of conditions, where unlatching may have been otherwise expected based on 

general trends, yield no inertial release. Other combinations of conditions, where inertial release 

is not otherwise anticipated, result in unlatching. This dependency on the modal response of the 

spring in combined inertial, gravitational, physical, vibratory, and frictional loading is afforded 

by the sophistication of the finite element model in LS-DYNA, as is additional resolution in the 

known inertial release thresholds. The threshold trends are presented graphically in Figure 19. 

 

Figure 19. Inertial release thresholds for unmodified buckle predicted by LS-DYNA simulations 
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Known general trends are re-affirmed, where peak acceleration thresholds generally decrease as 

pulse duration is increased and as belt tension is decreased, although exceptions are apparent. 

One stark example of this exception to the general trend is the sharp rise in the acceleration 

threshold at 2 ms pulse duration for 1 lbf belt tension, where the threshold increases from 300 G 

at 1 ms to 400 G at 2 ms, then drops back down to 200 G for pulse durations of 3 to 5 ms. 

Similar exceptions occur for 20 lbf belt tension at a 5 ms pulse and for 40 lbf tension at 6 ms. 

Observations of these particular simulations indicate consistent early contact between the spring 

and pawl as compared to other load cases, which may provide a small amount of damping and 

explain the difference in the spring frequency response as compared to the general trends. These 

general trends are perhaps more apparent on a contour plot, provided in Figure 20 below, where 

the trends can be simultaneously observed for varied pulse duration and belt tension. 

 

Figure 20. Inertial release threshold contour plot for unmodified buckle LS-DYNA simulations 
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It is worth noting that multiple thresholds predicted by the model for given load conditions are 

very similar and in some case slightly “less severe” than actual crash conditions measured by 

Moffatt et al in full scale sled and rollover tests, those observed loads being afore summarized in 

Table 2 and Table 3. Namely, a 118 G, 8 ms pulse is recorded by Moffatt et al in a rollover test 

where belt tension is 20 lbf, where the LS-DYNA model predicts unlatching at 20 lbf tension 

when the pulse exceeds 100 G and 7 ms pulse duration. Pulses of 280 G, 4.4 ms and 436 G, 3.8 

ms are also recorded by Moffatt et al during side impact sled testing. While belt tensions are 

recorded as exceeding 100 lbf for these pulses, the pre-test belt tensions are not reported, but are 

known for the rollover tests to exceed 180 lbf. For a more reasonable belt tension of 20 lbf these 

pulses are easily capable of unlatching the buckle under inertia, being centered near the dip in the 

peak acceleration threshold predicted at 4 ms pulse duration. 

Key to determining the level of correlation of the computational model in LS-DYNA, and 

thereby the trustworthiness of its predictions, is comparison to the available experimental data 

points. Comparison to the thresholds derived experimentally by Moffatt et al is crucial to 

determining the level of correlation for the model, this being one of the primary objectives of this 

study [8]. Additional comparison to the predictions generated by Thorbole and Renfroe using 

MADYMO (afore summarized in Table 4) is also desirable to assess the improvements in the 

sophistication of the model [23]. Between the two above mentioned studies, a strong basis of 

comparison can be made to both experimental data and computational modeling predictions 

found in the literature, this being another primary objective in this study. In this fashion, a true 

vetting of the LS-DYNA predictions is achieved, where the experimental data generated in this 

study is otherwise comparatively limited. Figure 21 provides a graphical comparison for high 
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belt tension (40 lbf), where the significant difference in the level of correlation to the 

experimental data between the two computational models is visibly apparent. 

