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Whole-body models are historically developed for traffic injury prevention, and

they are positioned accordingly in the standing or sitting configuration

representing pedestrian or occupant postures. Those configurations are

appropriate for vehicle accidents or pedestrian-vehicle accidents; however,

they are uncommon body posture during a fall accident to the ground. This

study aims to investigate the influence of trunk and pelvis angles on the

proximal femur forces during sideways falls. For this purpose, a previously

developed whole-body model was positioned into different fall configurations

varying the trunk and pelvis angles. The trunk angle was varied in steps of 10°

from 10 to 80°, and the pelvis rotation was changed every 5° from −20° (rotation

toward posterior) to +20° (rotation toward anterior). The simulations were

performed on a medium-size male (177 cm, 76 kg) and a small-size female

(156 cm, 55 kg), representative for elderly men and women, respectively. The

results demonstrated that the highest proximal femur force measured on the

femoral head was reached when either male or female model had a 10-degree

trunk angle and +10° anterior pelvis rotation.
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1 Introduction

Human body models (HBMs) are practical tools for traffic safety studies (Iwamoto

et al., 2002; Alvarez et al., 2014; Fahlstedt et al., 2016). The geometry and mechanical

properties of the total human model for safety (THUMS) are based on a healthy mid-size

young adult male (Iwamoto et al., 2002). HBM’s are generally positioned in a standing or

seated position to model pedestrians or car occupants during different traffic accident

scenarios. Another typical type of traffic accident is a single pedestrian fall (The Swedish

Transport Administration, 2018), where the body configuration vary in the moments

before a fall.

A fall can lead to different body configurations, and each of the body extremities

can hit the ground first. However, it is demonstrated that sideways falls are the leading

causes of hip fractures (Greenspan et al., 1998; Schwartz et al., 1998; Wei et al., 2001;
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Ensrud, 2013; Nasiri Sarvi and Luo, 2017; Galliker et al., 2022).

Parkkari et al. (1999) found a majority of hip fractures

occurring as a result of a fall and direct impact on the

greater trochanter of the femur. Van Den Kroonenberg

et al., 1996 conducted a laboratory study on sideways falls

with six young, healthy adults. They were requested to fall

onto the gymnastics mattress voluntarily and naturally. The

mean trunk angle (the angle between the trunk and the

vertical) was roughly 20°, and only two of the subjects

could use their arm or hand to break the fall. Another

more extensive study on 44 young individuals (31 were

females) found an average trunk angle of 42° (Feldman and

Robinovitch, 2007). Moreover, it was reported that in 98% of

falls, the initial impact occurred to the upper extremities,

followed by hip impacts. The pelvis angle varied in the range

of -20 to 20°, with an average posterior rotation of 8° (Feldman

and Robinovitch, 2007). Choi and Robinovitch (2018)

explored the effect of the pelvis rotations toward posterior

or anterior directions (pelvis angle) using a hip impactor

simulator. They found that the 10-degree anterior pelvis

rotation leads to the highest load on the femoral neck

(Choi and Robinovitch, 2018). A recent subject-specific

finite element simulation study (Galliker et al., 2022)

indicated that the femoral neck reaction forces which was

quantified at the acetabulum were higher in lateral or 15°

anterior pelvis rotations compared to other anterior (30°) or

posterior rotations (15, 30, 60, and 90°).

Finite element models can be used to better understand the

effect of trunk and pelvis angles on the proximal femur forces

measured on the femoral head during sideways falls. To the best

of our knowledge, no previous study has investigated the effect of

trunk and pelvis angles using whole body models. In the current

study, a modified and validated THUMS whole-body model

(Sahandifar and Kleiven, 2021) was positioned in the relevant

sideways falling configurations for males and females. The

corresponding proximal femur forces on the femoral head

were evaluated to investigate the trunk and pelvis angles that

lead to the highest proximal femur forces.

2 Method

The simulations were done using the modified THUMS

v4.02 medium-sized male (Iwamoto et al., 2002) with a

177 cm height and 76 kg weight (Sahandifar and Kleiven,

2021), representative for elderly men (Kleiven, 2020; Fryar

et al., 2021). Initially, the male model was homogenously

scaled down to represent a small-size female with 156 cm

height and a 56 kg weight (Schneider et al., 1983), which is

close to the average height and weight reported for elderly

women (Kleiven, 2020). Both models were validated against

lateral impacts towards the pelvis for both external forces and

internal forces of the femoral head in a previous study

(Sahandifar and Kleiven, 2021). Next, the bones in the model

were switched to rigid, during positioning, and the ipsilateral

femur and lower leg were positioned to create a 109-degree knee-

flexion (Van Den Kroonenberg et al., 1996; Fleps et al., 2018). A

prescribed motion was assigned to the rigid bones to move to the

desired position. After positioning the knee, different trunk and

pelvis angles were positioned with the same method (Figure 1).

Finally, the nodal positions were copied, and the bones returned

to be deformable.

2.1 Sideways fall simulations

Sideways falls were simulated on a rigid ground with

different trunk-angles and pelvis-angles (Figure 1). First, the

trunk-angle was changed in steps of 10° from 10 to 80°

compared with the vertical direction. According to the

trunk-angle simulation results, the trunk-angle with the

highest proximal femur force was chosen for simulating

different pelvis-angles. The proximal femur forces were

measured on the femoral head. The pelvis-angle was

changed from −20° (rotation toward posterior) to +20° in

steps of 5°. In all simulations, an initial velocity of 3 m/s was

assigned to the positioned whole-body model as it is close to the

average hip impact velocity reported in several previous studies

(Feldman and Robinovitch, 2007; Nasiri Sarvi and Luo, 2017).

