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According to literature, both rigid multi-body (MB) musculoskeletal and deformable finite element (FE) human modeling approaches are used to assess discomfort related to sitting; a deformable FE model can predict the occupant seat interaction while the MB model estimates muscular activity and spinal joint loads. Combining both MB and FE human models could better help assess sitting discomfort, because it would estimate all mechanical factors leading to discomfort. In this research study, a FE model of the pelvis and thighs has been developed from MRI images of a 50 th height male. The full body musculoskeletal model available in AnyScript Model Repository public domains' was used and personalized according to the subject's anthropometric dimensions. Two methods of coupling MB and FE models were compared. In the first method, several simulations of the two solvers (Anybody Modelling system and Radioss) were launched sequentially. At each phase, the rigid body model outputs (forces and moments) were used as boundary conditions for the deformable model; the deformable model gives new inputs (position of the bones) for the rigid body model. In the second method, only the posture obtained from the MB model simulations was set as boundary conditions in the FE model. The pelvis position was constrained in each direction and the seating process was simulated by imposing the seat pan vertical displacement until the resultant contact force reaches the level estimated by the MB model. This method did not require several simulation loops. The first method may help predict a more accurate posture due to the consideration of realistic occupant/seat interaction (soft tissue deformation) for body positioning. However, this method requires a longer computation time because of the simulation loops. Work is still in progress especially for personalizing and positioning the finite element model. Experimental data will also be collected for validation.

Introduction

The average amount of time spent sitting on a daily basis is concerning for overall health in today's society. North Americans spend on average 10 hours a day sitting [START_REF] Holmes | Evaluating Abdominal and Lower-Back Muscle Activity While Performing Core Exercises on a Stability Ball and a Dynamic Office Chair[END_REF]. Prolonged sitting leads to discomfort and musculoskeletal complaints [START_REF] Vink | Editorial: Comfort and Discomfort Studies Demonstrate the Need for a New Model[END_REF], decrease seated workers efficiency (Hertzberg 1958), is a risk for Low back pain (LBP) [START_REF] Lis | Association between Sitting and Occupational LBP[END_REF] or even lead to pressure sores in the case of persons confined to a bed or wheelchair [START_REF] Olesen | Missing Links in Pressure Ulcer research-An Interdisciplinary Overview[END_REF]. Previous literature predominantly aims at understanding static sitting discomfort [START_REF] Zemp | Are Pressure Measurements Effective in the Assessment of Office Chair Comfort/discomfort? A Review[END_REF][START_REF] Vink | Aircraft Interior Comfort and Design[END_REF][START_REF] Harrison | Sitting Biomechanics Part I: Review of the Literature[END_REF]) and attempt to find objective discomfort criteria experimentally. The occupant/seat pressure is the most studied factor especially in the automotive industry. Since interface pressure is linked to soft tissues compression [START_REF] Luboz | Biomechanical Modeling to Prevent Ischial Pressure Ulcers[END_REF], a poor distributed center of pressure distribution may lead to a deprivation of oxygen in the gluteal muscle and is generally considered as a factor causing seat discomfort. Maximum pressure thresholds were proposed by some investigators [START_REF] Ciaccia | An Approach to Aircraft Seat Comfort Using Interface Pressure Mapping[END_REF]Sznelwar 2012,Conine et al. 1994) and discomfort criteria were proposed based on the whole pressure distribution on the seat pan (Hartung et al. 2006[START_REF] Mergl | Predicting Long Term Riding Comfort in Cars by Contact Forces Between Human and Seat[END_REF]. Seat pan shear force was also proposed as a discomfort factor. Several studies [START_REF] Reichel | SHearing Force as a Factor in Decubitus Ulcers in Paraplegics[END_REF][START_REF] Chow | Deformations and Stresses in Soft Body Tissues of a Sitting Person[END_REF][START_REF] Goossens | Decubitus Risk: Is Shear More Important than Pressure?[END_REF] showed that shear forces together with normal pressure might reduce blood flow and lead to a lack of oxygen in the tissue. A high spinal disc compression may lead to a lack of nucleus oxygenation during sitting and can trigger LBP ( Harrison et al. 2000, McBeth and[START_REF] Mcbeth | Epidemiology of Chronic Musculoskeletal Pain[END_REF]. Disc compression is much higher in sitting than in standing or lying postures (Nachemson andElfström 1970, Andersson et al. Nachemson 1977, , thus it should be minimized to reduce risk of LBP [START_REF] Zenk | Technical Note: Spine Loading in Automotive Seating[END_REF]. Finally a continuously constant muscular activity, even low (under 5% of maximum voluntary contraction) but maintained during a long time, might lead to muscular fatigue/discomfort, and should also be minimized [START_REF] Carvalho | Passive Stiffness Changes in the Lumbar Spine and Effect of Gender during Prolonged Simulated Driving[END_REF][START_REF] Rasmussen | Muscle Relaxation and Shear Force Reduction May Be Conflicting: A Computational Model of Seating[END_REF][START_REF] Grujicic | Musculoskeletal Computational Analysis of the Influence of Car-Seat Design/adjustments on Long-Distance Driving Fatigue[END_REF]).