 

Figure 21. Comparison of predicted inertial release thresholds in LS-DYNA 

and MADYMO simulations to experimental data, 40 lbf belt tension 

The LS-DYNA results, simulated in 50 G intervals where correlation is required to experimental 

data points and at 100 G intervals otherwise, correlate well within this resolution to the empirical 

data. The predictions are greatly improved compared to the MADYMO simulations found in the 

literature, which use a semi-linear quasi-static spring model [23]. Noteworthy takeaways from 

the LS-DYNA simulations are the peak acceleration threshold predictions at 5 ms and 8 ms pulse 

durations. Without the additional resolution of the 5 ms evaluation, one would miss the dip in 

resistance to inertial release at this pulse duration. Furthermore, extrapolation of the experimental 

data trend to 8 ms would greatly over predict the inertial release threshold. These inaccuracies 

could be severely detrimental particularly if the design objective is to be above 400 G. 

The LS-DYNA results for medium belt tension, simulated at the afore mentioned 

intervals, again correlate well within the resolution of those intervals to the Moffatt et al data and 
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provide superior predictions to those in the Thorbole and Renfroe study [8, 23]. The predictions 

of inertial release thresholds for medium belt tension (20 lbf) in LS-DYNA are compared in 

likewise fashion in Figure 22. 

 

Figure 22. Comparison of predicted inertial release thresholds in LS-DYNA 

and MADYMO simulations to experimental data, 20 lbf belt tension 

The LS-DYNA simulation at 4 ms pulse duration does predict a slight dip below the 

experimental threshold. However, it is noted that Moffatt et al report this threshold for the 

bandwidth of “medium-duration” pulses (greater than 2 ms but less than 6 ms), and the curves 

otherwise follow very closely within this bandwidth [8]. It is possible that none of the data points 

generated in the Moffatt et al laboratory tests fall directly on or near 4 ms pulse duration for 20 

lbf belt tension, in which case this apparent dip would again be missed. 

The LS-DYNA results for minimal belt tension correlate well within the resolution of   

50 G to the Moffatt et al data and again provide better predictions than the MADYMO model [8, 

23]. The comparison for minimal belt tension is shown in Figure 23. 
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Figure 23. Comparison of predicted inertial release thresholds in LS-DYNA 

and MADYMO simulations to experimental data, minimal belt tension 

Spring vibration may be attenuated by contact with the mass of the pawl in some low tension, 

short pulse scenarios where initial deflections occur early, such as with the sharp 2 ms pulse. 

This is believed to be a contributor to the sharp rise in the peak acceleration threshold for inertial 

release from 300 G at 1 ms to 400 G at 2 ms, followed by a drop to 200 G at 3 ms. 

The round of twenty unique severe loading scenarios evaluated via the buckle finite 

element model including a simulated strip of CF-45 rate sensitive foam provide additional 

insight into the effectiveness of the foam beyond what the laboratory sled tests afford. The 

damped buckle only unlatches in two of these low tension simulations. The threshold for inertial 

release when foam is used is determined to be a 700 G, 6 ms pulse, where the total change in 

momentum of the buckle housing is 1.347 kg-m/s. When pulse duration is increased to 8 ms, the 

acceleration amplitude threshold decreases to 300 G, where the total impulse applied is actually 

lower at 0.770 kg-m/s. For the purposes of this study the 8 ms pulse is considered to be more 

severe, being a very long (and comparatively rare) pulse duration, even though the overall 
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change in momentum is lower. These improved damped thresholds are plotted against the 

undamped thresholds in Figure 24 below. 

 

Figure 24. Comparison of predicted inertial release thresholds for buckle with and without foam 

The improvement in resistance to inertial release upon addition of the foam is quite apparent, the 

acceleration thresholds for the “with foam” buckle being over triple those “without foam”. The 

“without foam” threshold for 8 ms is an extrapolated value. 

3.2.2 Discussion of laboratory sled test results 

The “whipping” effect observed in the buckle housing acceleration data (see Figure 15), 

which causes oscillation in the acceleration of the housing, arises because the majority of the 

buckle mass is cantilevered off the housing mounting flange. It is noted that peak accelerations 

are consistently higher and pulse durations are longer measured at the buckle CG compared to 

those measured on the rigid mounting structure of the sled. This mounting configuration is 

representative of the actual structural mount in a vehicle. For the purposes of the computation 

model developed in this study, the housing is considered as infinitely stiff compared to spring. 

