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ABSTRACT 
 
Four female PMHS were tested under bilateral knee impact conditions using a pneumatically 
driven ram. 10 tests were performed in a hierarchal fashion, varying the velocities at impact and 
the coupled mass of the KTH system. Test conditions included whole body (WB), removal of thigh 
flesh (TFR), the addition of implantable femur load cells (TFR+LC), and the removal of the torso 
(ToR). One goal of this study was to provide preliminary evaluations on the effect of mass coupling 
on the knee-thigh-hip (KTH) response of small females in simulated frontal collisions. This 
included identifying the sensitivity of loading at the knee and femur as a function of impact velocity 
and mass coupled to the KTH complex. Acceleration traces at the femurs, pelvis and L2 were also 
analyzed for differences across test conditions. Knee loading results varied significantly as a 
function of the velocities tested. Femur forces measured as a percentage of the applied force during 
testing were significantly different between TFR+LC and ToR conditions suggesting that the 
effective coupled mass of the torso has a noticeable effect on the force transferred along KTH in 
small females. This is the first step in the overarching goal of quantifying the KTH response for 
small females through the development of lumped parameter models.  
 

INTRODUCTION 
 

Studies investigating injuries in vehicles manufactured before 2009 list lower extremity 
injuries as the most frequently observed region for AIS 2+ injuries in frontal crashes, (Kuppa et 
al., 2003; Forman et al., 2019).  Despite the advancement of safety technology in newer model 
vehicles, these injuries persist (Forman et al., 2019). Across both studies, there is an approximately 
even distribution between injuries to the leg, ankle, and foot and injuries to the knee-thigh-hip 
(KTH). The loading scenario associated with KTH injuries comes primarily from the occupant’s 
interaction with the lower instrument panel during a frontal collision. These injuries are of 
particular interest due to quality-of-life concerns. The National Highway Traffic Safety 
Administration (NHTSA) estimates that KTH injuries account for 25% of the life-years lost due 
to injury in frontal collisions, with injuries to the hip comprising approximately 65% of that value 
(Sochor and Rupp, 2005).  

Early research examining injury criteria for KTH comes from whole body knee impact 
tests on PMHS that relate the risk of injury to the externally applied impact force (Morgan et al., 
1989). This led to a KTH maximum injury assessment reference value of 10 kN of axial femur 
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force for 50th percentile male femurs prescribed in FMVSS 208 (Rupp et al., 2009a), despite the 
fracture data coming primarily from knee and distal femur injuries instead of the femoral shaft and 
hip which are more prevalent in field data (Kirk and Kuppa, 2009) Further,  injury risk functions 
and scaling values were generated for the Hybrid III 50th male KTH with the assumption that 
applied force at the cadaver knees were equal to the force measured in the ATD femur load cells. 
Through a series of studies performed by Rupp et al. (2008-, 2009ab, 2010ab), it became clear that 
a force applied at the knees does not equal the axial femur force and, subsequently, the force at the 
hip. Differences in the percentage of force transferred along KTH between PMHS and ATD data 
were also present, which Rupp et al. (2008) found were determined by the mechanical 
characteristics of the KTH system—mass, damping, and stiffness.  

Despite advancements in the understanding of force transfer along KTH, the role that sex 
plays in this response is still unclear. An epidemiological study by Forman et al., (2019) found 
that, even after controlling for delta-V, age, height, BMI, and vehicle model year, females were 
1.89 times more likely to sustain an injury to KTH, suggesting that sex may play a distinct role in 
the KTH injury response. Further, differences in mass distribution and skeletal geometry between 
sexes would also suggest that there may be a difference, however, the magnitude of this difference 
is still unknown. 

The goal of this test series was to isolate and evaluate the individual contributions from 
each of the masses coupled to female KTH and, further, examine the role of sex in the KTH 
response. As the precursor to achieving this overall goal, it was important to first identify the 
sensitivity of frontal loading at the knee and femur of females as a function of both the impact 
velocity and coupled mass. It was necessary to also analyze the effects of these variables on the 
accelerations recorded at the femur, pelvis, and L2. Four female PMHS were tested under bilateral 
impact conditions using a pneumatically driven ram. The impactor surfaces were padded with an 
energy-absorbing polymer mounted onto multi-axis load cells that measured the impact forces 
applied to the knee. 10 tests were performed in a hierarchal fashion, varying the velocities at impact 
and the mass of KTH. The results from this analysis will be used directly as inputs for the 
development of subject-specific lumped parameter models for female KTH which will determine 
the individual contributions of each coupled segment and allow the authors to explore the behavior 
across sexes. 

