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1. Flex1. Flex--TEG Discussion on FlexTEG Discussion on Flex--PLI Injury ThresholdsPLI Injury Thresholds

TEG-127TEG-127

Injury threshold discussion at Flex-TEG based on various 
studies by Flex-TEG members
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- Proposed Thresholds -

Injury Measure Threshold Note

Tibia

Fracture

Max. Tibia 

Bending Moment

340 Nm

380 Nm Relaxation Zone

MCL

Failure

ACL/PCL

Failure

Max. MCL 

Elongation
22 mm

Max. ACL/PCL 

Elongation
13 mm

Common threshold values were reached and 
proposed by Flex-TEG

1. Flex1. Flex--TEG Discussion on FlexTEG Discussion on Flex--PLI Injury ThresholdsPLI Injury Thresholds

TEG-127TEG-127

GTR9-1-06



5

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold

Tibia Fracture Probability

As a Function of Tibia Acceleration

Re-analyze tibia fracture probability function for 
tibia acceleration

- EEVC WG17 Report -

Reference: European Enhanced Vehicle-safety Committee, EEVC Working Group 17 Report, IMPROVED TEST 

METHODS TO EVALUATE PEDESTRIAN PROTECTION AFFORDED BY PASSENGER CARS (1998)

GTR9-1-06
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Data Source

Human data from Bunketorp et al. (1983)

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- EEVC WG17 Report -

Reference: European Enhanced Vehicle-safety Committee, EEVC Working Group 17 Report, IMPROVED TEST 

METHODS TO EVALUATE PEDESTRIAN PROTECTION AFFORDED BY PASSENGER CARS (1998)
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Isolated lower limbs impacted by 
high/low and rigid/compliant bumpers

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Bunketorp et al., 1983 -

Reference: Bunketorp O., Romanus B., Hansson T., Aldman B., Thorngren L. Eppinger R., Experimental Study of a 

Compliant Bumper System, 27th Stapp Car Crash Conference Proceedings, SAE Paper Number 831623 (1983)
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Front

Configuration

Test

No.
Age Gender

Tibia

Length

(mm)

Peak

Accel.

(G)

Fem.

Condyle

Fx

Tib.

Condyle

Fx.

MCL

Failure

ACL

Failure

PCL

Failure

Tib.

Fx

Fib.

Fx

Ankle

Fx

Ankle

Lig.

Failure
1 61 M 400 230 0 1 1 0 0 0 0 0 1
2 80 M 350 260 0 0 1 1 0 0 0 0 0
3 77 M 350 285 0 1 1 1 0 0 1 0 1
4 81 F 360 295 0 0 1 1 1 0 0 0 0
5 77 M 380 245 0 0 1 1 0 0 0 0 0
6 71 M 390 95 0 1 0 0 0 1 1 0 0
7 76 F 350 85 1 0 0 0 0 0 0 0 0
8 65 M 370 70 0 0 1 0 1 0 0 0 0
9 72 M 380 85 0 0 1 1 1 0 0 0 0
10 54 M 420 100 0 0 1 0 0 0 0 0 0
11 73 F 380 225 0 1 0 1 1 0 1 1 1
12 73 F 370 275 0 0 0 0 0 1 1 0 0
13 75 M 350 200 0 1 0 0 0 0 1 0 0
14 86 M 390 270 0 0 0 0 0 1 1 0 0
15 - - 370 280 0 0 0 0 0 0 1 0 0
16 74 F 350 70 0 0 1 0 0 0 0 0 0
17 75 F 340 80 0 0 1 0 0 0 0 0 0
18 83 F 350 115 0 0 1 0 0 0 1 1 0
19 76 M 380 120 0 0 1 0 0 0 0 0 0
20 69 M 400 80 0 0 1 0 0 0 0 0 0

High/Rigid

High/Compliant

Low/Rigid

Low/Compliant

Injury Data   0: No Injury, 1: Injury

�EEVC probability functions used all the tibia/fibula 
fracture data regardless of the impact location relative to 
the fracture location

�Fracture data due to direct impact should be used to 
develop fracture probability function for upper tibia 
acceleration

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Bunketorp et al., 1983 -
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Leg specimens were wearing a shoe

Assume 25mm between the ground 

and the bottom of the foot

Assume 25mm between the ground 

and the bottom of the foot

Ground

Bottom of Foot

Upper End of Tibia

25 mm

Tibia

Length

(L1)

Tibia

Height

(L2)

Ankle

UMTRI Anthropometric Study :

L1 = 402 mm

L2 = 483 mm

Assume L2 / L1 = 1.2015 (Ratio 

from UMTRI data) for all specimens

Assume L2 / L1 = 1.2015 (Ratio 

from UMTRI data) for all specimens

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Assumption -

�Bunketorp et al. provides Tibia Length

�Estimate Knee Height from the ground

GTR9-1-06
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Front

Configuration

Test

No.
Age Gender

Tibia

Length

(mm)

Peak

Accel.

