


This is to certify that the
thesis entitled

ESTIMATIONS OF HUMAN HIP JOINT CENTER
LOCATIONS IN AUTOMOTIVE SEATS: A
COMPARISON BETWEEN EXPERIMENTAL DATA AND
A PREDICTION MODEL

presented by

VAIBHAV A.EKBOTE

has been accepted towards fulfillment
of the requirements for the

M.S. degree in Mechanical Engineering

Major Professor’s Signature
Acust 3, 2004

Date

MSU is an Affirative Action/Equal Opportunity Institution

v e 2 o 9

® ¢ @ ¢ O * e o

> @

TP O e P e ¢ e - e e e



LIBRARY
Michigan State
University

PLACE IN RETURN BOX to remove this checkout from your record.
TO AVOID FINES return on or before date due.
MAY BE RECALLED with earlier due date if requested.

DATE DUE DATE DUE DATE DUE

]
Voo s

AN 2 4 72008
-(!22809

6/01 c/CIRC/DateDue.p65-p.15



ESTIMATIONS OF HUMAN HIP JOINT CENTER LOCATIONS IN
AUTOMOTIVE SEATS: A COMPARISON BETWEEN
EXPERIMENTAL DATA AND A PREDICTION MODEL

By

Vaibhav A. Ekbote

A THESIS

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

MASTER OF SCIENCE
Department of Mechanical Engineering

2004






ABSTRACT

ESTIMATIONS OF HUMAN HIP JOINT CENTER LOCATIONS IN
AUTOMOTIVE SEATS: A COMPARISON BETWEEN
EXPERIMENTAL DATA AND A PREDICTION MODEL

By

Vaibhav A. Ekbote

The present study compares experimental data to a prediction model for human hip
joint center (HJC) locations in automotive seats. In phase I of the three phase study, seat
pan stiffnesses for six different seats were tested using an industry standard manikin and
video based motion measurement techniques. For phase II of the study, three of the six
seats tested in phase I were selected to represent a range of seat pan stiffnesses varying
from soft to stiff. Fifteen male subjects from three anthropometric categories were seated
in all three seats and their positional data were recorded. These data were then used to
compute the location their HIC locations. In phase III, a prediction of the HIC locations
for all test cases in the same three seats was obtained using mathematical modeling
techniques developed in previous studies by Radcliffe [6], and Bush and Macklem [3].
Finally the results between the predicted and measured HJC locations were compared.
For this comparison two different approaches were used for the computation of the HIC
producing slightly different locations. The prediction model successfully predicted the
HIC deflections of two of the three subject groups. For the third group a prediction curve

was not necessary as it was located using the industry standard manikin.
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1. INTRODUCTION

One of the most important aspects of designing a vehicle’s interior package is
locating the appropriate placement of the seat and the occupant within the vehicle. One
identification of occupant placement is a point at or near the hip joint center (HJC). The
HIJC acts as a reference point in designing the car seat and interior packaging because it is
the point on human body with least motion with respect to the car seat during the time
interval of an occupant in a car. So placing the occupant's HJIC at an intended position in
seat is of fundamental importance to meet mandated safety regulations and design and
packaging requirements.

Several tools are used to locate or estimate the HJC including Society of Automotive
Engineers (SAE) manikins. There are two versions of the SAE manikins, the first is
nicknamed OSCAR [1] and the newer one is called ASPECT [2]. Both are
representations of average sized male occupants. The point corresponding to human HIC
on the manikin is called the H-point and is a representation of Hip Joint Center of an
average human occupant (Figure 1).

The focus of this study is to locate the hip joint centers of seated human occupants
using experimental techniques and then to compare the measured locations to predicted
locations based on the ASPECT manikin and previously developed mathematical
techniques [3].

Included as part of the vehicle's Computer Aided Design (CAD) data, the H-point
must fall within an envelope in the space that accounts for design variables like cushion
deflection and the seat's for- aft and vertical range of motion. The seat designer's goal is

to locate the H-point in the most advantageous position within this envelope. A smaller



statured human would have the HIC situated at the envelope's forward end, while the
HIC of a larger statured person would be at the rearward part of the envelope. The H-
point enables the designer to position the human model within the CAD data of the
automobile interior and establishes locations of hand and foot controls, overall packaging

and vision requirements.

Left

Right
HIC

HIC

Figure 1: Human Hip Joint Center [8]

Human modeling software such as RAMSIS [4] and JACK [5] simulate various
anthropometric sizes, shapes and body positions and movements in the vehicle-seating
environment. Once the model is positioned correctly within the CAD environment, these
simulations will estimate interior factors such as headroom, legroom, access to controls

and interference with hand brake application or other operational movements.

One of the important inputs in the development of these software simulations is a
mathematical representation of a wide database of vehicle occupant locations, including

the location of occupant’s HIC in a deflected seat for a range of seat, package and



anthropometric variables. The present study compares the experimental method of
locating the HJC in automotive seats with a mathematical prediction algorithm. The

present study was broken into three phases, which are briefly described below.

In phase I of the study, the stiffnesses of the seat pans (seat cushions) of six
automotive driver seats were measured using the ASPECT manikin [2] along with video
based motion measurement techniques. The experimental data for vertical and horizontal
deflection measures of the manikin H-point were obtained and used as input into the
mathematical model developed by Radcliffe [6]. The Radcliffe mathematical model
estimated the seat pan stiffness based on experimental data for a sequence of manikin
loading steps. Based on the Radcliffe model, six seats were categorized according to their

seat pan stiffness in comparison to 30 other seats analyzed by Radcliffe.

Three of the six seats were chosen for inclusion in phase II. Seats were selected to
represent a wide range of seat pan stiffnesses. During phase II, kinematic data from
fifteen male subjects were collected in the three seats selected from phase 1. The data
represented three-dimensional locations of various anatomical reference points and points
on the test seats. In each case the location of the subject’s HIC was computed based on

the data gathered from the motion measurement system.



Figure 2: Representative picture of subject testing in Phase IT

Lastly in phase III, the data from phase II were used as an input to a previously
developed mathematical model by Bush and Macklem [3] to predict the location of HIC.
In the previous study by Bush and Macklem it was observed that the Radcliffe model,
that was based on industry standard manikins, could only predict the deflection of mid-
sized and large male occupants, but offsets to the Radcliffe curve were developed by
Bush and Macklem [3] for other anthropometries. These offset curves had a liner trend
between male occupants of average height and weight and tall but lightweight male
occupants. Also for female occupants the offset curves had parabolic trend. This
prediction model was based on the subjects’ weights and the seat stiffness curves and had

been developed on data from three seats. Data from phase II of the present study was



used to calculate the HJIC locations of 15 male occupants in 3 seats .The HJC locations
were also estimated using the Bush-Macklem prediction model. The calculated and

predicted HICs were then compared and used to improve the Bush-Macklem model.



2. BACKGROUND

Background for phase I

The primary purpose of phase I was to characterize a set of six automobile seats
according to seat stiffness and select three seats to be used in phase II that spanned range
of seat pan stiffnesses. In a previous study by Radcliffe [6], a mathematical model was
developed to represent experimental data collected for seat pan stiffness (Figure3). The
Radcliffe model was used to quantitatively describe and evaluate the mechanical
properties of automotive seat pans. In the study by Radcliffe, the deflections of both the
ASPECT [2] and SAE J826 [1] manikins into the seat were measured and modeled for 30

production and prototype seats.

H-point force Vs H-point vertical deflection
H-point force(N)
0 50 100 150 200 250 300 350 400 450 500 550 600
0 i A A A Y N e i A A A
—e— From Kinetic Model

? 10 - — —&— From Experimental Data
E
i o
% 2] .
i
>
EOT -
fol

70

Figure 3: Example of kinetic model by Radcliffe that simulated the seat pan stiffness response of one
of the test seats (Audi Leather) for incremental loading of ASPECT butt and thigh region.

Each of the two manikins was loaded incrementally and downward motion of the

manikins was measured and recorded. Next, the modified Taylor series based equation



set was found to best fit these experimental parameters thus simulating the experimental
behavior of the manikin. All the experimental data for developing this model was
collected manually with a scale. The kinetic model developed by Radcliffe was a good
predictive tool that described and simulated the buttocks and thigh region of industry

standard seating manikins and their interaction with the seat pan.

Buttock Loads
Left HIC tareet
Right HIC target
Thigh Loads
5 Left knee target
Right knee target

Figure 4: Example of buttock and knee loading of ASPECT manikin
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3.PHASE 1

3.1 Methods used in phase I
Experimental data acquisition using ASPECT manikin

In previous work by Hubbard and Gedraitis [7], an experimental technique for
measuring seat pan stiffness with the SAE J826 [1] manikin was developed. The present
study used a similar technique however a newer manikin, called the ASPECT manikin,
was used to record these measures. The horizontal position of H-point, which was not
measured in previous studies, was also measured in the present study. These
measurements of horizontal shift of H-point were not included in predicting the HIC
location however might be useful in future studies. The butt-thigh section of ASPECT

[2] manikin was removed and used in testing as briefly described below.

All six seats were mounted on flat wooden bases at a cushion pan angle of 15°
measured using OSCAR [1] manikin. OSCAR [1] manikin was used because the method
of measuring a cushion pan angle is standardized using that manikin. Following are the

steps used in testing all six seats with the ASPECT [2] manikin.

| A._ Using the butt-thigh segment of ASPECT seating manikin (shown in Figure 4),
L—"incremental loads were applied. Targets were attached on left and right H-point axis
locations and also on left and right knee locations of the ASPECT Butt Thigh

(ABT) section (Figure 4). The vertical and horizontal deflections were measured
using Qualisys motion measurement system. The position data were collected for 1

second per load increment with a frequency of 12 Hz.
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B. Vertical and horizontal positions of the H-point and knee axes were also measured
manually using a scale after each applied load. The manual measures were later
compared with those from Qualisys motion measurement syste;n.

C. H-point axis measurements were made on the left and right side by measuring the
position at the tip of a rod extending out from the H-point axis center (Figure 4).
Left and right H-point and knee axis measurements were made at the same distance
from the vertical plane of symmetry of the manikin. The variation in level on each
side of the manikin was averaged for both horizontal and vertical measurements.
Again, the horizontal deflection of H-point into the seat was measured on both sides
of H-point axis using recliner pivot of each seat as reference.

D. Between each loading increments (Figures 6-18) a waiting period of 5 minutes was

maintained so that the seat pan attains equilibrium with the added load.

E. The load deflection data from Qualisys motion measurement was compared with

H point Load (N)
0 100 200 300 400 500
o 4 i il A
104 — - - —a— H-point deflection
obtained manually

'é“ 20 1 -
£
g 30 4 - —a— H point deflection
= obtained by
§ 40 4 Qualisys
[ 3
(=]
§ 50 +—-— -
g
T 60 T— —

70 +- - -

80

Figure 5: Comparison Between manually measured data and data collected from Qualisys motion
measurement system for Tahoe (Cloth) seat.
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the manually measured data for four of the six seats tested to verify the consistency
between measures from Qualisys system and manual measures. Manual
measurements of H-point and knee heights were taken with lab floor as reference
using a ruler with a minimum scale of 1mm. Hand measurements taken in earlier
studies [6] provided reasonable data. However since the data in phase II was collected
with the motion measurement system, the seat protocols were established in phase I
and were carried into phase II. Figure 5 shows agreement between the motion data
and hand measurements and consistency of the motion measurement data. The
average of difference between the two methods for all four seats was 1.8 mm. After
comparison of data for 4 seats it was felt that target data were sufficient measures.
Manual measurements of horizontal deflection of left H-point were taken for two
seats to observe how much the H-pont moves horizontally. Those are tabulated in
Appendix B-5.These measurements were not used in any of the calculations in the

present study.

F. The data obtained form motion measurements for all six seats was input to Radcliffe

model to generate stiffness curves.

10



>3
LI
T

|

Flg["

defl

the g

With

'Wati



3.2 ASPECT butt thigh loading steps

Figures 6-18 show the load steps followed on all of the seats tested.

