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ARTICLE INFO ABSTRACT

Keywords: In comparisons of similar crashes between sexes, females exhibit an elevated risk of injury to the cervical spine

Automotive and ribs. This preliminary study aims to investigate the relationship between upper body shape and shoulder belt

:eat b_elt fit, which may provide further insight into sex-based differences in seat belt loading and potential injury patterns.
estraint

A non-ferromagnetic seat was fabricated for use with an open magnetic resonance (MR) imaging system, as well
as a seat belt made of standard automotive webbing material with MR-visible markers. MR scans were acquired
for 10 volunteers (5 female, 5 male) in an upright self-selected seat back position. This analysis focused on the
shoulder belt positioning relative to the sternum and clavicle, with consideration of soft tissue interactions on
this routing. Females in this study exhibited over three times greater range in the distance of the shoulder belt to
the top of the sternum (SBD) compared to the males, despite similar or less variability than males in all gross
anthropometric measures (SBD range, females: 21-116 mm, males: 51-78 mm). Such differences in variability
highlight the diversity in routing patterns that may be influenced by different body geometries, such as breast
tissue volume and distribution. Understanding how shoulder belt fit varies among and within diverse occupant
populations highlights the need for improving the robustness of restraint design and performance.

Soft tissue
Imaging

1. Introduction

Understanding human variability is critical to inform the interactions
between vehicle occupants and restraint systems. Factors including age,
overall body geometries, and sex have been widely explored to investigate
risk factors associated with injury in automobile collisions. For example,
increased fragility of the ribs that occurs during aging can be associated
with a heightened risk of thoracic injury (e.g., rib fracture) in an auto-
mobile collision (Forman et al., 2019; Hanna and Hershman, 2009; Kent
et al., 2005). Obesity, defined by a high body mass index (BMI), can be a
critical factor for many injuries, including severe rib injury, due both to the

* Corresponding author.

greater occupant excursion in a collision and the change in restraint-to-
body interaction from increased adipose tissue (Boulanger et al., 1992;
Gepner et al., 2018). Females are at a higher risk for rib fractures and
cervical spine injuries compared to males when controlling for other fac-
tors, like age and BMI (Forman et al., 2019), although that difference in
risk may also be related to factors such as systematic differences in the size
of vehicles that females and males drive (Brumbelow and Jermakian,
2022). Identifying how current safety equipment engages with the occu-
pants may provide insight and context into observed differences in injury
risk for females versus males and other diverse populations (Forman et al.,
2019; Jones et al., 2018; Reed et al., 2013).
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Fig. 1. Left: Image of subject seated in MRI machine with shoulder belt with visualization of capsule placement along the belt path. Right: Representative resulting
imaging of subject upper body in the mid-sagittal plane with visible belt capsules, sternum, and breast tissue.

In a vehicle environment, shoulder belt engagement influences the
thorax, upper spine, and head kinematics in a collision, making it a
critical factor in injury mitigation (Isaacs et al., 2022). Current available
guidance for shoulder belt positioning recommends routing the shoulder
belt over the sternum and mid-clavicle (ITHS, 2022). Previous studies
have explored the role of diverse occupant anthropometries in intro-
ducing variability of this belt positioning. For example, a 350 mm in-
crease of stature has been correlated with a 37 mm outboard shift of the
shoulder belt relative to the body midline (Reed et al., 2013). Addi-
tionally, obesity was associated with more-inboard shoulder belt posi-
tioning and increased slack in the shoulder belt (Reed et al., 2012).
Changes in body composition with age, such as a larger waist circum-
ference, have been associated with a higher placement of the shoulder
belt on the stomach (Bohman et al., 2019). However, these studies are
based largely on gross anthropometric characteristics such as height,
weight, and age, leaving much of the variability of subtle body shape
characteristics, such as local soft tissue distributions, unanalyzed. The
metrics used to define shoulder belt fit also rely on external palpation or
landmark estimation, which may confound precise measurement,
especially when a substantial amount of superficial soft tissue is present.

