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ABSTRACT
Objective:  Injury outcomes for powered two- and three-wheeler (PTW) riders are influenced by the 
rider posture. To enable analysis of PTW rider accidents and development of protection systems, 
detailed whole-body posture data is needed. Therefore, the aim of this study is to fill this gap by 
providing collections of average male whole-body postures, including subpopulation variability, for 
different PTW types. This will enable future studies to explore the influence of PTW rider posture 
variation and to support safety system development.
Methods:  3D photometric measurements of 51 anatomical landmarks were recorded on 20 (50th 
percentile male) volunteers in their preferred riding postures across three PTW types (naked, scooter, 
and touring). Following an outlier removal process, a principal component analysis (PCA) was 
performed to calculate average postures and principal components (PCs), to describe the observed 
posture variation, for each PTW. The visualization of the PCs was facilitated through kinematic 
linkage representations, connecting anatomical landmarks and estimated joint centers to form 
segments and characteristic joint angles.
Results:  The first seven PCs explained 80% of the variance in posture for each of the three PTWs. 
Across PTWs, these PCs frequently described combinations of postural features including variation 
in fore-aft seat positions, pelvic tilt, spinal curvature, head position, and extremity flexion-extension. 
Analysis revealed distinct differences in average postures across the three PTWs, on average, 10 ± 9° 
for the characteristic joint angles within a min-to-max range between the three PTWs. However, for 
all three PTWs, the variability between volunteers in characteristic joint angles on the same PTW 
were on average more than twice as large within a ± 2 SD range (26 ± 11°).
Conclusions:  The results suggest that PTW rider posture variation must be addressed by involving 
simultaneous adjustments of multiple body parts, as described by each of the first seven PCs, as a 
direct consequence of the human body interconnectedness. Furthermore, the study’s findings 
challenge conventional assumptions that the relative distance between PTWs’ handlebar, seat, and 
foot support predominantly influences rider postures. Instead, the research demonstrates that 
individual variability has a substantial influence on rider posture and should be considered in PTW 
safety development.

Introduction

Powered two- and three-wheelers (PTWs) are a widely used 
transportation mode. They are especially popular in countries 
like Indonesia, Vietnam, and India, constituting over 70% of the 
total vehicle fleet (ITF, 2015; Huu and Ngoc 2021). Regardless 
of geographical location, PTW riders are recognized as vulnera-
ble road users, with their share of road traffic fatalities ranging 
from 10% in Europe, 14% in the United States, to more than 
40% in Southeast Asia (ITF, 2015; NCSA, 2023). Over the 
period 2010–2019; drawing on data from 34 countries 

worldwide, the average number of PTW fatalities increased by 
7% (ITF, 2022), emphasizing the need to enhance PTW safety.

Passive safety systems demonstrate promise for enhancing 
PTW rider safety (Capitani et  al. 2010; Thollon et  al. 2010; 
Ariffin et  al. 2016; Maier et  al. 2022; Maier and Fehr 2024). 
However, to maximize their effectiveness, the variability of 
PTW crashes needs to be addressed (ISO 13232-6:2005 
2005; Rogers and Zellner 2001; Barbani et  al. 2014). This 
includes variability in rider postures, which have been 
reported to influence the injury outcome for the two most 
frequently seriously injured (AIS2+) body regions – head 
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and chest (Langwieder 1977; Schaper and Grandel 1985; 
Sporner et  al. 1990; Wisch et  al. 2019; Gidion et  al. 2021).

Despite the influence of posture on injury outcome, PTW 
rider surrogates, such as physical and virtual anthropometric 
test devices (ATDs) or finite element human body models 
(HBMs), are for each study, typically positioned in only one 
nominal rider posture (ISO 13232-6:2005 2005; Capitani 
et  al. 2010; Prochowski and Pusty 2013; Ariffin et  al. 2016; 
Bonkowski et  al. 2020; Maier et  al. 2021; 2022). This prac-
tice reflects the belief that accommodating PTW operation 
requirements precedes individual preferences in posture 
adaptation (Claflin 2002), assuming that PTW rider postures 
are almost exclusively determined by the spatial relationship 
between the handlebar, seat, and foot support i.e., the “ergo-
nomic triangle” (Sabbah and Bubb 2008; Arunachalam 
et  al. 2019).

Incorporating posture variability into PTW safety research 
is challenging due to a lack of detailed posture data required 
for precise positioning of human surrogates, such as HBMs. 
Existing studies on PTW rider posture have focused on 
ergonomics in PTW design, employing a simplified kine-
matic linkage model with body landmarks defining segments 
and joint angles (Arunachalam et  al. 2019). These ergonomic 
posture models are not suitable for positioning HBMs due 
to several limitations. These limitations include the absence 
of joint angles in all three anatomical planes (Chou and 
Hsiao 2005; Arunachalam et  al. 2019, 2021), and the misrep-
resentation of joint centers through the direct connection of 
skin-based markers (Barone and Curcio 2004). Additionally, 
if spinal loading is to be investigated for PTW riders using 
similar demands as the approach previously applied to car 
occupants in various postures during frontal crashes 
(Izumiyama et  al. 2022), accurate spinal column curvature 
representation is necessary. To achieve precision, represent-
ing spinal column curvatures should extend beyond the 
common practice of using only one or two angles, as 
observed in PTW posture studies by Barberi et  al. (2023), 
Barone and Curcio (2004), Smith et  al. (2006), and Van 
Auken et  al. (2005).