METHODS 
 

Subjects 
 

Four female PMHS were used in this study. A full-body computed tomography (CT) scan 
and dual-energy X-ray absorptiometry (DXA) were used to confirm the absence of implants and 
injuries in the lower extremities, and to analyze bone quality by obtaining the bone mineral density 
(BMD) of the femurs (Table 1). Subject ages ranged from 46 to 70 years old. Subjects 766 and 
1012 resembled 5th percentile female anthropometry. Subject 1013 resembled 5th percentile female 
anthropometry in mass and 50th percentile female anthropometry in stature, and Subject 1011 
resembled 50th percentile female anthropometry. Subject 1011 had a normal average femur BMD 
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whereas the other three had BMD values in the osteopenia range (WHO, 1994). Subject weight 
was remeasured before performing each testing condition (Table 2). 

 
Table 1: Subject Characteristics 

 
Table 2: Subject Mass in each test condition 

 
To maintain bilateral symmetry for testing and to prevent the upper limbs from interacting 

with instrumentation, the forearms of each of the subjects were disarticulated at the elbow before 
the first test. Once locations were identified, screws were installed into T1, T8, and L2 so that 
motion tracking mounts could be attached. An additional set of screws were installed in the pelvis 
at the left and right posterior superior iliac spine. Motion tracking plates were installed onto the 
mounts to track subject orientation (Figure 1).    

 

Subject 
ID Sex Age Cause of Death Stature 

(cm) 
Mass 
(kg) 

Femur 
BMD 

(g/cm2) 

766 F 69 Amyotrophic Lateral Sclerosis 155.50 49.44 0.855 
1011 F 48 Blunt Force Chest Trauma 164.50 58.97 1.081 
1012 F 46 End-Stage Renal Disease 156.00 51.26 0.798 
1013 F 70 Acute Respiratory Failure 171.75 45.36 0.784 

5th Percentile Female 147-162 39-54 - 
50th Percentile Female 155-170 65-79 - 

 

Subject ID Whole Body 
Mass (kg) 

TFR Condition 
Mass (kg) 

TFR+LC 
Condition 
Mass (kg) 

ToR Condition 
Mass (kg) 

766 42.64 38.15 40.82 19.50 
1011 55.79 48.81 49.44 23.59 
1012 50.35 44.41 45.36 23.59 
1013 37.65 34.26 35.83 18.60 

Average 46.61 41.41 42.86 21.32 
SD 6.97 5.60 5.08 2.29 
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Figure 1: T1, T8, L2, and pelvis mount orientation with motion tracking marker plates used to 

track the orientation of the subject throughout testing. 1A depicts the orientation while the 
subject is seated, while 1B is a three-dimensional reconstruction of the CT imaging used to track 

mount orientation between test days.  
 

Prior to the fifth test, implantable load cells were installed at the midshaft of each femur 
(Figure 2A). Approximately 10 cm was removed from each femur. The bone ends were potted 
within aluminum cups with reinforced fiberglass filler (Bondo® Hair). Pins were passed through 
bicortical holes in the femur and into the cups to align and fix the bone. Potting location was then 
confirmed through CT imaging (Figure 2B). Subject 766 had the only observable abnormality, as 
the right distal femur was potted at a 30-degree offset. 
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Figure 2: Implantable femur load cell orientation. 2A depicts the load cell orientation on test day 
with instrumentation installed and 2B depicts the CT image reconstructions performed to check 

alignment and positioning. 
 
Following the seventh test, the upper extremities were removed from the subjects at L3. A 

hole was drilled into the lumbar spine segment and a rod was inserted so that the subject could be 
positioned and restrained throughout testing. 

Test Environment 
  

Frontal KTH impacts were performed on the subjects using a ram coupled to a 
pneumatically driven linear actuator that was servo-hydraulically controlled with active feedback 
(DSD, Linz, Austria). For each test, the subject was placed on a flat seat and tested under bilateral 
knee impact conditions (Figure 4). The impacting surfaces of the ram were padded with one layer 
of 1” thick 50 Durometer Sorbothane (Shore OO) placed on top of another layer of 1” thick 70 
Durometer Sorbothane (Shore OO) (Rupp et al., 2008). 6-axis load cells were placed behind the 
padding to record the forces applied to the knee. 6-axis load cells were also mounted underneath 
metal plates at the subject’s feet and buttocks to measure subject interactions with the test 
environment. Both plates were lined with a low friction material to limit the interaction. 
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Figure 3: Overview of the test setup. 