Furthermore, there has been limited investigation into the effect of soft
tissue across the chest (e.g., breast tissue) on shoulder belt positioning. In
belt geometry studies performed via external palpation on volunteers,
Jones et al. (2017, 2021) observed an increased gap between the sternum
and shoulder belt for females compared to males, as well as a higher
placement of the belt relative to the rib cage on females compared to males.
This offset, likely due to breast tissue, may be a critical consideration for
belt engagement, similar to the effect of increased abdominal soft tissue on
lap belt engagement for obese populations (Bohman et al., 2019). How-
ever, it is unclear the extent to which soft tissue distribution changes
overall shoulder belt routing, and subsequently an individual’s ability to
appropriately place the belt on the sternum and mid-clavicle.

To better understand how shoulder belts fit and interact with the
different torso geometries and tissue distributions, a small preliminary
group of five males and five females was scanned in an automotive seat
posture using an upright open magnetic resonance (MR) imaging sys-
tem. This method enabled three-dimensional visualization of the inter-
nal body structures and the seat belt routing that was used to quantify
the shoulder belt positioning relative to the sternum and clavicle. These
measures will aid in the development of occupant injury prediction tools
for assessing restraint system robustness accounting for person-to-
person variability.

2. Methods
2.1. Volunteer subjects

This study utilized data collected via the methodology described by
Booth et al. (2022) and Forman et al. (2024); all procedures were
approved by the University of British Columbia’s Clinical Research
Ethics Board. Ten volunteers (5 male, 5 female) were recruited and gave
their informed consent. For measurements and subsequent imaging,
volunteers wore study-provided scrubs and their own undergarments.
The volunteers were instructed to wear undergarments with no metal (e.
g., underwire in a bra, silver threading), to avoid final image distortion.
While most of the female subjects wore sports bra-style bras during the
experiment, explicit notes were not taken on bra type or fit. No male
subjects elected to wear upper body undergarments for the study.

The gross anthropometries for all subjects, including standing height,
seated height, weight, BMI, and shoulder width (measured acromion to
acromion) were measured (Tale Al). Breast size was calculated as the
difference between the chest circumference across the bust and the chest
circumference just below the bust. The median of these values for each
sex are presented, and the variability of the anthropometric measure-
ments are reported as the bounds of the full and interquartile ranges.

Subjects self-selected an upright position in the driver’s seat of a
2016 Acura TLX. Before entering the vehicle, the seat was positioned in
the forward-most angle and track position, and the D-ring was set in a
neutral location. The subject was prompted to adjust the seating
configuration and seat belt to their typical driving position. The hori-
zontal seat base angle was fixed at 12 degrees to match the MRI seat
configuration. The seat position along the horizontal track, seatback
angle, D-ring location, and head restraint height were recorded. An axis
along both the seat base and seat back were created after positioning.
Pertinent skeletal landmarks including the suprasternal notch and xi-
phoid process were measured relative to both axes and the shoulder belt
using external palpation. The angle between the shoulder belt and
shoulder in the sagittal plane was also recorded.

A non-ferromagnetic replica seat with matched geometry was con-
structed for safe use in the Upright Open MR imaging (MRI) system
(Paramed MROpen EVO, ASG Superconductors, Genoa, Italy; with a gap
width of 56 cm). A seat belt made of standard automotive webbing
material was marked with continuous lines of vitamin E softgel capsules
(400 IU, Nature Made, Pharmavite, San Fernando, California) along the
seatbelt top edge, centerline, and bottom edge for visibility in the MR
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Methods for shoulder belt positioning measurements. All point coordinates and planes were defined using the native MRI coordinate system. (For interpretation of the
references to colour in this table, the reader is referred to the web version of this article.)

Belt Routing Measurements

Sternum-belt distance (SBD)
star) in the mid-sagittal plane.