In the recent years, both deformable finite element (FE) [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] and rigid multibody (MB) musculoskeletal [START_REF] Rasmussen | Design Optimization of Airline Seats[END_REF] human models have been developed for assessing seating discomfort. FE models can estimate pressure and shear forces at the occupant/seat interface as well as the internal strains and stress in the soft tissues, while MB musculoskeletal models can estimate muscular activity and spinal joint loads. Ideally, a hybrid modeling approach combining both MB and FE human models is required in order to obtain all parameters necessary for sitting discomfort assessment.

A full body FE model could be used to calculate contact forces and position as inputs for a MB model. However, due to the difficulties in personalizing and positioning a full body FE model, such a simulation is generally limited to small numbers of human models and postures [START_REF] Siefert | Virtual Optimisation of Car Passenger Seats: Simulation of Static and Dynamic Effects on Drivers' Seating Comfort[END_REF][START_REF] Choi | Human Body Modeling for Riding Comfort Simulation[END_REF]. A solution could be to model the thighs and the buttock as deformable while the rest of the body would be modeled as rigid multi-bodies; the external pressure distribution and shear forces on this area are main factors affecting sitting discomfort.

In the present work, two methods of coupling MB-FE models were tested and compared, using a whole body model for MB simulations and a buttock-thigh model for FE simulations.

Material and Methods

Finite element model of the buttocks

MRI images of the buttock-thigh complex of healthy subjects (males, 24 years, 174 cm, 66 kg) were obtained from a lying position with an angle of 130° between L5-S1, the hip joint and the knee joint (T1 weighted, resolution of 0.853*1.1*1.0 mm). The geometry of bones and soft tissues were obtained by segmentation. Soft tissues were meshed using four-node tetrahedral solid elements of a minimum size of 5 mm after a preliminary study of mesh convergence. The skin and bones were meshed with triangular shell elements of 5 mm (Figure 1). The bones were assumed rigid and soft tissues were attached to the bones. A ball and socket joint was introduced between the femur and the pelvis at the center of the head of the femur. The soft tissues were modelled with a Mooney Rivlin hyperelastic isotropic material law. The material properties were defined from the literature, with the first two coefficients of the strain energy function being A 1 =1.65 kPa and A 2 = 3.35 kPa [START_REF] Verver | A Finite Element Model of the Human Buttocks for Prediction of Seat Pressure Distributions[END_REF][START_REF] Cheng | Considerations and Experiences in Developing an FE Buttock Model for Seating Comfort Analysis[END_REF][START_REF] Siefert | Volumetric Muscle Approach for Human-Model CASIMIR[END_REF][START_REF] Grujicic | Seat-Cushion and Soft-Tissue Material Modeling and a Finite Element Investigation of the Seating Comfort for Passenger-Vehicle Occupants[END_REF]. The skin was modeled as elastic linear with the Young modulus E= 0.15 MPa and Poisson ratio ν = 0.49 [START_REF] Verver | A Finite Element Model of the Human Buttocks for Prediction of Seat Pressure Distributions[END_REF][START_REF] Grujicic | Seat-Cushion and Soft-Tissue Material Modeling and a Finite Element Investigation of the Seating Comfort for Passenger-Vehicle Occupants[END_REF]). The active component of the muscles was not modelled.

MB model

A full body model developed by Michael Daamsgard and John Rasmussen [START_REF] Damsgaard | Analysis of Musculoskeletal Systems in the AnyBody Modeling System[END_REF][START_REF] Rasmussen | Computational Analysis of the Influence of Seat Pan Inclination and Friction on Muscle Activity and Spinal Joint Forces[END_REF]) called AAUHuman can be found in the AnyScript model repository (http://forge.anyscript.org/gf/). Its geometry was scaled to the FE model. The pelvis and femur model present in the AnyScript model repository were replaced by the one of the FE model. The length of other segments was linearily scaled to the subject used for the FE model. The cross sectional directions of each segment were scaled according to their segment mass. Muscle strength was scaled in proportion with the fat ratio calculated using the Body Mass Index.

Coupling MB and FE models

Two methods of coupling MB and FE models can be proposed for simulating an occupant seating on a seat.

For the two methods, the first step consists in finding the initial position of the MB model based on the seat geometry using inverse kinematics. Distances between marker points associated to body segments and the seat were specified. The position of the center of the ischial tuberosity was defined, the distance between the T2 vertebrae and the seat and distance between knee joint and the seat were set. Joint angles at the shoulder, knee and ankle were also imposed. This position (position of the lumbosacral joint, ischial tuberosity and knee joint) was then imposed to the FE model.

In the first method (Method 1), an inverse dynamic is conducted with Anybody to estimate the articular net forces and moments. The contact between the seat and the body was modeled with contact elements, which provides compressive reaction and friction force proportional to the reaction force in the element:

|F f | ≤ μR
F f is the friction force, R is the reaction force and µ is the Coulomb friction coefficient. These elements are placed on multiple support points segment in contact. The reaction forces can be determined by considering them as unknown muscle forces. Force and moment calculated at the lumbosacral and knee joint centers were applied as boudary condition for the FE model. Once, a first FE simulation was performed, the newly reached position of the pelvis and femur were imposed on the MB model. This loop was repeated until the the positions of pelvis and femur have converged.