However, the sled test accelerometer data reveals that due to its mounting the stiffness of the 
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housing could also play a significant role in the unlatching phenomenon since this oscillation is, 

in effect, low frequency vibration. This vibration overlaid with the triangular acceleration pulse 

could excite a modal response in the spring with an ODS conducive to unlatching. This 

“flattened spring” ODS could occur at peak acceleration amplitudes lower than would otherwise 

be required for given boundary conditions where vibration is not present. 

It is apparent in all four tests conducted with no foam damping that the conditions created 

are highly favorable to unlatching. The high peak acceleration and long pulse duration, measured 

in excess of 500 G and 5 ms at the buckle CG, combined with the lack of tension on the latch 

results in inertial unlatching in all four undamped cases. As previously discussed, the weaker 

spring in the test specimen selected is also a contributor. 

With all other conditions held the same, the addition of rate sensitive foam beneath the 

spring is successful in preventing unlatching in all four damped cases. Both the CF-47 firm and 

CF-45 medium-firm Confor foams are effective in preventing unlatching at conditions where 

inertial release would otherwise be certain. Since the pulses are very similar within the same 

foam configurations but differ between configurations, the mass of the foam being negligible, it 

is deduced that the difference in the severity of the pulse at the buckle CG for different 

configurations is likely due to subtle differences in its mounting orientation. The buckle body, 

having been unmounted, disassembled, reassembled, and remounted with the change in foam 

exhibits a slightly different “whipping” response between the two configurations.  Nevertheless, 

the softer CF-45 blue foam proves itself capable even under the more severe pulses, which 

measure as high as 550 G with a pulse duration of 6.5 ms. This threshold is affirmed by the finite 

element model of the “with foam” buckle, where the damped buckle does not unlatch until a 

“more severe” pulse of 700 G, 6 ms is applied.  



53 
 

CHAPTER 4 

CONCLUSIONS AND RECOMMENDATIONS 

4.1 Conclusions 

The wealth of experimental and computational data found in the literature, combined 

with that obtained in this study, allows for several conclusions to be drawn regarding the 

unlatching potential of the RCF-67 buckle as well as the effectiveness of adding foam damping 

treatment to this buckle design. This study is successful in meeting these afore mentioned 

objectives. LS-DYNA proves to be a useful tool in modeling and analyzing these idealized 

undamped and damped buckle configurations. 

4.1.1 Unlatching potential of the RCF-67 buckle 

The inertial unlatching potential of the RCF-67 buckle design has been well demonstrated 

throughout literature and in this study [10, 11, 12, 13, 14, 15, 18]. Consistent unlatching under 

high peak acceleration, long duration pulse, with low belt tension is replicated both 

experimentally and computationally. The ability of the buckle to unlatch under various 

combinations of acceleration pulse amplitudes, durations, and belt tension is simulated and 

profiled. The results correlate well with experimental data found in the literature. Additionally, 

the number of load cases simulated is extended to refine the granularity of know unlatching 

conditions, both between existing experimental data points and extrapolating beyond. The modal 

response of the spring is found to be significant contributor, where some load cases that might 

otherwise be considered as “less severe” reveal unlatching potential while other seemingly “more 

severe” loading conditions do not. It is also observed that multiple unlatching thresholds 

predicted by the model for given combined load conditions are very similar and in some case 
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slightly “less severe” than actual crash conditions presented in Table 2 and Table 3 for full scale 

rollover and sled tests, respectively, as measured by Moffatt et al [8]. 

