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Abstract: Deploying an airbag when a vehicle occupant is too close to it can cause injury. An adaptive
Airbag Control Unit (ACU) would improve the effectiveness of the safety system, provided it is aware
of the actual position of the occupants once the crash is going to occur. Occupants can be monitored
with vision-based and radar-based sensing in the vehicle, but the research question is whether other
reliable devices exist. In this research, a real seat is equipped with four sensors in the supports from
the floor, as well as an Inertial Measurement Unit (IMU) and a microcontroller. The device is capable
of identifying correct position or different Out of Position (OP) conditions and inform an adaptive
ACU. The paper presents the seat layout in detail and its testing in extensive driving experiments with
multiple participants. Depending on the position of the driver, the identification is correct 45-100%
of the time. Monitoring the occupant position by a sensorized seat is feasible and can improve the
reliability of the onboard safety system when integrated with other occupant monitoring devices.

Keywords: occupant monitoring; seating position; Out of Position; vehicle seat; airbag; load cell;
Inertial Measurement Unit; driving experiment

1. Introduction

Airbag deployment may cause further injury to an occupant if he or she is Out of
Position (OP) [1-6]. To mitigate this risk, car manufacturers must pass rigorous tests for
the airbag deployment against OP manikins [7-9]. Modern vehicles are already equipped
with an Airbag Control Unit (ACU) that adapts to the speed of the vehicle, severity of the
crash, or seat belt use [10,11], but the ACU might be improved if it was supported by an
occupants monitoring system, making it adaptive to their position as well [12-15].

Computer vision-based systems are powerful devices for monitoring the attention and
drowsiness of the driver by eye and face tracking in research [16-18] and have even been
equipped in commercial vehicles [19-22]. Recent studies have shown technologies that
can monitor the position of the occupants in the vehicle. However, current vision-based
occupant monitoring systems may result in false positives in cases of occlusions and other
factors such as bad lighting, occupants with body dimensions at the extreme percentiles, or
in OPs very far from the correct ones; this might often be the case in SAE levels 4 and 5 [23].
These vision-based systems also raise legitimate concerns about data privacy [24].

A sensorized seat is another type of device with occupant monitoring capabilities.
Evaluations over a prolonged time can assess the comfort of the occupant [25,26]. Pressure
sensors in the seat can inform the vehicle of presence and weight, using this information
to control the restraint system [27,28]. The seat pressure can even be processed with
machine learning techniques for identifying the driver patterns and enhancing the driving
experience [29,30]. With data from the seat, privacy is no longer an issue, as the data is
minimized and anonymous. In previous research, the authors described a method for
identifying the position of an occupant through a set of Force Sensing Resistors (FSR) and
an Inertial Measurement Unit (IMU) embedded in the seat [31,32]. A modular vehicle

Designs 2024, 8, 44. https:/ /doi.org/10.3390/ designs8030044

https:/ /www.mdpi.com/journal/designs


https://doi.org/10.3390/designs8030044
https://doi.org/10.3390/designs8030044
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/designs
https://www.mdpi.com
https://orcid.org/0000-0003-0999-8869
https://orcid.org/0009-0000-2808-1170
https://doi.org/10.3390/designs8030044
https://www.mdpi.com/journal/designs
https://www.mdpi.com/article/10.3390/designs8030044?type=check_update&version=1

Designs 2024, 8, 44

20f19

seat monitoring different significant regions greatly improved the monitoring reliability
through the use of load cells [33,34].

The weight of the occupant on board can be detected through four sensors placed on
the seat supports [35]. The signals can be used to identify the occupant, i.e., adult or child,
to inform the safety systems of the vehicle. Weight can also be detected using only two
sensors, monitoring two of the four supports, to measure the inclination of the vehicle or to
detect a collision [36,37]. The load cells and components for occupant identification must be
carefully assembled [38] and maintained [39,40] to ensure device reliability. Strain gauges
mounted in the four seat supports can be used to determine the load variations [41] or to
detect the weight and size of the occupant [42]. The weight and position of the occupant,
detected by four seat supports very similar to Type-S load cells, can be used to inform
an adaptive ACU [43]. However, these supports are too bulky for implementation in a
commercial vehicle and are too influenced by loads not aligned to the vertical axis. None
of the patents described integrate information on driving dynamics via IMU. However,
in real driving, the load on the seat is predominantly affected by the acceleration of the
vehicle. These patents seem more suitable for an adaptive configuration of the vehicle’s
passive safety, rather than a more active safety that involves continuous monitoring of the
driving scenario.

