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ABSTRACT 

This paper presents a series of table-top and sled tests evaluating the thoracic force-deformation 

response when a force-limited, second shoulder belt is added to a 3-point belt system.  The ratio of forces 

applied by the two shoulder belts is evaluated from 0 (a single shoulder belt) to 1 (equal force applied by 

both shoulder belts).  A Hybrid III, a THOR, and three human cadavers are tested in a table-top 

environment. THOR sled tests are used to evaluate the findings in a dynamic impact environment.  The 

table-top tests show that the effective stiffness of the human thorax increases as a function of belt force 

ratio, with the slope of the function decreasing as belt force ratio increases.  The THOR mimics this 

concave-down shape, but is more sensitive to the addition of a second belt than is the human.  At a belt 

force ratio of 0.2 (i.e., when a second belt having 20% of the force limit of the first belt is added), the 

THOR’s effective stiffness increases by 80%, while the human’s increases by only about 20%.  This 

indicates that THOR may tend to over-state the benefit that a human would derive from the addition of a 

supplemental second shoulder belt in a frontal impact.  The Hybrid III response did not have the concave 

down shape.  Instead, its response was linear and much less sensitive to the addition of a second shoulder 

belt.  At a belt force ratio of 0.2, the Hybrid III effective stiffness was only approximately 2% greater than 

with a single belt.  The THOR sled tests are consistent with the table-top tests in that pronounced 

reductions in maximum chest deflection were observed with the addition of a second shoulder belt. 

 

KEYWORDS – Restraints, Seat belts, 4-point harness, Restraint optimization, Dual shoulder belts, Force-

limiting belts, Dummy biofidelity, Thoracic injury criteria 

  

THE SEAT BELT is widely regarded to be the most important piece of safety equipment in a vehicle.  

When used, safety belts are approximately 45% effective at preventing fatal injuries and 67% effective at 

preventing serious (MAIS3+) injuries (NHTSA 1999).  In contrast, the fatality effectiveness of an air bag 

is only about 8%-12% (Cummings et al. 2002, NHTSA 1999).  Despite this impressive safety record, seat 

belt systems are being continually refined.  For example, belt pretensioners and belt load limiting devices 

(Viano 2003), which are common features in contemporary vehicles, have been shown to enhance belt 

performance both in the laboratory and on the road (Haland and Skanberg 1989, Adomeit and Balser 

1987, Foret-Bruno et al. 1998 and 2001, Crandall et al. 1997, Kent et al. 2003a, Petitjean et al. 2002).  

Further improvement in belt performance may be realized with the addition of a second shoulder 

belt.  While harness systems with dual shoulder belts are currently used primarily in motor sports, recent 

papers have discussed their development for use in production vehicles.   Rouhana et al. (2003) presented 

developmental work on a V-type 4-point harness, in which two belts pass over the shoulders and attach to 

a lap belt at the passenger’s midline (Figure 1).  Bostrom and Haland (2003) discussed a dual “3+2” 

shoulder belt system where an optional two-point shoulder belt with a 2-kN load limiter was added to the 

standard, 5.5-kN load-limited 3-point belt in an “X” configuration (Figure 1).  In both the V-type and the 

3+2 configurations, the purpose of the second belt was to distribute the belt load to more bony structures 
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(i.e., the second shoulder) in crashes having a frontal component, as well as to provide additional vertical 

and lateral restraint. 

         
Figure 1. The 3+2 belt system described by Bostrom and Haland (2003) (left) and the V-type system 

described by Rouhana et al. (2003) (right). 

 

DUAL SHOULDER BELT SYSTEMS – RESTRAINT: Ideal belt system performance focuses 

restraining forces on the shoulder and pelvis, away from the vulnerable lower thorax and abdomen 

(Adomeit and Heger 1975).  Relative to the lower thoracic cage, the upper rib cage and shoulder girdle 

are substantial structures, with short, stout bones that are heavily muscled with thick layers of 

ligamentous support.  The biomechanical advantages of engaging the second shoulder with either a V-

type or a 3+2 type belt system can be considerable. The effective stiffness of the thorax has been found to 

increase by 40% when a second belt engages the shoulder structure (Kent et al. 2003b).  

For the same magnitude of restraining force, an increase in effective thoracic stiffness should 

reduce the resulting magnitude of sternal deflection.  The consequence of this increase in effective 

stiffness is apparent in the results of both Rouhana et al. (2003) (V-type) and of Bostrom and Haland 

(2003) (3+2 type).  The V-type system reduced dummy chest deflection by a factor of two and AIS 3+ 

injury risk by at least a factor of 5 relative to a baseline 3-point belt.  This was supported by pronounced 

reductions in the number of rib fractures sustained by cadavers (average of 16 fractures for 3-point belt 

and 3 fractures for V-type belt system).  According to Bostrom and Haland, the 3+2 system reduced 

maximum chest deflection in the 50th percentile male THOR dummy from 40 mm to 34 mm in the upper 

chest and from 41 mm to 32 mm in the lower chest relative to a 3-point belt. Similiarly, Rouhana et al. 

(2003) observed a reduction in maximum chest deflection in a 50
th percentile male THOR ATD from 

approximately 44 mm with a 3-point belt to approximately 35 mm with an X-type dual shoulder belt.  In 

the same study, however, the X-type dual shoulder belt caused a slight increase in maximum chest 

deflection in both Hybrid III 50th percentile male and 5th percentile female ATDs relative to a 3-point belt.  