Clavicle-belt horizontal distance
(CBH) on the YZ plane.
Normalized SBD (SBDn)
(bottom cyan circle)).

Normalized CBH (CBHn)

Distance from the suprasternal notch (top cyan circle) to the intersection of the top edge of the shoulder belt along the sternal midline (green
Horizontal distance between the projection of the left sternal facet (magenta circle) and the top edge (most medial edge) of the shoulder belt
SBD divided by the subject’s sternal length (Euclidean distance between the suprasternal notch (top cyan circle) and the xiphoid process

CBH divided by half of the subject’s shoulder width (measured on each subject during the initial in-vehicle positioning).

Soft Tissue Measurements

Top depth:
Belt offset at top belt edge
Bottom depth: Belt offset at bottom
belt edge
Soft tissue angle

the sternum angle in the mid-sagittal plane.

to the sternum angle in the mid-sagittal plane.

Distance from the shoulder belt top edge at sternal midline intersection point (green star) to the sternum. Measurement taken perpendicular to
Distance from the shoulder belt bottom edge at sternal midline intersection point (red star) to the sternum. Measurement taken perpendicular

Difference between sternum angle and the shoulder belt angle (line connecting the points in which the belt edges cross the sternal midline in

the frontal view) in the mid-sagittal plane. Estimate of soft tissue distribution relative to the sternum.

Schematic

YZ Plane

Belt Routing Measurements

Mid-Sagittal Plane

Belt Angle

. Sternum
N AN Angle

Soft Tissue Measurements

images (Fig. 1). The seat back angle and head restraint height were
adjusted to each subject’s in-vehicle preferences, and the subjects were
positioned using the previously recorded in-vehicle measurements to
recreate each individual’s preferred automotive posture in the Open
MRI scanner. For shoulder belt position matching, the belt distance
relative to the suprasternal notch and xiphoid process were replicated
from in-vehicle measurements and repeatedly maintained throughout
the imaging process. An MR-safe component was attached to the side of
the MRI machine that the end of the belt was fed through. The location
of this component along the side of the MRI machine was adjusted to
replicate the angle in the sagittal plane between the seat belt and the
subject’s shoulder to that from the in-vehicle environment. After being
fed through this component, a 372-gram weight was suspended from the
end of the shoulder belt to replicate the tension due to the seat belt
retractor. The force of the 372-gram mass under gravity was equivalent
to the belt resting tension of a manufacturer seatbelt determined with a
handheld belt force gauge. The MR images were captured using a T1-
weighted gradient field echo sequence on the sagittal and axial planes.
The sequence provided clear visualization of bony landmarks, borders
between bone and soft tissue, and the Vitamin E capsules on the belt,
while minimizing the scan time for volunteers. Detailed MRI methods,
including the T1-weighted sequence parameters, are described in Booth
et al. (2022) and Forman et al. (2024).

2.2. Image processing and analysis

Anatomical landmarks were digitized and used to quantify the po-
sition, orientation, and shape of the sternum and clavicle using the
native MRI coordinate system. Points digitized on the sternum included
the suprasternal notch, the inferior-most point on the xiphoid process,
and interim points on the lateral borders of the sternal body. Points
digitized on the clavicle included the sternal facet at the center of the
circular cross section and points along the superficial surface of the
shaft. In addition to the skeletal landmarks, each vitamin E capsule
along the shoulder belt was digitized, resulting in points every 2-3 cm
along the belt edges and centerline. Due to the center of the capsules
being digitized, the reported coordinates are offset perpendicular to the
belt surface by ! of the capsule diameter (diameter of 11 mm). Paths of
the seat belt’s top edge, bottom edge, and centerline were linearly
interpolated in three dimensions from the shoulder belt discrete digi-
tized points.