 
 Subjects were tested at velocities of 2.5, 3.5, 4.9, and 7.2 m/s. Test pulses were designed 
such that the ram accelerated up to the target velocity at impact and then entered a constant velocity 
period with zero acceleration where the ram then contacted the subject’s knees (Figures 4 and 5). 
A deceleration phase was then added after the event had ended which stopped the ram, mitigating 
any unnecessary potential damage to the subject or the test environment that wasn’t a result of the 
initial impact. 3.5 and 4.9 m/s trials were derived from FMVSS 208 and NCAP data (Rupp et al., 
2008). 2.5 and 7.2 m/s trials were chosen to capture the dynamic response of the KTH system since 
it was hypothesized that the smaller segment masses in females would shift the natural frequency 
of the system.  
  

 
Figure 4: Acceleration pulses used as inputs for testing. 
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Figure 5: Velocity pulses used as inputs for testing. 

 
 Tests for each subject followed a hierarchical procedure (Figure 6). The initial three tests 
were performed with the whole subject intact at velocities of 2.5, 3.5, and 4.9 m/s and titled Whole 
Body (WB) tests. Following the conclusion of WB testing, the right and left thigh flesh was 
removed, and the subject was tested once at 3.5 m/s, denoted as Thigh Flesh Removed (TFR) tests. 
After this, portions of both the left and right femur were removed and replaced with implantable 
load cells to measure the compressive forces at the femur. Three tests were performed in this 
condition with velocities of 2.5, 3.5, and 4.9 m/s, denoted as Thigh Flesh Removed Plus Load Cell 
(TFR+LC) tests. Finally, the torso was removed from the subject, and an additional three tests at 
velocities of 3.5, 4.9, and 7.2 m/s were conducted, denoted as Torso Removed (ToR) tests. The 
final test matrix is summarized in Table 3. 
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Figure 6: Example setup of each test condition. 6A represents the subject in the WB test 

condition; 6B represents the subject in the TFR condition; 6C represents the subject TFR+LC 
condition; and 6D represents the subject in the ToR condition. 
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Table 3: PMHS Testing Matrix 

 
       * Test conditions were chosen targeting those used by Rupp et al., (2008) 

 
For each test, subjects were restrained using a head strap connected to a drop release 

mechanism that released upon trigger (Figure 7). A slacked support rope was implemented to catch 
the subject after the event of interest had concluded. Subjects were also fixed prior to impact using 
foam padding between the knees and tape along the lower extremities (Figure 8). Upon impact the 
tape tore, leaving the subject free to move unrestrained.  
 

Test # Subject Condition Velocity 

1 Whole Body (WB) 2.5 

2* Whole Body (WB) 3.5 

3* Whole Body (WB) 4.9 

4* Thigh Flesh Removed (TFR) 3.5 

5 Thigh Flesh Removed Plus Load Cell (TFR+LC) 2.5 

6* Thigh Flesh Removed Plus Load Cell (TFR+LC) 3.5 

7* Thigh Flesh Removed Plus Load Cell (TFR+LC) 4.9 

8* Torso Removed (ToR) 3.5 

9* Torso Removed (ToR) 4.9 

10 Torso Removed (ToR) 7.2 
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Figure 7: Restraint system used for maintaining subject positioning prior to each test, and for 

catching the subject after the event of interested had concluded. 
 

 
Figure 8: Foam and tape orientation used to fix the subject positioning until impact. Prior to each 

test, slits were cut into the tape so that it tore immediately upon impact. 
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Positioning 
 

The primary focus of positioning was to achieve a neutral upright seating posture. Using 
information available from the pre-test CT scans, target measurements were obtained to meet this 
based on pelvis mount positioning and the center-to-center knee distance. Another focus was to 
maintain approximately 178.0 mm between the impacting surface and the subject knees to avoid 
differences at impact resulting from the input pulse. All recorded positions were within the target 
ranges (Table 4).    

 
Table 4: Average Subject Position Measurements  

 

Data Processing 

Instrument data were collected with Slice Pro, a data acquisition system (Diversified 
Technical Systems Inc.) that acquired data at 10,000 samples/sec. Instrumentation mounted onto 
the PMHS was filtered as follows: linear accelerations and angular velocities taken at the femurs, 
pelvis, and L2, and femur load cell data filtered at CFC 180. Instrumentation on the test rig was 
filtered at CFC 60. Contact timing was determined from contact strips placed onto the subject’s 
knees. 