However, another obstacle to integrating posture variation 
into PTW safety assessment lies in the lack of documented 
variability. Current studies typically only present average 
postures using average joint angles and occasionally include 
angle-specific standard deviation or range values, for every 
joint in isolation (Barone and Curcio 2004; Chou and Hsiao 
2005; Van Auken et  al. 2005; Smith et  al. 2006; Sabbah and 
Bubb 2008). This means that this limited data representation 
fall short in considering variation at a holistic, whole-body 
level. Access to whole-body posture variation data would 
allow developers of safety systems to evaluate the safety ben-
efit for both average and alternative rider postures, incorpo-
rating a known degree of posture diversity.

Principal component analysis (PCA) has been used as a 
dimensionality reduction method for investigating posture 
variation in extensive landmark-based datasets in sport 
applications (Federolf et  al. 2014) and for predicting body 
sizes and shapes in ergonomics applications (Reed et  al. 
2014). Yet, it remains unexplored in PTW posture applica-
tions. Briefly, PCA creates new uncorrelated variables 

referred to as principal components (PCs) from linear com-
binations of the variables found in a dataset. The PCs are 
sorted based on how much variance they explain. Typically, 
the first few PCs cumulative explains a majority of the total 
variance (Jolliffe and Cadima 2016). Collectively, these PCs 
establish a new basis for interpreting and quantifying the 
posture variability in datasets that might otherwise be chal-
lenging to comprehend.

The paper’s objective is to provide collections of rider 
posture variation through kinematic linkage representations 
utilizing joint center-based angles in all three anatomical 
planes. This data will fill an important gap in the existing 
PTW safety research and allow future studies to explore the 
influence of PTW rider posture variation, ultimately contrib-
uting to the development of safety systems aimed at reduc-
ing the risk of injury in PTW accidents.

Methods

The methods section is divided into five subsections. The 
first subsection describes the experimental setup used to 
obtain the posture measurements. The second subsection 
outlines how the PCA was implemented. The third to fifth 
subsections define the procedure used to identify and remove 
inconsistent marker repetitions, how the skinfold thicknesses 
at different marker locations were accounted for, and the 
methods used for the joint and the characteristic angle 
calculations.

Experimental data collection

Twenty volunteers were included in the study. All volunteers 
provided written informed consent, and the research received 
ethical approval from the “Research Ethics Committee of the 
Universitat Politècnica De València” under protocol number 
P04_18-10-2022. The volunteers were chosen based on 
height and weight criteria, aligning with average male spec-
ifications defined in Schneider et  al. (1983). The target val-
ues were 175 cm for height and 77 kg for weight. The selected 
volunteers’ characteristics, ranging from 171.5 to 178.6 cm in 
height and 71.1 to 82.1 kg in weight, were measured using a 
stadiometer with an accuracy of 1 mm and an electronic 
bascule with an accuracy of 0.1 kg. No volunteers reported 
pre-measurement issues related to the spinal column or bal-
ance. More information about volunteers’ characteristics can 
be found in Table A1 (Appendix A, supplementary material).

Each volunteer was measured in five different postures, 
which included standing, sitting on a stool, and riding three 
types of PTWs: naked, scooter, and touring. These PTWs 
represent different bike segments, with different relative dis-
tances between the handlebar, seat, and foot support, see 
Figure 1. Photos of the standing and seated postures can be 
observed in Figure A1 (Appendix A, supplementary material). 
The measurements were recorded in three sessions. During 
the first, the standing posture and the posture of the volun-
teer riding the naked PTW were recorded. In the second 
session, the posture of the volunteer sitting on a stool with 
a straight back and riding the scooter PTW were measured. 
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In the final session, the posture of the volunteer riding the 
touring PTW was captured.

The measurement procedure was performed in a photo-
grammetric laboratory equipped with 12 cameras and Kinescan/
IBV recording software (IBV, 2014). The software can detect 
reflective markers at 30 Hz with a spatial accuracy of 1 mm. In 
addition, the skinfold thickness was measured at each marker 
location using a caliper with an accuracy of 0.2 mm.

In detail, 51 flat reflective markers were positioned on the 
skin adjacent to anatomical landmarks identified through pal-
pation. The palpation was individually conducted by one of 
the two experienced physiotherapists involved in the project. 
These anatomical landmarks were considered characteristic 
points of the human body, and information about their loca-
tion was used to document the human posture. This set of 
markers included 5 markers on the volunteer’s head, 14 on 
the arms, 4 on the scapulae, 2 on the clavicles, 4 on the hips, 
14 on the legs, and 8 on the spine. Figure 2 illustrates the 
position of the reflective markers on the volunteers’ skin. 
More information about the exact location of each marker can 
be found in Table A2 (Appendix A, supplementary material).

Six additional spherical markers were placed on each of 
the PTWs to provide information about the PTWs’ 3D posi-
tion and the volunteers relative position to the PTW. These 
points correspond to the PTWs’ rear and forward wheels 
and most fore and aft points, displayed in Figure A2 
(Appendix A, supplementary material).