(G)

Tib.

Condyle

Fx.

Tib.

Fx

Fib.

Fx

Estimated

Tibia Height

(mm)

Estimated

Ground-Knee

(mm)

Bumper

Height

(mm)
1 61 M 400 230 1 0 0 480.6 505.6 450
2 80 M 350 260 0 0 0 420.5 445.5 450
3 77 M 350 285 1 0 1 420.5 445.5 450
4 81 F 360 295 0 0 0 432.5 457.5 450
5 77 M 380 245 0 0 0 456.6 481.6 450
6 71 M 390 95 1 1 1 468.6 493.6 450
7 76 F 350 85 0 0 0 420.5 445.5 450
8 65 M 370 70 0 0 0 444.6 469.6 450
9 72 M 380 85 0 0 0 456.6 481.6 450
10 54 M 420 100 0 0 0 504.6 529.6 450
11 73 F 380 225 1 0 1 456.6 481.6 325
12 73 F 370 275 0 1 1 444.6 469.6 325
13 75 M 350 200 1 0 1 420.5 445.5 325
14 86 M 390 270 0 1 1 468.6 493.6 325
15 - - 370 280 0 0 1 444.6 469.6 325
16 74 F 350 70 0 0 0 420.5 445.5 325
17 75 F 340 80 0 0 0 408.5 433.5 325
18 83 F 350 115 0 0 1 420.5 445.5 325
19 76 M 380 120 0 0 0 456.6 481.6 325
20 69 M 400 80 0 0 0 480.6 505.6 325

High/Rigid

High/Compliant

Low/Rigid

Low/Compliant

Injury Data   0: No Injury, 1: Injury

Investigate impact locations relative to the leg for 
each specimen with leg fractures using estimated 

knee height

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
GTR9-1-06



11

Direct

(Tibia and 

Fibula)

Indirect

(Tibia)

Direct

(Fibula)

Direct

(Tibia and Fibula)

Indirect

(Tibia)

Direct

(Tibia and 

Fibula)

Direct

(Tibia)

Direct /

Indirect

Estimation

�Tibia (shaft)

�Fibula

�Tibial

Condyle

�Fibula

�Tibial

Condyle

�Tibia (shaft)

�Fibula

�Tibial

Condyle

�Fibula

�Tibial

Condyle

Documented

Leg

Fractures

Schematics

(Impact

locations)

1211631Test #

Impact

Site

Impact

Site

Impact

Site
Impact

Site

Impact

Site

*fracture locations possibly due to direct loading: in blue

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Specimens with Leg Fractures -

GTR9-1-06
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Direct

(Fibula)

Direct

(Fibula)

Direct

(Tibia and 

Fibula)

Indirect

(Tibia)

Direct

(Fibula)

Direct /

Indirect

Estimation

�Fibula�Fibula
�Tibia (shaft)

�Fibula

�Tibial

Condyle

�Fibula

Documented

Leg

Fractures

Schematics

(Impact

locations)

18151413Test #

Impact

Site

Impact

Site

Impact

Site

Impact

Site

*fracture locations possibly due to direct loading: in blue

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Specimens with Leg Fractures -

GTR9-1-06
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�Develop fracture probability function under the following 

conditions
� Weibull Survival Model

� Fracture data analyzed as “left censored” (no data provided as to the 

correlation between fracture and peak acceleration)

� No fracture data analyzed as “right censored”

� Acceleration data scaled to standard anthropometry (UMTRI data) 

using the standard tibia length (402 mm) : Scale factor for acceleration 

is 1/λL  (where λL is length scaling factor)

�Data classification (Injury / No injury)
� Injury data : Test 1, 3, 6, 12, 14

� No injury data : Test 2, 4, 5, 7, 8, 9, 10, 15, 16, 17, 18, 19, 20

� Eliminate tests 11 and 13 (fracture due to indirect loading)

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Development of Fracture Probability Function from Bunketorp et al. (1983) -

GTR9-1-06
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Front

Configuration

Test

No.
Age Gender

Tibia

Length

(mm)

Peak

Accel.

(G)

Tib.

Condyle

Fx.

Tib.

Fx

Fib.

Fx

Peak

Accel.

(G)

UMTRI

Tibia

Length

UMTRI

Length

Scale

Factor

UMTRI

Scaled

Accel.