Several measures were investigated to capture the distances between
anatomical landmarks and the shoulder belt path (Table 1, Table A2,
Fig. A2). The median of these values for each sex are presented, and the
variability of the anthropometric measurements are reported as the
bounds of the full and interquartile ranges.
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Table 2
Summary of age and gross anthropometric metrics of study cohort.
Measure Group Median IQR Range
Age (years) Females (n = 5) 34 27-41 24-56
Males (n = 5) 31 30-52 25-56
Standing Height (cm) Females (n = 5) 165 163-171 158-179
Males (n = 5) 182 174-186 155-188
Seated Height (cm) Females (n = 5) 90 89-91 87-92
Males(n = 5) 94 91-96 86-97
Weight (kg) Females (n = 5) 64 63-67 58-74
Males (n = 5) 95 70-97 58-101
BMI (kg/mz) Females (n = 5) 23 22-24 21-28
Males (n = 5) 27 24-28 23-30
Shoulder Width (cm) Females (n = 5) 39 39-39 37-41
Males (n = 5) 44 43-46 43-47
Breast Size (cm) Females (n = 5) 10 10-11 5-13
Males (n = 5) 5 5-8 4-9

3. Results
3.1. Volunteer subjects

The male volunteers exhibited greater median standing and seated
heights, weights, BMIs, and shoulder widths than the female volunteers
in this cohort. Although this volunteer cohort captures a large range of
standing heights, representative of much of the national adult popula-
tion, it is limited to a majority of subjects with BMIs below the national
median (Fig. A1) (Fryar et al.,, 2021). The females of this volunteer
subject cohort exhibited similar or lower ranges in all anthropometric
measures compared to the male subjects (Table 2).

3.2. Shoulder belt positioning relative to sternum and clavicle

The female subjects in this study exhibited more than three times
greater range than the males in the SBD despite lower or similar ranges
in all basic anthropometric metrics (Fig. 2, Table 3). Among the female
subjects, the top edge of the shoulder belt ranged from one centimeter
below the suprasternal notch to halfway down the sternal body, whereas
among the male subjects, this edge was positioned within or just below
the manubrium for all subjects (Fig. A2). The quantification of the CBH
was limited by the visibility of the shoulder belt crossing the clavicle in
several scans, resulting in the measure being taken on only six subjects
(three males and three females).

3.3. Shoulder belt positioning and soft tissue

The volunteers also exhibited diverse soft tissue distributions and
shoulder belt routings across the chest (Fig. 3). For example, for Subject

g 140
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§ 06
20 0 s
= 60 03
5 12 % 14
§ 40 07 15
= 20 05
Q
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Female ® Male
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09 (F) with a soft tissue angle of 12 degrees, substantial offset of the belt
from the sternum was observed over the breast tissue in fuller, more
distal areas of the breast, and a gap existed between the belt and chest as
it crossed the sternal midline (Fig. 3, Bottom Right). Alternatively,
minimal soft tissue interaction was observed for Subject 14 (M). This
subject had a negative soft tissue angle due to greater displacement of
the belt from the sternum near the top of the sternum relative to the
bottom (Fig. 3, Top Right). Similar to the SBD and CBH measures, fe-
males in this study exhibited larger ranges in the belt offset depths and
soft tissue angles compared to the males (Table 4, Fig. 4).

Subjects were also compared to qualitatively illustrate differences in
anatomy and shoulder belt routing (Fig. 5, Table 5). Subject pairings
were chosen based on similarity in BMI to observe diverse soft tissue
distributions within a gross anthropometric group. In an example male
and female subject pair (Subject 04 (M) and 05 (F)), the female had a 19-
degree greater soft tissue angle than the male (Fig. 5, left). The female in
this case had a greater soft tissue distance to the bottom of the belt than
the male, while the male subject had a more uniform soft tissue distri-
bution throughout the chest compared to the female.