This difference in response between the THOR and HYBRID III ATDs may be at least partially explained 

by differences in their respective shoulder geometries (see Discussion). 

 BELT FORCE IN A 3+2 SYSTEM: The impetus for this research is the development of a hybrid 

belt system concept that can be used in either a 3-point (standard) or 3+2 configuration by donning a 

supplemental seat-mounted shoulder belt with a relatively low force limit.  The use of a low force limit in 

the supplemental belt has as its primary advantage the potential to use a seat with minimal structural 

modification and added weight.  While a V-type or traditional X-type harness system requires extensive 

changes in seat design and packaging, the use of a low-force supplemental second shoulder belt may not 

and therefore may be more practicable for near-term use in production vehicles.  Of course, the design 

tradeoff is that a force limit that is too low limits the utility of the restraint. 

The development of such a system, where it is unknown whether one or two shoulder belts will 

be used, requires detailed knowledge of the effective stiffness of the thorax in order to optimize restraint 

performance in either configuration.  Since the 3-point belt must be a viable restraint without the optional 

second belt, it is likely not possible to have optimal restraint performance with equal force limiting in 

both shoulder belts.  The 3-point belt force limit is usually on the order of 3-5 kN in contemporary force-
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limiting belt systems.  Since the force exerted by the supplemental belt is additive to the force exerted by 

the 3-point belt, simply adding a supplemental belt identical to the 3-point belt will result in the 

application of 6-10 kN of force to the chest if both belts are worn.  This may be too high as a design 

specification, even with the additional thoracic stiffness gained by loading the second shoulder.  

Depending on the relationship between the increase in thoracic stiffness to the force applied by 

the supplemental belt, there may exist an optimal ratio of 3-point belt force to supplemental belt force at 

which the increase in thoracic stiffness supersedes the increase in applied force, thereby reducing overall 

chest deflection and injury risk. The study presented here is a first effort toward identifying the ratio of 

belt force limits that result in satisfactory restraint performance both with and without the second shoulder 

belt. This study also aims to determine the ability of the THOR and Hybrid III ATDs to predict the 

change in response of the human thorax resulting from the addition of the second shoulder belt and from 

changes in the belt force limit ratio. 

The first goal of this research is to characterize the human, Hybrid III, and THOR thoracic 

response to loading from an X-type dual shoulder belt system where the ratio of belt forces (Fa/Fb) varies 

from 0 (a single belt) to 1 (two identical belts) in a table-top test environment.  The second goal is to 

assess the 3+2 system in a realistic collision environment via a series of sled tests with a THOR ATD. 

 

METHODS 

TABLE-TOP TESTS – CADAVER, THOR, HYBRID III: The thoracic responses to 3+2 belt 

loading (with varying differential load limits) of three human cadavers, a THOR anthropomorphic test 

device (ATD), and a Hybrid III ATD were determined with a controlled table-top test system. This test 

configuration has been used extensively in the literature as a reasonable tradeoff between control and 

physical representation of the restraint loading environment (L’Abbe et al. 1982, Backaitis and St-Laurent 

1986, Cesari and Bouquet 1990, Cesari and Bouquet 1994, Kent et al. 2003b, Kent et al. 2003c, 

Murakami et al. 2004, Kent et al. 2004b). This system was designed to determine the force response of 

the human or ATD thorax to restraint loading (with an input displacement) similar to that experienced by 

occupants in a 48 km/h sled test. To simulate thoracic loading from a 3+2 restraint system, dual shoulder 

belts arranged in an X-type configuration with various belt force-limit ratios, Fa/Fb, were used to load the 

chest. The testing and evaluation procedures are described below. 

TEST SETUP: Each test subject (3 cadavers, THOR, Hybrid III) was subjected to single diagonal 

shoulder belt loading and X-configuration dual shoulder belt loading with various force limits on one belt 

(Table 1). The subjects were positioned supine on a flat, rigid surface in a manner identical to that 

described by Kent et al. (2004b).  The belt geometry used in these tests was based on belt angles 

measured at the point of maximum chest deflection (also approximately the point of maximum forward 

excursion) during a sled test using a 56-km/h NCAP pulse and a research-version combined 3 + 2 belt 

system (Bostrom and Haland 2003).  This belt geometry was also similar to that at maximum forward 

excursion using a production, standard belt with an air bag in a 48 km/h sled test (Kent et al. 2001). The 5 

cm wide loading belt(s) engaged the clavicles at approximately the proximal third, passed over the mid-

sternum, and exited the thorax laterally at approximately the superior-inferior location of the ninth rib 

(Figure 2). In each force-limited test, the force limiter was installed on the belt passing over the right 

shoulder. The belt loading was accomplished via a cable and pulley system attached to a hydraulically 

driven loading frame (Figure 2 and Figure 3) (c.f. Kent 2003b, c).  

