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Abstract. In order to study the risk of dummy knee injuries in frontal collisions of automobiles,
by analyzing a large number of knee mapping test data, the collision waveform intensity and
the dummy knee risk situation were classified and counted. The influence laws of different
characteristic risk points, collision speeds, and belt forces on femur loads were investigated.
The results show that the distribution of OLC values at 50km/h is the largest in the range of 29-
32g. The crash waveforms of both models are enhanced after speeding up, but the form of
enhancement is different. The position where the driver is most likely to become a risk point is
the steering column adjustment switch and the steering column cover bolts and brackets. The
passenger seat is the transition area of the harder interior trim, and the highest risk point for
femur loads exceeding the limit is the steering column adjustment switch. The highest median
femur loads under different risk points is the hard corner of the central control screen. The
femur loads increases with the increase of collision speed and decreases with the increase of
seat belt tension.
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1. Introduction

With the development of the automotive industry, the number of cars in China has gradually increased,
and automobiles have become one of the most important means of transportation for people traveling.
However, traffic accidents threaten the safety of people, with more than a million people killed in car
accidents globally each year, and roughly 20 times as many people seriously injured as killed [1]. In
the field of passive safety of automobile occupants, many scholars at home and abroad have conducted
a lot of research on the protection of the occupants’ head, chest and other key parts [2-4]. But in the
process of automobile collision, the lower limbs of the human body may also collide with the
dashboard. Although this kind of lower limb injuries do not generally constitute fatal injuries, but the
high cost of treatment, long cycle, which may result in the occupant’s physiological function is
impaired or even disabled, and unable to live a normal life, which will cause serious damage to the
individual and the society.

2. Background
Lower limb protection is very important, and some scholars have conducted relevant research. PJ
Atkinson [5] and others studied the effect of instrument panel on femur loads and analyzed the knee
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injury mechanism. Fan Shasha [6] analyzed the effect of two-order acceleration on occupant leg injury
by simplifying the collision waveforms. Huang Jie [7] and Zhu Langin [8] studied the injury of the
lower leg in a frontal collision, and Zeng Qingyong [9] investigated the effect of IP structure, the angle
of lower limb bias of the occupant, and the angle of lower leg to the floor on the injury of the femur.
The above have mainly analyzed the lower leg or ankle area or studied knee injuries using simulation
methods, with a lack of data support in terms of testing. Domestic and international automobile crash
safety regulations for frontal crashes provide limit values for femur loads and knee displacement. In
addition to this, Euro NCAP (EUROPEAN NEW CAR ASSESSMENT PROGRAMME) [10] was the
first to publish a knee mapping test protocol in 2011, which examines the knee risk in different
possible impact positions and provides a more detailed evaluation of the risk of femur injuries. C-
NCAP (China-New Car Assessment Program) [11] added this section to the 2021 version of the
program, and other assessment organizations are gradually following suit.

According to the knee mapping section of the C-NCAP 2021 Revision , after the vehicle has been
tested in a frontal collision, an evaluation of the knee risk area is required, and if there is a crash
location point that could result in the femur loads of more than 3.8 kN and/or a knee displacement of
more than 6 mm, then the corresponding leg score will be penalized, of which an additional penalty
score will be assessed if it is due to the presence of a structural hard point.

This paper combines a large number of knee mapping test data in C-NCAP, statistics on the OLC
value, knee risk area distribution and femur loads exceeding the limit at different speeds. The
influencing factors and distribution patterns of femur loads in full-width frontal collisions of vehicles
were obtained. The results of the study can inform the structural design of vehicle dashboards and the
risk assessment of dummy knees.