The variability observed in the female soft tissue angles appeared to
be influenced by the observed breast tissue volume and distribution with
respect to the sternum. Between an example pair of two female subjects
with similar BMIs (Subject 08 (F) and 09 (F)) (Fig. 5, right), a soft tissue
angle difference of 20 degrees was measured. Interestingly, subject 08
(F) measured a greater breast size than subject 09 (F), despite having a
lower soft tissue angle. However, it is evident that the breast tissue on
subject 09 (F) is positioned more medially, causing greater displacement
of the shoulder belt as it crosses the sternum.

4. Discussion

The most common external anatomical targets for describing ideal
shoulder belt positioning are the sternum and mid-clavicle (IIHS, 2022).
The subjects in this study exhibited a wide range of shoulder belt
placements relative to these targets. Although the female subjects had

Table 3
Summary of belt routing measurements of study cohort.
Measure Group Median IQR Range
SBD (mm) Females (n = 5) 48 41-77 21-116
Males (n = 5) 58 51-69 51-78
CBH (mm) Females (n = 3) 13 8-21 2-28
Males (n = 3) 17 16-17 15-17
SBDn Females (n = 5) 0.3 0.2-0.4 0.1-0.5
Males (n = 5) 0.2 0.2-0.2 0.1-0.3
CBHn Females (n = 3) 0.3 0.2-0.5 0.1-0.7
Males (n = 3) 0.4 0.4-0.4 0.3-0.4
30
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Fig. 2. Plots of the sternum-belt distance (left) and clavicle-belt horizontal distance (right) for females and males. Individual data points are labeled with the

associated subject number.
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Fig. 3. Example MR images of study subjects with variable soft tissue distribution, with two male subjects on the top and two female subjects on the bottom. The
sternum angle and belt angles are represented with blue and orange lines, respectively, and the yellow dashed curve represents the soft tissue angle. For each subject,
two MR images are shown: the image on the left displays the mid-sagittal plane, where both soft tissue and belt routing measurements were taken, and the image on
the right displays a sagittal plane 3 cm to the left of the mid-sagittal plane to visualize the soft tissue interaction with the belt. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Summary of soft tissue measurements of study cohort.
Measure Group Median IQR Range
Top Depth (mm) Females (n = 5) 37 32-37 25-45
Males (n = 5) 37 35-39 31-43
Bottom Depth (mm) Females (n = 5) 48 40-52 27-52
Males (n = 5) 35 32-36 28-47
Soft Tissue Angle (deg) Females (n = 5) 5 1-12 —-8-18
Males (n = 5) -1 -3-0 -7-3
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Fig. 4. Plot of the soft tissue angle for females and males. Individual data points
are labeled with the associated subject number.

less or similar variability than the males in all gross anthropometric
measures, the females exhibited greater ranges in the SBD, CBH, and soft
tissue angle compared to the males, which likely indicates an effect of
breast tissue on shoulder belt routing.

This study used the soft tissue angle as a simplified metric to quantify
shoulder belt displacement from the sternum in the mid-sagittal plane
due to soft tissue across the chest. This value varied among subjects of
similar BMIs and appeared to be related to the specific local geometry of
the breast tissue such as the volume distribution of the soft tissue relative
to the sternum. In the subject pair comparisons, the subject with a
greater soft tissue angle had a lower SBD, indicating that a greater soft
tissue angle may displace the shoulder belt superiorly.

While the soft tissue angle measurement is a step forward in the
otherwise understudied role of breast tissue in shoulder belt fit, it overly
simplifies breast geometry. Due to this metric being measured at the
sternal midline, it does not fully capture the potential effect of breast
geometry in more lateral areas with greater soft tissue depths, such as at
the breast apex, on the belt routing. It is also evident that a standard breast
size measurement, derived from the chest circumference, is not sufficient
to identify the anthropometric differences that may cause variable rout-
ing patterns. Additional analyses such as shape modeling to quantify
breast tissue distributions should be developed for a more comprehensive
understanding of this relationship. Potential variables to consider in
future analyses include the total volume of each breast, the location of the
apex of the breasts on the torso, the location of the breast apices relative to
one another, and the curvature of the breasts in the anterior, posterior,
medial, and lateral directions from the apex. It is also expected that breast
geometries will vary with subject posture, so care should be taken in
applying breast geometries from medical imaging (most of which are
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04 (M) vs. 05 (F)