The displacement input used was similar to that experienced by restrained PMHS subjects in 48 

km/h frontal sled tests. Actual chest deflections varied between tests due to the energy absorbing nature of 

the force-limiters and the limitations of the force output capability of the test apparatus. For consistency, 

all post-test analyses were performed within the minimum displacement range for each subject (see Data 

Analysis). 
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Table 1. Table-Top Test Matrix 

Subject* Test 

Nominal Force 

Limit on Second 

Shoulder Belt 

(N)£ 

Subject* Test 

Nominal Force 

Limit on Second 

Shoulder Belt  

(N)£ 

THOR THORAVE2.11 0 N 207 CADVE2.9 400 N 

THOR THORAVE2.15 200 N 207 CADVE2.10 200 N 

THOR THORAVE2.16 400 N 207 CADVE2.12 No limit 

THOR THORAVE2.17 600 N 194 CADVE2.14 0 N 

THOR THORAVE2.18 800N 194 CADVE2.17 140 N 

THOR THORAVE2.19 No limit 194 CADVE2.18 200 N 

THOR THORAVE2.24 140 N 194 CADVE2.19 800 N 

THOR THORAVE2.25 85 N 194 CADVE2.20 85 N 

Hybrid III H3VE2.1 0 N 194 CADVE2.21 600 N 

Hybrid III H3VE2.5 85 N 194 CADVE2.22 400 N 

Hybrid III H3VE2.6 140 N 194 CADVE2.23 No limit 

Hybrid III H3VE2.7 200 N 194 CADVE2.25 No limit 

Hybrid III H3VE2.8 400 N 195 CADVE2.27 No limit 

Hybrid III H3VE2.9 600 N 195 CADVE2.29 800 N 

Hybrid III H3VE2.10 800 N 195 CADVE2.30 200 N 

Hybrid III H3VE2.11 No Limit 195 CADVE2.31 85 N 

207 CADVE2.2 0 N 195 CADVE2.32 140 N 

207 CADVE2.5 No limit 195 CADVE2.33 600 N 

207 CADVE2.6 600 N 195 CADVE2.34 400 N 

207 CADVE2.7 140 N 195 CADVE2.36 0 N 

207 CADVE2.8 85 N 195 CADVE2.38 No limit 

* Numbered entries refer to PMHS I.D. numbers 

£ Limits marked “0 N” denote 2-point diagonal belt tests. “No limit” denotes tests in which identical belts with no 

force limit were used in the X configuration. 

 

INSTRUMENTATION: Anterior-posterior deflection of the thorax was measured with five string 

potentiometers attached to the loading belts (Figure 2). When necessary, the loading belts were sutured to 

the subject at the locations of the string potentiometer attachment sites to ensure that the potentiometer 

initial positions corresponded with the undeformed surface of the thorax. The tensile forces at the superior 

and inferior ends of the loading belts were measured with force tanducers installed in series with each 

loading cable. The force generated by the deformation of the thorax was measured posteriorly by a force 

transducer installed between the subject and the loading table (Figure 3). For the THOR tests, the THOR 

upper and lower internal CRUXes were used in addition to the instrumentation described above to 

measure internal chest deflection. The approximate locations of the CRUX units relative to the loading 

belts and the external string potentiometers are shown in Figure 2b. 

FORCE LIMITERS: For the force limiting X-type dual shoulder belt tests, force limiters were 

installed in series with the loading cables on both the superior and inferior ends of the second loading belt 

(Figure 3). These were installed on both ends of the belts to minimize belt slippage that would 

artifactually effect the deflections measured by the string potentiometers attached to the belts. These force 

limiters, which are conceptually similar to those used by Funk (2000) and Kitagawa et. al. (1998), were 

made of 3003 aluminum sheet ranging from 0.635 mm to 1.575 mm thick, and were constructed to absorb 

energy by tearing at a constant forces ranging from 85 to 800 N. Each force-limiter was pre-torn to 2.54 
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cm prior to testing to determine its force limit and to eliminate the unwanted force spike that occurs at the 

onset of tearing (Figure 4). 

 

A.   

 

5 cm

12.8 cm

12.8 cm

Potentiometer Attachment 

Sites

Belt A (force limited 

as shown in table 1)

Belt B (no force 

limit)     B.   

CRUX LocationCRUX Location

 

Figure 2. A: Schematic of the loading belt geometry. B: Approximate belt and string potentiometer 

locations relative to the THOR CRUXes. 

 

 
Belts

           

 

Loading Frame

Cable to Belt

Load Cell

Force 

Limiter

 
Figure 3. Left: Schematic of the loading table with posterior and cable load cells. Right: A tearing 

aluminum sheet force limiter installed in series with a belt loading cable. Note that the unlimited 

cable shown in the background is connected directly to the loading frame. 

 

TEST SUBJECTS: The cadavers used in this study were chosen based on age, sex, size, and 

cause of death (Table 2). The causes of death for all subjects were unlikely to have degraded tissue 

significantly pre-mortem.  All subjects were pre-screened for HIV, hepatitis A, B, and C, and pre-existing 

injury and pathologic anomalies. Pre-test CT scans were performed to screen for pre-existing fractures or 

other injuries in the thorax. The subjects were chosen to represent a reasonable anthropomorphic range of 

adult humans. All subjects were unembalmed and were preserved by freezing until the time of testing. To 

facilitate handling, the subjects’ upper and lower extremities were removed (lower extremities at the mid-

femur, upper extremities at the mid-humerus) prior to testing. The subjects’ pulmonary systems were 

pressurized to typical in vivo values (approximately 10 kPA externally) via a tracheotomy immediately 

prior to testing. All cadaver testing and handling procedures were approved by the University of Virginia 

(UVA) Institutional Review Board. 