3. Crash waveform intensity and risk profile statistics

3.1. Distribution of OLC values and their range of change after speedup

In terms of vehicle collision safety, the occupant load criterion (OLC) value is used as an important
index to evaluate the strength of the vehicle collision waveform, which assumes that when the vehicle
collision occurs, the delay speed of the restraint system is linearly changing, and the constraint system
on the dummy constraint acceleration is a constant value that is the OLC value. This value has
important implications for knee risk. In the C-NCAP, the acceleration of the B-pillar of the vehicle in a
frontal collision at 50 km/h is used for the knee mapping test. In this section, the distribution of OLC
values of 50 km/h full-width frontal crashes under different car models is counted, and the total
number of statistical data is 36 car models, which are divided into four parts according to the size of
OLC values, as shown in Figure 1, which shows that the largest number of distributions is in the range
of 26-29 g, accounting for 38.9% of the total number of distributions, whereas there are fewer
distributions of 23g or less, which account for only 8.3% of the total number of distributions.

20-23(g) 23-26(g) 26-29(g) 29-32(g)

Figure 1. Distribution of OLC values of positive collision test waveforms

In the E-NCAP protocol, the official laboratory counted a large amount of crash waveform data
under the MPDB test and designed a generalized waveform, as shown in Figure 2. The distribution of
their data is given in Table 1, where it can be seen that the largest percentage, 39.3%, is distributed
between 22 g and 29 g. When knee mapping is performed the collision waveform of the sled can be
freely selected from the whole MPDB collision waveform or the generic waveform. When selecting
the generic waveform, the intensity of the generic waveform can not be exceeded by #5g. Compared
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with C-NCAP, it has a wider distribution of OLC value ranges and greater differences in waveform
intensity.
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Figure 2. MPDB test waveform OLC values
Table 1. MPDB test waveform distribution
Class OLC range No. Data Percent
A <229 12 21.4%
B 229 <<29g 22 39.3%
C 29g < < 369 12 21.4%
D > 369 10 17.9%

When the body structure is not changed, the general OLC value will increase with the increase of
collision speed, according to the draft of C-NCAP 2024, the full width frontal impact speed is
expected to be increased from 50 km/h to 56 km/h. Table 2 shows the change of OLC value under
different speeds in the collision of several different brands and models. According to the results of the
research on some manufacturer, the OLC value increases in the range of 3 to 5 g after optimization,
models 1 and 2 are the OLC value increases after speed increase without optimization. Models 3 and 4
are the models after structural optimization, and their average increase of OLC value change is only
0.8 g. It can be seen that the amount of OLC change can be effectively reduced after structural
optimization in the case of increased speed.

Table 2. Changes in OLC values after speed increase

Manufacturer OLC variation
Manufacturer 1 49
Manufacturer 2 3-4¢
Manufacturer 3 4-5¢

Model 1 7.65¢
Model 2 8.36g
Model 3 0.6g
Model 4 19
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Figures 3 give details of the changes in body acceleration for Model 1 and Model 2 after increasing
the impact speed. It was found that when the structure was not optimized, the overall acceleration of
Model 1 were increased, and although the peak value of Model 2 was not increased, the early
acceleration was significantly increased, and the calculated OLC values were changed significantly. It
shows that after the increase of speed, the two kinds of body acceleration waveform intensity both
increased, but the form of increase is different, one for the overall level of increase, and the other for
the acceleration of the valley value becomes larger.
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Figure 3. Unoptimized acceleration profile

3.2. Analysis of the distribution pattern of risk points

The following is a statistical analysis of the distribution pattern of knee risk points. The selection of
risk points is greatly influenced by the model, interior parts and other factors. Through a number of
test data for comparison and analysis, the main driving risk points are now divided into five positions
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according to their characteristics: steering column adjustment switch, steering column shroud bolts and
brackets, the harder interior transition parts, instrument panel surface switch hard point and the corner
of the center control screen. Figure 4 shows a typical schematic diagram of the risk points of each
characteristic.

steering column adjustment switch  steering column shroud bolts and brackets

-

the harder interior transition parts instrument panel surface switch hard point

.

the corner of the center control screen

Figure 4. Schematic diagram of risk points for the driver’s region

The following will be analyzed according to the driver and passenger riding position, the left leg
and the right leg parts of the statistical analysis. Figure 5-6 show the driver of the different legs of the
risk point distribution. The driver of the left leg of the risk point location of the steering column
adjustment switches accounted for 40%, followed by the transition parts of the harder interior
decoration. The driver’s right leg is primarily focused on the steering column shroud bolts and
brackets, accounting for close to 1/2 of the driver’s right leg. The second highest percentage is the
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harder interior trim piece transition area. Across all models, the steering column adjustment switch and
the steering column shroud bolt and its bracket are two locations that tend to be risky. The high
percentage of transition areas for harder interior parts is mainly due to their wider scope, which mainly
includes the intersection line of two parts and harder projecting surfaces.