The measuring procedure included the following steps: 
First, if a PTW was involved, spherical markers were placed 
on the PTW. Then, the volunteer positioned himself with his 
gaze focused on a rearview-sized mirror, positioned in front 
of the volunteer at the same height as his eyes to mimic 
riding straight ahead. Subsequently, three skinfold measure-
ments were taken for each anatomical landmark. Finally, 
reflective markers were placed on the volunteer’s anatomical 
landmarks, and three repeated measurements of the volun-
teer in the desired posture were captured. The repeated 
measurements were conducted consecutively, and each one 
was a 3-s-long video to ensure that none of the marker 
measurements were affected by small motions.

In cases involving PTWs, some reflective markers were 
hidden by the PTW, making it not possible for these to be 
identified by the minimum required number of cameras. 
Thus, to extract their position, a specific calibrated tool was 
employed. This tool features a metal rod with a pointed tip 
at one end and a Y-shaped attachment at the other. The 
Y-shaped attachment is equipped with three spherical mark-
ers, placed at each end of its branches. During PTW pos-
tures, the tool’s tip was placed on each hidden marker before 
conducting skinfold measurements, and three 5-s videos 
were recorded. The position of the hidden marker was then 
calculated based on the position of the three spherical mark-
ers on the tool.

Figure 1. Measuring process of a volunteer positioned on the three PTWs: 
naked (a), scooter (B), and touring (c). Figure 2. reflective markers’ position on the human in a PTW rider posture. 

identical markers are placed on left and right extremities. Side view (a), front 
view (B), rear view (c).

https://doi.org/10.1080/15389588.2024.2351607
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Principal component analysis

PCA with mean centering was employed for each PTW to 
linearly transform the dataset comprising 3D measurements 
from all volunteers. First, the volunteer measurements were 
organized as a n-by-p matrix X, where n represents the num-
ber of observations (volunteers, 20), and p denotes the num-
ber of variables (3 dimensions x 51 markers = 153 variables). 
Each of the variables p corresponds to the average X-, Y-, 
and Z-coordinates of the available number of repetitions of 
each skin-based marker. This allowed maximum two of the 
available three repetitions of each marker to potentially be 
considered inconsistent and removed without the need for 
imputation. Next, the PCA was conducted using the MATLAB 
Statistics and Machine Learning Toolbox (R2023b, The 
MathWorks Inc., Natick, MA, US). The function pca was 
applied, taking the data matrix X as input for the analysis.

The output included the principal loadings, represented by a 
p-by-(n−1) matrix L

1
= ≤ ≤ ≤ ≤ −( )

, ( )
lij i p j n1 1

. Rows of L describe vari-
ables, and columns describe PCs, ordered in descending order 
of the explained variance. PC scores, described by a n-by-(n-1) 
matrix were also obtained, describing the representations of X 
in the new basis formed by the PCs. The PC scores translate to 
how much each volunteer aligns with each PC. Additionally, a 
1-by-(n-1) vector µ, representing the estimated mean of each 
variable in X (average posture) were computed, as well as the 
explained variance for each PC.

The standard deviation (σi) for each PC score was calcu-
lated, enabling the calculation of marker coordinates that 
correspond to postures aligned with ±2 SDs or roughly 95% 
of the observed variability for each PC. The process for 
determining these ±2 SD postures is outlined by Equation (1).

 sample posture k= + ∈ −{ } ≤ ≤ −µµ k k i n
i i

σ l , 1 ( )2 2 1, ,  (1)

Outlier removal methodology

To ascertain the reliability of the photogrammetric measure-
ments, a comprehensive quality check was conducted on the 
marker measurements of all participants across the five pos-
tures. The data from each participant was examined sepa-
rately, and the distances between the successive markers 
were linked to form segment lengths. Given the expected 
constancy of each volunteer’s segment lengths across all pos-
tures, it was assumed that the distance between successive 
markers should remain constant. However, slight variations 
in the calculated distances within a specified tolerance were 
expected due to the repositioning of markers between the 
five postures and the associated skin-to-bone movement.

For each participant, 67 segment lengths were defined: 27 
on the upper extremities, 18 on the lower extremities, and 
22 on the head and pelvis region. As elaborated below, a 
separate methodology was employed to analyze the spine 
region. For each of the 67 defined segment lengths, 15 dis-
tances were determined for each volunteer (3 repetitions x 5 
postures = 15 distances). The mean and standard deviation 
of each segment length were computed from the 15 dis-
tances. Each of the 15 distances was tested against the 

chosen tolerance. If a distance value exceeded the acceptable 
limits, it was deemed inconsistent. The acceptable limits are 
expressed as (mean – tolerance) ≤ distance value ≤ 
(mean + tolerance). In case a distance value was outside the 
tolerance, the two markers’ repetition that form the corre-
sponding distance were flagged as potentially inconsistent.

Upon examining distances across all 67 defined segment 
lengths for a given participant, all inconsistent distances and 
all potentially inconsistent markers were identified. Then, 
the number of times that each marker was flagged as poten-
tially inconsistent was calculated. For each identified incon-
sistent distance, one of the corresponding potentially 
inconsistent markers’ repetition had to be removed. The cri-
terion for marker repetition removal was based on the fre-
quency of being flagged as potentially inconsistent, with a 
preference for the marker repetition flagged more frequently. 
Both markers’ repetition were removed in cases of equal 
flagging frequency.