‘ Left side target, on
‘the H-point axis

Figure 6: SAE J826, 2-D template positioned in Tahoe Leather seat for the load step zero with a
total weight of O N.

The 2-D template of J826 manikin was used as a reference to measure the
deflections. The template was placed on the seat so that the template edges fully touched
the surface of the seat cushion and seatback near the mid plane of the seat but avoiding
any indentations in trim. Targets were attached to left and right ends of a thin solid rod
with circular cross-section passing through the H-point axis. This load step represented

location of H-point axis in unloaded condition of seat or Zero load step.

11



Figure 8: (Load step 2) ABT segment with two 6-plate H-point weights on H-point axes with a
total weight 125 N. Front and isometric views.
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Figure 9: (Load step3) Load step 2 plus 2 five plate H-point weights on H-point axis with a total
weight 185 N. Front and Isometric views.

Figure 10: (Load step 4) Load step 3 plus 2 five plate H-point weights on H-point axis with a total
weight 231 N. Front and Isometric views.

13
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Figure 11: (Load step 5). Load step 4 plus two torso weights on H-pt axis just inside shell of ABT
with a total weight 278 N. Front and Isometric views.

Figure 12: (Load step 6) Load step 5 plus two torso weights on H-pt axis just inside shell of ABT with
slots down and back rear edge resting against shell with a total weight 310 N. Front and
Isometric views.
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Figure 13: (Load step 7) Load step 6 plus two torso weights behind the center structure with slots
forward with a total weight 348 N. Front and Isometric views.

Figure 14: (Load step 8) load step 7 plus two torso weights behind the center structure with slots
forward with a total weight 388 N. Front and Isometric views.






Figure 15: (Load step 9) Load step 8 plus two torso weights on center structure with slots up and
back lower edge against nylon bushing with a total weight 416 N. Front and Isometric views.

Figure 16: (Load step 10) Load 9 plus two thigh weights with a total weight 431 N. Front and
Isometric views.






Figure 17: (Load step 11) Load 10 plus two thigh weights with a total weight 446 N. Front and
Isometric views.

Figure 18: (Load step 12) Load 11 plus two thigh weights with a total load 461 N. Front and
Isometric views.

17



Loads at the H-point and front (knee axis) of ASPECT butt thigh segment (ABT) for all
load steps are shown in Table 1.

Tablel: Loads at the H-point and front of ABT for all load steps

Load Step Load on H-point axis | Load on front of

(Newtons) ABT. (Knee load)
(Newtons)

0 0 0

1 57 29

2 125 29

3 185 29

4 231 29

5 278 29

6 310 32

7 348 26

8 388 21

9 416 28

10 431 56

11 446 83

12 461 111

18
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3.3 Coupled Force and Moment Kinetic model. [6

In previous work by Radcliffe [6] it was found that a coupled force and moment
kinetic model was effective in representing the effects of the seat on manikin position.
Since the Radcliffe model was used for seat selection in the phase I of this study, it is
briefly explained in the following paragraphs.

The coupled force and moment kinetic model [6] (figure 19) represented two input
forces Fy and Fi at the H-point and knee respectively, and two reactions: force, Ry at the

H-point axis, and reaction moment M about the H-point axis.

Slider prohibits horizontal translation of
the H-pt.

Figure 19: Coupled Force and Moment Kinetic model [6]

Knowing the force—deflection relations of the H-point and knee axes from the
experimental data, this model can be used to simulate the static response of the

automotive seat to the ASPECT manikin loading.



A static mathematical analysis coupled with the use of Microsoft (MS) Excel solver
optimization tool was used to develop the mathematical equations, which represented the

manikin response to seat loading. This mathematical modeling used following steps.

A) Developing experi 1 and simul q

Two sets of equations, a static set and a simulation set were developed and the aim of
the procedure was to find the stiffness coefficients that would give minimum Root Mean

Square (RMS) error between the simulation and experimental data.

Equations of Statics (figure 19

The set of static equations (equations 1&2) represented experimental reaction forces
and moments based upon experimental, incremental input forces Fy (Force at H-point)

and Fk (Force at Knee).

R, =F, +F, [6))

M, =Fy * Ly *(cos(© gy ) )

Slider prohibits horizontal translation of
the H-pt.

Fx

Knee

Figure 19: Coupled Force and Moment Kinetic model [6]
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Simulation Equations

The set of simulation equations (equations 3 &4) were based on modified Taylor
series expansion and included the stiffness coefficient terms (, K 5, ,K 5, ,K .5, ,K .5 )
called seat factor parameters, which needed to be optimized, so as the RMS difference
between the simulated force and moment ( F,, M, ) and the experimental force and

moment was minimum.

F, =Z(,,Kf5*5"+an0*z9") (3)
0

M,=Y (,K,;*6"+,K,, *0") 4)
0

B) Experimental data acquisition.

The experimental data needed for the mathematical analysis was acquired using the
experimental data acquisition procedure discussed earlier in section 3.2. The four input
parameters needed from the experimental data for the simulations were:

1. Static incremental load at H-point axis (Fh)

2. Static incremental load at knee axis (front of ABT) (Fk)

3. Average vertical displacement of the H-point at that given load.
4. Average vertical displacement of the knee axis of ABT.

To calculate this mathematical model, an Excel spreadsheet was designed by
Radcliffe that will be referred to as the seat factor solver (SFS) was used. As shown in
Table2, the four input parameters correspond to the first four columns of the analysis

spreadsheet. The last four columns are the calculated values.
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Table 2: Input data acquired from experimental incremental loading of the manikin is shown in
white font within dark cells, along with calculated values based on experimental data shown in dark
fonts within gray cells.

Fh(N) Fk(N) Avg (z,mm)Avg (z,mm)

Where,

Fh(N) = Static incremental load at H-point (experimental load data).
Fk (N)= Static incremental load at knee axis (experimental load data).
H-pt Avg z(mm) = Average vertical displacement of left and right side targets on

the h-point axis of ABT (experimental data d from motion
system).

Knee Avg z (mm)= Average vertical displacement of left and right side targets on
the front of ABT (experimental data measured from motion measurement
system).

Thigh Angle (degrees)= Angle of thigh seg of ABT with refi to
horizontal obtained from column 3 and 4 and H-point to knee length.
(Calculated).

C) Calculation of static reaction force and moment.

Experimental data from the six seats tested were input into the Radcliffe SFS. The

static reaction forces and moments, which were based on experimental loadings and
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measurements, were calculated for each incremental loading step according to equations
(1) and (2). These experimental reaction forces and moments were then used as a basis of
comparison to optimize the stiffness coefficients (K’s) in equations (3) and (4) using the

Seat Factor Solver spreadsheet within MS Excel.

D) Optimization of seat factors within modified Taylor Series based simulation

equations.

The simulation equations (3) and (4) were based on Modified Taylor Series
expansion. These Taylor series expansions were modified in that the 0™ order,

linearization term was neglected. Also neglected were terms in which the coefficients

multiplied by both variable terms (K*[ 8" * #" ]). With increasing order of Taylor series

expansion equations the differences between the experimental data and the simulation

results were decreased by each addition of error correcting higher order terms.

\":i;irst (n= 1), second (, = 2), and third (, = 3) order modified Taylor series
expansions were investigated (refer to equations 3 and 4) within the SFS to reduce the
RMS differences between the experimental data and simulation results. It was observed
that the second order Taylor series expansion equations produced the simulation HIC
deflections, with RMS error less than 5.4mm, compared to the third order equations that
produced the simulation HIC deflections with RMS error less that 4.1mm for all six seats
tested. (Refer to the Appendix.) The second order Taylor series expansion equations that
reasonably simulated the experimental and data were used to plot the seat pan stiffness of

-~

all six seats.
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3.4 Seats tested for Phase I

The goal of phase I was to select 3 seats that would cover a range of seat pan
stiffnesses. For this purpose, the following six seats listed in Table 4 were tested with
ASPECT manikin for obtaining H-point vertical and horizontal deflections. The seats
represented wide range of car segments. Table 3 shows the available information about

the car, year of manufacture and name of the manufacturing company for each seat.

Table 3: List showing available information about six seats tested in phase 1.

Name Car Year Seat
Manufacturer

Seat A Audi 1999 Unavailable

Seat B Ranger (Jeep) 2002 ICI

Seat C SLK (Mercedes) 1999 Unavailable

Seat D Tahoe (Cloth trim-Chevy) 2001 Lear Corporation

Seat E Tahoe (Leather trim-Chevy) | 2001 Lear Corporation

Seat F BMW Sporting Unavailable | Unavailable

The following is the description of each seat with pictures.

24






Figure 20: Seat A, the Audi front and side view.

Seat A, a leather covered 1999 Audi (Figure 20) had motorized adjustable
mechanical lumbar support, cushion lifter, and back recline operations. The seat back
angle for this seat ranged from 9° to 63° rearward from vertical when measured with J826
manikin. The seatback bolsters were soft and prominent whereas the seat pan had soft flat

bolsters.
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The gray and black cloth covered 2002 Ranger seat B, (Figure 21) was manufactured
by Johnson Controls Inc. This seat had manual recline with no lumbar adjustment. The
seat back angle for this seat ranged from 11° forward to 48° rearward from vertical as

measured with J-826 manikin. The bolsters on seat back and seat pan were firm and flat.

Figure 21: Seat B, the Ranger front and side view.
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Seat C, the 1999 SLK as shown in Figure 22, was covered with black leather. This
seat had manual recline and with no lumbar support feature. The seat back angle for this
seat ranged from 15° forward to 78° rearward from vertical as measured with J-826

manikin. The bolsters on seat back and seat pan were firm and flat.

Figure22: Seat C, the SLK front and side view.
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The gray cloth covered 2001 Tahoe seat (seat D), shown in Figure 23, was
manufactured by Lear Corp. This seat had manual recline with no lumbar support feature.
The seat back angle for this seat ranged from 10°to 47° rearward, from vertical as

measured with J-826 manikin. The bolsters on seat back and seat pan were soft and flat.

Figure 23: Seat D, the Tahoe-cloth front and side view.
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Seat E, leather covered 2001 Tahoe (Figure 24) seat was manufactured by Lear
Corporation. This seat had motorized mechanical lumbar support, cushion lifter, and back
recline operations. The seat back angle for this seat ranged from 12°to 45° rearward
from vertical as measured with J-826 manikin. The bolsters on seat back and seat pan

were soft and flat.

Figure 24: Seat E, the Tahoe-leather front and side view.
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Seat F, a cloth covered BMW was manufactured by Lear Corp. This seat had manual
recline with no lumbar support feature. This seat ranged from 12°to 75° rearward from
vertical as measured with J-826 manikin. This seat had prominent, firm bolsters on seat

pan and seat back.

Figure 25: Seat F, the BMW- front and side view.
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3.5 Seat Selection for phase 11

Based on the coupled force and moment kinematic model with 2™ order Taylor
series expansions discussed in section 3.3, the seat pan stiffnesses of all six seats were
plotted. These plots of reaction force under h-point versus h-point deflection were
compared to examine which seats should be tested for phase II.

Figure 26 shows comparison of H-point load vs. H-point deflection for all six seats
tested in phase 1 along with the 22 other seats tested by Radcliffe [6] in his study to

develop the SFS and kinematic models.
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Displacement (mm) Referenced to Unloaded H-Point Machine

H-Point Deflection vs. H-Point Load

2t

185

285

Force (N)

585

8 Prototype (Lear)
=== ===C Prototype (JCI)
= = = M Vectra Opel (Lear)
== J (Audi)
S 605 (Peugeot)
E Sport (BMW) 5 Series
| Saturn (JCI)
- 4 Heavy Trck (Lear)
K (VW)
== =P Camry (JCI)
= = = O(BMW) 7 Series
=== = *D Basic (BMW) 5 Series
- "L 806 (Peugeot)
- A Neon (JCI)
“ = = F NS (Atoma)
= "G AS (Atoma)
Q Ford Explorer (Lear)
=== == R Chevy Truck (Lear)
= = = B LH(@JCI)
= = *N Taurus
- ===H Split Bench (Lear)
~~=9 Aurora (Delphi)
—@— Tahoe_clothe
==0=—=Auid_2001
«==(==Tahoe_leather
=)= Ranger
emmgy==SLK_leather

e={fi}==BMW(Sporting)

Figure 26: Chart comparing H-point deflection Vs. H-point load for seats tested in phase I (shown in
bold legends). Also shown are H-point deflections with increasing H-point load for 22 seats

tested by Radcliffe [6].