In the second method (Method 2), the pelvis of the FE model was constrained in all directions and the femur was free to move. The FE simulation was performed by moving the seat pan vertically until the resultant contact force reaches the level estimated by the MB model. Since the pelvis position was fixed, MB-FE coupling loops were not necessary as required by Method 1.

A case study

In the present work, to test the two coupling methods, a simple case of a person sitting on a horizontal rigid plane was simulated with the feet being suspended.

The upper body position was defined by imposing an angle of 90° between the seat plane and the direction between the center of the ischial tuberosities and T2. The knee joint flexion was set to 90°. The knee joint center was positioned at 3 cm above the seat. The ischial tuberosities were maintained in contact with the seat surface. To fully locate the pelvis and spinal vertebrae, empirical relationships bewteen the spinal and pelvis joint angles were introduced in the Anybody seated man model. A ratio of 2:1 between hip flexion and pelvis-thorax flexion and a linear combination between the three rotation angles associated to each lumbar joint and the three angles associated to the T12-L1 joint was introduced (Rasmussen, Tørholm, and de Zee 2009). The arm was positionned along the vertical direction. Figures 3 and4 show the imposed sitting posture for the MB and FE models respectively. When using the first method, 10 loops were needed to reach a stable pelvis position (Figure 4) with a simulation of 50 ms in sitting for each loop, except for the first one with a sitting duration of 180 ms.

The pelvis was re-positionned after the iteractive MB-FE simulations. A difference of 10 degrees in pelvic tilt was observed (Table 1). This led to slight different pressure distribution (Figure 5, Table 2) and muscle activity estimation (Table 3) between the two coupling methods. The muscle activity is the muscular force divided by its strength. The strength is defined for each muscle as the force when the muscle is loaded to its maximum activity.

Discussion and conclusion

In the present work, two methods of coupling MB and FE models were compared for simulating occupant/seat interaction. Method 2 was used in most of the previous investigations by fixing the pelvis [START_REF] Mergl | Development of a 3D Finite Element Model of Thigh and Pelvis[END_REF][START_REF] Lin | FEM Model for Evaluating Buttock Tissue Response under Sitting Load[END_REF][START_REF] Luboz | Biomechanical Modeling to Prevent Ischial Pressure Ulcers[END_REF]. As no iteration was required, computation time was advantageously low, requiring the computation of 1h30 in a PC (HP 8 processors i7 CPU 2.90 GHz RAM 32 Go) instead of 6h45 for Method 1. In the present study, Method 1 was tested allowing a better consideration of the physical interaction between buttock and seat thus, correcting pelvis orientation initially estimated from geometric constraints. It is expected that the position of the pelvis corrected by Method 1 (once the simulation loops converged) to be more realistic. The corrected position should be checked by experimental observation. Furthermore, it should be noted that this corrected pelvic position was dependent on its initial position. The whole body was initially positioned by imposing some geometric constraints using the MB model. The initial boundaries conditions put into the FE model are strongly linked to this initial posture. The relationship between seat characteristics and body posture should be investigated in the near future.

It should also be noted that the actions of the upper body on the buttock-thigh FE model in Method 1 were only transmitted by the force and moments applied on the sacrum. Thus, the distribution of the forces applied at the section between upper body and pelvis was not considered. This may affect the tissue deformation and thus the contact pressure.

Moreover, the muscles were modeled as passive in the FE model, thus active muscle action was not considered in the stiffness between the pelvis and the femur. Only passive stiffness was taken into account due to the tissues surrounding the hip joint. The effect of muscle activation on the hip joint stiffness needs to be investigated.
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 1 Figure 1: Mesh of the FE model
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 2 Figure 2: Position of the MB model
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 3 Figure 3: Initial position of the FE model. The net force and moments applied on the sacrum and knee are also indicated
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 4 Figure 4: Variation in the vertical position in meter of knee and lumbosacral joints during the 10 first MB-FE iterative simulations

Table 1 :

 1 Angle bewteen L5S1-Hip-Knee joints projected in the sagittal plane and ischial tuberositie

	to seat distance		
		L5S1-Hip-Knee	Ischial-seat
		angle	distance
		(degrees)	(mm)
	Method 1	87.4	21.5
	Method 2	97.8	27,6
	Figure 5: Pressure distributions by two MB-FE
	coupling methods (left: method 1, right: method 2)

Table 2 :

 2 Occupant/seat pressure

		Contact	Peak	Average
		Area	pressure	pressure
		(cm²)	(kPa)	(kPa)
	Method 1	332	40	1.99
	Method 2	305	42	2.16

Table 3 :

 3 Muscle Activity simulated by Anybody model in % of maximum voluntary contraction

		Highest		
		value in the		
		entire body Abdo muscles Back muscles
	Method			
	1	0.099	0.072	0.100
	Method			
	2	0.140	0.099	0.122
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