Impact characteristics at the knee and femur including peak force, loading rate, and loading 
duration were analyzed using an ANOVA with a Tukey HSD in Minitab 20.3 for comparisons 
between test conditions and impact velocities. Impact forces were measured by taking the average 
of the force data recorded at the right and left load cells on the ram and femurs. Loading rate and 
duration were determined using methods outlined in Rupp et al., (2008). The peak loads observed 

Subject ID 
Subject 
Recline 

Angle (˚) 

Pelvic 
Tilt 

Angle (˚) 

Knee Angle 
(˚) 

Knee Center-
to-Center 
Distance 

(mm) 

Padding to 
Knee Distance 

(mm) 
Left Right Left Right 

766 
Target 90.0 ± 5.0 0.0 ± 5.0 90.0 ± 5.0 164.0 ± 5.0 178.0 ± 5.0 

Average 90.2 -0.9 89.8 92.8 165.0 178.3 179.3 
STD 1.54 0.7 1.0 1.1 2.1 2.8 1.7 

1011 
Target 90.0 ± 5.0 0.0 ± 5.0 90.0 ± 5.0 201.0 ± 5.0 178.0 ± 5.0 

Average 89.9 -2.0 89.4 89.4 202.9 176.6 176.2 
STD 0.5 0.4 0.7 0.5 1.1 1.5 1.7 

1012 
Target 90.0 ± 5.0 0.0 ± 5.0 90.0 ± 5.0 179.0 ± 5.0 178.0 ± 5.0 

Average 89.2 -1.0 90.9 90.3 179.0 178.2 177.8 
STD 1.2 1.5 1.3 2.2 1.8 2.86 2.96 

1013 
Target 90.0 ± 5.0 0.0 ± 5.0 90.0 ± 5.0 167.0 ± 5.0 178.0 ± 5.0 

Average 89.9 0.8 87.9 87.0 168.0 175.9 176.3 
STD 0.5 0.4 2.4 2.9 2.0 1.3 1.5 
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at the femur were normalized by the peak applied force to further investigate the effects of torso 
removal on force transference along KTH. 

After correcting for sensor offsets local cube data were transformed using a rigid body 
rotation to the respective body coordinate systems using CT imaging and motion tracking 
(Toczyski, 2019). Locations include the midshaft of the femurs, hip joint center of the pelvis, and 
center of L2. Values are reported in the primary loading direction oriented anteriorly to posteriorly. 
Descriptions of the coordinate systems used can be found in Appendix A. Response curves are 
reported as the average response ± one standard deviation and were analyzed for trends observed 
across subjects and test conditions. 

 

RESULTS 

Autopsy 
 
 After testing had concluded, an autopsy was performed on each subject to examine the 
presence of any injuries and to record the body segment masses (Table 5). Fibula fractures were 
observed in Subjects 1012 and 1013, possibly attributed to subject interaction with the seat after 
the event had concluded. No other injuries were recorded. 
 

Table 5: Body segment masses for each specimen 

 

Impact Characteristics 
 

Impact characteristics including loading rate, peak force, and load duration were 
significantly different at varying impact velocities. Because of this, impact characteristics are 
grouped by target impact velocity. The average applied force-time histories for the WB and 
TFR+LC conditions tested at 2.5 m/s are shown in Figure 9 and impact characteristics in Table 6. 
The average peak force measured during 2.5 m/s tests was 2206±207 N for the WB condition and 
1841±129 N for the TFR+LC condition. The differences in peak force values were statistically 
significant between WB and TFR+LC at 2.5 m/s. No other significance was observed for this 
velocity. 

Subject 
ID 

Torso 
(kg) 

Pelvis 
(kg) 

Pelvis 
Flesh 
(kg) 

Thigh 
Flesh (kg) Femur (kg) Knee (kg) Below 

Knee (kg) 

Left Right Left Right Left Right Left Right 
766 21.32 1.48 9.05 2.17 2.31 0.60 0.54 1.10 1.18 1.94 1.82 

1011 25.85 1.25 13.45 3.58 3.40 0.60 0.61 1.00 0.94 2.21 2.23 
1012 21.77 1.15 11.83 2.85 3.09 0.57 0.61 1.12 1.37 2.92 2.74 
1013 17.24 1.30 9.63 1.61 1.77 0.62 0.63 0.86 0.83 1.70 1.79 

Average 21.55 1.30 10.99 2.60 0.60 1.05 2.17 
SD 3.52 0.12 1.76 0.69 0.03 0.17 0.42 
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Figure 9: Average applied forces generated for 2.5 m/s trials. Results are shown as average 

applied force ± one standard deviation. Only WB and TFR+LC conditions were tested at this 
velocity. 

