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Introduction

Contact pressure on the seat surface is one of the most important factors to consider for assessing sitting discomfort [START_REF] De Looze | Sitting Comfort and Discomfort and the Relationships with Objective Measures[END_REF]. Many human body models have been developed to help estimate seat surface pressure distribution, either by representing the whole body [START_REF] Choi | Human Body Modeling for Riding Comfort Simulation[END_REF][START_REF] Siefert | Virtual Optimisation of Car Passenger Seats: Simulation of Static and Dynamic Effects on Drivers' Seating Comfort[END_REF][START_REF] Xiaoming | Simulation of the Interaction between Driver and Seat[END_REF] or by representing only the thighs and buttocks [START_REF] Verver | A Finite Element Model of the Human Buttocks for Prediction of Seat Pressure Distributions[END_REF][START_REF] Mergl | Development of a 3D Finite Element Model of Thigh and Pelvis[END_REF][START_REF] Al-Dirini | Development and Validation of a High Anatomical Fidelity FE Model for the Buttock and Thigh of a Seated Individual[END_REF]. However, the models typically only represent one specific body size (predominantly, the 50 th percentile male in stature) meaning it cannot represent the large anthropometric variation of the sitters' population.

The pressure on the seat pan surface is strongly dependent on the sitter's anthropometry [START_REF] Kyung | Driver Sitting Comfort and Discomfort (Part II): Relationships with and Prediction from Interface Pressure[END_REF]. For example, BMI was found to affect the peak pressure, the contact area and the pressure distribution. The contact area can be multiplied by 1.4 for a person of 97 kg versus a person of 53 kg [START_REF] Swearingen | An analysis of sitting areas and pressures of man[END_REF]. [START_REF] Hostens | Buttock and Back Pressure Distribution Tests on Seats of Mobile Agricultural Machinery[END_REF] found a linear correlation between the mean contact pressure and BMI. Hip breadth needs to be considered for the design of seat lateral contour as it is highly variable amongst the population. As an example, the 95 th female sitting breadth is much larger than the 95 th male; they were respectively 432 and 412mm based from the Anthropometric Survey of US Army Personnel in 1988 (Gordon et al., 1988).

This study aims to develop a parametric shape model of the buttock-thigh complex containing both skin and bones (pelvis and femur) for the need of developing finite element models to simulate occupant seat interaction.

Material and Methods

Data collection

3D skin surfaces of the thighs, pelvic and lower torso as well as bony landmarks of the femur and pelvis were collected from 36 participants. Participants were selected to cover a wide range of anthropometry for both males and females. Three stature groups were defined: short (5-15%ile), average height (around 50 % ile) and tall (80-95 %ile, based on an French population) with two BMI caterogies 18.5 -25 and over 30 kg/m² for each stature group.

In order to estimate the position and the shape of the pelvis and femur, a specific protocol was followed to palpate the bony landmarks. A cluster with 4 reflective markers was attached on the sacrum. This cluster was used as a local reference system attached to the pelvis. Then, using a manual palpator called "A-Palp" [START_REF] Salvia | Precision of Shoulder Anatomical Landmark Calibration by Two Approaches: A CAST-like Protocol and a New Anatomical Palpator Method[END_REF], the following bony landmarks were palpated (Figure 1): RIAS and LIAS (Right and Left Anterior Superior Iliac Spine), RIPS and LIPS (Right and Left Posterior Superior Iliac Spine), RICT and LICT ( Right and Left Ilium Crest Tubercule) and IPJ(Ilium Pubic Joint) [START_REF] Jan | Color Atlas of Skeletal Landmark Definitions E-Book: Guidelines for Reproducible Manual and Virtual Palpations[END_REF]. The positions of the markers for the sacrum and A-palpator were recorded using the VICON optoelectronic system. To obtain the position of the ischial tuberosity, a pressure pad (X3, XSensor, Calgary, AB) was used. The subject was sitting on a flat rigid surface and the locations of the two peaks of pressure on the pressure map were identified as the ischial tuberosity positions.

Then, participants were asked to position themselves on a device (Figure 2) that helped them maintain a torso-thigh angle of approximately 110° (representing a relaxed sitting position). Both the torso and the thighs were not supported, making it more accessible to scan the back, buttocks and thighs. The kneeling structure was adjustable to ensure that the same position could be adopted by every participant. The torso-thigh angle was verified using a goniometer.