The six seats were categorized according to their seat pan stiffness. This was

accomplished by comparing the H-point deflection corresponding to H-point reaction

force of 410 newtons for all six seats'@hc H-point reaction force of 410 newtons was

selected for comparison because it is 54.3% the body weight of an average sized male
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occupant [171 Ib body weight, 69” height] that passes through the buttocks according to

the dissertation by Bush [9].

H-Point Deflection vs. H-Point Load

—6—Tahoe_clothe

=8==Auid_2001

== SLK_leather

Displacement (mm) Referenced to Unloaded
H-Point Machine Shell
@
o

==ié&=Ranger
.40 4 . S -

=dr=Tahoe_leather
-50 + - B

410 N == BMW/(Sporting)
-60
185 285 385 485 585
Force (N)

Figure 27: Chart comparing H-point deflection versus H-point load for six seats tested in phase I.
The deflections corresponding to a H-point load of 410N were compared.
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Three seats from phase I study were selected to represent a wide range of seat pan
stiffness. The three seats were,

1. Seat E, the Tahoe (2001 SUV) with leather trim and it had H-point deflection of
50 mm corresponding to 410 N, (figure 28). The seat represented a soft seat pan.

2. Seat F, the BMW (sedan) with H-point deflection of 32 mm corresponding to 410
N, (Figure 29) represented stiff seat pan.

3. Seat C, the SLK (1999 sports) with H-point deflection of 45 mm (figure 30)
corresponding to 410 N, represented medium stiff seat pan.

It can be seen from figures 26 and 27 that the three seats selected from phase I

covered wide range of cushion pan stiffness.

HJC Force VS Deflection -Tahoe (SUV)

0 100 200 300 400 500 600

| —e—Kinetic Model

Vertical deflection(mm)

Figure 28: H-point Force Vs H-point deflection for Tahoe (SUV) seat from Radcliff’s 2* order
kinetic model [6].
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HJC Force VS Deflection BMW (Sedan)

0 100 200 300 400 500 600

[—0— Kinetic Model

Vertical deflection(mm)

Force(N)

Figure 29: H-point Force Vs H-point deflection for BMW (Sedan) seat from Radcliff’s 2™ order
kinetic model [6].

HJC Force Vs Deflection (SLK sports)

0 100 200 300 400 500 600

—e— Kinetic Model

Vertical deflection(mm)

Force(N)

Figure 30: H-point Force Vs H-point deflection SLK (Sports) seat from Radcliff’s 2™ order kinetic
model [6].
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4. PHASE 11

The goal of phase II was to collect data to calculate hip joint center (HJC) locations
of a sample of male occupants seated in the three seats selected from phase 1. The three
seats included Seat E-Tahoe, Seat C-SLK and Seat F-BMW and selected because they
encompassed a range of seat pan stiffnesses. These three seats were tested with people of
various heights and weights. The locations of their HICs in the seats were computed and
compared to the prediction model developed by Bush and Macklem [3] (discussed at the
end of section 1.0). The testing protocol, the procedure for data collection, and
calculation of HIC deflection are discussed in this section.

4.1 Test Subjects

The purpose of this study was to collect additional data to validate the method of
HIC prediction by Bush and Macklem [3]. The scope of this study addressed only the
male data. To account for a range of possible HJC locations in the seats, the sample of
male occupants covered a wide range of heights and weights. The development of the
HIC prediction method was based on a previous study by Gutowski[12] therefore a
sample similar to Gutowski’s was tested including male occupants of average height and
weight, heavy and tall men, and heavy but light men. Thus, data from the present study
could be compared to the prediction developed by Bush and Macklem [3] using
Gutowski data. The goal was to test five male subjects from each of the anthropometric
groups. These groups were based on NATIK [18] data (shown in Table 4). Subjects were
recruited on a volunteer basis. They were initially screened to see if they fit in the desired
height and weight categories. The actual test subjects varied slightly from their desired

height and weight (refer to Table 5).
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Table 4: Desired human subjects’ anthropometrics as per NATIK [18].

*STDEYV : Standard Deviation

37

Anthropometric group for Males Weight Stature

50% height and 50% weight (SOH50W) | 171 Ib 69 in.

95% height and 5% weight (95SH5W) 1351b 73 in.

95% height and 95% weight (9SH95W) | 216 Ib 73 in.
Table 5: Actual test subjects’ anthropometric measurements.

Totile  (%otile Pelvic Pelvic Pelvic
\Weight [Height [Height eight |Age 'Width Depth Height
(Ib) (in) (years) |[(mm) (mm) (mm)

|Subjects placed in average male category
Subjectl 175] 70, 65 56 22 284 217| 107]
Subject2 144] 67 25 15] 25 263 215 93
Subject7 156| 71 85 26| 20| 268 225 111
Subject8 157, 69| 50 29 20| 242 215 97
Subject10 172] 70| 7 5 24 272 239 108|
Subject12 157] 69 50 29 25 247, 220 105
Average 160 69| 68 34
[*STDEV 11| 1 21 16
ISubjects placed in tall and light male category
Subject4 129| 71 85| 3 27, 254 196 88
Subject5 117 71 85| 1 29 247, 197, 100|
Subject9 146| 71 85 14 26) 260 231 101
Subject13 124] 71 85 2 25| 236) 251 87
Average 12 7 85 E
STDEV 12 0) of 6
Subjects placed in tall and heavy male category
Subject6 189) 72 90} 76 24 271 238 104|
Subject11 198] 72 Bl 85| 24 274 252 110|
Subject14 213 72 Bl 94 24 267, 258 117]
Subject15 236 71 85| 9 21 300, 272 121
Subject16 202] 72 90| 89 40, 269.5 249 104]
Average 208 72 8 8
STDEV 18 0] 2 9




The subjects in average height and weight category had average height matched, but
were a little light. The subjects in tall and heavy and tall but light groups were one to two
inches shorter and little lighter than desired.

Generally speaking, the 50%tile height and 50%tile weight (SOH50W) subjects
represented male occupants of average height and average weight. The subjects with
95%tile height and 95%tile weight (9SH95W) represented tall and heavy male occupants
and the subjects with 95%tile height and 5%tile weight (95SH5W) represented tall and
light male occupants.

Six subjects were tested from tall and heavy (95SH95W) group, five from average
(50H50W) group and four subjects from tall and light category (9SH5W). The
anthropometric measurements along with averages and standard deviations for all
subjects tested are listed in table 5 including pelvic dimensions (refer to Figure 35) which

were necessary for calculating the hip joint centers of the subjects in the reference seat.
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4.2 Test Buck setup

All subjects were tested in a reconfigurable test buck. For testing, the H-point to Heel
point vertical distance also termed as H30, (Figure 31) was set as per the seat type
according to Johnson Controls Incorporation’s (JCI) seat testing standards, listed in Table
7 [10]. The J826 manikin and corresponding procedures were used to measure and obtain

the dimensions listed in Table 6.

Ziab

H17

Figure 31: Test buck dimensions. [12]
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Table 6: Dimension descriptions for test buck set-up.

SAE # Dimension Description
H30 Seat (J826 manikin H-point) Height

L27 Cushion Angle with respect to Horizontal

L1l Steering Wheel to Toe bar (X)

H17 Steering Wheel to Heel Point (Z)

H18 Steering Wheel Angle with respect to Vertical
W9 Steering Wheel Diameter (outer)

L53 H-point to Toe bar

L40 Backrest Angle

Table 7: Package dimensions with J826 manikin [1] for the typical car segment-seating environment

[10].
Package 1 2 3 4

Typical Segment Sporty [Passenger Carf SUV Van
[Torso Angle (°) 27 24 21.5 20
Hip Angle (°) 98 95 95.5 95.5
Knee Angle (°) 132 124 121 115
Foot Angle (°) 87 87 87 88
H-point to Heel point-Z (mm)| 190.73 239.82 325 360.69

The cushion pan angle of all three seats was fixed at 15 degrees using J826 manikin
[1] and the SAE J1100 [11] procedure for measuring the cushion angle. Out of the three
seats only Seat E- the Tahoe (SUV) had a lumbar prominence adjustment. To maintain

consistency in testing protocol, testing was performed with the lumbar support in the off

position for the Tahoe seat.
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4.3 Reference Seat

Along with the three production seats, subjects were tested in a reference seat also
termed a ‘hard seat’. The hard seat was a wooden seat without any padding, and therefore
no deflection of the seat pan occurred when loaded. The seat was used to collect
positional data on the pelvis and other bony landmarks. The data were later used to
calculate the HJC location and the deflection of the buttocks in the hard seat. The seat
was set with pan angle of 15° and back angle of 23° (refer to Figure 32). These values
corresponded to a cushion pan angle of 11° and a back angle of 24° when measured with

the SAE J826 manikin [1].

23°

580 mm

15° [
1mm

225 mm 500 mm

Figure 32: Reference hard seat dimensions. [12]

41



4.4 Test protocol

From Gutowski’s work [12] it was observed that when subjects were not given any
instructions about the placement of their buttocks in the seat pan, the positions of their
HIC’s had an anterior shift as compared to when they were asked to place their buttocks
against the seat back. Based on this finding, a test protocol was designed to capture these
differences in HJC positions. Each subject was instructed to place his buttocks against the
seat back termed ‘instructed’ position, and then in a preferred position. No instruction
about placing his buttocks was given to the subject in the preferred position.

For both the instructed and preferred positions, the steering wheel position could be
adjusted vertically and horizontally to achieve the preferred H17 distance (refer to figure
31). Also the toe bar could slide forward and rearward to set subject preferred foot
position and thus preferred L11 distance (refer to figure 31).

In the instructed position (figure 33), subjects were asked to sit with their buttocks
firmly against the seat back to achieve the most posterior position of their HIC. The seat
back recline angle of each seat was set to 24° and cushion pan angle to 15° using J-826
[1] manikin. The subjects were asked to maintain contact with a foot support that
represented the gas pedal location. To achieve this, the subjects were allowed to move the
seat fore and aft. Subjects were free to choose the position of their hands relative to the
wheel and were able to slide the wheel fore and aft to their preferred location.

In the preferred position (figure 34), subjects were asked to sit with their buttocks
placed in any preferred position on the seat pan. They were also free to adjust the recline
angle, while cushion pan angle was fixed to 15°. As in the instructed position, the fore/aft

position of the seat as well as the steering wheel height was adjusted by the subject.
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Again subjects were asked to maintain contact with the foot support. Subjects were free

to choose the position of their hands relative to the steering wheel.

Figure 34: Subject 10 seated in the preferred position in SLK seat. Subject chose more reclined
position than the instructed position and a preferred position of his arms.
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4.5 Testing Procedure

All testing was performed in the Biomechanical Design and Research Lab (BDRL)
of Michigan State University and was approved under University Committee on Research
Involving Human Subjects IRB#96-054 [13]. Approved consent forms were fully
explained to each subject prior to testing. The same test procedure as described below
was followed for each of the fifteen subjects.

Subjects were asked to wear tight fitting clothes (Figures 33 and 34) so as to reduce
the movement of the clothing relative to the body and thus the motion of the targets that
were attached to the clothing. If the subjects did not have the necessary clothing, it was
provided. Once in the appropriate attire, their height (without shoes), weight and age
were recorded. Manual measurements of pelvic height (PH: the perpendicular distance
from the line joining the right and left Anterior Superior Illiac Spine, ASIS to the top of
the pubic symphisys), pelvic width (PW: distance between the right and left ASIS) and
pelvic depth (PD: distance between right ASIS to the mid Posterior Superior Illiac Spine,
PSIS) were measured with a(lEntropometer (see Figure 33)"’.\)These measurements were
necessary for the computation of HIC location in the hard seat.