The present research describes a simplified and improved seat using only four load
cells to monitor the occupant position. The paper is organized as follows. Section 2 presents
the sensorized seat device and its signal processing. The results of real driving tests are
reported and discussed in Section 3, while the concluding remarks are shown in Section 4.

2. Sensorized Seat for Occupant Monitoring

The device is developed with the aim of integrating the sensors into a seat as close
as possible to a homologable one without compromising safety, ergonomics, or comfort.
Sensors must be accurate and fast reading. The positioning of sensors must ensure reliable
monitoring of passengers with any body percentile. The design solution is to modify the
frame of an existing car seat without modifying its overall structure. With this solution,
functionality and comfort are not compromised as long as there is a solid structure for
housing the sensors. For this research, the seat of a 2016 Peugeot 308 SW is used. The
four seat supports are cut and a load cell is inserted into each one. The position of the
Center of Gravity (CG) of the seat-occupant system is calculated by averaging the four
signals. The equipment is also equipped with an IMU in order to compensate for the vehicle
accelerations when evaluating the CG shifts.

2.1. Dimensioning of Load Cells

To select the sensors, the forces acting on the four supports are approximately cal-
culated below. The seat is measured experimentally with digital scales considering an
intermediate backrest inclination of 21°, although different settings would obviously shift
the load distribution on the supports [44]. Note that the reference system is with the x-axis
in the travel direction, the y-axis in the transverse direction, and the z-axis in the vertical
direction [45]. The distance between the supports in the travel direction is Ly = 253 mm.
The mass of the seat is approximately mg = 13.50 kg, distributed as mr = 11.95 kg on the
rear supports and mp = 1.55 kg on the front supports. With g being the gravity acceleration,
the vertical total force Fzr¢ = g-mg results for the seat, distributed Fzrg = g-mg/2 on
each of the two rear supports and Fzrs = g-mp/2 on each of the front ones, as shown in
Figure 1a. Balancing the moments with respect to the rear supports, the coordinate xcggs of
the CG of the seat is:
2-Fzps-Lx

3 =29 mm, @)
ZTS

XcGs =
while the vertical coordinate zcgg of the CG of the seat is evaluated, as shown in Figure 1b, as:

XCGS
tan o«

ZCGSs = =183 mm, (2)
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where the angle oc= 9° is determined experimentally by rotating the seat backward until
the load on the front supports is cancelled out and, therefore, the CG is vertical on the
rear supports.

G
®
Zces
AS YWEN
Xces X
— L
IFst IFZFs IFst
(a) (b)

Figure 1. Car seat with forces on supports when measuring (a) the longitudinal x and (b) the vertical
z coordinates of the CG.

The occupant is much more difficult to measure than the seat. In fact, the ends of
the legs rest on the floor and their weight does not pass through the seat supports, while
the hands and part of the arms can be considered to be resting on the steering wheel.
Furthermore, weight distribution is different from occupant to occupant. Finally, the
procedure followed for the seat involves considering the occupant as a rigid body when it
is not, leading to errors that are not easily predictable. Therefore, an approach based on
literature data on a dynamic model of the seat-occupant system was followed but adapted
to the seat used in the present research [44]. The adapted model considers springs with
infinite stiffness. First, an occupant with a body similar to the model, i.e., 78 kg including
clothing and accessories, is weighed. The occupant is 1.75 m tall. The test occupant sitting
on the seat weighs 42 kg on the rear supports and 29 kg on the front supports, which
corresponds to a mass distribution of 59% on the rear supports and 41% on the front ones.
Note that the weight of 7 kg on the floor is not considered in the following calculations.
The multi-body model is therefore adapted as shown in Figure 2, maintaining the same
distribution of masses in longitudinal x and vertical z directions. In the model, mg is the
mass measured for the seat, while m; to ms are the concentrated masses that describe
the body of the sample occupant, as reported in Table 1. The CG of the bodies in the
(xces, zcas) plane is also reported.