04 (M)

BMI: 28
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08 (F) vs. 09 (F)

-

BMI: 22

09 (F)

Fig. 5. Comparison of soft tissue angle on subject pairs with similar BMI. Each subject is represented by two MR images in the sagittal view, with the blue and orange
lines representing the sternum and shoulder belt angles, respectively, and the yellow dashed curve representing the soft tissue angle. For each subject, the MR image
on the left displays the mid-sagittal plane, where both soft tissue and belt routing measurements were taken, and the MR image in the middle displays a sagittal plane
3 cm to the left of the mid-sagittal plane to visualize the soft tissue interaction with the belt. Each subject’s YZ plane views are represented on the right by a simplified
digitized point reconstruction with the sternum-belt distance (blue dashed line), and clavicle-belt horizontal distance (pink dashed line). No CBH was measured for
subject 08 because the point at which the shoulder belt crossed the clavicle was not captured in MR images. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

Table 5
Summary of measurements from pairings in Fig. 5.
Comparison Subject BMI Top Depth (mm) Bottom Depth (mm) Soft Tissue Angle (deg) SBD (mm) CBH (mm)
Male-Female 04 (M) 28.0 37 36 -1 69 15
05 (F) 27.9 32 52 18 20 2
Female-Female 08 (F) 21.5 45 N/A* -8 116 N/A**
09 (F) 20.9 37 52 12 77 28

*Bottom edge of shoulder belt crosses below sternum ** The point at which the shoulder belt crossed the clavicle was not captured in MR images.

obtained in a supine position), to seated or standing postures.

The Open MRI setup used in this study provides a unique opportunity
to characterize soft and hard tissue distributions, and their relationships
to seat belt paths all in three-dimensions. Due to its non-harmful radi-
ation nature, Open MRI can be used for a broad spectrum of occupant
groups with minimal risk. Open MRI can help automotive safety re-
searchers and safety system designers understand seat belt fit in relation
to the strong points on the skeleton for a variety of occupant populations
and seating configurations (e.g., studying the influence of reclined
posture on seatbelt fit; Forman et al. 2024). In this study, Open MRI
illustrated the variability of shoulder belt placement relative to the
sternum, both from a frontal view (e.g., the location of the shoulder belt
as it passes over the sternum) and sagittal view (e.g., belt offset depths
and angles). This variability was especially apparent in the female
portion of the subject group, where there was more visible diversity in
breast tissue volume and distribution.

This study was limited to a small sample size due to cost and avail-
able scanner time to execute the imaging. While this volunteer cohort
does capture diverse anthropometries, it is not complete. For instance,
no subjects with high levels of obesity or breast sizes above 13 cm
(associated with a DD cup size) were represented, limiting observation
of different routing patterns such as more inboard positioning of the belt

across the torso due to obesity, or outboard positioning of the belt on the
right breast (Reed et al., 2012). Therefore, observations from this study
are preliminary and do not capture the entire population. This method
can serve as a tool to supplement or validate techniques such as external
palpation that enable data collection with a larger sample size. By
compounding investigations of both detailed internal anatomies with
high numbers of external geometries, the understanding of important
belt routing targets and patterns can continue to be advanced. It is also
important to note that this study was predominantly limited to the
investigation of sports bra fit. Sports bras provide compression and lack
a center gore (the panel in the center of a bra connecting the two cups),
limiting the separation of the breasts. Many individuals wear other types
of bras regularly. Different bra types offer distinct supports, such lifting
or separating the breasts, changing the breast shape and likely affecting
the belt path (Suh, 2021). Therefore, future studies should investigate
the influence of bras that offer different support (i.e., underwire or a
center gore) on the resulting breast geometry and its influence on
shoulder belt positioning relative to the sternum and clavicle.