3 Results

The trunk-angle was changed from 10° to 80°, and the highest

proximal femur forces were found for the most upright trunk

position of 10° for both males and females (Figure 2). The female

model experienced lower proximal femur forces (about

17 percent on average) than the male model at similar trunk

angles.

The pelvis-angle was varied from 20-degree pelvis rotation

towards posterior to 20-degree rotation towards anterior in

steps of 5°. The highest proximal femur forces were found for

pelvis angles of 0–15° anterior rotation for both males and

females (Figure 3). The female model experienced lower

proximal femur forces than the male model at similar body

configurations.

4 Discussion

In the current study, the trunk and pelvis angles were varied

to identify the body configuration leading to the highest proximal

femur forces during sideways falls. The highest proximal femur

force was found for the most upright trunk angle of 10° towards

the vertical for both males and females; however, the highest

proximal femur force due to changes in the pelvis angle occurred
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for the 10-degree anterior rotation. The proximal femur forces

were, on average, 17 percent lower for the females than the males

in each of the trunk and pelvis angles for the same hip impact

velocity.

The results from the current study are supported by

several previous studies (Choi and Robinovitch, 2018;

Feldman and Robinovitch, 2007; van den Kroonenberg

et al., 1995; Galliker et al., 2022). The proximal femur

FIGURE 1
The range of the (A) trunk, (B) pelvis, and (C) knee angles during the sideways fall simulations.

FIGURE 2
Comparison of the proximal femur forces in different trunk angles. The proximal femur forces decrease as the trunk angle reaches the
horizontal body configuration.
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forces decrease as the trunk angle changes from 10 to 80°. The

effective mass over the pelvis and the soft tissue thickness are

the two factors contributing to the changes in the proximal

femur forces due to trunk angle variations. Previous studies

using spring-damper systems and linked rigid-body models

have shown that the hip impact force increases as the trunk

angle goes towards the vertical (Robinovitch et al., 1997; van

den Kroonenberg et al., 1995). Simultaneously, the lateral

flexion of the trunk could stretch the muscles and reduce

the soft tissue thickness covering the greater trochanteric area.

A previous study (Robinovitch et al., 1995) suggests a 1-mm

increase in the soft tissue thickness can reduce the proximal

femur forces up to 70 N. The finding of highest proximal

femur forces is supported by the recent study by Galliker et al.,

2022 who found highest femoral neck reaction forces for

lateral or 15° anterior pelvis rotations for four subject

specific lower body FE-models for lateral impacts. As the

pelvis rotates toward the posterior, the thicker Gluteus

muscles contribute more to the force attenuation of the fall.

It consequently decreases the proximal femur forces. A

positive pelvis-angle also changes the first point of impact

from the hip toward the lateral and anterior parts of the hip

having thinner soft tissues.

There are identifiable shortcomings with the current

study. The trunk positioning of the whole-body model was

limited to 10°. A smaller trunk angle than 10° would lead to

distorted elements in the abdominal soft tissues due to

folding of those layers. Moreover, the contralateral knee

was not positioned with respect to the landing side knee.

A recent study showed the landing side and contralateral

knee configurations could affect the impact forces up to

60 percent in sideways fall (Lim and Choi, 2020). Only a

single model for each sex is examined in this study. Although

the two models are close to the average height and weight

reported for elderly men and women, they do not account for

normal population variations such as size, body mass, and

soft tissue distribution. Another limitation is the

homogenous scaling of a male model to obtain the female

model. It was assumed that the differences between the

female model and the male model was limited to the size

differences, and other parameters such as geometry and

mechanical properties were the same. However, it is

indicated in previous studies such as Roberts et al., 2018

and Brinckmann et al., 1981 that the biomechanical

differences such as bone structure and soft tissue

composition cannot be ignored between sexes. While this

limits the interpretation of the results when it comes to the

female model, it should be noted that the female model

correlates well when validated against lateral hip impacts

for a small female PMHS with similar anthropometry

(Sahandifar and Kleiven, 2021). Finally, it was assumed

that the upper extremities were not involved in the

impact, and the initial impact occurred to the hip. Van

Den Kroonenberg et al., 1996 suggested that the subjects

could not break the fall with their upper extremities, which is

consistent with studies suggesting that elderly have difficulty

breaking the fall (Parkkari et al., 1999), while Feldman and

Robinovitch (2007) found that most of the volunteer impacts

FIGURE 3
Comparison of the proximal femur forces in different pelvis angles when the trunk angle was fixed to 10°. The proximal femur force reaches the
maximum value for both sexes at a pelvis angle of +10°.
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were initiated with one of the upper extremities and were

followed by hip impact. Despite this discrepancy, the upper

extremities could potentially absorb part of the impact forces

and reduce the extent of impact forces applied to the hip. The

involvement of the upper extremities could reduce the forces

on the femoral neck and change the initial impact during

sideways falls.

In conclusion, the femoral head undergoes the highest

forces during the sideways falls when the model is

positioned in a lateral or slight anterior pelvis rotation and

an upright trunk angle of 10-degrees. The proximal femur force

is found to be the highest at the same body posture for both the

male and female models.
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