Table 1. Seat and occupant parameters in the multi-body model.

Body Mass [kgl (xcGsszcgs) [mm]
mg 13.5 (29,183)
my 203 (199, 190)
my 11.0 (43,217)
m3 19.9 (—87,592)
my 73 (—96, 841)

ms 12.9 (—1,371)
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Figure 2. Multi-body model of the seat-occupant system.

The overall seat-occupant system has a total mass of mr = 84.8 kg. By averaging the
coordinates of the CGs, weighted with respect to their masses, the total CG at position
(xcaT,zcaT) = (29,370) mm is calculated. It is assumed that the occupant does not detach
from the seat in all the dynamic conditions considered, so the overall seat-occupant system
is attached to the supports as a single body. In stationary conditions, the supports must
withstand a total vertical force of Fz1g = 832 N, distributed Fzgy = 368 N on each of the
two rear supports and Fzry = 48 N on each of the front supports.

Considering an acceleration ay in the travel direction, the balance of the moments
with respect to the rear supports is:

2-Fzra-Lx = mr+(g-XcoT — Ax°2CGT), 3)

where Fzp4 is the vertical force acting on each of the front supports. Considering a very high
maximum acceleration ax4 = 1 g, like that of a racing car, a traction force Fzpy = —560 N
(results from (3)) is applied to each of the front supports and, consequently, the force on
the two rear supports is increased to Fzrgr = 976 N. Considering an emergency braking as
axp = —1 g, the loads on the front and rear supports are, respectively, calculated from (3)
as Fzrp = 656 N and Fzrp = —240 N.

The balance of the moments in a transverse direction due to centripetal accelerations
in turning results in loads of the same order of magnitude as the ones already calculated,
but a little lower thanks to a greater y distance between the supports. Calculations are
omitted for sake of brevity.

The most serious case is that of a frontal impact, where an acceleration ay; = —25 g
can be assumed as representative of a frontal crash [46]. The loads on the rear and front
supports then becomes Fzr; = 15,246 N and Fzr; = —14,830 N, respectively, from (3). In
this case, the horizontal force acting on the supports is calculated as Fyg; = Fyr; = 5201 N.

Acceleration in driving conditions is considered for dimensioning the load cells, which
must read both in compression and in traction. Note that the load cells must be reading up
to an instant before the accident to inform the vehicle safety systems. The case of impact
is considered to evaluate the ultimate resistance of the sensors for the structural safety
of the device. Considering the seat-occupant system as a single body is a conservative
assumption because there will certainly be other contacts from the occupant, i.e., with the
steering wheel, with the door, with the vehicle floor, and with the pedals. In the event of
an impact, the load of the occupant will also be transferred to a significant extent onto the
airbags and seat belts, which are in turn fixed to the chassis. Ultimately, the hypothesis
of a rigid seat-occupant system can be considered favorable to safety with regards to the
dimensioning of the supports.
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2.2. Layout of the Sensorized Seat

Four DYZ-101-500 kg load cells [47] are mounted in the seat supports, as shown in
Figure 3. The load cells hold the supports in the vertical direction, leaving the adjustments
of longitudinal and vertical positions of the seat free. DYZ-101 is a pancake-type load cell
with small height. It is capable of sensing both compression and traction and compensates
the off-axis forces well. This DYZ-101 monitors a nominal load in a range up to 500 kg,
with 0.05% nonlinearity and 0.03% hysteresis, 10 kHz the high response frequency, and
0.03% the effect of temperature on output. The safe overload is 150% of the nominal load,
with a maximum overload of 200%. These specifications make the DYZ-101 suitable for
reading the load while driving in all conditions. However, under very strong assumptions
for the calculation, the specified overload does not guarantee safety in event of an accident.
Complete safety requirements are left for future studies, as no crash tests are expected to
be conducted in this research. Figure 4 shows the wiring of all the electronics, including
the four DYZ-101-500 kg load cells with dedicated signal amplifiers, the Arduino UNO
microcontroller, and a serial connection with a laptop for monitoring using Microsoft Excel
Macro-Enabled Worksheet in Office 16 through the PLX-DAQ application. The device is
completed with a BNO055 IMU for monitoring the accelerations of the vehicle.