 
Table 6: Impact characteristics recorded for 2.5 m/s tests 

 
The average applied force-time histories for the WB, TFR, TFR+LC, and ToR conditions 

tested at 3.5 m/s are shown in Figure 10. Impact characteristics at 3.5 m/s are recorded in Table 7.  
The average loading rate measured during 3.5 m/s tests was 415±24, 353±22, 404±13, and 382±6 
N/ms for the WB, TFR, TFR+LC, and ToR conditions, respectively. Significant differences were 
observed in the averages between the WB and TFR conditions as well as the TFR+LC and TFR 
conditions. The average peak force measured during 3.5 m/s tests was 3259±288, 2646±193, 

Subject 
ID  Condition Loading Rate 

(N/ms) 
Peak Force 

(N) 
Load Duration 

(ms) 

766 
WB 246 2102 32.9 

TFR+LC 252 1847 30.3 

1011 
WB 255 2434 33 

TFR+LC 254 1985 30.6 

1012 
WB 226 2314 39.0 

TFR+LC 213 1859 37.5 

1013 
WB 246 1972 28.6 

TFR+LC 236 1671 28.1 

Average 
WB 243 ± 12 2206 ± 207 33.4 ± 4.3 

TFR+LC 239 ± 19 1841 ± 129 31.6 ± 4.1 
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2734±137, and 2568±158 N for the WB, TFR, TFR+LC, and ToR conditions, respectively. 
Significant differences were observed between the WB condition and all other conditions tested 
(p<0.05). No significant differences were observed between subject conditions for loading 
duration. 

 
Figure 10: Average applied forces generated for 3.5 m/s trials. Results are shown as average 

applied force ± one standard deviation. All conditions were tested at this velocity. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



15 
 

2022 The Ohio State University Injury Biomechanics Symposium 
*This paper has not been peer-reviewed 

Table 7: Impact characteristics recorded for 3.5 m/s tests 

 
WB, TFR+LC, and ToR conditions tested at 4.9 m/s are shown in Figure 11, and impact 

characteristics are recorded in Table 8. The average peak force measured during 4.9 m/s tests was 
4675±479, 3939±235, and 3788±140 N for the WB, TFR+LC, and ToR conditions, respectively. 
Significant differences were observed between the WB condition and the two other conditions 
tested. No significant differences were observed in average loading rate or duration as a function 
of test condition. 

 Subject ID Condition Loading 
Rate (N/ms) 

Peak Force 
(N) 

Load 
Duration 

(ms) 

766 

WB 427 3062 29.4 
TFR 326 2657 27.4 

TFR+LC 413 2738 28.6 
ToR 378 2442 24.1 

1011 

WB 381 3504 30.3 
TFR 351 2749 27.1 

TFR+LC 399 2802 27.3 
ToR 380 2728 26.9 

1012 

WB 419 3508 32.8 
TFR 358 2808 31.4 

TFR+LC 389 2856 31.5 
ToR 381 2679 28.2 

1013 

WB 434 2962 25.2 
TFR 378 2372 25.2 

TFR+LC 416 2542 25.2 
ToR 391 2424 23.5 

Average 

WB 415 ± 24 3259 ± 288 29.4 ± 3.2 
TFR 353 ± 22 2646 ± 193 27.8 ± 2.6 

TFR+LC 404 ± 13 2734 ± 137 28.2 ± 2.6 
ToR 382 ± 6 2568 ± 158 25.7 ± 2.2 
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Figure 11: Average applied forces generated for 4.9 m/s trials. Results are shown as average 
applied force ± one standard deviation. Only WB, TFR+LC, and ToR conditions were tested. 
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Table 8: Impact characteristics recorded for 4.9 m/s tests 

 
The average applied force-time history for the ToR condition tested at 7.2 m/s is shown in 

Figure 12, and impact characteristics are shown in Table 9. The average loading rate, peak force, 
and loading duration recorded for the ToR condition were 1178±32 N/ms, 5961±206 N, and 
18.3±0.5 ms, respectively. 
 

Subject 
ID  Condition Loading Rate 

(N/ms) 
Max Force 

(N) 
Load 

Duration (ms) 

766 
WB 633 4431 23.1 

TFR+LC 670 3981 22.8 
ToR 649 3769 20.7 

1011 
WB 632 5104 22.5 

TFR+LC 633 3879 21.4 
ToR 653 3927 22.6 

1012 
WB 658 5045 24.2 

TFR+LC 657 4231 23.4 
ToR 612 3855 22.9 

1013 
WB 625 4119 22.0 

TFR+LC 664 3665 22.7 
ToR 668 3603 21.7 

Average 
WB 637 ± 14 4675 ± 479 23.0 ± 0.9 

TFR+LC 656 ± 16 3939 ± 235 22.6 ± 0.8 
ToR 646 ± 24 3788 ± 140 22.0 ± 1.0 
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Figure 12: Average applied forces generated for 7.2 m/s trials. Results are shown as average 
applied force ± one standard deviation. Only the ToR condition was tested at this velocity. 