Reflective markers were attached on the two epicondyles of each femur. Then, the participants were scanned with a hand laser scanner (Nikon ModelMaker MMCx) from the knees to the shoulders. 

Data processing

Generation of meshes and landmarks position

The scan data for each participant were first cleaned by filling the holes and deleting the superimposed mesh parts. The surfaces were re-meshed to decrease the number of triangles to 20 000 using the MeshLab Software. The scans were then aligned in the pelvis local reference system with help of the pelvis anatomical landmarks palpated previously according to the ISB recommendations [START_REF] Wu | ISB Recommendation on Definitions of Joint Coordinate System of Various Joints for the Reporting of Human Joint Motion-part I: Ankle, Hip, and Spine[END_REF]. The scans were then cleaned and segmented to keep only the thigh and the pelvic area (Figure 3). The pelvic and thigh surface was delimited by the three plans defined as follows: 1) plan defined by the two markers on the knee and a point located at the poplite, 2) body symmetry (saggital) plan defined by two mid points of two PSIS and two ASIS, and the normal direction by the two ASIS, 3) plan formed by two ASIS and mid point of two PSIS . The previously palpated bony landmarks were merged with the scan thanks to the common cluster reference system which was also scanned.

Cleaned meshes with a same ordered vertices for each subject were obtained by deforming a template on the scan using mHBM software (Markerless Homologous Body Modeling Software, National Institute of Advanced Industrial Science and Technology, Digital Human Research Center). The generic template was created from the data of a subject. In addition to the skin surface, 16 bony landmarks were associated to the shape, including 7 manually palpated bony landmarks; the two ischiums estimated using the pressure map, the two epicondyles at the knee, the two hip joint centers and the lumbosacral (L5/S1) joint center. The joints centers were estimated from the anatomical landmarks using the regression equations provided by [START_REF] Peng | Methods for Determining Hip and Lumbosacral Joint Centers in a Seated Position from External Anatomical Landmarks[END_REF].

Figure 3: Mesh processing steps. From the left to right show raw scan, raw surface after segmentation, deformed template after having matched with scan, full buttock thigh surface after symmetrisation, landmarks association.

Statistical Shape analysis

A PCA was used [START_REF] Jolliffe | Principal component analysis[END_REF] to reduce the dimensionality in data. The coordinates of the 9 923 mesh vertices from the 36 subjects were gathered in a matrix Ψn*p with n corresponding to 36 subjects and p to 3*9923 vertex coordinates. The q (= 3*16) coordinates of the 16 bony landmarks were appended to Ψn*p resulting in a matrix Ψn*(p+q) . A smaller set of ordered variables, called principal component (PC) score, was obtained with PCA, so that the first PCs retained most of the variation in the original dataset.

From the PCA of data, assume that M main PCs µj (j =1, M) are retained. Then for a subject, the vector Ψ containing coordinates of each p vertex and q landmarks can be expressed:

Ψ(1: p + q) ≈ Ψ ̅ (1: p + q) + ∑ c j M j=1 μ j (1: p + q) (1)
where Ψ ̅ is the average from the sample data sets and c j is the with jth PC score.

A linear regression was performed between the M PC scores [C] N * M and K predictors (Allen, Curless, and Popović 2003) [a] (k+1) * M = inv(

[P] N * (K+1) ) * [C] N * M (2)
where [P] is the matrix containing the K predictors for the N subjects. Knowing the predictors from a new subject, the PC scores cj can be obtained by

c j = a 0j + ∑ a ij k i P i (3)
Then the external shape of the buttock-thigh complex and the bony landmarks of the pelvis and femur can be predicted thanks to (1).

Bones shape prediction

To develop a finite element model of the buttock-thigh complex, bones shapes are needed. From 54 pelvic and femur surfaces from CT scans by the ULB (Université Libre de Bruxelles) [START_REF] Peng | Methods for Determining Hip and Lumbosacral Joint Centers in a Seated Position from External Anatomical Landmarks[END_REF], their PC models were obtained (Valgalier, 2016) and used to predict the pelvis shape from the 12 pelvis landmarks and the femur shape from the 3 femur landmarks (two epicondyles and joint center). The PC scores were searched for matching the landmarks. 