BRACKET

Y ;/' SUPPORT
. o

9. DYZ-101
/ UPPERPLATE

B

\/\‘ LOWER PLATE
(b)

Figure 3. Assembly layout of the DYZ-101 load cells under the seat supports: (a) complete layout,

(b) exploded view, and (c) assembled support.

A dynamometer is used to apply both compressive and tractive loads in both axial
z and transverse directions. Impulsive loads 0-100 N and progressive loads in the same
range are considered. The tests demonstrate the reliability of measures, with a resolution of
£1 kg. Due to frequency response, the sensor dynamic is satisfactory. The DYZ-101 does
not read when off-axis loaded.

2.3. Calibration and Signal Processing

The signals are calibrated in the setup cycle and then processed in the loop cycle of the
software, as reported below. The calibration routine should be performed at the beginning
of each driving session. It therefore compensates for the different body percentiles of the
occupants and the different configuration of the backrest or pan angles. The position of the
CG in the (xcgs, Ycgs) plane [45] is calculated as the average of the signals from the four
load cells weighted with respect to their position, as shown in Figure 5. The calibration
setup must be run with the occupant in a normal position to calculate the shift factors for the
CG and the scale factors for the accelerations. The shift factors for CG have a negative sign
as they are used in the reading loop to shift the CG to the (0,0) position on average. The
xshift factor depends on the body size and the position adjustment of the seat, while yshift
is very slightly affected by the asymmetrical positioning of the occupant. The accelerations
accy and accy are already monitored centered on (0,0). The scale factors for accelerations
are used to amplify the signals up to the magnitudes of the CG positions to make them
comparable. In particular, the scaling factors have a negative sign since accelerations and
inertia forces naturally have opposite signs.
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Figure 4. Scheme of electronics wiring of the sensorized seat.
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setup cycle
calculate xshift = —avg(CGyx)
calculate yshift = —avg(CGy)

CG in travel x and transverse y directions.

//calculate xshift factor as average of x coordinate of CG
//calculate yshift factor as average of y coordinate of CG

Figure 5. Distances of the four supports for weighing the signals when calculating the position of the
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calculate xscale = —avg(abs(CGx + shifty))/avg(abs(accx)) //xscale factor is the ratio
between the average magnitude of the shifted CGx and the average magnitude of the accx
calculate yscale = —avg( abs(CGy + shifty))/avg(abs(accy)) //yscale factor is the ratio
between the average magnitude of the shifted CGy and the average magnitude of the accy

loop cycle

CGx = CGx + xshift

CGy = CGy +yshift //shift the CG to (0, 0) position on average

accx = accy * xscale

accy = accy * yscale //scale the accelerations to match the CG coordinates

The four monitored and adjusted values, CGx, CGy, accx, and accy, are then processed
in the same loop cycle with the occupant monitoring routine reported below in order to
identify the position as: 0 normal, 1 forward-reclined, 2 left-reclined, and 3 right-reclined:

occupant monitoring

if (accx —tol) < CGx < (accx + tol) and (accy — tol) < CGy < (accy + tol) then position
=0

if (accx —tol) < CGx < (accx + tol) and CGy > (accy + tol) then position = 2

if (accx — tol) < CGx < (accx + tol) and CGy < (accy — tol) then position = 3

if CGx > (accx + tol) and (accy — tol) < CGy < (accy + tol) then position = 1

The tolerance for reading is set at fol = 30 mm in this study during preliminary tests
to fine tune the algorithm. This tolerance can be refined in future studies by using machine
learning techniques.

3. Driving Tests

The present section reports the real driving tests with the sensorized seat on a 2016
Peugeot 308 SW car. The experiments are carried out by three drivers, with anthropometries
reported in Table 2, who must drive a prescribed track. The first experiments are carried
out by the second driver. The experiments consist of the following sequence of maneuvers,
as shown in Figure 6:

1.  start from stop position;

2. straight-line acceleration and straight-line path for approximately 15 m;
3. 180° left (or right) turn of approximately 7.5 m radius;

4.  straight-line path and braking to stop in approximately 15 m.