In summary, although understanding differences between sex and
anthropometric measures can begin to guide research in vehicle occupant
variability, it is also important to acknowledge that within gross de-
mographic categories, variability is still abundant. Factors determining



O. Mergler et al.

subject positioning within a vehicle environment, specifically in relation
to the shoulder belt, cannot be simplified to a single gross descriptor of
anthropometry. Shoulder belt positioning depends on a combination of
subject factors, from broad measures like height and weight, to subtle
complexities like soft tissue distribution. By understanding the variability
introduced in seatbelt fit due to diverse anthropometries, we are better
prepared to both evaluate the ability of current occupant models to
capture these effects of anthropometry on seatbelt fit, as well as further
incorporate dimensions of person-to-person variability into such models.
Additionally, integrating the belt routing metrics studied here into
computational crash test studies can be used to assess how a pretensioner
may mitigate some of these differences in initial belt placement and
skeletal proximity that result from differences in anthropometry. Such
models may then be used to investigate the down-stream implications on
restraint interaction and injury risk. We recommend future work inves-
tigate the effects of more subtle body shape variability, such as local soft
tissue distributions, on restraint interaction using human body modeling,
including critically reviewing (and potentially refining) the biofidelity of
the superficial soft tissue acting as an intermediary between the belt
system and the underlying skeleton.
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Sub. Age (yrs) Standing Height (cm) Seated Height (cm) Weight (kg)

BMI (km/mz) Shoulder Width (cm) Breast Size (cm) Seatback Angle (deg)

Female 05 24 163 89 74
07 27 165 90 64
08 34 171 92 63
09 41 179 91 67
12 56 158 87 58

Male 03 25 182 96 101
04 31 186 94 97
06 30 174 91 70
14 52 155 86 58
15 56 188 97 95

Table A2

Subject belt routing and soft tissue measurements.

Belt Routing

28 37 11 10
24 39 10 20
22 41 13 20
21 39 5 16
23 39 10 10
30 46 9 20
28 44 8 20
23 43 5 20
24 43 5 10
27 47 4 20

Soft Tissue

Sub. SBD (mm) CBH (mm) SBDn CBHn Top Depth (mm) Bottom Depth (mm) Soft Tissue Angle (deg)
Female 05 21 2 0.1 0.1 32 52 18
07 41 N/A* 0.2 N/A* 25 27 1
08 116 N/A* 0.5 N/A* 45 N/A** -8
09 77 28 0.4 0.7 37 52 12
12 48 13 0.3 0.3 37 44 5
Male 03 58 N/A* 0.2 N/A* 43 47 3
04 69 15 0.2 0.3 37 36 -1
06 78 17 0.2 0.4 39 32 -7
14 51 17 0.3 0.4 31 28 -3
15 51 N/A* 0.1 N/A* 35 35 0

*Bottom edge of shoulder belt crosses below sternum

**The point at which the shoulder belt crossed the clavicle was not captured in MR images.
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Fig. Al. Plot of the weights, standing heights, and BMIs versus the associated percentile for the US adult population from Fryar et al. (2021). The curves represent
the distribution of US adults, while the points represent the anthropometric measures within this study cohort. Data points are labeled with the associated sub-

ject number.
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Fig. A2. Each subject is represented by an MR image in the sagittal view, with the blue and orange lines representing the sternum and shoulder belt angles,
respectively, and the yellow dashed curve representing the soft tissue angle. For each subject, the MR image on the left displays the mid-sagittal plane, where both
soft tissue and belt routing measurements were taken, and the image in the middle displays a sagittal plane 3 cm to the left of the mid-sagittal plane to visualize the
soft tissue interaction with the belt. Each subject’s YZ plane views are represented on the right by a simplified digitized point reconstruction with the SBD (blue
dashed line), and CBH (pink dashed line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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