  TEST STRATEGY: To maximize the applicability of the data, it was necessary to deflect the 

chest as far as possible without inducing rib fractures. Nahum et. al. (1975) showed that rib fractures 

initiate when the mid-sternal chest deflection reaches approximately 20% of the total chest depth. Thus, a 
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chest deflection input of 15% to 20% was chosen for all tests. The test subjects were palpated periodically 

between tests to identify rib fractures and the order of testing was randomized to minimize the effect of 

cumulative damage in the thorax. This technique has been shown to minimize the influence of test order 

in repeated test series (Kent et. al. 2003b, 2004b). Immediately prior to selected tests, each cadaver was 

subjected to a 10-cycle, 1-Hz deflection input of the same magnitude to precondition the thorax to further 

minimize the importance of the order of testing. Since it was impossible to apply this cyclic input with 

force-limited belts, the preconditioning input was applied to each subject via unlimited X-configuration 

dual shoulder belts immediately prior to the force limiting portion of the test series as well as immediately 

prior to the unlimited X-configuration dual shoulder belt test. A preconditioning input was also applied 

via a single diagonal shoulder belt just prior to the single diagonal shoulder belt test. 
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Figure 4. Left: 3003 aluminum sheet, 1.575 mm thick force limiter force-deflection response during 

and following pre-tear. Right: Typical force-time histories of both the limited and the non-limited 

belts during a force limited test. 

 

Table 2: Description of PMHS 

PMHS ID 207 194 195 

Age at death/Gender 67/F 38/F 67/F 

Mass (kg) 49.9 94.8 58.9 

Stature (cm) 160 170 173 

Chest depth (supine) (mm) (4th rib/8th rib) 180/190 215/230 203/NA* 

Chest breadth (supine) (mm) (4th rib/8th rib) 280/270 340/305 NA/NA 

Cause of death† Cardiac Arrest Sepsis Lung Cancer 

* NA – Not Available 

 

 DATA ANALYSIS: The magnitude of chest deflection correlates well with thoracic injury 

potential (Kent 2003c). As such, chest deflection is commonly used as a metric to evaluate restraint 

effectiveness in sled tests. Since chest deflection was the controlled variable during these table-top tests, 

however, it was impossible to use chest deflection alone as the metric to evaluate the restraint 

configurations tested. Instead, changes in restraint effectiveness were evaluated based on the force 

generated by the deforming thorax at defined magnitudes of chest deflection. This force is related to the 

force available to decelerate or restrain the thorax during an automobile collision, though missing the 

inertial forces present in a collision (see Discussion).  To facilitate comparison across subjects that 

experienced different magnitudes of chest compression, this force was normalized by the corresponding 

magnitude of chest deflection. Thus, the resulting metric used to evaluate the restraint configurations 

tested may be described as an effective stiffness, keff, where keff equals a force generated by the 

deformation of the thorax divided by the chest deflection at which that force occurs. 

Several methods for defining keff were investigated, including several measures of force (e.g. 

posterior reaction force, sum of the upper belt tensions), measures of deflection (e.g. mid-sternal 

deflection, maximum deflection), and methods to compare the two (e.g. linear regression, simple ratio at a 
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defined deflection). All method investigated showed similar trends. Thus, for the purposes of this paper, 

the effective stiffness, kefff post, was defined as the ratio of the posterior reaction force to the mid-sternal 

chest deflection at the minimum value of maximum chest deflection generated in the set of tests for each 

subject (nominally 15% to 20% chest deflection) (Figure 5). For comparison between the THOR table top 

and sled tests (where the posterior force is not measured), the effective stiffness, keff belt, was defined as the 

ratio of the sum of the upper loading belt tensile forces (upper right force plus upper left force) to the 

maximum upper THOR CRUX resultant displacement. The resultant CRUX deflection was used because 

the maximum resultant chest deflection is a better predictor of thoracic injury than x-axis deflection alone 

(Kuppa and Eppinger 1998). Due to the non-linearity of the thoracic force-deformation response, the 

effective stiffness presented here should not be interpreted as the literal elastic structural stiffness of the 

thorax. This effective stiffness is, however, adequate to illustrate trends across tests and is a reasonable 

representation of thoracic response up to the onset of rib fractures (Kent et al. 2003b).  
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Figure 5. Illustration of the effective stiffness calculation.  The effective stiffnesses of Test1 and 

Test2 are F1/Dmax and F2/Dmax respectively. Dmax is the least maximum displacement in the 

series of tests on each subject. 

 

To quantify the difference in belt tensions arising from differential force limiting, a belt force 

ratio, Fa/Fb, was calculated for all X-type dual shoulder belt tests. This was defined as the force in the 

auxiliary belt measured by the upper right force transducer divided by the force in the main belt measured 

by the upper left force transducer (note that the actual ratio may differ slightly from the nominal). The 

belt force ratio for all single diagonal belt tests was defined as zero. 