) g

T

TR

N—  —

(@) (b)

Figure 6. Test track with (a) left or (b) curve.

Yy

The total duration of each test is approximately 16 s. The monitored CG and accel-
eration in the (a) and (b) tests in the normal position are shown in Figure 7, the ones in
forward-reclined OP are shown in Figure 8, while Figures 9 and 10 show the tests with the
left- and right-reclined OPs, respectively. CGx and CGy follow the left scale in mm units.
accx and accy follows the same but scaled units. The position identification follows the
right scale with the encoded position numbers.
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Figure 7. CG and position identification in (a) left and (b) right curve tests in (c) normal driving position.
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Figure 8. CG and position identification in (a) left and (b) right curve tests in (c) forward-reclined OP.
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Figure 9. CG and position identification in (a) left and (b) right curve tests in (c) left-reclined OP.
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Figure 10. CG and position identification in (a) left and (b) right curve tests in (c) right-reclined OP.
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Table 2. Anthropometries of the three test drivers.

Driver Weight [kg] Stature [m]
1 78 1.75
2 96 1.86
3 62 1.68

In the experiments, serial communication between the Arduino and the laptop with
PLX-DAQ is the bottleneck for the cycle time, achieving only a 7.3 Hz sampling speed. Tests
that avoided serial communication in the loop but downloaded the data after experiment
finished achieved a 40-50 Hz sampling speed. The identification is correct 98% of the time
for Figure 7a and 99% for Figure 7b, 100% for Figure 8a and 98% for Figure 8b, 88% for
Figure 9a and 77% for Figure 9b, and 84% for Figure 10a and 95% for Figure 10b. Incorrect
identification is caused by peaks of acceleration due to road irregularities, changes of the
driver position aimed at balancing the transverse accelerations of the car, or by loading on
other parts of the car than the seat, such as the steering wheel, floor, or door.

Extensive experiments are then carried out by the three drivers, who have to drive
a prescribed track. Since it is not possible to reproduce a real driving scenario, as the
device is not approved for driving on public roads, we replicate maneuvers that have
been identified as critical for pre-crash and crash conditions [48]. The track is created on
the runway of the Aero Club of Modena [49], Italy, as shown in Figure 11. The indicated
dimensions consist of the exact length of the painted stripes in the center of the runway
and the distance between them. Driving the track one direction (blue) and back (green)
consists of the following sequence:

start moving in 1st gear;

half-eight turn at approximately 15 km/h speed;

maximum acceleration in 2nd gear until speed limit activation at 50 km/h;
left lane change;

right lane change;

hard brake to stop;

start moving in 1st gear again;

half-eight turn at approximately 15 km/h speed;

maximum acceleration in 2nd gear until speed limit activation at 50 km/h;
right lane change;

left lane change;

hard brake to stop.

0PN LN

—_ =
= o

—_
N

(180 m)

30m 20m

A 4
a

START 1
BRAKE 2
BRAKE 1
START 2

Figure 11. Test track as created on the runway of the Aero Club of Modena.

First, each driver is asked to adjust the seat into a comfortable position and familiarize
themselves with the car during a short driving session. Then, each driver has to complete
three laps, taking each position already described: normal position, forward-, and left- and
right-reclined OPs. For each driver, the first lap in the normal position is used to calibrate
the device, as described in Section 2.3. Each lap takes approximately 50-55 s, with slight
variations due to an initial delay before the 1. start after the go signal maneuver, a different
pause after the 6. first braking maneuver, and a delay in the acquisition end after the 12.
final stop maneuver. In the experiment, 36 laps are completed.
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The second lap of the tests in normal position for all three drivers is shown in Figure 12.
The second lap of the tests in the forward-reclined OP is shown in Figure 13. In Figure 12,
the sequence of the twelve maneuvers of the lap is further highlighted, as it can be clearly
identified from the CG movements and the car accelerations in longitudinal directions (red
lines) or in transverse directions (blue lines).