 
Table 9: Impact characteristics recorded for 7.2 m/s tests 

 

Femur Loading 
 

The average femur force-time histories for the TFR+LC condition are shown in Figure 13, 
and the femur loading characteristics in Table 10. Average loading rate, loading duration, and peak 
forces were significantly different between varying impact velocities for the TFR+LC condition. 

 Subject 
ID Condition Loading Rate 

(N/ms) Max Force (N) Load Duration 
(ms) 

766 ToR 1132 5959 17.5 
1011 ToR 1196 6229 18.7 
1012 ToR 1219 6004 18.8 
1013 ToR 1167 5652 18 

Average ToR 1178 ± 32 5961 ± 206 18.3 ± 0.5 
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Despite this, the peak femur force normalized by percentage of the peak applied force showed no 
significant difference across the different velocities. 

 
Figure 13: Average femur force-time histories for the TFR+LC condition. Results are shown as 
average femur force ± one standard deviation.  Only 2.5, 3.5, and 4.9 m/s trials were tested in 

this condition. 
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Table 10: Femur loading characteristics for the TFR+LC condition 

 
 The average femur force-time histories for the ToR condition are shown in Figure 14, and 
the femur loading characteristics in Table 11. Similar to the TFR+LC condition, average loading 
rate, loading duration, and peak forces were significantly different between varying impact 
velocities for the ToR tests, and the peak femur force relative to the peak applied force also showed 
no significant difference across the different velocities. The force drop from the knee to the femur 
was significantly different between the TFR+LC and ToR conditions (Figure 15). 
 

Subject 
ID  

Impact 
Velocity 

(m/s) 

Loading 
Rate(N/ms) 

Peak Force 
(N) 

% Peak 
Applied Force 

Load 
Duration (ms) 

766 
2.5 173 1407 76.2 30.8 
3.5 308 2100 76.7 28.3 
4.9 586 2976 74.8 23.5 

1011 
2.5 214 1559 78.5 29.6 
3.5 331 2195 78.4 26.8 
4.9 476 2929 75.5 23.1 

1012 
2.5 159 1365 73.4 38.7 
3.5 323 2109 73.8 32.0 
4.9 583 3118 73.7 25.4 

1013 
2.5 197 1260 75.4 27.7 
3.5 344 1950 76.7 24.7 
4.9 559 2757 75.2 22.0 

Average 
2.5 186 ± 25 1398 ± 124 75.9 ± 2.1 31.7 ± 4.8 
3.5 326 ± 15 2089 ± 102 76.4 ± 1.9 28.0 ± 3.1 
4.9 551 ± 51 2945 ± 149 74.8 ± 0.8 23.5 ± 1.4 
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Figure 14: Average femur force-time histories for the ToR condition. Results are shown as 

average axial compressive femur force ± one standard deviation.  Only 3.5, 4.9, and 7.2 m/s trials 
were tested in this condition. 
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Table 11: Femur loading characteristics for the ToR condition 

 

 
Figure 15: Comparison of applied force at knee versus force measured at femur for TFR+LC and 

ToR conditions at 3.5 m/s.  
 

Subject 
ID  

Impact 
Velocity 

(m/s) 

Loading 
Rate(N/ms) 

Peak Force 
(N) 

% Peak 
Applied Force 

Load 
Duration (ms) 

766 
3.5 306 1754 71.8 23.5 
4.9 572 2661 70.6 20.8 
7.2 936 4266 71.6 17.9 

1011 
3.5 327 2001 73.3 26.6 
4.9 571 2904 73.9 23.7 
7.2 1081 4414 70.9 20.1 

1012 
3.5 300 1919 71.6 27.9 
4.9 517 2785 72.2 24.0 
7.2 1069 4168 69.4 20.2 

1013 
3.5 325 1825 75.3 22.4 
4.9 537 2709 75.2 20.2 
7.2 1009 4125 73.0 18.7 

Average 
3.5 315 ± 14 1875 ± 108 73.0 ± 1.7 25.1 ± 2.6 
4.9 549 ± 27 2765 ± 106 73.0 ± 2.0 22.2 ± 2.0 
7.2 1024 ± 66 4243 ± 128 71.2 ± 1.5 19.2 ± 1.1 
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Femur Acceleration 
  
 Left and right anterior-to-posterior femur responses were averaged for the WB (Figure 16), 
TFR (Figure 17), TFR+LC (Figure 18), and ToR (Figure 19) conditions. Preliminary observations 
show increasing variability in the response as well as increasing peak acceleration with increasing 
impact velocity. 