(G)

Classification

1 61 M 400 230 1 0 0 230 402 1.0050 228.9 Injury
2 80 M 350 260 0 0 0 260 402 1.1486 226.4 No Injury
3 77 M 350 285 1 0 1 285 402 1.1486 248.1 Injury
4 81 F 360 295 0 0 0 295 402 1.1167 264.2 No Injury
5 77 M 380 245 0 0 0 245 402 1.0579 231.6 No Injury
6 71 M 390 95 1 1 1 95 402 1.0308 92.2 Injury
7 76 F 350 85 0 0 0 85 402 1.1486 74.0 No Injury

8 65 M 370 70 0 0 0 70 402 1.0865 64.4 No Injury
9 72 M 380 85 0 0 0 85 402 1.0579 80.3 No Injury
10 54 M 420 100 0 0 0 100 402 0.9571 104.5 No Injury
11 73 F 380 225 1 0 1 225 402 1.0579 212.7 Not Used
12 73 F 370 275 0 1 1 275 402 1.0865 253.1 Injury
13 75 M 350 200 1 0 1 200 402 1.1486 174.1 Not Used
14 86 M 390 270 0 1 1 270 402 1.0308 261.9 Injury
15 - - 370 280 0 0 1 280 402 1.0865 257.7 No Injury
16 74 F 350 70 0 0 0 70 402 1.1486 60.9 No Injury

17 75 F 340 80 0 0 0 80 402 1.1824 67.7 No Injury
18 83 F 350 115 0 0 1 115 402 1.1486 100.1 No Injury
19 76 M 380 120 0 0 0 120 402 1.0579 113.4 No Injury
20 69 M 400 80 0 0 0 80 402 1.0050 79.6 No Injury

High/Rigid

High/Compliant

Low/Rigid

Low/Compliant

Probability function for tibia fracture due to direct impact 
was developed using scaled peak acceleration data

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Development of Fracture Probability Function from Bunketorp et al. (1983) -

GTR9-1-06
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170 G (gtr9)

30%
B))(G)ln(A・exp(exp1P −−−=

A=1.830855

B=10.433464

A=1.830855

B=10.433464

Probability of tibia fracture due to direct loading at 170G is 

estimated as 30%

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Development of Fracture Probability Function from Bunketorp et al. (1983) -

GTR9-1-06



16Reference: Development of Anthropometrically Based Design Specifications for an Advanced Adult Anthropomorphic Dummy 

Family, Volume 1, UMTRI Report UMTRI-83-53-1, 1983

Mean

Mean

To develop probability function for tibia fracture due to 
bending, bending moment data were scaled using UMTRI 

study, based on which impactor dimensions were determined

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Standard Anthropometry (UMTRI Study) -

GTR9-1-06
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Test Source Age Gender
Stature

(mm)

Weight

(kg)

Anatomical

Measurement

(mm)

Anatomical

Measurement

Description

Fracture

Moment

(Nm)

UMTRI

STD

Anatomical

Measurement

(mm)

UMTRI

Length

Scale

Factor

UMTRI

Scaled

Fracture

Moment

(Nm)

Data

Censoring

9.1 Kerrigan 2004 66 M 1829 79.8 397 Tibia Length 277 402 1.0126 287.6 Uncensored
9.2 Kerrigan 2004 69 M 1702 81.6 418 Tibia Length 433 402 0.9617 385.2 Uncensored
9.3 Kerrigan 2004 62 M 1829 60.8 416 Tibia Length 259 402 0.9663 233.7 Uncensored
9.4 Kerrigan 2004 54 M 1880 117.9 479 Tibia Length 482 402 0.8392 284.9 Uncensored

N-126 Nyquist 1985 58 M 1740 73 480 Tibia Height 224 483 1.006 228.2 Right Censored
N-129 Nyquist 1985 57 M 1780 99 500 Tibia Height 349 483 0.966 314.6 Right Censored
N-147 Nyquist 1985 57 M 1780 84 405 Tibia Height 431 483 1.193 731.1 Right Censored
N-127 Nyquist 1985 56 M 1760 79 465 Tibia Height 237 483 1.039 265.6 Right Censored
N-124 Nyquist 1985 64 M 1770 82 490 Tibia Height 287 483 0.986 274.9 Right Censored
N-118 Nyquist 1985 54 M 1820 68 520 Tibia Height 395 483 0.929 316.5 Right Censored
N-132 Nyquist 1985 57 M 1870 45 445 Tibia Height 264 483 1.085 337.6 Right Censored
N-148 Nyquist 1985 57 F 1630 75 420 Tibia Height 254 483 1.150 386.3 Right Censored
N-152 Nyquist 1985 51 F 1630 68 430 Tibia Height 274 483 1.123 388.3 Right Censored