—CGX ——CGY -w-ee- AX eeeeee AY @ POSITION

250

coordinates [mm]
identification [-]

coordinates [mm]
identification [-]

2 4 5 8 10_11
-250
o wn o 0 o wn o [¥a) o [%a) o
- - ~N o~ o m < < wn
time [s]
=——CGX ====CGY -eeeee. AX eeeeee AY @ POSITION

250

coordinates [mm]
identification [-]

Figure 12. Second test of three, in normal position for (a) 1st, (b) 2nd, and (c) 3rd drivers.
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Figure 13. Second test of three, in forward-reclined OP for (a) 1st, (b) 2nd, and (c) 3rd drivers.

The shifts of the CG of the seat-occupant system in the longitudinal direction in these
first experiments for the three drivers are summarized in Table 3. The second column
reports the raw CG x position in the normal position with respect to the seat reference
frame, as shown in Figure 2. The real xcg positions of the CG confirm that it is very
close to the rear supports, as calculated in Section 2.1 for the theoretical model [44] with
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the parameters of Table 2. The third column reports the calculated xshifts factors, as
described in Section 2.3, to calibrate the origin in xcg direction by moving the CG to the
geometric center between the load cells, as shown in Figure 5. Even though the body
percentiles of the drivers are different, these xshift factors are comparable. The fourth and
fiftth columns show the CG errors and their standard deviations for driving laps in normal
position. Considering the harsh maneuvers, the errors can be considered rather small when
compared to the xshift factors. The sixth and seventh columns show the xc¢ positions and
their standard deviations for the driving laps in forward-reclined OP. The shift relative to
the calibrated origin of the seat is clearly identifiable. Note that the CG of the seat-occupant
system is the weighted average of Gg and G; through Gs as described in Section 2.1 and,
since Gg, G1, and G, do not move in this OP and Gs moves only slightly, the shifts of G3
and even more of G4 are much greater, bringing the head of the drivers much closer to the
steering wheel.

Table 3. CG shifts of the seat-occupant system for calibration and signal processing in normal and
forward-reclined OP.

. Average xCG xCG Standard Average xCG xCG Standard
CG x Distance o e . ire o ge
. . Position for Deviation for Position for All Deviation for all
. from Seat Calibration . .
Driver Reference xshift [mm] 2nd and 3rd 2nd and 3rd Laps in Laps in
System [mm] Laps in Normal Lapsin Normal Forward-Reclined Forward-Reclined
y Position [mm] Position [mm] OP [mm] OP [mm]
1 5.2 131.7 —8.7 39.9 81.8 45.5
2 3.7 130.2 —14.9 45.6 63.6 39.6
3 13.3 139.8 —-12.7 38.8 57.7 34.4

Figures 14 and 15 show the tests in the left- and right-reclined OPs, respectively. A
summary of the position identification is also provided in Table 4, averaging, for each
driver, the second and third laps in the normal position and all three laps for each OP.

Table 4. Identification of positions in the experiments for the three drivers.

Driver Normal Position = Forward-Reclined Left-Reclined OP Right-Reclined OP

Identification OP Identification Identification Identification
1 86% 99% 51% 73%
2 89% 100% 52% 84%
3 92% 94% 45% 76%

In these extensive experiments, the normal position is correctly identified almost 90%
of the time. This is clearly not a good result, as it would deactivate the normal safety
features of the car if it were used. On the other hand, incorrect identification is due to
very harsh maneuvers. The driver, in fact, must support himself by acting on the steering
wheel with his hands and on the lower cockpit with his knees. Furthermore, the strong
pressure on the brake and clutch pedals during braking must be considered. All these
actions influence the CG shifting, significantly distorting the position identification.

The forward-reclined OP is identified very well by the controller. The right-reclined
OP is identified almost 75% of the time. One possible reason for this poor identification
might be the need to keep eyes on the track in those difficult maneuvers for safety reasons.
As a result, the OPs were taken correctly by the drivers, but not to the extreme. Left-reclined
OP is even more difficult to identify, achieving only 50% correct results. The left-reclined
OP is certainly the most constrained, as the driver can only slightly recline the body against
the door.
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Figure 14. Second test of three, in left-reclined OP for (a) 1st, (b) 2nd, and (c) 3rd drivers.