 
Figure 16: Average femur accelerations for the WB condition. Response plotted as average 

anterior-to-posterior acceleration for all subjects ± one standard deviation. 
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Figure 17: Average femur accelerations for the TFR condition. Response plotted as average 

anterior-to-posterior acceleration for all subjects ± one standard deviation. 

 
Figure 18: Average femur accelerations for the TFR+LC condition. Response plotted as average 

anterior-to-posterior acceleration for all subjects ± one standard deviation. 
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Figure 19: Average femur accelerations for the ToR condition. Response plotted as average 

anterior-to-posterior acceleration for all subjects ± one standard deviation. 
 

Pelvis Acceleration 
 

Anterior-to-posterior pelvis accelerations were averaged for the WB (Figure 20), TFR 
(Figure 21), TFR+LC (Figure 22), and ToR (Figure 23) conditions. Similar trends of increasing 
variability and increasing peak acceleration with increasing velocity are seen. 
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Figure 20: Average pelvis acceleration for the WB condition. Response plotted as average 

anterior-to-posterior acceleration for all subjects ± one standard deviation. 

 
Figure 21: Average pelvis acceleration for the TFR condition. Response plotted as average 

anterior-to-posterior acceleration for all subjects ± one standard deviation. 
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Figure 22: Average pelvis acceleration for the TFR+LC condition. Response plotted as average 

anterior-to-posterior acceleration for all subjects ± one standard deviation. 

 
Figure 23: Average pelvis acceleration for the ToR condition. Response plotted as average 

anterior-to-posterior acceleration for all subjects ± one standard deviation. 
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L2 Acceleration 
 

Anterior-to-posterior L2 accelerations were averaged for the WB (Figure 24), TFR (Figure 
25), and TFR+LC (Figure 26) conditions. Preliminary observations show that there is a significant 
delay between the L2 peak acceleration and the femur and pelvis accelerations for each test, 
beginning after the values have peaked. Finally, a similar trend of increasing variability and 
increasing peak acceleration with increasing impact velocity is observable. 
 

 
Figure 24: Average L2 acceleration for the WB condition. Response plotted as average anterior-

to-posterior acceleration for all subjects ± one standard deviation. 
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Figure 25: Average L2 acceleration for the TFR condition. Response plotted as average anterior-

to-posterior acceleration for all subjects ± one standard deviation. 

 
Figure 26: Average L2 acceleration for the TFR+LC condition. Response plotted as average 

anterior-to-posterior acceleration for all subjects ± one standard deviation. 
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DISCUSSION 
  

In mechanical systems theory, the dynamic response of a system undergoing forced 
vibrations has a unique response that is affected by the velocity of loading relative to the natural 
frequency of the system (Rao, 2018). For situations where the excitation velocity is below the 
natural frequency of the system, the response is said to be stiffness dominated where the system 
behaves more coupled. When the velocity of loading is higher than the natural frequency, the 
system is said to be mass-dominated where the system behaves more de-coupled. As the system 
approaches the natural frequency of the system, the response is dominated by the magnitude of 
damping present. The mechanical analogy of KTH is shown in Figure 27. Information obtained 
from testing, including segment masses and kinematics, will go into the development of this model 
to further explore the extent of this behavior for KTH – a multi-degree-of-freedom situation where 
the masses are relatively unconstrained.  
 

 
Figure 27: Lumped parameter model of the KTH system modeled after Rupp et al., (2008) for 

tests performed on male PMHS. Components include the mass of the femur and knee (mA), the 
mass of the pelvis and coupled thigh flesh (mB), the mass of the loosely coupled pelvis flesh and 
mass of the femur flesh coupled to the pelvis (mC), the mass of the leg below the knee coupled 

to KTH (mD), the mass of the upper body (mE), the mass of the thigh flesh coupled to the femur 
(mF), a pseudo mass to separate the mechanical behavior of the femur from the hip (mg), as well 

as the stiffness, damping, and frictional interactions between masses (kAD, cAD, Ff, etc). 