In the spine region, markers were placed on the skin 
adjacent to the spinous processes of the C7, T4, T8, T10, 
T12, L3, and L5 vertebrae. The lack of information regard-
ing the locations of all vertebrae would result in the forma-
tion of larger segments that span several vertebrae, as 
illustrated in Figure A3 (Appendix A, supplementary 
material). However, given the varying spinal curvature in 
different human postures, the lengths of these formed seg-
ments may also vary. Therefore, assuming a constant length 
for these segments is inaccurate. To address this, a separate 
approach was adopted to check spine measurements quality. 
The quality check in this region ensured the correct spatial 
alignment of markers along the Z-axis, with markers verified 
to have decreasing Z-value from C7 to L5 vertebra.

A metric named Mean Average Difference (MAD) was 
derived to quantify how much the PCs, describing the pos-
ture variation, changed as an increasing number of marker 
repetitions were systematically identified as inconsistent and 
removed from the input data (X). First, the euclidean dis-
tance was calculated between each marker position (k = 51) 
for the baseline data (a) and the data with inconsistent 
marker repetitions removed (b) corresponding to the +2 SD 
postures for each PC. Then, as seen in Equation (2), the 
average value of all the euclidean distances for each of the 
(n-1) PCs was computed. Finally, the average euclidean dis-
tances for the PCs were averaged over all three PTWs to 
form the total MAD. The total MAD metric describes how 
much the posture variation explained by the PCs change 

Figure 3. Skinfold thickness removal. in the elbow, wrist, knee, and ankle joints 
the correction was driven by the assumed linearity (a). in the shoulder region 
the correction was in the direction of Z-axis (B). in the hip region the correction 
was in the direction of y-axis (c).
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when removing specific amounts of marker repetitions com-
pared to the original dataset.

 MAD
PCs = ∑ i

k

i i
b a

k
k=1
, = 51

 −
 (2)

Increasingly strict tolerance for the outlier removal, cor-
responding to an increasing number of marker repetitions 
removed, were tested using the total MAD metric. This was 
used to determine the least strict tolerance that removed the 
incorrect measurements while preserving the maximum 
amount of variance in the dataset. At least one marker rep-
etition for all volunteers, in all postures, was needed to 
avoid imputation. Starting from a tolerance equal to 3 SD of 
the 15 distances of each segment length, the tolerance was 
iteratively reduced until reaching the minimum value 
of 2 SD.

Skinfold thickness removal

Two methods were used to remove the skinfold thickness 
across the volunteers’ joints to give a more accurate repre-
sentation of the underlying bone structures. The first method 
was implemented for joints characterized by two markers 
positioned at the lateral and medial sides, encompassing the 
elbow, wrist, knee, and ankle joints. This method assumes 
that the anatomical landmarks of the bones align linearly 
with their corresponding skin anatomical landmarks. 
Consequently, the skinfold thickness, taken at the markers’ 
location on the skin, were removed in the direction aligned 
with the assumed rotational axis, as depicted in Figure 3Α. 
The initial skin landmarks are depicted with black filled 
dots, and the corresponding estimated bone landmarks are 
illustrated with white dots.

The second method was utilized for shoulder and hip 
joints, where skinfold distribution was considered along a 
specific axis. For shoulder measurements, as shown in Figure 
3B, skinfold distribution was assumed along the Z-axis, 
while for hip joints, Figure 3C, skinfold distribution was 
assumed along the Y-axis.

Joints and characteristic angles calculation

Following the PCA, a kinematic linkage model was devel-
oped representing the human musculoskeletal system. This 
model consists of the human joint centers and anatomical 
landmarks connected by the in-between body segments, sim-
ilar to Chou and Hsiao (2005) and Reed et  al. (1999). 
However, in cases where the data are collected on volunteers’ 
skin, estimating joint centers requires further calculations. In 
this study, various methods applied in previous studies were 
utilized to estimate the volunteers’ joint centers following the 
PCA. The utilized equation for each joint center can be 
found in Table B1 (Appendix B, supplementary material).

The elbow, wrist, knee, and ankle areas were character-
ized by two markers positioned at the lateral and medial 
sides of the joints. Consequently, these joint centers were 
estimated as the average point of the corresponding lateral 
and medial markers.

For the shoulder joint, the center was estimated according 
to Rab et  al. (2002) using the “gh” marker, which was placed 
on the most dorsal point on the acromioclavicular joint 
shared with the scapula. This method places the joint center 
at a distance below the “gh” marker (in the Z-direction). 
The distance equals 17% of the shoulder width (left 
“gh”-to-right “gh” distance) according to Rab et  al.

The hip joint center calculation was based on Weinhandl 
and O'Connor (2010), using the trochanter “t” marker. The 
joint center was estimated to be 25% of the trochanter-to-tro-
chanter distance, positioned medially from the “t” marker, in 
the corresponding trochanter-to-trochanter direction.

A kinematic linkage representation was developed using 
30 points (joint centers and anatomical landmarks) on the 

Figure 4. Kinematic linkage representation.