4.1.2 Effectiveness of the addition of damping foam to the buckle 

The effectiveness of the addition of foam damping to the spring element within the 

buckle is proven both experimentally and via finite element modeling. It is demonstrated that 

various grades of foam hardness can be used to successfully damp the buckle and prevent 

unlatching even under severe loading conditions which are extremely favorable to inertial 

release. The addition of a small strip of Confor CF-45 rate sensitive foam is found to render the 

RCF-67 side release buckle, historically the most infamous inertially unlatchable buckle of the 

twentieth century, safe for crash conditions in excess of a 550 G, 6 ms acceleration pulse coupled 

with minimal belt tension. This modification to add damping provides a simple, inexpensive, and 

effective means of rendering a seat belt buckle safe under severe crash conditions where it may 

not otherwise perform as intended. The addition of the foam does have an impact on button push 

force at levels detectable to the passenger. Foam with the minimum hardness that still provides 

sufficient damping for a particular buckle design should ultimately be selected to avoid difficulty 

during intentional unlatching by the operator, particularly at cold conditions.  

4.2 Recommendations 

While this study does greatly expand on the understanding of inertial release and 

prevention thereof in automotive seatbelt buckles, particularly the RCF-67 buckle design, the 

foundations laid reveal many opportunities for further investigation. The RCF-67 buckle is, after 

all, an obsolete design. It is true that side release buckle designs have been effectively phased out 

in the automotive industry in favor of end release buckles. Nevertheless, end release buckles are 

more complex and costly to manufacture. Anti-inertia design treatments add to the costliness of 
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these designs. Practical application of the knowledge gained in this study will require careful 

consideration of other existing buckle design variants, and could result in the potential 

development of new variants. 

4.2.1 Recommendations for future modeling 

The methodology used in this study has proven effective for analyzing an existing buckle 

design based on limited test data and evaluating prevention of inertial release via design 

treatments based on equally limited test data. Experimental test data is available within the 

literature for a number of other commercially available buckle designs. Modern buckles are more 

effective in countering inertial release, but may possess unknown “weak-spots” where particular 

combinations of acceleration amplitude, pulse duration, and belt tension excite unintended 

release. Development of correlated finite element models for additional buckle designs will 

allow for broad spectrum simulation and improved granularity in known buckle performance. 

The use of foam damping or other inertial release prevention methods in these additional buckle 

designs and geometries can then be evaluated. In this way, the evolution of automotive seatbelt 

buckle design can be greatly accelerated to yield safer buckles cost effectively. 

4.2.2 Recommendations for future testing 

One focus of future testing should be to build on the body of inertial unlatching test data 

for additional buckle designs, including end release buckles. Complex anti-inertia design 

treatments could then be removed and simpler rate sensitive foam inserts evaluated within these 

designs. Environmental concerns should also be considered in future studies. Both springs and 

rate sensitive foams are known to decrease in stiffness at elevated temperatures, while increasing 

in stiffness at cold temperatures. It stands to reason that less stiffness in the spring and damping 

components will be more conducive to unintended inertial release. Hence, it is recommended 
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that inertial testing of future buckle designs and design modifications under evaluation be tested 

at elevated temperature in addition to ambient conditions according to DOT standards for 

environmental conditioning. Conversely, the buckle must also be functional at very cold 

temperatures. Overly high combined spring and damper stiffness might prevent a given operator 

from successfully unlatching the buckle when intended. Thus, push button force should be 

evaluated at cold temperatures per DOT standards when anti-inertia modifications are evaluated. 

Foam performance after environmental and use cycles should be characterized via test as well. 

4.2.3 Recommendations for industry 

Practical use of rate sensitive foam as a damping component in buckle assemblies is 

demonstrated in this study. A wide range of commercially available rate sensitive foams exist, 

both aerospace grade and industrial grade. Aerospace grade foams are used in this study, 

however, it is possible that industrial grade foams exist that would achieve comparative design 

goals. As discussed, one additional major consideration is environmental effects on the 

performance of the foam, particularly temperature effects. Additional environmental effects that 

must be considered are humidity and condensation. Degradation of the foam under 

environmental and use cycles must also be considered, where a foam with life-of-product 

longevity is required for continuous safe use. It is asserted that the foam with the minimum 

stiffness that achieves design objectives should be used when spring stiffness is fixed. However, 

for “clean-sheet” designs, both the stiffness and rate sensitivity of the foam as well as the 

stiffness of the spring may be optimized. This study is successful in reaching correlation between 

the finite element model and experimental data via repeated iterations. In similar fashion, it is 

possible to rapidly and cost effectively evaluate preliminary design concepts, optimizing the 

design based on limited subscale material test data.  
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APPENDIX A 