Next, targets were put on key locations on the test seats (Figure 36) and on bony
landmarks of the subjects (refer to Table 8). For all subjects only the right side of the
body was targeted and right HIC was calculated. Since motion measurement system only
had five cameras and was limited to 30 targets it was not possible to target both sides of a
subject. Also the motion system is able to catch a maximum of only 30 target locations,

which does not allow putting targets on both sides of the body of a subject. Wherever



possible targets were affixed directly on the skin while the rest were taped to the clothing

at the target locations.

Pelvic Width

Right ASIS Left ASIS

Figure 35: Pelvic width and pelvic height [14]

{'/'l'he target on the right Anterior Superior Illiac Spine (ASIS) and the target on
Lateral Femoral Epicondyle of the right knee were the two targets necessary to
calculate the HJC in the seated position using the method developed by Bush and
Gutowski [15]: The locations of other targets will be useful in further study of various
anatomical lan&mark positions responses of the subject to the seat, however were
outside the scope of the present study.

Data files were recorded with instructed and preferred positions as discussed in
section 4.4. Two data files for each of the two positions were recorded with 12Hz
frequency for 3 seconds using the Qualisys System. Between the two trails of the
same position, subjects were asked to move around in the seat and then reposition
themselves. To avoid the targets being knocked off during the transition, subjects
were not allowed to get out of the seat between the trials. The order in which a subject

would sit in each of the three seats was randomized.
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Table 8: Target locations for seat testing.

Production Seat Test Subject
Seat Pan Front and Rear Sternal Notch
Recline Top and Bottom Mid-Sternum
Right Toe Bar Left ASIS and Right ASIS
Buck Front and Rear Mid-Thigh
Buck Top Right Knee (Lateral Femoral Epicondyle)
Recliner Pivot Right Ankle (Lateral Maleolous)
Right Ball of Foot
Right Shoulder (Acromion Process)
Right Elbow (Humeral Lateral Condyle)
Right Wrist (Ulnar Condyle)
Right Head (Temple) & Forehead

Right Head

Forehead

Wrist

Sternal Notch

Mid

Right
& Stemum

Shoulder

Right and Left
ASIS

Recline
Top and
Bottom

Right Knee

Seat Pan Front g'glr;t
and Rear
Recliner Pivot
Toe Bar
Buck Top
Buck Rear Buck Front Right Thigh Right Ankle

Figure 36: Taget locations on seat and subject for testing in three production seats.

After collecting data files in all three-production seats, the subject was asked to sit
in the hard seat with the targets attached to landmarks noted in Table 9 and targets on the
reference locations on hard seat. (See Figure 37 and Table 9). For the hard seat trials, five

additional targets were placed on the spinous process of C7, T8, T12, L1 and L3.
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: To find the HJC in hard seat,.\both right and left Anterior Superior Illiac Spine

(ASIS) locations were targete_d'. Two hard seat trials were recorded for 3 seconds at a

——

frequency of 12H223The subjects were asked to reposition themselves in the hard seat

between the two test files. Again, they were not allowed to get out of the seat between the

two trials.

Table 9: Target locations for hard seat trials.

Reference Seat Test Subject

Seat Pan Front Sternal Notch

Seat Pan Rear Mid-sternum

C7 (Seventh cervical vertebra)

T8 (Eighth thoracic vertebra)

T12 (Twelfth thoracic vertebra)

L1 (First lumbar vertebra)

L3 (Third lumbar vertebra)

Left ASIS and Right ASIS
Mid-PSIS

Right Thigh

Right Knee (Lateral Femoral Epicondyle)
Right Ankle (Lateral Maleolous)
Right Ball of Foot

Right Shoulder (Acromion Process)
Right Head (Temple)

Forehead
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Right of head Forehead
Sternal notch
Mid-Sternum

Right thigh

Right Knee

Right Ankle

Mid
PSIS
Right Ball of
Hard seat Foot
front and
rear
Right
Shoulder
Right
Ebow

Figure 37: Target locations for testing in hard seat and targeted subject.
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S. PHASE III

5.1 Background for phase III ‘

Eh}e Radcliffe kinetic model waér based on experimental deflections of butt thigh
segments of ASPECT and J826 manikins, which represent male occupants of 50
percentile height and 50" percentile weight (SOH50W). Because the kinetic model was
based on the experimental data obtained by manikins of a single size (SOH50W) one task
was to determine if the model could be used to predict the HIC deflection people of sizes
other than SOH50W along with the SOHS0W category.

Bush and Macklem [3] analyzed the applicability of the kinetic model in a previous
study. They used the data from a study by Gutowski [12] in which human occupants of
various sizes and weights were tested in four different seats and their HIC deflections in
each of the seats were calculated directly from the experimental motion data. Bush and
Macklem’s study [3] began by comparing the HICs computed from Gutowski’s data to
the force deflection curve from the kinetic model. To achieve this, the manikin loading
data for the seats tested by Gutowski was input to the Radcliffe’s kinetic model and the
load deflection curves were obtained. Then using Bush’s [9] loading estimation (Table
10) the deflection was read corresponding to the loading under the occupants’ HICs (54.3
% of body weight) directly from the load deflection curves obtained from Radcliffe’s

kinetic model.
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Table 10: Loading under the HJC for various anthropometrics as studied by Bush [9]. Body weight
for each anthropometric as per the NHANES [16]

Occupant Category | Load under the HJIC in newtons (54.3% of body
weight)

Small Female 271

(SHSW.F)

Medium Male 408

(50H50W M)

Large Male 432

(9SH95W M)

It was observed in the study by Bush and Macklem [3] that using Radcliffe’s [6]
kinetic model, Bush’s [9] loading estimation and Gutowski’s [12] data, the physical
manikins could only predict the HJC deflection of the mid-sized and large male
occupants. A notable deviation in the HIC deflection was observed for other
anthropometries (Figure 38).

Next, Bush and Macklem [3] developed offset curves for predicting the HIC
locations of other sized occupants. These offset equations were based on the HIC
computations in Gutowski’s study on four seats [12]. It was observed that the deviations
in the HJC deflections from the kinetic model had a linear trend between 95SH5W males
and SOH50W males and parabolic trend for SHSW females, SHS0W females and SH95SW
females (Figure 39 and 40). The HJC deflection for the 95SH95W males was found to be
on the extended load deflection curve obtained using Radcliffe’s kinetic model. These
trends in HJIC deflection deviations were accounted for by developing mathematical

equations termed as offset curves.
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HJC Force vs. HJC Deflection-Kinetic model and experimental data for
Town & Country seat

HJC Force (N)
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Figure 38: Averages of HJC forces Vs. Deflections with error bars for various anthropometries in
Town and Country seat obtained by Bush and Macklem [3] using the data from Gutowski’s study.
Each point represents the averaged HJC deflection of five subjects. A notable difference in average
deflections compared to those predicted by the kinetic model can be observed for anthropometrics
other than SOHSOW males.

A generalized best-fit linear offset equation was developed between 9SH5W and
S0HS50W male categories relative to the HIC load deflection curve using Radcliffe’s
kinetic model (Figure 39). A generalized best-fit parabolic equation was developed to
predict the HIC deflections relative to the seat deflection curve of SHSW, 50HSOW and
S5H95W female categories (Figure 40). Bush and Macklem provided offset curves, based
on data from three seats. To refine these curves, (for male occupants’ data only)
additional data were collected on three additional seats. This portion of the work is

considered phase III.
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HJC Force VS Deflection-2nd Order Kinetic Model and
experimental data for LH Tan seat

HJC Force(N)
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E 0 _
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Figure 39: Best fit line for SOH50 W and 95SHSW male occupants developed by Bush and Macklem
[3]. Each point represents the averaged HJC deflection of five subjects. HJC deflection for 9SH9SW
estimated to be on the linearly extrapolated HJC force deflection curve.

HJC Force VS Deflection-2nd Order Kinetic Model and
experimental data With Best-fit Parabolla for females ( LH Tan
seat)
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Figure 40: Best fit parabola for female occupants developed by Bush and Macklem [3].
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The method used to calculate the deflection of the seat pan under the HIC, the

calculation of HJC locations and the results of the comparison are discussed next.

5.2 Calculation of HIC in test seats

After collecting the data for all 15 subjects in phase II, the next task was to calculate
their HIC locations in each of the three test seats for both the preferred and the instructed
positions (refer section 4.2) and then compute the deflection of the seat pan under the
HIC location.

r‘?l‘\he first step in locating the HJC of the subjects in the production test seats was to
locate their HJC in the hard seét/. HIJC location in the hard seat was calculated using the
Seidel [17] method, which used of the manually measured pelvis dimensions (refer
section 4.3, figure 35) and the locations of right and left ASIS targets and the mid-PSIS
target (Figure 37). The location of HJC in hard seat was necessary to calculate the
deflection of subject’s buttocks in seated position.

Using the location of HJC in the hard seat and the motion measurement data of the
subject seated in the production (deformable) seat, the HIC for that subject in that
particular production seat was computed.

Two different methods were used to calculate HIC in the production seats. The first
method, used by Gutowski [12] used the coordinates of right ASIS and right lateral
epicondyle (right knee) targets in the actual seat along with the coordinates of right HIC
in the hard seat. In the method used by Gutowski’s [12] three known lengths were used to

calculate HJIC coordinates in the sagittal plane which were: the length between right knee

and right ASIS target in production seat, the length between right HIC and right ASIS in
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the hard seat and the length between right HIC and right knee in hard seat. Using these
three lengths, and the coordinates of the right ASIS and right knee, the right HIC
coordinates were computed. The method used a two-dimensional vector analysis to
obtain the HJC coordinates in sagittal plane.

The method, by Bush-Gutowski [15] used the coordinates of right ASIS and right
lateral epicondyle (right knee) along with the coordinates of right HIC in the hard seat. In
this method, two known lengths were used: the length between right HIC and right ASIS
in hard seat (pelvis length) and the length between right HIC and right knee in hard seat
(femur length). @ﬁsh-Gutowski method-assumed that the pelvis length and femur length
remained constan»t-“irrespective of the subject being in hard seat or a deformable se;t-.ﬁ \1
Using the coordinates of right ASIS and right knee in the production seat along with/the
two known lengths, the HIC coordinates were solved for using ariﬂ.'i—_rultersection of sphere
and circle analyé‘iws.\ Thus, Bush-Gutowski method used a three dimensional approach to
solve for HIC c0(;rdinates in sagital plane as compared to a two dimensional approach
used in Gutowski’s method. The Bush method however can only be used in a seated
environment.

In previous study by Gutowski [12] the HIC coordinates were calculated only using
the one particular method whereas in the present study both the method used in
Gutowski’s study and Bush-Gutowski method were used to calculate the HIC
coordinates. The HIC vertical deflections then were computed using the HIC coordinates
obtained from both of the above said methods and those were plotted relative to the

deflection predicted by the kinetic model. Both the Bush-Gutowski computations and the
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computations used in Gutowski’s study were used so data from this study could also be

compared to that obtained from the Gutowski study.

5.3 Method to calculate the HIC deflection

The method used to find the deflection of the production seat under the HIC in the

study by Bush and Macklem [3] was also used in the present study.

Estimated
HIC

Hard Seat — Hard seat
reference
Hard seat front target
reference rear
target-Origin for
HJC in hard seat

Figure 41: Calculation of 5, the vertical deflection of the buttocks [3].

Three measurements were calculated to get the HIC location in production seat. First
the vertical distance from HJC to the hard seat pan was calculated and was termed

as d, (buttocks’ deformation). Next, the distance between a point corresponding to the

HJC vertically downward on the undeflected seat contour to a reference point was

calculated and was termed as d,. The third measurement J, was calculated as the vertical

distance between the HJC in the production seat and a reference point on the seat.
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Finally, the HIC deflection (A ) was calculated tobe A= &, + &, - J,. The method is

explained in detail as follows.