To compare changes in effective stiffness across subjects, the normalized effective stiffness, 

keffnorm, was defined as the effective stiffness divided by the effective stiffness under a diagonal belt load, 

keffdiag, for each subject (Equation 1).  Two models were used to investigate the relationship between the 

normalized effective stiffness and the belt force ratio for the PMHS tested.  An exponential model 

(Equation 2) and a linear model (Equation 3) were fit to the normalized effective stiffness data for the 

population of all three cadaver tests by minimizing the sum of the squared errors (where m, A, and B are 

the resulting model coefficients). Exponential models were also developed for the THOR and Hybrid III 

ATDs. R-squared and mean squared error were calculated for each model to determine their comparative 

goodness-of-fit. 

 

diagkknormk effeffeff /=                               [1] 

 

where   

 
)/( FbFa

eff BeAnormk α+=           [2] 
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or 

 

 )/(1 FbFamnormkeff +=           [3] 

 

SLED TESTS – THOR: Eight sled tests with four belt force ratios were performed using the 

THOR-α dummy (Table 3) and a deceleration sled system.  The purpose of these tests was to expand on 

the table-top tests by evaluating the 3+2 belt system in a dynamic impact environment.  A nominal 56-

km/h ∆V, 30-g peak acceleration pulse based on the response of a contemporary sedan in an NCAP test 

was used.  The dummy was positioned on a rigid seat with a 4-mm Ethafoam pad.  All belts were 

pretensioned at the superior end 7 ms after the initiation of the acceleration pulse.  Air bags, knee bolsters, 

and instrument panels were not used in any test so that the thoracic response to the belt could be studied 

without the added complexity of these interactions.   

 

Table 3 – Sled Test Matrix* 
Test No. 3-point belt force (nom.) 2-point belt force (nom.) Belt Force Ratio (nom.) 

1 5.5 0 0 

2 5.5 0 0 

3 5.5 2.7 0.5 

4 5.5 2.7 0.5 

5 5.5 3.8 0.7 

6 5.5 3.8 0.7 

7 5.5 5.5 1 

8 5.5 5.5 1 

*Note that these forces are nominal values.  The analysis presented later used the measured belt force values to 

define the actual belt force ratio. 

 

Belt force transducers were installed at upper and lower locations on the shoulder belts, near their 

attachment sites.  The standard THOR CRUX units were used to measure the deflection of the anterior 

chest in three axes (x, y, z) at four locations (upper and lower, left and right).  The component deflections 

were resolved into resultant deflections for analysis. 

 

RESULTS 

TABLE-TOP TESTS – CADAVER, THOR, HYBRID III: Forty tests were performed 

successfully and were used in the investigation of the relationship between effective stiffness and belt 

force ratio.  One Hybrid III test (H3VE2.11) resulted in an artifactually high belt force ratio due to a shift 

in the lateral position of the ATD relative to the test fixture during initial positioning. One cadaver test 

(CADVE2.6) was identified as an outlier (Figure 9) through a qualitative analysis of the distribution of 

the residuals.  Both of these tests were excluded from the analysis.  

Normalized effective stiffness and belt force ratio were calculated for both the cadaver (Figure 6) 

and ATD tests (Figure 7).  An exponential model and a linear model relating normalized effective 

stiffness to belt force ratio were calculated for the compilation of cadaver data (Table 4). Exponential 

models relating normalized effective stiffness to belt force ratio were calculated for the THOR and 

Hybrid III data (Figure 7). Although not included in this paper, other information on the test initial 

positions and data are available from the authors upon request. 

SLED TESTS – THOR: A reasonable and repeatable sled acceleration pulse was achieved in all 

tests (Figure 8).  The instrumentation and belt systems performed as expected, and reasonable occupant 

kinematics were observed in all tests but one (Figure 9).  In test 1, the belt attachment site failed at 

approximately 70 ms, so the belt force and chest deflection data were discarded beyond this point.  In test 

1 the lower belt tension gage also failed. The normalized effective stiffnesses and belt force ratios were 

calculated for all tests, and are compared to the table-top results in Figure 10. 
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Figure 6. Left: Effective thoracic stiffness vs. belt force ratio for all cadaver subjects. Right: 

Normalized effective stiffness vs. belt force and the corresponding models. The circled datum was 

identified as an outlier and was excluded from the calculation and evaluation of the models. 
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Figure 7. Left: Effective thoracic stiffness vs. belt force ratio for THOR and Hybrid III from the 

table-top tests. Right: Normalized effective stiffness vs. belt force ratio with exponential models for 

the dummy tests (cadaver curve included for comparison). Note that the Hybrid III model is limited 

due to the exclusion of test H3VE2.11. 

 

Table 4. Model Parameters 

Exponential Model Linear Model 
Subject 

A B α R2 MSE* M R2 MSE 

Cadavers 1.3795 -0.3795 -2.713 0.4275 0.01916 0.4294 0.3447 .0219 

THOR – 

External£ 
1.806 -0.806 -27.740 0.9118 0.00617 NA££ NA NA 

THOR-CRUX£ 1.524 -0.524 -26.049 0.8148 0.00279 NA NA NA 

Hybrid III 327.51 -326.51 -0.0004 0.7245 0.00028 NA NA NA 

* MSE - Mean Squared Error 

£THOR – External: Model is for keff post;  THOR-CRUX: Model is for keff belt 

££ NA – Not applicable 
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The maximum resultant CRUX deflections at four locations are shown in Table 5. These data 

show a decrease in the maximum chest deflection when the second shoulder belt was added, regardless of 

the force applied by that second belt.  The deflection at all locations did not decrease, however.  As 

expected, the deflection at the lower left location increased when a belt was placed over this region.  In 

addition to decreasing the maximum deflection, the second belt tended to group the deflection curves 

together, resulting in similar deflection magnitudes at all four measurement sites. 