It was hypothesized that, when translating the input velocities used by Rupp et al., (2008), 
to tests on small females, a higher velocity trial would be needed to characterize the dynamic 
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response of the system since mass and natural frequency are inversely proportional. Masses 
obtained for the lower extremities during autopsy support the claim that there would an observable 
difference across sexes as the average female segment masses were around half of the masses 
reported in Rupp et al., (2008), except for the pelvis and pelvis flesh mass which was 
approximately equal in mass between studies. 

Acceleration traces showed an increase in the between-subject acceleration differences that 
increased with increasing velocity. One potential explanation is that, for slower impacts, the 
stiffness of the system is relatively similar across subjects, however as the impact velocity 
increases the variations in segment masses and distribution play a larger factor in the response. To 
test these theories, subject-specific natural frequencies will need to be calculated from the models 
and the response will need to be compared over a range of impact velocities. 

 As anticipated, impact characteristics varied significantly with the velocities tested. 
Interestingly, peak loading values were significantly different between the WB condition and all 
other conditions tested, however, no significant difference was observed between any of the other 
conditions. This would seemingly suggest that thigh flesh plays a more significant role in the KTH 
dynamic response compared to the coupled mass of the torso. This can be further visualized by the 
significant lag in the acceleration of L2 relative to the femur and pelvis. Generally, loading rate 
and duration were more dependent on the velocity at impact and not the subject condition.  

 

CONCLUSION  
 

This study analyzed the effect of mass coupling and impact velocity on the KTH response 
of female PMHS in frontal impacts. Key findings include that peak knee loading values were 
significantly different between the WB condition and all other conditions tested; however, no 
significant difference was observed between any of the other conditions suggesting that the thigh 
flesh may play a more significant role in the KTH dynamic response. For femur forces, the 
difference in force drop between TFR+LC and ToR conditions indicates that the effective coupled 
mass of the torso has an observable effect on the force transferred along KTH, yet this effect is 
still relatively small. For acceleration traces, early results show increasing variability in the 
response with increasing impact velocity, perhaps resulting from differences in the subject-specific 
natural frequency of the KTH system. This is the first step in the overarching goal of quantifying 
the KTH response for small females through the development of subject-specific lumped 
parameter models. Next steps include model development as well as comparisons in the KTH 
response with small female ATDs. 
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APPENDIX 
 
Femur Coordinate System 
 

The diagram for the femur coordinate system is shown in Figure 28, along with the derivation 
of each axis. The results in the body of the report were taken in the primary direction of loading in 
the anterior-posterior direction. For femurs, this value is in the -Z direction as defined below. 

- Origin: Located at the midpoint of the femoral head sphere fit 
- +Z:  Defined by the vector between the origin and the midpoint between the medial and 

lateral femoral epicondyle (pointing distally towards the epicondyles). 
- +Y:  Defined by the vector between the medial and lateral femoral epicondyle (pointing 

right) 
- +X:  Orthogonal to Z and Y (pointing anteriorly) 

 
Figure 28: Femur coordinate system as defined with the origin at the center of the femoral head. 

Note values represent the positive axis, and the x-axis is shown coming out of the page. 
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Pelvis Coordinate System 
 

The diagram for the pelvis coordinate system is shown in Figure 29, along with the derivation 
of each axis. The results in the body of the report were taken in the primary direction of loading in 
the anterior-posterior direction. For the pelvis, this value is in the -X direction as defined below. 

- Origin: The origin is located at the midpoint between acetabulum sphere-fit centers 
- +Z:  Defined by the vector between the origin and the midpoint between R ASIS and L 

ASIS (pointing distally) 
- +Y:  Defined by the vector between the left and right acetabulum (pointing towards the 

right acetabulum) 
- +X:  Orthogonal to Z and Y (pointing forward) 

 
Figure 29: Pelvis coordinate system as defined with the origin at the center of the femoral head. 

Note values represent the positive axis, and the x-axis is shown coming out of the page. 
 
L2 Coordinate System 
 

The diagram for the L2 coordinate system is shown in Figure 30, along with the derivation of 
each axis. The results in the body of the report were taken in the primary direction of loading in 
the anterior-posterior direction. For L2 this value is in the -X direction as defined below. 

- Origin: The midpoint of the vector between the center of the superior and inferior vertebral 
endplates 

- +Z:  Vector between the center of the superior and inferior endplates (pointing inferiorly) 
- +Y:  Defined by the vector between the left and right pedicles (pointing in the direction of 

the right pedicle) 
- +X:  Orthogonal to Z and Y (pointing anteriorly) 
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Figure 30: L2 coordinate system as defined with the origin in the middle of the superior and 

inferior endplates. Note values represent the positive axis, with the +x-axis pointing anteriorly. 
 