Figure 5. characteristic angles for the kinematic linkage model: segment to 
segment angles (a), mid-sagittal plane angles (B), mid-sagittal plane spine 
angles (c), and horizontal plane angles (D). The parentheses indicate the angles’ 
polarity, except in (c), where the polarity is indicated by the arrow.
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human body, as seen in Figure 4. The representation 
included four points on each lower extremity representing 
the trochanter, hip, knee, and ankle joints, four points on 
each upper extremity representing the shoulder, elbow, wrist 
joints, and the finger, two on the head to form the Frankfort 
plane, four on the pelvis representing PSIS and ASIS points, 
and another eight on the spine representing the spinous pro-
cesses of C7, T4, T8, T10, T12, L3, and L5 vertebrae.

Subsequently, characteristic angles between the adjacent 
segments, such as elbow, wrist, and knee angles, were calcu-
lated using Equation (3), where a and b represents the vec-
tors formed between the ends of the two segments.

 θ =
⋅









−
cos

1 a b

a b
 (3)

Moreover, characteristic angles between specific segments 
and anatomical planes were calculated. The angles formed 
between a segment and the mid-sagittal plane, such as head, 
vertebrae, pelvis, shoulder, and hip were calculated by 
Equation (4). The angles formed between a segment and the 
horizontal plane, such as hip, were calculated by Equation 
(5). Finally, the angles formed between a segment and the 
frontal plane, such shoulder, were calculated by Equation (6).

 θ
xz

z
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tan

1 ∆
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z
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−
tan

1 ∆
∆

 (6)

These characteristic angles including their polarity are 
illustrated in Figure 5. Further details regarding the calcula-
tion of characteristic angles can be found in Table B2 
(Appendix B, supplementary material).

Results

The total MAD was calculated, as detailed in the methods, for 
six different tolerances ranging from less to more strict (3 SD 
to 2 SD of the 15 distances of each segment length). Figure 6 
illustrates the impact of varying tolerances on the total MAD 
values. The least strict tolerance of 3 SD, with minimal marker 
repetition removal, resulted in a total MAD closest to zero. 
This corresponds to a posture variation most similar to that 
described by the PCs in the original dataset. By making the 
threshold stricter (from 3 SD to 2.5 SD), the MAD increased 
by 0.53 mm. This signifies that the removed repetitions influ-
ence the postural features described by the PCs. However, 
between 2.5 SD and 2 SD the MAD remains within an abso-
lute difference of 0.19 mm. This means that the additional 
removal of marker repetitions for a threshold stricter than 2.5 
SD had minimal effect on the PCs. Subsequently, the analysis 

Figure 6. Total MaD, as detailed in the methods section, across various data-
sets corresponding to increasingly strict inconsistent marker repetition removal 
thresholds. The accompanying percentage of eliminated marker repetitions is 
presented above each data point.

Figure 7. Kinematic linkage representation of the average postures for the 
three PTW types: naked (red), scooter (blue), and touring (green), rear view 
(left) and side view (right) with the mid-hip position aligned at the origin (X, y, 
Z = 0, 0, 0).

Figure 8. Bars represent the ±2 SD range indicating intra-variability, while ver-
tical lines denote average angles for each PTW (naked, scooter, and touring). 
MS = mid-sagittal plane, H = horizontal plane.
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employed a dataset where 0.6% of all marker repetitions were 
considered inconsistent and removed using a threshold of 2.5 
SD of the 15 distances of each segment length.

In Figure 7, the average postures of the 20 volunteers 
across three types of PTWs are presented using the kine-
matic linkage model, with the mid-hip position aligned at 
the origin (X, Y, Z = 0, 0, 0). Figure 7 is complemented by 
Figure 8, illustrating both the inter-variability in angles for 
the three average postures and the intra-variability between 
volunteers on the same PTW, represented by the ±2 SD 
range per angle.

The largest differences among the three average postures 
(inter-variability) are observed in the side view (Figure 7), 
particularly in the hip angle (ranging from 5° for scooter to 
27° for naked, relative to the X-axis), knee angle (ranging 
from 54° for scooter to 74° for naked), shoulder angle (rang-
ing from 30° for touring to 54° for scooter, relative to the 
X-axis), and elbow angle (ranging from 131° for scooter to 
160° for touring) (Figure 8).

In contrast, there is a close resemblance in thoracic spine 
curvature (within 5°) among the three average postures 
(Figure 7 and 8). Although, the average touring posture has 
an increased forward lean indicated by marginally larger 
spine angles (Figure 8). This increased forward lean may be 
attributed to a longer seat-to-handlebar distance, suggested 
by the higher and more forward hand placement compared 
to the other two postures.

The PCA resulted in 19 (number of volunteers − 1) 
non-zero PCs, collectively describing the total posture varia-
tion of the dataset. Figure 9 displays the variance explained 
by each PC, including the cumulative counterpart. The dif-
ference in explained variance, across the same PC for the 
different PTWs, did not exceed five percentage units. 
Consequently, the first seven PCs cumulatively explained at 
least 80% of the posture variance for all three PTWs. 
However, beyond PC 4, the decrease in explained variance 
appeared to stabilize, indicating marginal differences among 
subsequent PCs. The average postures for the three PTWs, 
the PC loadings, and standard deviations of the PC scores 
for the first seven PCs can be seen in Appendix E, 
supplementary material.