From the hard seat data and the measurements of pelvic dimensions the 3-
dimensional coordinates of the HIC with respect to the rear target (origin) on the
reference seat were calculated using Seidel [17] method. The vertical distance between
the HJC and the plane of the hard seat pan was estimated as the measurement of buttocks

deflection and was identified as J, (Figure 41).

Deflections (both those in the hard seat aﬁd in the production seats) are computed
vertical rather that perpendicular to the seat pan. This is because the final seat deflection
was to be compared to that obtained from the kinetic model, which is based on the
vertical deflection of the H-point axis of the manikin.

The vertical distance of the HJC in the production seat was then measured using the

recliner pivot as reference on the seat and was defined as 6,. The recliner pivot target

was considered a reference target that did not move during testing. (Refer figure 36).
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Location of HJC relative
JC in production seat to the un-deflected
contour of the

(deformable seat) production seat.

Seat
Recliner
Pivot

Seat pan deformation under the HIC, A= &, + 6, - &,

Figure 42: Computation of Seat Deflection from human data.

To determine the vertical movement of the HJC in a deformable (production) seat,
the location of the HJC relative to the seat pan was needed. So, a point on the undeflected
seat pan contour corresponding vertically downward to the HIC was obtained, and the
distance between that point and a reference point (recliner pivot) for each trial was

calculated as &,. To 4, the seat contour scan was used (refer Figure 43). The

HIC coordinates in the sagital plane (X-Z plane) were obtained using two different
methods as discussed in section 5.1 and the vertical distance between the point on the seat
scan along the Z direction corresponding to the X- coordinate of HIC and the recliner

pivot was measured as &, .
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Figure 43: Un-deflected seat contour scan obtained from Qualisys system used to calculate 52 .

The vertical deflection of the HIC (A) was considered as the vertical deflection of

the production seat under the HIC, which was equal to (8, + &,) - d,. Where,

0, = Buttocks vertical deflection in the hard seat.
0, = Vertical distance between the un-deflected seat contour point corresponding

to the HJC in production seat and the recliner pivot reference.

0,= Vertical distance between the HIC in production seat and the recliner pivot

reference.

The deflections calculated using the above method were then compared with the

deflections produced with the kinetic model.
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5.4 Results of comparison between the HIC deflections computed experimentally and

those predicted using the kinetic model.

The HIC deflection was calculated for each subject in each of the three seats, for
both the preferred and instructed positions, for two trials in each position. The HIC
deflections were averaged over each category in both instructed and preferred positions to
obtain one number per category in each seat and were plotted on the force deflection
curves.

Out of the three seats tested it was observed that the HIC deflection pattern for most
of the SOHS0W subjects in both instructed and preferred positions in the BMW seat had a
different behavior with respect to the kinetic model as compared to the other two seats.

The HIC deflections were consistently larger than that estimated from the kinetic model

7

(Figures 44 to 46). "

HJC Force VS Deflection BMW( Sedan)
Average of HJC deflections of all 50H50W subjects in instructed and preferred positions

0 50 100 150 200 250 300 350 400 450 500 550 600

e=$==Kinetic Mode!

—&— Average of 50H50W
with error bars

FY
=]

S50H50W
-60

-70

-80

<+—— Increasing vertical deflection(mm)

-90
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Figure 44: HJC deflections averaged for all SOH50W subjects in BMW seat were found to be higher
than that predicted by the kinetic model and was below the force deflection curve.
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HJC Force VS Deflection (SLK seat)

Average of HJC deflections of all SOH50W subjects in instructed and preferred positions

(=]

50 100 150 200 250 300 350 400 450

-
(=]

500 550

600

!

-
(=]

8

8

S50H50W

8

Increasing vertical deflection(mm)
Y & )

~
(=]

=== Kinetic Model

—8— Average of 5S0H50W
with error bars

Force(N)

Figure 45: HJC deflections averaged for all SOHSOW subjects in SLK seat were close in comparison

to the force deflection curve of kinetic model.

HJC Force Vs. Deflection-Tahoe(SUV)
Average of HJC deflections of all 5S0H50W subjects in instructed and preferred positions
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Figure 46: HJC deflections averaged for all SOHSOW subjects in Tahoe seat were close in comparison

to the force deflection curve of kinetic model.
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The BMW seat had prominent, firm seat pan bolsters as compared to the other two
seats and this was thought to be the reason for the different behavior. It was suspected
that the prominent seat pan bolsters on the BMW seat pan, did not allow full contact of
the manikin’s butt thigh segment. Investigation with pressure mapping was performed to
see how the pressure exerted by the ASPECT Butt Thigh (ABT) segment varied among
the seat pans of the three seats (Figures 47 to 49). It can be seen in the figures 47 to 49
that unlike the other two seats, there is a gap in the pressure contours in the elliptically
marked region (buttocks region) for the BMW seat representing lack of contact between
manikin and seat. It was found that the pressure was evenly distributed on the central and
bolster regions of the SLK and Tahoe seat pans while on the BMW seat pan, the pressure
was uneven on central and bolster regions and a part of pressure was concentrated on the
bolsters. This uneven pressure distribution did not allow the (ABT) segment to come
fully in contact with the central portion of the seat pan thereby restricting the vertical
motion of the manikin; which resulted in a kinetic model that would produce a deflection
curve that may be offset higher (less deflection) than actually would occur with a
SO0H50W occupant.

Thus the kinetic model for the BMW seat produced a force deflection curve based

on the data from the manikin that did not precisely represent a mid-male loading.
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Front of the seat

Pressure on bolster region

Figure 47: Pressure distribution on BMW seat pan due to ABT loading of 461N (refer section 3.2). A
considerable amount of pressure is distributed on the bolsters. The BMW seat with prominent seat
pan bolsters is seen in the right.

o AN,

Pressure on bolster region
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Figure 48: Pressure distribution on Tahoe seat pan due to ABT loading of 461N (refer section 3.2).
Amount of pressure distributed on the bolsters is less compared to that in BMW (Figure 47). Tahoe
seat is seen on the right.



Pressure on bolster region

Figure 49: Pressure distribution on SLK seat pan due to ABT loading of 461N (refer section 3.2).
Amount of pressure distributed on the bolsters is less compared to that in BMW (Figure 47). SLK

seat is seen on the right.

In the process for comparing the calculated HIC deflections to those from the kinetic
model, the following aspects were considered. The HIC deflections were calculated using
the HJC locations obtained from both the method used by Gutowski [12] and Bush-
Gutowski method. Because the Bush-Gutowski method is more recent and is developed
for seated environment, all the comparisons for HIC deflections were made using data
obtained from Bush-Gutowski’s method of calculating HIC. The HJC deflection data was
compared with the HIC force-deflection plots obtained using the Radcliffe’s kinetic
model [6] for each of the three seats.

First, the deflections for each category (SOHS0W, 9SHSW, 95H95W) of subjects in
both the instructed and preferred positions were plotted for all three seats and the HIC
deflection was compared with that predicted by the kinetic model. The HIC deflection

estimated by the kinetic model was read directly from the load deflection curve. As a
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representation of all comparison plots, only the comparison plots of each category in one

of the three seats are discussed next. The data for all the plots can be found in Appendix.

5.4.1 Comparison of HIC deflections for SOH50W male subjects.

HJC Force VS Deflection (SLK Sports)50H50W
Bush-Gutowski Method
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Figure 50: HJC Force vs. Deflection for SOHS0W male subjects in SLK seat.

The graph in Figure 50 shows the HJC vertical deflection in preferred and
instructed positions for SOHSOW male occupants seated in SLK seat. The X- coordinates
on the graph represent the 54.3% of body weight (Bush [9]), which is the loading under
the buttocks of the occupant. The Y-coordinates are the HIC deflection calculated from
the experimental data. It can be seen that the HJIC deflection varied to some extent from
that predicted by the kinetic model. The HJC deflections calculated were consistent
within two trials of the same position for a particular subject in a particular seat (Table

11). Also it was observed that, in most of the trials the HIC deflection in the preferred
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position was higher than that in the instructed position. There were no large differences in

the HIC deflections between the two positions.

HJC vertical deflection for 50H50W males in SLK

Instructed Position | Preferred Position
Subject HJC vertical HJC vertical HJC vertical Deflection |HJC
No(Trial No) Deflection Deflection (Kinematic model- force(newtons)(54.3

Directly from the chart) |%of bodyweight)

1(1) 44 50 42 420
2(1) 60 65 35 347
2(2) 59 63 35 347
7(1) 34 44 38 375
7(2) 36 53 38 375
8(1) 51 65 38 377
8(2) 58 63 38 377
10(1) 50 47 41 413
10(2) 45 49 41 413
12(1) 40 44 38 377
12(2) 42 47 38 377
Average 47| 54 38
Standard Deviation 9 9 2l

Table 11: HJC deflection comparison between preferred and instructed position for SOHS0W male
subjects in SLK seat.

In the preferred position, most of the subjects slid forward in the seat pan with more
recline of the seat back. This movement shifted the HIC more anterior and distal (forward
and down) with respect to the HJC in the instructed position (Figure 51) and subsequently
increased the HJC deflection in the preferred position (Table 11). The HIC deflections for
subjects 7 and 8 differed by around 10 to17 mm in preferred position as those subjects

choose a comparatively forward position in the seat pan.
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HIC in instructed position

HIC in preferred

position
\ .

Figure 51: A magnified view of HJC locations in preferred and instructed positions. HJC in
preferred position had a trend of being anterior and distal (forward and down) with r&spect to HJC
locations in instructed position.

5.4.2 Comparison of HIC deflections for 9SH95W male subjects.

HIC Force VS Deflection Tahoe(SUV)
Bush-Gutowski Method
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Figure 52: HJC force Vs. Deflection in preferred and instructed position for 9SH9SW male subjects
in Tahoe seat.
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The graph in Figure 52 shows the HIC deflection in preferred and instructed
positions for tall and heavy males (95SH95W) seated in the Tahoe seat. It can be seen that
the kinetic model force deflection curve, based on 50™ percentile manikin data does not
extend to accommodate the HIC force and deflection for 95SH95W category. It was
proposed in the study by Bush and Macklem [3] that the HJC deflection for 9SH95W
category could be predicted by extrapolating the force deflection curve to reach loading
values for large men. The force deflection curve for each seat was linearly extrapolated
from of last two points of the curve till 550 N of HJC force to compare the HIC
deflections of 95SH95W subjects. The HIC deflection calculations for tall and heavy
subjects in the present study were near the extended force deflection curve and supported

the proposition by Bush and Macklem [3].

HJC vertical deflection for 95H95W males in Tahoe (SUV)
Instructed Position | Preferred Position
Subject HJC vertical HJC vertical HJC vertical HJC
No(Trial No) Deflection Deflection Deflection force(newtons)(54.3
| (Kinematic model) %of bodyweight)

6(1) 56 61 51 453
6(2) 55 60 51 453
11(1) 39 42 52 475
11(2) 40 43 52 475
14(1) 45 54 53 511
14(2) 48 53 53 511
15(1) 51 56 55 567
16(1) 50 54 52 485
16(1) 48 53 §2 485

verage 48| 53 52
Standard Deviation} 6] 1

Table 12: HJC deflection comparison between preferred and instructed position for 9SH95W male
subjects in Tahoe seat.
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The HIC deflections calculated were consistent within two trials of the same
position for a particular subject in a particular seat (Table 12). Similar to the SOHSOW
category subjects, it was observed that, in most of the trials the HJIC deflection in the
preferred position was higher than that in the instructed position, without any large

deviations in the HJC deflections between the two positions.

5.4.3 Comparison of HJIC deflections for 95H5W male subijects.

HJC Force VS Deflection Tahoe(SUV)35H5W
Bush-Gutowski Method
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Figure 53: HJC force Vs. Deflection in preferred and instructed position for 9SH5W male subjects in
Tahoe seat.