The largest decrease in maximum chest deflection occurred with the 2.7-kN second belt.  This is 

consistent with the table top results, which show that the THOR effective stiffness increased up to a belt 

force ratio of about 0.2 and remains essentially constant for larger belt force ratios.  Since the belt forces 

are additive in these tests, it would be expected that the largest reduction in chest deflection would occur 

at the lowest value of belt force ratio above 0.2.   
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Figure 8. Plot of sled pulses from all eight sled tests. 

  

 

    

    
Figure 9: Typical dummy kinematics during sled test number six at 0 ms (upper left), 40 ms (upper 

right), 80 ms (lower left), and 120 ms (lower right). 
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Figure 10. Left: Effective thoracic stiffness vs. belt force ratio for the THOR table top and sled 

tests. Right:  Normalized effective stiffness versus belt force ratio and the THOR model developed 

from the table top tests..In both plots, the effective stiffness is calculated using the maximum upper 

CRUX resultant displacement and the sum of the upper loading cable forces. 

 

DISCUSSION 

BELT FORCE AND THE 3+2 BELT SYSTEM: The table-top tests presented here illustrate how 

the effective stiffness of the thorax changes as the ratio of shoulder belt forces in a dual-belt arrangement 

change.  When a single shoulder belt (belt force ratio = 0) loads the anterior chest, the deforming human 

thorax generates approximately 1.5 kN of force at 40 mm of mid-sternal deflection.  When a second, 

equivalent, shoulder belt is added (belt force ratio = 1), this force increases to approximately 2.1 kN.  In 

other words, with this belt geometry, the force tolerance of the chest is approximately 40% greater with 

two diagonal belts than with one.  This is consistent with the findings of Kent et al. (2003b).  This is 

evidence that more total belt force can be applied without exceeding an injurious chest deflection level if 

two shoulder belts are used rather than one.   

 

Table 5. Summary of Sled Test Displacement Results 
Maximum Resultant CRUX Displacement (mm) 

Test Number 
Measured Belt Force 

Ratio (Fa/Fb) Upper Right Upper Left Lower Right Lower Left 

1* 0 38 33 49 11 

2 0 36 49 50 13 

3 0.43 39 35 40 37 

4 0.47 35 34 41 33 

5 0.73 40 38 40 37 

6 0.71 41 46 42 34 

7 0.79 39 42 42 41 

8 0.77 42 44 42 41 

* Data for this test truncated at 75 ms due to belt anchor failure. 

 

 The issue becomes more complex, however, for the case of a 3+2 belt system where it is 

unknown whether the second belt will be used and the force in the supplemental belt is additive to the 3-

point belt force.  In this case, it is necessary to have sufficient belt force in the 3-point system to allow 

sufficient restraint as a stand-alone system.  Furthermore, the force applied by the supplemental shoulder 

belt, when added to the force applied by the 3-point belt, must not be so great as to exceed the force 

tolerance of the chest.  If chest deflection is considered to be an objective injury criterion (i.e., equivalent 

thresholds for single and double shoulder belts), then assessing the significance of the supplemental 

shoulder belt becomes a matter of evaluating the increase in effective thoracic stiffness relative to the 
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increase in total belt force.  The functions defining the effective stiffness of the thorax as a function of 

belt force ratio can be used as a first step toward optimizing this tradeoff.  If the thorax is modeled as a 

simple one-dimensional, linear elastic system, then the mid-sternal deflection, X, can be defined as a 

simple ratio of the total applied force (Ftot = Fa+Fb) and the effective stiffness: 
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Normalizing all terms relative to the single belt case and using Equation [2] to define keff gives 
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This linearity assumption has been shown to be reasonable up to the onset of rib fractures (Kent 

et al. 2003b), and is confirmed in the tests presented here.  Furthermore, rate effects can reasonably be 

neglected over the limited restraint-loading range considered here (Schneider et al. 1989) since the 

effective stiffness values were determined at rates similar to restraint loading in a collision. 

If a constant value of Fb is assumed (i.e., (Fb)norm = 1, which is the case in a 3+2 system where 

the 3-point acts as a stand-alone system), then optimization curves can be calculated using the effective 

stiffness response curves for the humans, THOR, and Hybrid III (Figure 11).  This plot illustrates how the 

change in effective stiffness and the change in total applied force influence the resulting mid-sternal chest 

deflection.  The Hybrid III indicates that chest deflection should never decrease with the addition of a 

second shoulder belt, regardless of the force exerted by that second belt.  In contrast, the cadavers indicate 

a very small decrease in chest deflection (~1%) when the force in the second belt is less than or equal to 

5% of the 3-point belt force, with the most pronounced decrease occurring at a ratio of 2% and chest 

deflection increasing for belt force ratios greater than 5%.  The THOR external deflection predicts a much 

more sensitive response, with deflection decreasing up to a second belt force of 80% and the optimal 

reduction of about 45% occurring at a ratio of 10%.  All three models indicate that simply adding a 

second, identical belt (second belt force = 100% of 3-point shoulder belt force) would increase mid-

sternal chest deflection.   