Using the kinematic linkage model described in the meth-
ods, the differences from the average posture for each PC 
and PTW combination was illustrated with two postures cor-
responding to ±2 SD (roughly 95% of the variability) from 
the mean PC scores. Figures 10–12 illustrate the ±2 SD vari-
ability for scooter PC 1–3. Accordingly, these first three PCs 
show the most distinctive variations across all three PTWs. 
The first PC (Figure 10) accounted for 31% of the variance 
for the scooter. It described features relative to the average 
posture corresponding to fore-aft sitting position (±38 mm in 
X, measured at mid hip), hip abduction-adduction (±4°), 
flexion-extension of shoulder (±17°), and elbow (±22°) joints.

Scooter PC 2 (Figure 11) explained 16% of the variance, 
involving anterior-posterior pelvic tilt (±2°), changes in 
upper body sitting height, and associated adjustments in 
head position and pitching. Because of the change in sitting 

Figure 9. explained variance for each principal component (left), and the 
cumulative explained variance (right) for the three PTW types: naked (red), 
scooter (blue), and touring (green).

Figure 10. Kinematic linkage model illustrates ±2 SD postural features along 
scooter Pc 1, with PTW background image for illustration purposes. note: stick-
man vs. PTW comparisons are unreliable due to non-comparable suspension 
travel and possible distortion effects. Background photo ©piaggio.

Figure 11. Kinematic linkage model illustrates ±2 SD postural features along 
scooter Pc 2, with PTW background image for illustration purposes. note: stick-
man vs. PTW comparisons are unreliable due to non-comparable suspension 
travel and possible distortion effects. Background photo ©piaggio.

Figure 12. Kinematic linkage model illustrates ±2 SD postural features along 
scooter Pc 3, with PTW background image for illustration purposes. note: stick-
man vs. PTW comparisons are unreliable due to non-comparable suspension 
travel and possible distortion effects. Background photo ©piaggio.
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height and pelvic rotation, flexion-extension of the elbow 
(±9°), and knee (±8°) occurred to accommodate for the 
rider-machine interaction points (handlebar and foot 
support).

Overall, scooter PC 3 (Figure 12) demonstrated similar 
features as scooter PC 2. Although, no change in sitting 
height was observed, and only half the magnitude for the 
flexion-extension of the knee joint (±4°) was recorded. 
Instead, there were larger differences in spine curvature and 
abduction-adduction of the shoulders (±12°) because of 
altered hand position. The changed hand position involved a 
wider-narrower placement and fore-aft movement. The latter 
was a result of volunteers’ choosing to rest four fingers on 
the brake levers with the thumb placed on top of the han-
dlebars, as opposed to the more frequently seen closed grip 
with the thumb wrapped around the handlebar.

Table 1 (together with figures in table C1 Appendix C, 
supplementary material) complements the scooter results by 
showcasing the characterized features observed in the first 
three PCs for the naked and touring PTWs. Table 1 reveals 
that, for the most part, the features identified for the first 
three PCs for the scooter aligns with that observed for the 
naked and touring PTWs, although with some exceptions. 
One such exception was the fore-aft sitting position, a fea-
ture described by PC 1 for the scooter. Fore-aft sitting posi-
tion was included in PC 2 for the touring PTW, but did not 
appear in the first three PCs for the naked PTW. This fea-
ture also exemplifies that the order of PCs and the explained 
variance attributed to each feature differed between the 
three PTWs.

For the complete visualization and description of the first 
seven PCs, for which postural feature could be distinguished, 
the reader is referred to Appendix C, supplementary material, 
with the corresponding changes in characteristic angles 
available in Appendix D, supplementary material.

Discussions

In this study, 3D photometric measurements of 51 anatomi-
cal landmarks were captured from 20 male volunteers (50th 
percentile height and weight) in their preferred riding pos-
ture on three different PTW types – naked, scooter, and 

touring. Subsequently, a PCA was conducted to extract aver-
age postures in combination with posture variation for each 
PTW type.

Comparison of the average postures across the three 
PTWs revealed the greatest differences in the sagittal plane, 
and in particular for the flexion-extension of the hip, knee, 
shoulder, and elbow joints. The first seven principal compo-
nents (PCs) cumulatively explained about 80% of the pos-
ture variance for each of the three PTWs (Figure 9). 
Moreover, it was only possible to visually distinguish changes 
in postural features between the ±2 SD postures for approx-
imately the first seven PCs across all three PTWs. Subsequent 
PCs represented variance below 4%, with insufficient differ-
ences to be visually characterized – effectively considered 
as noise.

The first seven PCs were frequently associated with (i) 
fore-aft seat positions, (ii) anterior-posterior pelvic tilt in 
conjunction with curved-straight spine and changed head 
position, (iii) flexion-extension of the upper and lower 
extremities, and (iv) abduction-adduction of the hip 
(Figure 10–12 and Appendix C, supplementary material). 
These postural features were found to be consistent in 
explaining the majority of the observed variance across 
all three PTW types, although with differences in magni-
tudes. Nevertheless, the findings suggests that variation 
in these postural features are the most important to 
account for in future PTW safety development, indepen-
dent of PTW type.