6.7%

. the harder interior transition parts
. 0

P instrument panel surface switch hard point
40% ) ) )
steering column adjustment switch

steering column shroud bolts and brackets

Figure 5. Percentage of risk points for the left leg’s region

the harder interior transition parts
37.5%
46.9% I the corner of the center control screen
steering column adjustment switch

6.39 steering column shroud bolts and brackets

Figure 6. Percentage of risk points for the right leg’s region

glove compartment switch the harder interior transition part

the corner of the center control screen

Figure 7. Schematic diagram of risk points for the passenger’s region
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Risk points were counted in the same way for the passenger side. The dashboard in front of the
passenger side is more concise compared to the ride environment on the driver’s side, and the overall
number and type of risk points become less, which can be categorized into the following three
characteristic risk points: the glove compartment switch, the harder interior transition part, and the
corner of the center control screen, whose typical schematic diagrams are given in Figure 7.

Figure 8 shows the distribution of risk points for the passenger’s left leg, and it can be seen that due
to the wide range of harder interior transition parts, it occupies 79.5% of the proportion, in addition to
the glove box switch and center screen impact risk is also relatively high. On the other hand, the risk
points of the passenger’s right leg are all in the transition part of the harder upholstery, and there are
no other characteristic risk points.

10.3%

the harder interior transition part
I glove compartment switches

the corner of the center control screen
79.5%

Figure 8. Percentage of risk points for passenger left leg characteristics

3.3. Statistical analysis of femur loads overruns

Then counted the situation of femur loads exceeding the limit. Table 3 shows the statistical process of
exceeding the limit of the location, the number of times and the proportion of the situation, the total
number of times in this section of the test statistics is 145 times. The femur loads exceeded the limit of
the number of times for 7 times, the overall proportion of 4.8%. It can be found that the position of
steering column adjustment switch is most likely to exceed the limit value, and the vehicle design
should focus on considering the risk of this position.

Table 3. Femur loads overruns

Impact location Total number of times  Exceeding limit times  ratio

the harder interior transition parts 85 4 4.7%
steering column adjustment switch 20 2 10%
steering column shroud bolts and brackets 20 1 5%
Others 20 0 0%

Total 145 7 4.8%

In addition, the test process found that some of the risk points, although in the division of the
region, and the structural strength of the larger or more protruding shape. But due to the location of the
more marginal, after the test is more difficult to produce an impact with the location. Figure 9 shows a
schematic diagram of the location of the risk. For such more marginal risk points, the optimization can
be reduced according to the other structure to reduce the consideration as appropriate.
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Figure 9. Schematic of edge risk points

4. Analysis of femur injury results

4.1. Distribution pattern of femur loads at different locations of risk points

The femur loads injury values are analyzed below. Table 4 shows the median femur loads at different
positions, and it can be seen that the top three risky positions are the hard corner of the center control
screen, the steering column shroud bolts and brackets, and the glove compartment switch, with median
femur loads of 2.163 kN, 2.041 kN, and 1.853 kN, respectively.