The differences in the responses of the three models can be understood by considering Figure 7, 

which shows the marked insensitivity of Hybrid III to the addition of a second belt compared to the 

cadavers and to the THOR.  With a second shoulder belt, the effective stiffness of the Hybrid III increases 

only to about 1.1 times the single belt stiffness.  In contrast, as mentioned earlier, the human’s effective 

stiffness increases by about 1.4 times, while the THOR’s increases by about 1.8 times. 

There are several significant characteristics of 3+2 belt systems that can be observed from these 

results.  First, as shown in Figure 7 and reflected in Figure 11, the THOR exhibits a more pronounced 

increase in effective thoracic stiffness than do the cadavers. Thus, the THOR sled test results may over-

state the benefit that a human would receive by the addition of the second shoulder belt.  Despite this, the 

THOR and human cadavers both indicate an optimal belt force ratio that is greater than 0 (indicating the 

possibility of some benefit from the addition of a force-limited second shoulder belt), while the Hybrid III 

response would indicate an optimal belt force ratio of 0 (i.e., the increase in effective stiffness is not 

pronounced enough to offset the increase in total applied force for any belt force ratio).  Based on this 

simplified table-top model, the optimal second-belt force limit for a human is very low (on the order of 

250 N).  Of course, the limitations of the table-top preclude a firm conclusion, but they do indicate that 

the true optimal belt force ratio is likely to be quite low and future cadaver sled tests should be focused in 

that range.  Sled tests should also, however, include a sufficient range of belt force ratios to validate the 

curves shown in Figure 11.     
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Theoretical Optimization of Force in Second Belt

Using Table-Top Results
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Figure 11. Change in chest deflection associated with the addition of a second shoulder belt using 

the table-top response of Hybrid III, THOR, and cadavers. 

 

The differences in the responses of the dummies and the humans appear to be at least partially 

explained by the shoulder geometry of each (Figure 12).  The Hybrid III dummy does not have a 

biofidelic clavicle model, and the shoulder structure is well posterior of the upper rib cage. This would 

tend to understate the benefit of crossing the second shoulder with a belt since the ribs are deformed 

substantially prior to the belt engaging the shoulder.  In contrast, the THOR clavicle structure is a stout, 

load bearing structure well anterior of the upper rib cage. This tends to overstate the benefit of the second 

belt because the engagement of the second shoulder off-loads the rib cage to an extreme degree.  The 

human shoulder geometry is somewhere between the two dummies, with the clavicle extending anterior 

of the upper ribs but to a lesser extent than the THOR clavicle.  The human’s response to the second 

shoulder belt also lies between the Hybrid III (rib dominated, insensitive to a second belt) and the THOR 

(clavicle dominated, highly sensitive to a second belt). 
TABLE-TOP VS. SLED TESTS: The table-top environment and sled test environment generated 

similar trends in normalized effective stiffness as a function of belt force ratio (Figure 10).  This 

agreement is partial validation of the table-top test setup’s ability to provide useful information about 3+2 

belt loading, but caution should be taken in extrapolating the findings of, for example, Figure 11 to the 

dynamic sled test environment.  While the table-top test condition is a useful tool for assessing the 

performance of the dummies relative to cadavers, it is limited in several respects.  For example, in a sled 

test the head, internal organs, and extremities accelerate relative to the thorax, which exerts a force on the 

belt that may not generate chest deflection proportionately to the effective stiffness from the table-top 

tests.  Furthermore, the belt angles change dynamically during a sled test, while a single representative 

geometry was used in the table-top tests.  Therefore, the degree of clavicle and shoulder loading, which 

varies in time during a sled test, cannot be replicated fully on a table.  Also, the rigid posterior support on 

the table constrains motion of the costovertebral joints (Ali et al. 2004, 2005) and applies forces to the rib 

cage that are not present in a sled test. Owing to differences in spinal structure, this may skew the 

comparison of dummies to cadavers.   

Finally, the table-top methodology does not generate the inertial forces present in a sled test.  In 

the accelerated environment of a sled, inertial forces caused by accelerating the anterior thorax generate 

forces on the belt.  These forces are additive to the deformation forces measured on the table top.  As a 

result, the belt force measured at a given chest deflection on the sled will be greater than those measured 

at the same chest deflection level on the table.  This was confirmed by comparing our THOR sled and 

table tests.  Comparison of the effective stiffness magnitudes across the two environments is therefore not 
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appropriate, but we assume here that the normalized stiffness trends (i.e., the relationship between 

stiffness and belt force ratio) measured on the table are representative of the trends that would be 

measured in an accelerated environment.  The THOR data collected on both the sled and the table support 

the validity of this assumption, but the limitations of this method should be noted.  As a result of these 

limitations, the table-top environment is used here as a preliminary design tool used to narrow the range 

of conditions to be tested dynamically using cadavers.  The table-top results should not be extrapolated 

directly to restraint system design optimization. 

 

 
Figure 12. Comparison of the clavicle/shoulder geometry of Hybrid III, THOR, and human.  Note 

that the Hybrid III shoulder structure is substantially posterior of the anterior ribs, the THOR 

clavicle is anterior relative to the superior ribs, and the human is between these two extremes. 