The multitude of postural features associated with dif-
ferent body parts in the first few PCs, makes it challeng-
ing to isolate the impact of individual features like e.g., 
fore-aft sitting position. Attempts to create more sparse 
principal loadings through Sparse PCA (Zou et  al. 2006) 
and Varimax-rotated PCA (MATLAB Statistics and 
Machine Learning Toolbox R2023b, The MathWorks Inc., 
Natick, MA, US) were unsuccessful, likely due to the 
inherently high multicollinearity in the dataset stemming 
from the interconnectedness of the human body. Thus, 
despite the initial appeal of quantifying the effect of “one 
body part variation at the time” for safety assessment, the 
results emphasize that most postural changes are intercon-
nected, requiring simultaneous adjustments in multiple 
features to accommodate for the PTW operational 

Table 1. explained variance and characterized variation in postural features observed for the first three Pcs for the naked and touring PTWs.

PTW Pc # explained variance [%] characterized variation

naked 1 29 • LHS lean
• anterior-posterior pelvic tilt
• Higher-lower head position

• Pitching head
• flexion-extension wrist

2 18 • LHS-rHS lean
• curved-straight spine
• flexion-extension elbow
• flexion-extension wrist

• fore-aft head position
• rHS fore-aft handlebar grip (brake)
• elevated-depressed shoulders

3 16 • anterior-posterior pelvic tilt
• abduction-adduction hip

• curved-straight spine
• Higher-lower head position

Touring 1 30 • anterior-posterior pelvic tilt
• curved-straight spine

• Pitching head
• Wider-narrower handlebar grip

2 19 • fore-aft sitting position
• LHS-rHS lean
• flexion-extension knee

• curved-straight spine
• Pitching head

3 11 • anterior-posterior pelvic tilt
• flexion-extension wrist

• curved-straight spine

https://doi.org/10.1080/15389588.2024.2351607
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constraints. For instance, a change in fore-aft sitting posi-
tion, given the same upper body forward lean, necessitates 
corresponding modifications in elbow flexion-extension to 
maintain contact with the handlebars.

To mitigate undesired variations in segment lengths 
resulting from the PCA, the influence from anthropometric 
differences were minimized by restricting the volunteers to 
50th percentile males from one geographical region. Still, 
differences in sitting height and pelvis shape and size were 
observed. However, by only measuring 50th percentile men, 
posture variations caused by differences in anthropometry, 
sex, and ethnicity were effectively neglected from the analy-
sis. Ensuring alignment between participants’ anthropometry, 
particularly in height, and that of HBMs’, is crucial for HBM 
positioning in PTW rider postures. Large deviations in 
height between the participant posture and HBM will neces-
sitate adjustments in the target posture to accommodate the 
PTW operation requirements.

This study represents an initial step aimed at positioning 
current standard HBMs as PTW riders. Future studies should 
broaden their scope to include a wider variety of PTWs and 
a more diverse rider population, utilizing morphed HBMs to 
accurately represent these rider profiles. For riders, differ-
ences in anthropometry can lead to noticeable variations in 
average postures (Arunachalam et  al. 2019). For example, 
women or smaller males, owing to their lower height, may 
adopt postures characterized by a more forward position on 
the seat, extended elbows, and larger knee angles. This pos-
ture choice may be accompanied by a more extended spine 
to improve visibility over the PTW. Conversely, taller rider 
could prefer a more rearward position on the seat, while still 
having the option of flexed elbows and knee angles, with a 
potentially more relaxed spine posture.

The results in terms of average postures align with exist-
ing research (Sabbah and Bubb 2008; Arunachalam et  al. 
2019) in that varying “ergonomic triangles” among PTW 
types result in varying average rider postures, at least for 
the lower extremities. Across the three PTWs, substantial 
variations in fore-aft feet position relative to the seat 
resulted in knee and mid-sagittal hip joint angles varying 
about 20°. Despite this difference, both the naked and 
scooter average postures exhibited similar spinal column 
shapes. In contrast, the average touring posture displayed 
more pronounced anterior pelvic tilt and forward lean. This 
difference in spinal curvature appears to be attributed to a 
more forward and elevated handlebar position seen for the 
touring PTW. In contrast, the average touring posture main-
tains a foot position intermediate between the naked and 
scooter. The findings suggest that, for the PTW types under 
investigation, disparities in handlebar relative seat position 
influences upper body posture, while differences in the rel-
ative positions between the foot support and the seat influ-
ences knee and mid-sagittal hip joint angles. However, 
measurements on additional PTWs are needed to confirm 
the reliability of this finding.

The average postures across the three PTWs exhibited 
distinct inter-variability, on average, 10 ± 9° across all joints 
within a min-to-max range. However, an even greater vari-
ability was observed when examining the intra-variability 

among volunteers positioned on the same PTW, on aver-
age exceeding 26 ± 11° across all joints within a ± 2 SD 
range. The greater intra-variability was consistently 
observed for nearly all joint angles (19 out of 26) across 
all PTWs. The exceptions, where the inter-variability joint 
angle ranges were larger or within five degrees of the 
intra-variability ranges, were found to correspond to the 
lower (hip mid-sagittal and knee) and upper extremity 
(shoulder mid-sagittal and elbow) angles (see Figure 8). 
This suggests that, for the studied PTW types, the sagittal 
position of the upper and lower extremities of the rider 
postures are largely influenced by the rider-machine inter-
action constraints. In contrast, the wrist, pelvic, head, and 
spine angles, are instead found to be a consequence of 
rider preference for the investigated PTWs. Consequently, 
opposite to the assumption that PTW operation require-
ments precedes individual preferences in posture adapta-
tion, these results indicate that rider posture is, at least for 
the studied PTWs, not exclusively determined by the spa-
tial relationship between the handlebar, seat, and foot 
support.