Table 4. The median femur loads at different positions

Impact location Femur loads(kN)
the corner of the center control screen 2.163
steering column shroud bolts and brackets 2.041
glove compartment switches 1.853
the harder interior transition part 1.562
steering column adjustment switch 1.519
instrument panel surface switch hard point 0.806

Analysis of the results revealed that the hard corners of the protruding center screen caused the
highest degree of damage to the femurs. Secondly, the steering column shroud bolts and brackets,
combined with the previous section can be seen, as each model basically has the steering column
shroud bolts and brackets location, and because of the hard metal material, these locations are easy to
become a point of risk, but also easy to cause serious injury to the femurs. For the passenger glove box
switch position, compared to other smooth dashboards, this position is characterized by hard corners
and hard edges due to the presence of the switching mechanism, which poses a higher risk of knee
injuries. For the two positions of the transition part of the harder interior parts and the steering column
adjustment switch, their femur loads injury values are similar, and for the position of the switch on the
surface of the instrument panel, it was analyzed and found that the lower femur loads injury is due to
the fact that the half of the switch is located on the side of the femurs and above the femurs, which
does not produce a tighter collision during the impact, and therefore the risk of this position is smaller.

4.2. Effect of different collision speeds on femur loads

The crash waveforms and OLC value changes for Model 1 and Model 2 have been previously
available. In this section, four risk points were selected to analyze the femur loads injury changes in 50
km/h and 56km/h speed crashes, as shown in Table 5. From the table, it can be seen that for the same
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position at different speeds in the positive collision, the femur loads injury value has increased, but the
increase is limited. Calculation of the following four comparison tests shows that the average femur
loads increase is about 0.75 kN.

Table 5. Comparison of femur loads at different speeds

Vol oLC Femur

(km/h)  variation Location Impact location loads(kN) Increment
50 Passenger’s left leg g;ertqarder interior transition 2592

, the harder interior transition 1.087
56 7.65 Passenger’s left leg part 1 3.679
50 Passenger’s right leg  glove compartment switches  1.524 0.221
56 Passenger’s right leg  glove compartment switches  1.745 '
50 Driver’s right leg g;ertgarder interior transition 0.924

o . 0.951
56 Driver’s right leg g;ertr;arder interior transition 1875
8.36 - the harder interior transition

50 Passenger’s right leg part 3 0.05

Y the harder interior transition 0.74
56 Passenger’s right leg oart 3 0.79

4.3. Effect of different seat belt tension on femur loads

Since the lap belt force in knee mapping test has an important restraining effect on knee impact, the
tension of the seat belt B6 position was collected, and for the steering column adjustment switch risk
point, the relationship between the tension of the B6 position and the femur loads was statistically
calculated for different car models, as shown in Figure 10. It shows that most of the distribution range
of the tensiometer is concentrated in 7-10 kN, and at the same time, with the increase in the lap belt
force, the value of the femur injury has a tendency to gradually decrease.

Femur loads (kN)

Seat belt tension (kN)

Figure 10. Femur loads at different seat belt tension

5. Conclusions

This article uses knee mapping test data to analyze the distribution of OLC values of waveform
strength in frontal impact tests and the range of changes after acceleration. By dividing knee risk
positions through different features, the distribution of risk points is statistically analyzed, and the
influence of different factors on femur loads is explored. The results indicate that:
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At a collision speed of 50km/h, the vast majority of OLC values are in the range of 23 g-32 g, with
the largest percentage of 29 g-32 g in Part IV at 38.9%. The OLC value will increase after speeding up,
and the amount of change in the OLC value can be effectively reduced by optimizing the front
suspension. For the same position, the femur loads increases with the increase in collision speed, and
the average of the four test increases is 0.75kN.

Based on the knee mapping test risk location characteristics, the driver’s region was categorized
into five characteristic risk points and the passenger into three characteristic risk points. The most
risky locations for the driver are the steering column adjustment switch and the steering column
shroud bolts and their brackets. The most risky location on the passenger’s left leg is the hard interior
transition area. The highest position of the femur loads override ratio is the steering column
adjustment switch.

The location with the largest median femur loads under different impact positions is the hard corner
of the center control screen, followed by the steering column shroud bolts and brackets. The
manufacturer should focus on the structural design and use of materials in this location to reduce the
risk caused by this location when conducting structural design. In the process of collision, the size of
the belt force of the safety belt has an important role in the protection of the dummy knee injury.
Within a certain range, as the seat belt tension increases, the femur loads gradually decreases.
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