The graph in Figure 53 shows the HJC deflection for tall and lightweight males
(9SH5W) in preferred and instructed positions seated in the Tahoe seat. It was observed
that the difference between the HIC deflection in the preferred and instructed positions
was small in most of the trials for all three seats (refer Appendix C). Also from the data

of HJC deflection in Table 13 and Figure 45 it can be observed that there is large
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deviation between the calculated HIC deflection and that predicted using the kinetic
model. A large deviation in HIC deflections was observed consistently for the trials of
95HSW category subjects in all three seats. This observation lead to the conclusion that
the force deflection curve obtained from the kinetic model needed a correction to

reasonably predict the HJC deflections for occupants in 9SHSW category.

HJC vertical deflection for 95H5W males in Tahoe (SUV)

Instructed Position | Preferred Position
Subject HJC vertical HJC vertical HJC vertical Deflection |HJC
No(Trial No) Deflection Deflection (Kinematic model- force(newtons)(
Directly from the chart) |54.3 %of
bodyweight)

4(1) 54 57 36 309
4(2) 56 58 36 309
5(1) 57 64 35 280
5(2) 66 66 35 280
9(1) 44 40 45 351
9(2) 38 41 45 351
13(1) 57 61 46 297
13(2) 58 63 46 297
Average ' $4| 56 41

Standard Deviation | 9 10 5

Table 13: HJC deflection comparison between preferred and instructed position for 9SHSW male
subjects in Tahoe seat.
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5.5 Comparison with Bush-Macklem [3] offset curves

In previous study by Bush and Macklem [3], an equation of a line offset to the force
deflection curve of the Radcliffe kinetic model [6] was developed to reasonably predict
the HJC deflection of male occupants of 9SH5SW group and of groups between the
95H5W and S0H50W. Bush and Macklem also proposed that the HJC deflections for the
95H95W male occupants would lie on the extended force deflection curve produced from
the kinetic model.

To verify these propositions, the offset line equations that depended on the seat pan
stiffness of each particular seat were developed for all three seats. The generalized offset
equation developed by Bush and Macklem [3] was used to get the offset equation for
seats in the present study. When using this method, the offset equation for a particular
seat depended only on the force deflection data from the kinetic model and was
independent of the calculated HIC deflections.

The HIC deflections for each category were averaged over all subjects in all trials
and between instructed and preferred positions to get one average HJIC deflection
corresponding to each anthropometric category. The HJC forces for all subjects in each
category were averaged and a single HJIC force corresponding to each category was
calculated. Deviations from the averaged value were represented by a standard deviation
of + 1 and were plotted as the error bands for each category. The force deflection curve
was linearly extrapolated from last two points of the curve till 550 N of HJC force.

The results for each seat are discussed in the following text.
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Figure 54: A plot showing offset line for SLK seat along with the extrapolated force deflection curve
and averaged HJC deflections for each category with error bars of + 1 standard deviation.

It can be observed from the graph in Figure 54 that for the SLK seat the HIC
deflection error bands for the 9SH5W category intersect with the offset line meaning the
offset line predicted the HIC deflections within the error range for the 9SHSW category.
Also the offset line is just below the error range of HJC deflections for SOHSOW category
meaning the offset line did not predict the HIC deflection for SOHS0W category in this
seat. Thé extrapolated force-deflection line intersects with the error bands of 95SH95W
category meaning that the extrapc;lated line predicted the HJC deflection for 9SH9SW

category.
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HJC Force Vs. Deflection-Tahoe(SUV)

All categories- Average of Instructed And Preferred Position With Offset Line
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Figure 55: A plot showing offset line for Tahoe seat along with the extrapolated force deflection
curve and averaged HJC deflections for each category with error bars of + 1 standard deviation.

It can be observed from the graph in Figure 55 that for the Tahoe seat the HIC
deflection error bands for the 9SH5W and SOH50W categories intersect with the offset
line meaning the offset line predicted the HIC deflections within the error range for both
the groups. The extrapolated force-deflection line also intersects with the error bands of
95H95W category meaning that the extrapolated line predicted the HJC deflection for

95HI95W category.
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HJC Force VS Deflection BMW( Sedan)
All categories- Average of instructed And Preferred Position With Offset Line

0 50 100 150 200 250 300 350 400 450 500 550 600
10 =o==Kinetic Model

E
E
.S 10 —i—Offset Line
8
-
E —&— Average of
] -2 50H50W
£
2w
; A Average of 95H5W
c
.a -50
]
é -60 O Average of
£ " 95HSW 95HISW
50 —— Extrapoleted Force-
Defiection Curve
-90
Force(N)

Figure 56: A plot showing offset line for BMW seat along with the extrapolated force deflection curve
and averaged HJC deflections for each category with error bars.

As discussed in section 5.3, the BMW seat pan did not fully contacted the ASPECT
butt thigh segment and therefore the force deflection curve developed from the kinetic
model had a slope less than what it should had been. The offset line, which was based on
the force deflection curve, would be shifted downwards than seen in Figure 56, if proper
contact between the ABT and BMW seat pan had been established. Because of these
facts, the HJIC deflections were found much larger than that predicted by the kinetic
model.

All the plots presented in this section were calculated based on Bush-Gutowski HIC
computation method. Another set of graphs was plotted with HJC deflections obtained
based on the method used by Gutowski and the Bush-Gutowski method together to study
the difference between HJC obtained using the two methods. The HJC computations with

these two methods are discussed below.

73




0
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Figure 57:Comparison of HJC computations based on Bush-Gutowski method (legends in hollow)
and method used in Gutowski’s study (legends in solid) for Tahoe seat.

It can be seen from Figure 57 that the average HJC deflections computed based on
the method used in Gutowski’s study were larger than those computed based on Bush-
Gutowski’s method [12] for all three categories in Tahoe seat. A similar trend was
observed for all categories in all three seats (Figure 58 and 59). It can also be noticed that
the HJIC deflections based on the method by Bush-Gutowski were closer to the force
deflection curve obtained from the kinetic model than those based on the method used in
Gutowski’s study. The HIC computations based on Bush-Gutowaski method better

represented the HJIC location because fewer assumptions were used for computing HJC.
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HJC Force VS Deflection (SLK seat)
All categories- Average of Instructed And Preferred Position With Offset Line
HJC computaions based on Bush-Gutowski method and method used in Gutowski's study
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Figure 58:Comparison of HJC computations based on Bush-Gutowski method (legends in hollow)
and method used in Gutowski’s study (legends in solid) for SLK seat.

HJC Force VS Deflection BMW( Sedan)
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HJC computaions based on Bush-Gutowski method and method used in Gutowski's study
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Figure 59:Comparison of HJC computations based on Bush-Gutowski method (legends in hollow)
and method used in Gutowski’s study (legends in solid) for BMW seat.
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6. CONCLUSIONS

If the HIC locations of various anthropometric categories of people in automptive
seats with varying stiffness could be predicted and put into mathematical form then it
would aid in better ergonomic design of automotive interior packages. The goal of the
present study was to verify and refine an existing method of HJIC prediction.

In the previous study, Bush and Macklem [3] proposed offset equations dependent
upon the kinetic model. This approach was used for reasonably predicting the HIC
deflections of groups of males and females other than male occupants of average height
and weight. In the present study only the offset equations for males were examined by
experimentally calculating the HJIC deflections of 15 male subjects and plotting them
with the offset equations for comparison.

The HJCs were computed using both the method used in Gutowski’s study and Bush-
Gutowski method. The first conclusion of the present study was that the HJC calculations
based on Bush-Gutowski’s[15] method gave a better prediction of HIC location than the
HJC calculations based on the method used in Gutowski’s study. All the following
conclusions made about the HIC location prediction for each of the three male categories
were based on the HIC computation using Bush-Gutowski method [15].

The averaged HJC deflections of tall and heavy males (95SH95W) in the SLK and
Tahoe seats were close to the linearly extrapolated force deflection curve. The second
conclusion of this study was that the proposition by Bush and Macklem that the averaged
HJC deflection for 9SH9SW male group can be predicted by extrapolating the force

deflection curve obtained from the kinetic model holds good for data in this study.
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The averaged HIC deflections for the mid-male (SOH50W) subjects were close to
that predicted by the kinetic model, which supported the idea that the kinetic model alone
can reasonably predict the HJC deflections of mid-male occupants. The third conclusion
of this study was that only the force deflection curve from the kinetic model is sufficient
enough to predict the HIC deflections of males in the SOH50W category and that the
offset line is not needed for predicting HJC deflections of male occupants in this
category.

The tall and light male (9SH5W) category had significantly larger HIC deflections
than those predicted by the force deflection curve. The HIC deflections for 9SH5SW males
were close to or nearly intersected the offset line for that particular seat. Thus it was
concluded that the offset equation for males developed by Bush and Macklem is able to
predict the averaged HJC deflection for tall and light males for two seats in the present
study. However the offset line equation is expected to predict the averaged HIC
deflections of male occupants ranging from tall and light (95SH5W) to mid-males
(50H50W) and further study is necessary to verify this by testing occupants in that range.

In the preferred positions subjects regularly slid forward with more recline of the
back making the HJC shift anterior and distal (forward and down) with respect to that in
an instructed position where in they seated with their buttocks all the way back in the
seat. The shifts in HIC location from instructed to preferred position were only a few
millimeters causing the HJC deflection in preferred position to be consistently more by 5
to 15 mm than that in an instructed position.

It was observed from the HIC deflection data for the BMW seat that the 50"

percentile manikin does not conform to the seat cushion of stiff seats with prominent seat
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pan bolsters and thus does not precisely represent the loading of SOH50W male occupant

for such seats.

The offset line equation developed by Bush and Macklem [3] was based on the HIC
location data for four seats in Gutowaski’s study. Thus the offset line equation was based
on HJC computations from the method used in Gutowski’s study that is less precise in
comparison with the Bush-Gutowski’s method and this provided a scope for

improvement in the offset line equation.

6.1 Future Work

The offset line for male occupants developed by Bush and Macklem [3] was able to
predict the HJC deflections for males in tall and light category but it needs to be verified
if the offset line can predict the HIC deflections for males in between the 9SH5W(tall and
light) and SO0H50W (average height and weight) categories.

As discussed in section 5.3 the BMW seat did not make sufficient contact with the
butt thigh segments of the ASPECT manikin. The experimental HJIC deflection data,
which did not correspond with the kinetic model for the BMW seat, initiated a challenge
to investigate the applicability of ASPECT manikin to represent mid-male loading for
stiff seats with prominent seat pan bolsters.

Bush and Macklem in their study proposed offset curves for male as well as female
occupants, but in the present study only male offset equation was veriﬁed..' The next steps
would include the verification of female offset equation by experimental studies for

female occupants.
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APPENDIX A

SFS analysis —Phase I
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APPENDIX-B

Manual measurements of H-point vertical and horizontal deflection -Phase 1.
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Table B1: Seat A-Audi, manual measurements of H-point vertical deflection.

Distance from
H-point Load lab floor(mm) |Verical Deflection(mm)

0 306 0
57 305 2
125 287 20
185 277 30
231 271 36
278 265 41
310 262 44
348 260 46
388 260 47
416 257 49
431 256 51
446 250 56
461 248 58

Table B2: Seat B-Ranger, manual measurements of H-point vertical deflection.

Distance from
H-point Load lab floor(mm) Verical Deflection(mm)

0 481 0
57 478 3
125 467 15
185 460 22
231 452 30
278 448 33
310 446 35
348 444 38
388 440 41
416 439 42
431 439 42
446 438 43
461 438 44
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Table B3: Seat C-SLK, manual measurements of H-point vertical deflection.

Distance from
H-point Load lab floor(mm) Verical Deflection(mm)

0 342 0
57 336 6
125 329 13
185 324 18
231 319 23
278 314 28
310 309 33
348 306 36
388 301 41
416 296 46
431 295 47
446 294 48
461 293 49

Table B4: Seat D-Tahoe (Cloth), manual measurements of H-point vertical deflection.