   

The limitations described above are reflected in the sled tests performed for this study, which 

show a decrease in THOR maximum chest deflection for all double-belt systems, regardless of belt force 

ratio (Table 5).  As a result of this difference in the sled and table-top environments, one recommendation 

that follows from this study is that cadaver sled tests will eventually be required in order to address 

definitively the influence of a 3+2 system on human thoracic response.  Unfortunately, the table top tests 

indicate that neither the Hybrid III nor the THOR is sufficiently biofidelic to be used as a definitive 

design tool for this type of restraint system.  

  RESTRAINT SYSTEM DEVELOPMENT AND FUTURE WORK: The results of this study are 

a first attempt to elucidate thoracic response of both humans and ATDs under the novel and little 

understood loading generated by a 3+2 belt system.  The table-top tests have illustrated the deficiencies of 

both Hybrid III and THOR for representing the human response in this environment and have provided a 

theoretical framework for evaluating the role of a second shoulder belt.  A series of sled tests has been 

presented to assess the THOR’s response to this belt system in a dynamic frontal impact.  Furthermore, 

we have illustrated some preliminary steps toward designing a restraint using these findings.  The results 

of this study are insufficient, however, for conclusive optimization of the 3+2 belt system.  

Recommendations for future research, in addition to the cadaver sled tests mentioned previously, include 
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Anterior 

rib cage 

Anterior 

shoulder 

~6 cm 

THOR 

Clavicle 

Human 

IRCOBI Conference - Prague (Czech Republic) - September 2005 350



 

more detailed study of the mechanisms by which the human differs so dramatically from either dummy.  

There are well documented deficiencies in the geometry and structural response of both dummies, as 

illustrated in Figure 12. More study is necessary, however, to explain the different trends in effective 

stiffness when a second shoulder belt is added and to provide guidelines for inferring human injury risk 

changes from changes in dummy chest deflection measurements in this complex environment.   

The assessment of this advanced restraint concept is further limited by the simplistic injury 

criteria available for quantifying thoracic injury risk.  While efforts have been made to develop criteria for 

restraint loading (e.g., Morgan et al. 1994, Kuppa and Eppinger 1998, Petitjean et al. 2003, Kent et al. 

2004a), there are currently no criteria available that consider the location of the maximum chest 

deflection, the role of deflection along multiple axes, and any interactions among deflections measured at 

different points.  One of the primary findings of this study is that the addition of a second belt tends to 

group the deflections measured at different locations on the chest, while a 3-point belt generates large 

deflection measures under the belt and less deflection at sites away from the belt.  The injury risk 

consequences of these differences in chest deflection gradients are currently unknown. 

The current study is further limited in that the sled tests considered no belt force ratios between 0 

and 0.5.  The table-top tests and associated optimization analysis suggest that the largest reduction in 

chest deflection would occur at a belt force ratio of approximately 0.1-0.2.  Tests are currently planned to 

evaluate this finding on the sled and will be presented in a future paper. 

Future studies should also consider the consequences of dual shoulder belts in other crash 

configurations and circumstances.  Some of these were mentioned in the Introduction.  Neck and spine 

injury risk, submarining potential and other abdominal loading risk, mis-use scenarios, occupant position 

and size variability, the significance of asymmetric loading, rebound potential, acceptance, comfort, and 

other factors should be thoroughly understood prior to finalizing any dual shoulder belt system design.  

Future development tests will also include the use of an air bag and a production seat to evaluate the 3+2 

system in a configuration more representative of the field.  This study has considered only loading from 

the belt and has not addressed the role of the air bag, knee bolster, and other components in a unified 

restraint system concept. 

 

CONCLUSIONS 

This study has quantified the change in the effective stiffness of the thorax when loaded by a 

single shoulder belt and by dual shoulder belts having a range of force limits.  For the human, the 

effective stiffness increased with belt force ratio when a second belt is added, reaching 1.3 times the 

single-belt stiffness for a belt force ratio of 0.5 and remained nearly constant for larger values of belt 

force ratio.  In other words, the cross-plot of effective stiffness vs. belt force ratio was concave down.   

The THOR also exhibited this concave-down characteristic, though the response was much more 

sensitive than the cadavers’.  The THOR’s effective stiffness reached 1.8 times the single-belt stiffness at 

a belt force ratio of only 0.2 and remained nearly constant for larger ratios.  This leads to the conclusion 

that the THOR will over-state the benefit a human would gain from a second shoulder belt.  In contrast, 

the Hybrid III exhibits much less sensitivity than the cadavers do and does not have the concave-down 

shape characteristic of the cadavers and of THOR.  Rather, the Hybrid III effective chest stiffness 

increases essentially linearly with belt force ratio.  At a belt force ratio of 1, the effective stiffness of the 

Hybrid III is only about 1.1 times the single-belt effective stiffness.  One hypothesized explanation for the 

pronounced response difference for the Hybrid III, THOR, and cadavers is the difference in geometry of 

the clavicle and upper rib cage.   

In a THOR sled test series, the maximum chest deflection was found to decrease with the addition 

of a second shoulder belt for all belt force ratios, with the most pronounced reductions occurring at a belt 

force ratio of approximately 0.5, though it should be noted that no belt force ratios between 0.0 and 0.5 

were tested.  The interpretation of human injury risk reductions from these data is not currently 

understood fully, but the THOR trends are encouraging. 
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