LIST OF UNITS 

cm centimeters 

G gravitation acceleration, or 9.81 m/s2 

Hz Hertz 

in inch 

kHz kiloHertz 

lbf pound force 

m/s meters per second 

mm millimeters 

mph miles per hour 

ms milliseconds 

N Newtons 

psi pounds per square inch 
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APPENDIX B 

LIST OF SYMBOLS, VARIABLES, AND CONSTANTS 

ap Peak acceleration amplitude 

a(t) Acceleration as a function of time 

J Impulse 

m Mass 

μd Coefficient of dynamic friction 

μs Coefficient of static friction 

t Time 

  



64 
 

APPENDIX C 

LIST OF FILE EXTENSIONS 

.d3plot LS-DYNA output file 

.k LS-DYNA keyword input file 

.hm HyperMesh output file 

.sldprt SolidWorks part file 

.stp   Standard for the Exchange of Product (STEP) 3-D graphic file 

.zip   Compressed (ZIPPED) folder 

  



65 
 

APPENDIX D 

TYPICAL .K INPUT DECK (KEY FILE) FOR A “WITHOUT FOAM” SIMULATION 

400 G PEAK ACCELERATION, 4 MILLISECOND PULSE DURATION, 20 LBF TENSION 

The .k file may be retrieved at the following URL: 

https://drive.google.com/file/d/0B0npIVu3fbUXR0lic2VVYS1fNEE/view?usp=sharing 

  

https://drive.google.com/file/d/0B0npIVu3fbUXR0lic2VVYS1fNEE/view?usp=sharing
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APPENDIX E 

TYPICAL .K INPUT DECK (KEY FILE) FOR A “WITH FOAM” SIMULATION 

500 G PEAK ACCELERATION, 6 MILLISECOND PULSE DURATION, 1 LBF TENSION 

The .k file may be retrieved at the following URL: 

https://drive.google.com/file/d/0B0npIVu3fbUXTzlHdW9FcHhOYlE/view?usp=sharing 

https://drive.google.com/file/d/0B0npIVu3fbUXTzlHdW9FcHhOYlE/view?usp=sharing
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APPENDIX F 

IMAGES OF IMPACT SLED TEST SETUP 

 

Sled Impact Test Setup prior to Installation of Accelerometer and Tether to Buckle 

 

Sled Impact Test Setup prior to Installation of Buckle and Rigid Mounting Structure 
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APPENDIX G 

SLED TEST ACCELEROMETER DATA 

 

“No Foam” Run 1, Buckle Mounted Accelerometer, 20 Period Moving Average Filter 

 

“No Foam” Run 2, Buckle Mounted Accelerometer, 20 Period Moving Average Filter 
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“No Foam” Run 3, Sled Structure Mounted Accelerometer, 5 Period Moving Average Filter 

 

“No Foam” Run 4, Sled Structure Mounted Accelerometer, 5 Period Moving Average Filter  
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“With Foam” CF-47 Run 1, Buckle Mounted Accelerometer, 20 Period Moving Average Filter 

 

“With Foam” CF-47 Run 2, Buckle Mounted Accelerometer, 20 Period Moving Average Filter 
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“With Foam” CF-45 Run 1, Buckle Mounted Accelerometer, 20 Period Moving Average Filter 

 

“With Foam” CF-45 Run 2, Buckle Mounted Accelerometer, 20 Period Moving Average Filter 
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APPENDIX H 

HAND-HELD DIGITAL FORCE GAUGE MEASUREMENT OF PUSH BUTTON FORCE 

 

Images of push button force measurement, TRW buckle, first contact (left), depressed (right) 

 

Images of TRW and Bendix buckles with force gauge (left), measurement of Bendix (right) 
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