Figure 16 shows the plots of the CG position in the (xcgs, ¥cgs) plane for the tests in
normal position (black dots), forward-(red), left-(green), and right-reclined (blue) OPs for
all three drivers. The average CGs are the big points with large borders, while the small
points represent the samples in the experiments. The CG positions are reduced by the
scaled accelerations of the vehicle, so they represent the movements of the driver relative to
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the moving platform. Except for the deviations due to harsh maneuvers, the positions can
be identified by the CG position in the (xcgs, Ycgs) plane, which is the vertical projection

of the CG position.
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Figure 15. Second test of three, in right-reclined OP for (a) 1st, (b) 2nd, and (c) 3rd drivers.
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Figure 16. CG positions reduced by the scaled accelerations for the second test of three, in normal
position (black), forward-(red), and left-(green) and right-reclined (blue) OPs, for (a) 1st, (b) 2nd, and
(c) 3rd drivers.

4. Conclusions

This paper presents a vehicle seat for continuous monitoring of the position of an
occupant through load cells integrated into the four lower supports. The cells are sized to
withstand loads while driving and the assembly layout ensures they only read in vertical
direction. The adjustments of longitudinal and vertical positions of the seat are left free,
allowing tests to be carried out without any influence on the driving comfort. To function
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in all safety critical conditions, a crash event is also considered in the design of the device,
using literature data and simplifications. Under extreme assumptions, the load cells appear
not to be compliant with safety requirements. Future works will quantify loads during
a crash with greater reliability, test the ultimate strength of the load cells, and possibly
design safety restraining structures. Another design option could be to not use commercial
load cells but to include strain gauges into appropriately shaped supports, making them
sensitive to the deformations caused by load from the driver.

The load cells are much more precise than the polymer FSRs we have used in previous
work [31,32]. Compared to FSRs, they are also precise, linear, and fast reading, without
hysteresis; therefore, they provide very reliable data. Compared to the other prototype
using load cells in a modular seat [33,34], this latest device is much simpler, as it reduces
the number of sensors from 52 to just 4. With some data processing, which can be improved
in future works with machine learning techniques, the seat we present in this article
still provides reliable results. On the other hand, the feasibility of the system is much
higher, since the design solutions already optimized in commercial seats and related
production processes can be completely reused. The layout with four load cells enables
continuous monitoring of occupants by averaging the load signals in the microcontroller to
continuously calculate the CG of the seat-occupant system. Using the CG to represent the
average position of a human body has already been studied in biomechanics to calculate
balance, stability, performances, energy expenditure, gait abnormalities, rehabilitation
progress, and injury risk [50,51]. However, it may not capture the full complexity of the
movement of individual body segments and interaction with the environment, which is
the car cockpit in the present research. Indeed, this simplification sometimes leads to
a misinterpretation of the driver’s position. Nevertheless, a novelty in this research is
the study of the CG in the car considered as a mobile platform. Considering the driving
dynamics via IMU is a new and fundamental feature, since in real driving the load on the
seat is predominantly affected by the accelerations of the vehicle.

Calibration and signal processing enable the CG of the seat-occupant system to be
compared with the car accelerations, as detected by the IMU, in longitudinal and transverse
directions. The presented algorithm for classification is therefore able to understand
whether the shifts in the CG are due to the inertia forces while driving or to changes in the
occupant position.

Three drivers performed extensive experiments, replicating maneuvers that have been
identified as critical for pre-crash and crash conditions in previous research. The tests
only investigate the driver monitoring, but it can be assumed that occupant monitoring
would be similar, if not simpler, since no interactions with the steering wheel influences
the results. In most cases, the correct position or the OP conditions are correctly identified.
However, a percentage of incorrect identification is caused by road noise in the experiments
and, inevitably, by the driver loading other parts of the car other than the seat. Therefore,
the proposed device is certainly not suitable for safety purposes alone, since it does not
achieve correct identification in 100% of cases, and so requires further development. On the
other hand, the present research demonstrates the feasibility of the sensorized seat, even if
it needs to be integrated with other sensors in the car cockpit to monitor all interactions
within the structures and devices.

The seat also measures the weight of the occupant; therefore, it would allow adaptive
restraining and airbag strategies depending on the types of anthropometry with little
effort. Future works will improve the conditioning of the signals from the load cells, the
use of machine learning techniques in the software, and integrate the seat device into the
overall safety system of the car, including vision-based occupant monitoring and adaptive
restraint systems.
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