Distance from
H-point Load lab floor(mm) Verical Deflection(mm)

0 355 0
57 348 7
125 329 26
185 320 35
231 313 42
278 306 49
310 300 55
348 299 56
388 295 60
416 290 65
431 291 64
446 289 66
461 288 67
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Table BS: Seat A-Audi, manual measurements of H-point horizontal deflection.

Distance from
H-point Load| seat referece(mm) |Horizontal Deflection(mm)

0 87 0
57 70 17
125 62 25
185 68 19
231 66 21
278 66 21
310 64 23
348 61 26
388 61 26
416 59 28
431 59 28
446 60 27
461 61 26

Table B 6: Seat C-SLK, manual measurements of H-point horizontal deflection.

Distance from
H-point Load | seat reference (mm) |Horizontal Deflection(mm)

0 105 0
57 93 12
125 90 15
185 90 15
231 90 15
278 89 16
310 87 18
348 87 18
388 85 20
416 85 20
431 84 21
446 83 22
461 82 23
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Table B 7: Seat D-Tahoe (Cloth), manual measurements of H-point horizontal deflection.

Distance from seat
H-point load |[reference(mm) Horizontal deflection(mm)

0 132 0
57 103 29
125 98 34
185 96 36
231 94 38
278 91 41
310 91 41
348 91 41
388 91 41
416 89 43
431 89 43
446 89 43
461 89 43

Table B 8: Seat E-Tahoe (Leather), manual measurements of H-point horizontal deflection.

Distance from
H-point Load | seat referece(mm) |[Horizontal Deflection(mm)

0 102 0
57 81 21
125 78 24
185 78 24
231 76 26
278 74 28
310 71 31
348 70 32
388 68 34
416 66 36
431 66 36
446 67 35
461 67 35
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APPENDIX -C
Experimental data-Phase III

91




Table C1: HJC experimental data for SOHSOW category in BMW seat with HJC calculated using

method used by Gutowski.
HJC vertical deflection for 50H50W in BMW sedan
I [instructed Position|Preferred Posmonlm
Seat Back  |Seat Beck vertical
HJC vertical HJC vertical Defiection
angie angle X_HJC Instructed |X_HJC Preferred HJC
'm Noy | buck wrt buck position(Gutowski |position(Gutowski |2Shection Deflection (Kinematic | a(N)E4.3%of
’:o:(m"::;(‘:;:‘“ vur(PM;:;ed method)mm) d)Xmm) | methodXmm) mm) | Directly from bodyweight)
1(1) 60 53 -265 248 40 47 35 420
1(2) 60 53 -258 -260 41 46 35 420
2(1) 60 50 -267 -239 58 80 27 347
2(2) 60 50 -255 -244 63 82 27 347
7(1) 62 58 -253 -251 50 60 29 375
7(2) 62 58 -248 -253 49 58 29 375
8(1) 62 58 -292 -299 63 67 30 377
8(2) 62 57 -295 -307 64 75 30 377
10(1) 58 56 -243 -268 51 65 35 413
12(1) 61 53 -311 -246 53 68 30 377
JAverage 53 65 31
tandard Deviation | 12

Table C 2: HJC experimental data for SOH50W category in BMW seat with HJC calculated using

Bush-Gutowski method.
HJC vertical deflection for 50H50W in BMW sedan
SeatBack  |SestBack
[Sublect e buck .?m
No(Triel No) [0 v
rear(Preforred
posttion)(y | |Position)y | methodymm) [™@thodXmm) methodmm) | method)(mm) |m
1(1) 60 53 -266 271 33 37 35 420
1(2) 60 53 -258 -267 33 39 35 420
2(1) 60 50 -267 -266 56 75 27 347
2(2) 60 50 -256 -276 60 75 27 347
7(1) 62 58 -277 -291 40 42 29| 375
7(2) 62 58 -271 -284 41 43 29| 375
8(1) 62 58 -306 -331 59 56 30 377
8(2) 62 57 -305 -336 60 65 30 377
10(1) 58 56 -224 -244 39 43 35 413
12(1) 61 53 -284 277 45 49 30 377
JAverage 47 52 31
Standard Deviation 11 15|
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Table C3: HJC experimental data for SOHS0W category in SLK seat with HJC calculated using

method used by Gutowski.
HJC vertical deflection for 50H50W in SLK (sports)
Instructed Positio{ Preferred Position
HJC vertical
Seat Back angle |Seat Back angle |, HJC vertical  [HJC vertical Deflection |\
'z‘:_’r'r: Noy ""'.":":“* d wrtbuck rear (o cted :;d"‘;ca:::;"‘ Deflection(mm) |Defiection(mm) | (IPOmetC |y o (N)54.3%of
PositionX’) [posttionys)  [POsftoNm™) Directly from |PodYweioht)
1(1) 65 63 -280 -287 a4 50 42 420
2(1) 66 63 -216 -230 60 65 35 347
2(2) 66 63 -214 -224 59 63 35 347
7(1) 66 64 -217 -227 34 44 38 375
7(2) 66 64 -212 -224 36 53 38 375
8(1) 66 65 -245 -276 51 65 38 377
8(2) 66 65 -255 -275 58 63 38 377
10(1) 65 60 -258 -262 50 47 41 413
10(2) 65 60 -246 -268 45 49 41 413
12(1) 66 62 -230 -236 40 44 38 377
12(2) 66 62 -234 -247 42 47 38 377
JAverage 47 54
tandard Deviation 9 9] 2l
Table C 4: HJC experimental data for SOH50W category in SLK seat with HJC calculated using
Bush-Gutowski method.
HJC vertical deflection for 50H50W in SLK (sports)
§ d Positio{ Pref: Position|
| l e HIC vertical
Seat Back angle smuamgnl X_HJC Preferred  |HJC vertical  |HJC vertical Deflection |\
|subject  |wrt buck wrt buck "“‘“'""B w‘{poﬂllul(!uoh- Deflection Deflection (inematic [\t soor
No(Trial No) |rear(instructed |rear(Preferred OP”M““" Gutowskl (Bush-Gutowskl| (Bush-Gutowski |modet- odywerght)
[Posttionx')  [Posmion)y [ Imethodymm) methodXmm) [methodXmm)  |Directly trom
1(1) 65 63 -274 -290 38 43 42 420
2(1) 66 63| -220 -252 58 62 35 347
2(2) 66 63 229 -248 59 62 35 347
7(1) 66 64 -244 -264 26 35 38 375
7(2) 66 64 -246 -266 24 30 38 375
8(1) 66 65 -266 -308 54 51 38 377
8(2) 66 65 -260 -309 46 53 38 377
10(1) 65 60 -224 -225 38 35 41 413
10(2) 65 60 -228 -226 39 36 41 413
12(1) 66 62 -219 -223 35 40 38 377
12(2) 66 62 -224 -230 36 41 38 377
JAverage 41 44
tandard Deviation 12 11] 2]
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Table C5: HJC experimental data for SOHS0W category in Tahoe seat with HJC calculated using

method used by Gutowski.
HJC vertical deflection for S0H50W in Tahoe (SU
Instructed Positio{ Preferred Position
T G HIC vertical
lsmm-mn Sast Back angle |, - s |x HIC Preterrea  |HYC vertical HJC vertical Deflection |
Subject 'wrt buck ‘wn buck position(Guto wm oki Deflection Deflection (Kinematic force(NX54.3%of
No(Trial No) [rear(instructed rear(Preferred |- hodymm) (Gutowski (Gutowskl model- elght)
Position)(°) Position)") method)mm) ethod)(mm) thod)(mm) IM from [POY™

1(1) 72 66 -251 -243 49 55 50 420
1(2) 72 66 -248 -244 46 57 50 420
2(1) 72 68 -258 -300 73 85 42 347
2(2) 72 68 -256 -300 75 88 42 347
7(1) 72 71 -227 -237 32 50 45 375
7(2) 72 70 -230 -241 35 45 45 375
8(1) 72 66 -270 -273 58 70 45 377
8(2) 72 67 -259 -284 60 68 45 377
10(1) 72 67 -261 -264 60 61 49 413
10(2) 72 67 -257 -271 59 64 49

12(1) 73 67 -277 -286 50 55 45 377

JAverage 54 46
tandard Deviation 14 14) 3]

Table C 6: HJC experimental data for SOHSOW category in Tahoe seat with HJC calculated using
Bush-Gutowski method.

HJC vertical defiection for 50H50W in Tahoe (SUV)
Instructed Positio] Preferred Position
G HIC vertical
Seat Back angle [Seat Back angle X_HJC Preferred  |HUC verti HJC vertical Deflection |\
Subject wrt buck wrt buck I m“" "“", wan Posttion(Bush- Deflection |Defiection (Kinematic | 0\ 54 3%of
No(Trial No) |rear(instructed [rear(Preferred " Gutowskl (Bush-G 1| (Bush-G det )
Position)*)  |Position)’) M“"‘” od)(. mem) | ethOAX ) thod)mm) dYmm)  |Directty trom [POdYweight
1(1) 72 66 -268 -272 42 45 50 420
1(2) 72 66 263 271 40 47 50 420
2(1) 72 68 -240 299 69 80 42 347
2(2) 72 68 -232 -274 70 82 42 347
7(1) 72 71 -248 -251 28 27 45 375
7(2) 72 70 -268 -279 33 37 45 375
8(1) 72 66 -283 -316 55 54 45 377
8(2) 72 67 -289 -311 54 53 45 377
10(1) 72 67 -262 -291 39 44 49 413
10(2)
12(1) 73 67 -272 -298 48 53 45 377
JAverage 48 52 46
tandard Deviation 14] 17 3]
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Table C7: HJC experimental data for 9SH5W category in BMW seat with HJC calculated using

method used by Gutowski.
HJC vertical deflection for 95H5W in BMW sedan
Instructed Positior| Preferred Position
smmmlmmm X_HJC ]HJCMG.I HJC vertical  [HJC vertical
Subject wrt buck wrt buck Instructed :;:mmm Deflection Deflection | Deflection ::‘;(N)(m
No(Trial No) |rear(instructed |rear(Preferred |position{Guto|' " dXmm) (Gutowski (G { (Ki ath )
Position)(*) Position)*) wski method) hod)mm) thod)(mm) model)Xmm) yweight
4(1) 60 51 254 248 77 78 24 309
4(2) 59 51 -256 -254 78 78 24 309
5(1) 59 64 -245 -271 61 65 22 280
5(2) 60 63 -251 -270 63 67 22 280
9(1) 60 54 -280 279 44 44 27 351
13(1) 63 60 -255 -300 55 70 23 297
13(2) 63 61 -261 -289 59 68 23 297
JAverage 62 67| 24
tandard Deviation 12 1 2
Table C 8: HJC experimental data for 9SHSW category in BMW seat with HJC calculated using
Bush-Gutowski method.
HJC vertical deflection for 95H5W in BMW sedan
Instructed Positior] Preferred Position
];ummlsumm l"—""c ,  [xmcPretemea HJC vertical HIC vertical  |HUC vertical |\
Subject wrt buck 'wrt buck Mon(Bush position(Bush- Deflection | Deflection Deflection M (NX54.3%0f
No(Trial No) jrear(instructed |rear(Preferred Qut " Gutowskl (Bush-Gutowski | (Bush-Gutowski | (Kinematic )
Position)X*) Position)®) | method)mm) method)(mm) method)(mm) method)(mm) 'model)mm) Y o
4(1) 60 51 -233 -258 72 75 24 309
4(2) 59 51 -235 -264 70 73 24 309
5(1) 59 64 -273 -287, 46 55 22 280
5(2) 60| 63 -280 -305 49 58 22 280
19(1) 60 54 -279 -296 44 44 27 351
13(1) 63 60 -220 -327 41 60 23 297
13(2) 63 61 -241 -284 42 49| 23] 297
|
JAverage 52 59| 24]
tandard Deviation 13 12] 2l
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Table C9: HJC experimental data for 9SHSW category in SLK seat with HJC calculated using