The coordinates of the markers placed on the skin adja-
cent to the spinous processes were not translated to the cor-
responding vertebral centroid or intervertebral disk. This 
decision stems from a lack of a well-established method for 
such a transformation. While literature suggests potential 
approaches like utilizing average vectors (Snyder et  al. 1972) 
or mapping based on an average difference curve derived 
from paired skin-based markers and radiographs (Bryant 
et  al. 1989), no method has been validated for PTW pos-
tures. Additionally, for applications such as positioning the 
spine of a HBM, it is likely that both a transformation and 
a polynomial fit to the markers would be necessary. This 
dual approach is deemed more effective in accommodating 
variations in spatial positioning of vertebrae between the 
HBMs and the dataset under consideration.

By employing a skin-to-vertebral centroid method, the 
PCs presented in this study offer a practical means of posi-
tioning and varying the posture of human surrogates such 
as HBMs on PTWs. This can be achieved either by directly 
utilizing the comprehensive joint angles across all three ana-
tomical planes (see Appendix D, supplementary material) or 
by employing skin-based marker coordinates (see Appendix 
E, supplementary material), which are then translated to the 
joint centers as outlined in the methods section. This data 
will allow developers of protective devices to account for 
the influence of PTW rider posture variation, shown to 
affect injury outcome (Langwieder 1977; Schaper and 
Grandel 1985; Sporner et  al. 1990). For instance, to enclose 
59% of the posture variation specific to a step-through 
scooter, six simulations of a crash scenario, aligned with the 
±2 SD postures of the first three PCs, would be required. It 
is plausible that the number of postures required to account 
for posture variation could be reduced. However, this would 
require future studies to investigate if all the presented pos-
ture variations have similar influence on the injury outcome 
or interaction with different protective systems.

It’s important to acknowledge that a usual posture while 
riding may not accurately represent the pre-impact 
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position of riders in all types of accidents. Nonetheless, 
there is evidence supporting the use of a usual rider pos-
ture for positioning human surrogates in various crash 
simulations. Langwieder (1977) observed that in over 90% 
of PTW accidents studied (N = 1016), riders maintained 
their normal riding posture due to the sudden nature of 
accidents, leaving no time for reaction. Han et  al. (2017) 
found that at least 25% of bicycle and PTW riders in their 
sample (N = 200) did not engage in emergency avoidance 
maneuvers (22% uncategorized), with a similar trend noted 
in the Motorcycle Accidents In-Depth Study (MAIDS) 
(ACEM, 2009), where about one-third of accidents 
(N = 1346) involved no attempt at collision avoidance. 
Braking was the sole avoidance action in half of the acci-
dents in the MAIDS (ACEM, 2009). Thus, combining 
active HBMs in a usual rider posture with a pre-impact 
braking event could potentially represent an additional 
large portion of crashes where an emergency avoidance 
maneuver occurs, underscoring the importance of under-
standing average rider postures and their variations in 
crash simulations.

Limitations

While this study provides valuable insights into the posture vari-
ations among PTW riders, the study has limitations affecting 
interpretation and applicability that requires acknowledgement. 
Due to constraints in time and resources, the sample size, both 
in terms of PTWs and volunteers, is one limitation, affecting the 
study’s representativeness for the entire riding population. 
Postures were measured for three PTWs, where each PTW rep-
resent one model of a certain PTW type. This small sample size 
prevents the analysis from being extended to investigate posture 
variability within models of the same PTW type. Moreover, 
PTW types requiring postural adjustments at the spectrum’s 
edges, like cruiser (feet forward) or super sport (excessive for-
ward lean), were not considered.

The experimental setup, utilizing stationary PTWs within 
a controlled lab environment, introduces additional limita-
tions. The volunteers were instructed to look straight ahead, 
because of this, the observed changes in head position does 
not account for the possible head movement necessary to 
scan surrounding traffic conditions, nor the possible influ-
ence from different helmet designs. Furthermore, dynamic 
factors previously shown to influence rider posture, such as 
balance, braking, and vibrations, were not accounted for 
(Ioannis et  al. 2010; Tathe and Wani 2013).

The reliability and precision of the photometric skin 
marker-based method employed in this study is dependent on 
accurate marker placement. To avoid exposing volunteers to 
radiographic imaging, skeletal anatomical landmarks were 
located using the less accurate but harmless method of palpa-
tion. To minimize potential errors from markers sliding with the 
skin relative to the bone, marker placement and palpation were 
executed once volunteers were positioned on each PTW. 
However, this approach increases the variability introduced by 
palpation errors as the procedure is repeated for each PTW. 
Furthermore, the palpation procedure for each volunteer was 

carried out by one of the two experienced physiotherapists, 
potentially introducing additional variability arising from the 
distinct identification of landmarks between the two profession-
als. However, their expertise enhances confidence in the accu-
racy and agreement of landmark identification.

In addition, examining the marker repetitions showed vol-
unteers making slight posture adjustments between measure-
ments. The longer time required for manually capturing 
hidden markers, collected separately, might contribute to 
increased variability. This is attributed to the extended time-
frame, allowing volunteers additional opportunities to alter 
their postures, potentially impacting measurement consistency.
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