Results

Principal Component analysis

PCA was performed on the 36 external thigh-buttock shapes placed in the pelvic reference system. 13 first PCs accounted for 99% of the variance in data (Figure 3.1.1).

Figure 5: Explained variance of the shape depending on the number of PCs Figure 5 shows the shape variation along the first 4 PCs which account for 88% of total variance. Visually the shape variation along the 1st PC and 2nd PC was mainly explained by trunk-leg angle and leg length (Figure 6). The 3rd and 4th components were mainly related to BMI. Stature, BMI, gender and torso-thigh angle were selected as predictors. Figure 7 shows the effects of BMI, pelvis-femur angle and stature. 

Leave-one-out validation

A leave-one-out procedure was performed using the data from the 36 subjects to evaluate the prediction of the external shape. The PCA model was first built from n-1 subjects, then the external shape and the bones landmarks of the n th extra subject were predicted using the predictors previously described. This procedure was iteratively repeated until each subject had been considered as an extra subject once. To estimate the accuracy of the predicted geometry, two errors were computed: distance between predicted and palpated landmarks, and distance between the predicted and scanned surfaces. Errors in anatomical landmarks are summized inTable XXX. The smallest errors were obtained for the two illiac landmarks (RIAS, LIAS) as they were used to align the scans. The two lateral femur epicondyle (LFLE, RFLE) had the largest errors. The distances characterizing the pevis (width, height and depth) and femur (length) dimensions are summized in Table 2. All dimensions had an error less than 20 mm on average. The smallest error was found for the distance between the two ischial tuberosities, while larger errors were found for pelvis width and depth.

The distance between predicted and corresponding scanned vertices for each subject was also calculated. The average of the mean distances between the predicted and measured external shape was 26.6 ± 9.3 mm (std of the all means) over the 36 subjects. Figure 8 shows the mean 3D distances between the predicted and scanned external shape over the 36 subjects on the template. The large error areas are mainly located on the groin, the belly and the knees.

Figure 8: Mean error between predicted and real shape over the 36 subjects.

Discussion

In this study, a parametric model of the buttock-thigh complex containing both skin and bones (pelvis and femur) was developed. The model was built from 3D scans of the external shape of 36 participants coupled with 54 CT scans (from cadavers) of the pelvis and femurs .

Stature and BMI were used as anthropometric predictors. Local dimensions such as the thigh length (buttock-popliteal) and waist circumference were also tested. Similar results were obtained suggesting the global predictors such as stature and BMI are good candidates as predictors.

Two limitations were identified for this research study. Fisrtly, bones geometry of the subjects could not be acquired simultaneously. Bones geometry was indirectly estimated from palpated bones landmarks combined using the PC models previously developed with an another dataset. Merging two datasets from two different samples may be an issue. Moreover, manual palpation of bony landmarks and estimation of the ischial tuberosities position may reduce the level of accuracy. Due to lack of data, the estimated bone geometry from palpated points were assessed for only one subject from which both skin and bones were available using MRI. The mean distance between the palpated and digitally palpated anatomical landmarks was 12.9 mm. The mean distance between the predicted skin shape and reconstructed one from MRI was 17.2 mm. Clearly validation should be continued with more subjects. Secondly, only 36 volunteers participated in data collection. Though participants were selected to cover the large range of variation in stature and BMI, the developed parametric model is limited by the small sample size.

The parametric model of thigh-buttock complex developed in the present study will be used to generate the meshes of future finite element models in order to later estimate the contact pressure on a seat for a large range of anthropometry.
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 1 Figure 1: Bony landmarks palpation with the A-palp
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 2 Figure 2: Scanning posture of a participant in the support device
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 4 Figure 4: predicted bones and external shape geometry
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 6 Figure 6: Shape variation along the first 4 PCs (from 1st PC to 4th PC), red = average, blue = average + 2σ, green = average -2σ
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 7 Figure 7: Influence of BMI and Leg angle and stature as predictors. The predictions for the mean (red), mean + 2 standard deviations (blue) and mean -2 standard deviation (green) are compared for each predictor.
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  Figure 3.2.1: Chosen distances between landmarks

Table 1 :

 1 Means and standard deviations of the distances (in mm) between predicted and palpated bones landmarks

	Mean ± Std