method used by Gutowski.
HJC vertical deflection for 95H5W in SLK (sports)
Instructed Positio{ Preferred Position
I;n Back Ism Back HJC vertical  |HJC vertical mﬁl
b e o "' [X_MUC Instructed X_HJC Preferred |1 RIC ver i HIC
Ws"""‘“' No) |rear(instructed |reer(Preferred [POSIION(G position( (Gutowslé © nematic |/ res(N)(54.3%0f
Position)’)  |Positionyr)  |™hodXmm)  |method)mm) ethod)mm) dXmm)  [Directly from [POdYWeioht)
4(1) 65 62 -227 -262 68 76 30 309
4(2) 65 62 -228 -257 67 75 30 309
5(1) 66 73 -217 -221 57 58 27 280
5(2) 66 73 -219 -222 58 60 27 280
9(1) 65 63 -245 -285 40 48 34 351
9(2) 65 63 -237 -275 41 47 34 351
13(1) 67 63 -230 -237 44 47 38 297
13(2) 67 63 -237 -250 43 50 38 297
JAverage 52 58 32
Standard Deviation 12 12| 4]
Table C 10: HJC experimental data for 9SH5W category in SLK seat with HJC calculated using
Bush-Gutowski method.
HJC vertical deflection for 85H5W in SLK (s|
‘I‘L&me Position] Preterred rouuon__l
]sm Back angle Is..: Back angie [X-1WC X_HJC Preferred  |HJC vertical Imc vertical Deflection |,
|subject  [wrtbuck wrt buck '“"'“"“'" (Bush. [Posttion(Bush-  [Deflection D (Kinomatic |/ 54 3%0f
No(Trial No) [resr(instructed |reer(Preferred |~ Gutowski (Bush-Gutowski | (Bush-Gutowski |model- bodyweight)
Position)*) Position)(*) thod)(mm) methodmm) method)(mm) method)mm) Directly from
4(1) 65 62 -211 -270 64 67, 30 309
4(2) 65 62 -225 -280 65 69 30 309
5(1) 66 73 -253 -252 52 58 27 280
5(2) 66 73 -234 -241 54 54 27 280
9(1) 65 63 -234 -305 38 39 34 351
9(2) 65 63 -257 -315 42 45 34 351
13(1) 67 63 -219 -265 39 38 38 297
13(2) 67 63 -246 -297 41 43 38 297
Javerage 49 52 32
tandard Deviation 11} 12 4
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Table C 11: HJC experimental data for 9SH5W category in Tahoe seat with HJC calculated using

method used by Gutowski.
HJC vertical deflection for 95H5W in Tahoe (SUV) -
i dPosition]F d Position
Isummlsumm X_HJC Preforred  |HUC vertical HIC vertical m"
Subject  [wrtbuck wrt buck X HIC Instructed | oopionBush-  [Deflect Den (Kinematic  ["C
No(Trial No) [reer rear(Preterred mxmm) reid (Gutowski @ foroe(N)X54.3%of
PositionX")  [Position)*) method)(mm) d)mm) thodXmm)  |Directly from [Co0YWeIoht)
{chart)(mm)
4(1) 14 67 -195 -207 58 62 36 309
4(2) 71 67 -200 -215 57 65 36| 309
5(1) 72 80 -278 -301 63 75 35 280
5(2) 72 80 272 -298 69 73 35 280)
9(1) 72 66 -250 -252 47 52 45 351
9(2) 73| 66 -251 -275 47| 51 45 351
13(1) 72 71 -268 -284 60 66| 46 297
13(2) 72 71 -260 -279 59 67 46| 297
JAverage 41
tandard Deviation u | E| 5

Table C 12: HJC experimental data for 9SHSW category in Tahoe seat with HJC calculated using
Bush-Gutowski method.

HJC vertical deflection for 95H5W In Tahoe {SU?
[Instructsd Position] Preferred Position
Subject |wrt buck wrt buck EeemonBuah [Potion(Bush-  [Deflection Deflection (Kinematic  |\9° 4 st
No(Trtsl No) [resrinstructed |rear(Preterred rpust|Gutowsii (Bush-G (Bush-G dot [
Position)’)  |Position)’) mm)(m) d)mm) d)mm) dymm)  [Directly trom [DO9YWeight)

4(1) 71 67 -174 -204 54 57 36 309
4(2) 71 67 -181 -220 56 58 36 309
5(1) 72 80 307 324 57 64 35 280
5(2 72 80 -303 -326 66 66 35 280
9(1) 72 66 -250 -290 44 40 45 351
9(2) 73 66, -248 -316 38 41 45 351
13(1) 72 71 -235 -284 57 61 46 297
13(2) 72 71 -241 -293 58 63 46 297

verage 54 56 41

tandard Deviation 9 10 5
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Table C 13: HJC experimental data for 9SH95W category in BMW seat with HJC calculated using
method used by Gutowski.

HJC vertical deflection for 95H95W in BMW sedan
Instructed Position | Preferred Position
Sﬂl.eimﬁclsmﬂnek.ngh ;_HJC X_HJC Preferred HJC vertical HJC vertical HJC vertical HIC
Subject wrt buck wrt buck ""M"c"" position(Bush- D D Deflection | NXS4.3%0f
No(Trial No) |rear(instructed |rear(Preferred z: I °| Ut G utowski (Bush-Gutowskl | (Bush-Gutowskl | (Kinematic (107X eight)
Position)") Position)") | method)(mm) |methodXmm) method)(mm) method)(mm) model)mm) bodyw
6(1) 61 60 -321 -319 64 68 35 453
6(2) 61 59 -325 -320 64 70 35 453
11(1) 60 56 -308 -290 43 37 37 475
11(2) 60 56 -307 -298 45 40 37 475
14(1) 70 80 -247 -219 37 48 38 511
14(2) 70 80 -239 -228 38 48 38 511
15(1) 63 58 -324 -321 57 57 38 567
16(1) 61 60 -304 -312 64 59 37 485
verage 52 53 37
tandard Deviation 12 12] 1

Table C 14: HJC experimental data for 9SH95W category in BMW seat with HJC calculated using
Bush-Gutowski method.

HJC vertical deflection for 95H95W in BMW sedan
tod Preferred Posiion
Seat Back angle |Seat Back sngie | X-+C X_HJC Proferred  [HUC vertical  |HC vertical HIC vertical ||,
Isubject  Jwrt buck wrt buck ot [Posttion(Bush-  |Defection Deflection Defloction [/ ) socot
No(Trial No) reer(instructed [rear(Preferred | POSKIOm(BUSh 1G5y (Bush-Guiowski | (Bush-Guiowski | (nematic. (1= 071"
Position))  |Posttion)’) m““’"""x n) | MethodXmm) methodmm)  |methodmm)  jmodelXrmm)
6(1) 61 60 -334 -319 57 63 35 453
6(2) 61 59 -331 -325 51 54 35 453,
11(1) 60 56 -312 -305 40 41 37 475
11(2) 60 56 -320 -311 42 43 37 475
14(1) 70 80 -250 -259 36 32 38 511
14(2) 70 80 -263 -270 37 34 38 511
15(1) 63 58 -315 -318 51 52 38 567
16(1) 61 60 -288 -297 59 63 37 485
verage 47| 48 37|
tandard Deviation 12] 1
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Table C 15: HJC experimental data for 9SH95W category in SLK seat with HJC calculated using

method used by Gutowski.
HJC vertical deflection for 95H35W in SLK (: )
instructed Position | Preferred Position)

I vertical HJC vertical mﬂ

Seat Back angle |Seat Back angle HIC
Subject  |wrt buek wrt buek X o :;:.:'c Preforred  |;on Den (Kinematic ['*/C "t
No(Trial No) [rear( rear(P positior “'(m) i (Gutowski (Gutowskl model- oroa(N)(54. )

Position)*) Position)X*) |method)mm) method)X{mm) Directly from odyweight
6(1) 67 66 -249 -247 49 45 47 453
6(2) 67 66 -243 -250 47 47 47 453
11(1) 67 65 -245 -270 52 56 48 475
11(2) 67 65 -257 -275 54 60 48 475
14(1) 67 60 -252 -262 47 51 50 511
14(2) 67 60 -249 -267 47 54 50 511
15(1) 66 61 -324 -322 57 57 51 567,
16(1) 67, 63 -247 -202 49 31 48| 485

JAverage 50| 4
Deviation 4 e | 2]

Table C 16: HJC experimental data for 9SH9SW category in SLK seat with HJC calculated using
Bush-Gutowski method.

HJC vertical deflection for 95H95W in SLK (sports
:’JL)_mw Position [Preferred Position
Seat Back angie [Seat Back angle [X-"NC X_HJC Proforred  [HJC vertical HJC vertical Defection |\
Subject  |wrt buck wrt buck 3 sar position(Bush- Deflection Deflection (Kinematic s43%0f
No(Trial No) {resr(inetructsd [rear(Preferred m | Gutowski (Bush-G (Bush-G |modet-
Posiion)") |PositionX”) L) methodXmm)  |methodXmm)  |Diectly trom |POTYWeiehD)
{chatMmm)
6(1) 67 66 -262 -267 42 36, 47| 453
5(2) 67 66 257 274 39 4 47 453|
11(1) 67 65 -271 -302 49 52 48 475
11(2) 67 65 -264 -294 47 55 48 475
14(1) 67 60 -251 -268 44 47 50 511
14(2) 67 60 -249 -264 44 48 50 511
15(1) 66 61 -248 -267 48, 54 51 567
16(1) 67 63 -269 -280 65 68 48 485
verage 47| 50 49|
tandard Deviation 10] 2
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Table C 17: HJC experimental data for 9SH95W category in Tahoe seat with HJC calculated using

method used by Gutowski.
HJC vertical deflection for 95H95W in Tahoe (SUV)
l instructed Positior] Preferred Position ]
Seat Back angle [Seat Back angle HJC vertical HJC vertical HJC vertical
Subject  |wrt buck wrt buck x_mw x-”:f P':'"“' Defiection Deflection Deflection :uc S
No(Trial No) |rear( d [rear(P d ‘wnmxm) m)(m) (G (G (Kinematic m)
Position)") Position)") method)(mm) method)mm) | modelymm)
6(1) 72 70 277 -281 49 50 51 453
6(2) 72 70 -271 -303 58 48 51 453
11(1) 71 67 -303 -307 59 61 52 475
11(2) 71 67 -309 -315 58 64 52 475
14(1) 72 67 -258 -247 39 39 53 511
14(2) 72 67 -261 -276 45 49 53 511
15(1) 72 66 -303 -318 57 63 55 567
16(1) 72 67 -283 -283 48 53 52 485
16(1) 72 67 -287 -290 50 52 52 485
JAverage 51 53 52
Standard Deviation 7] 8] 1

Table C 18: HJC experimental data for 95SH95W category in Tahoe seat with HJC calculated using

Bush-Gutowski method.
HJC vertical deflection for 95H95W in Tahoe (SUV)
] d Position| Preferred Position
IS.t Back angle [Sd Back angle :;"Jc' tod X_HJC Preferred IHJC vertical IHJC vertical IH.IC verticsl HJC
Subject 'wrt buck wrt buck position(Bush- position(Bush- Defk Deflection Deflection
No(Trial No) r(h d |rear(Preferred G Xi Gi k) (Bush-G (Bush-G ki | (Kinematic )
Position)*) |Position)(") method)(mm) method)(mm) method)(mm) method)(mm) model)(mm) ywelg
6(1) 72 70 -307 342 56 61 51 453
6(2) 72 70 -297 -307 55 60 51 453
11(1) 71 67 -312 -328 39 42 52 475
11(2) 71 67 -315 -335 40 43 52 475
14(1) 72 67 -257 -266 45 54 53 511
14(2) 72 67 -269 -288 48 53 53 511
15(1) 72 66 -298 -315 51 56 55 567
16(1) 72 67, -310 -324 50 54 52 485
16(1) 72 67 -308 -328 48 53 52 485
JAverage 48 53] 52
Standard Deviation 6] 71 1
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