K(a)-134LKerrigan SAE 2003 44 M 1702 73 420 Tibia Length 416 402 0.9571 364.8 Uncensored
K(b)-D1 Kerrigan NCCM 2003 54 M 1905 88 445 Tibia Length 463 402 0.9034 341.3 Uncensored
K(b)-D2 Kerrigan NCCM 2003 54 M 1905 88 450 Tibia Length 485 402 0.8933 345.8 Uncensored
K(b)-D3 Kerrigan NCCM 2003 68 M 1651 51 385 Tibia Length 290 402 1.0442 330.1 Uncensored
K(b)-D4 Kerrigan NCCM 2003 68 M 1651 51 385 Tibia Length 309 402 1.0442 351.8 Uncensored
K(b)-D5 Kerrigan NCCM 2003 65 F 1727 60 378 Tibia Length 416 402 1.0635 500.4 Uncensored
K(b)-D6 Kerrigan NCCM 2003 75 M 1778 65 395 Tibia Length 306 402 1.0177 322.6 Uncensored

Mean 350

�Tibia bending moment data sources : Kerrigan et al. 
(2003, 2003, 2004), Nyquist et al. (4 papers)

�One data from Nyquist et al. was omitted as an outlier

References:

�Kerrigan et al., Tolerance of the Human Leg and Thigh in Dynamic Latero-Medial Bending, ICRASH (2004)

�Kerrigan et al., Experiments for establishing pedestrian-impact lower limb injury criteria, SAE Paper #2003-01-0895 (2003)

�Kerrigan et al., Response Corridors for the Human Leg in 3-Point Lateral Bending, 7th US National Congress on Computational Mechanics (2003)

�Nyquist et al., Tibia Bending: Strength and Response, SAE Paper #851728 (1985)

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Development of Tibia Fracture Probability Function due to Bending -

GTR9-1-06
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A=5.77458

B=34.51175

A=5.77458

B=34.51175

30%

330 Nm

Human tibia bending moment @ 30% probability 

of fracture is estimated as 330 Nm

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Tibia Fracture Probability Function due to Bending -

GTR9-1-06
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330 Nm

343 Nm

Flex-PLI tibia bending moment corresponding to 330 Nm

of human tibia bending moment is estimated as 343 Nm

2. Validation 2. Validation –– Tibia Fracture ThresholdTibia Fracture Threshold
- Human – Flex-PLI Correlation for Tibia Bending Moment -

TEG-096TEG-096
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Flex-PLI Model MCL Elongation (mm)
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y = 1.1566x - 7.3403

R = 0.90
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0 10 20 30 40

22.8 mm

19 deg

CAE Approach

Flex-PLI threshold is more conservative 

than TRL legform threshold by 3.5 %

3. Validation 3. Validation –– MCL Failure ThresholdMCL Failure Threshold
- CAE Correlation Study -

GTR9-1-06
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Dynamic Shear Tests 

of Isolated Knee Joints

Knee Shear Stiffness

Since tibial-spine gouging/plowing is likely an ongoing process, a drop in forces is 

likely due to ACL damage. Thus, it is hypothesized that the early peak in shear 

forces (at 12.7 mm of shear displacement, 693N shear force) in Test 2.2 is due to 

ACL failure. Similarly, ACL failure in Test 2.1 occurs at a shear force of 1839N and 

a shear displacement of 17.8 mm.

13 mm knee shear displacement would be a 

conservative failure threshold for ACL

Reference: Bhalla et al., Evaluation of the Response of Mechanical Pedestrian Knee Joint Impactors in Bending and Shear 

Loading, 18th ESV Conference, Paper Number 429 (2003)

3. Validation 3. Validation –– ACL Failure ThresholdACL Failure Threshold
- Bhalla et al. (2003) -

GTR9-1-06
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Joint Element
�Z-Trans. : Free
�Other DOF : Fix

ACL

Prescribed 
Displacement

Z

X

Flex-PLI model was subjected to prescribed shear 

displacement to clarify relationship between knee 

shear displacement and ACL elongation

3. Validation 3. Validation –– ACL Failure ThresholdACL Failure Threshold
- Flex-PLI Knee Joint Model -

GTR9-1-06
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�ACL elongation nearly equals to knee shear displacement

�13 mm ACL elongation corresponds to knee shear 

displacement smaller than 13 mm

13 mm

3. Validation 3. Validation –– ACL Failure ThresholdACL Failure Threshold
- Flex-PLI Knee Joint Model -

GTR9-1-06
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�Injury thresholds proposed for Flex-PLI by Flex-TEG were 

determined based on different studies performed by different 

participants

�Tibia bending moment threshold proposed for Flex-PLI was 

estimated to be very similar to upper tibia acceleration 

threshold for TRL legform in terms of fracture probability

�MCL failure threshold proposed for Flex-PLI was estimated 

to be more conservative (by 3.5 %) than knee bending angle 

threshold for TRL legform in terms of fracture probability

�ACL failure threshold proposed for Flex-PLI corresponds to 

knee shear displacement smaller than 13 mm, which is the 

smaller value of the two data from Bhalla et al.

4. Summary4. Summary
GTR9-1-06
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Thank you for your attentionThank you for your attention
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