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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
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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 Fz7¢ = 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 xcgg 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«

ZCGS — =183 mm, (2)
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Xcgs = =29 mm, (1)
while the vertical coordinate z.;s of the CG of the seat is evaluated, as shown in Figure

1b, as: 30f19

Zcgs = :t:rll’:( =183 mim, (2)
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Table 1. Seat and occupant parameters in the multi-body model.

Body Mass [kgl (xcgs,zcgs) [mm]
mg 13.5 (29,183)
m, 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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Considering an acceleration ax il3e travel direction, thd Baldhre of the moments

with respect to the rear supports is:
The overall seat-occupant system has a total mass of my = 84.8 kg. By averaging the
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steering wheel, with the door, with the vehicle floor, and with “the 1 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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1.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. 50f 19

2.2. Layout of the Sensorized Seat

2.2 Heryho Yy tho $eBo0riked S8at cells [47] are mounted in the seat supports, as shown in
FigureBouh®I¥zZd1811 5001kt heasd pglds st it tre vieotieetbditadhendeavingheg djsistroentsin
oftligngiétaditel kuadl vells dabloditienp pbtheisedtd nea:tloal Aiottion, peavale thepedjomtnaelts
woth engitukiigh tafid svearpiabl ok stosmgthibithseaimfpee sdYahdl tinatjpanmaaklectyppdoaatesl]
theittfsawad L thetgh twitlls Taypsibd & $6ih simgrityits comgureissabhomalditrac timmgendpedonfiith e s
wiltle 0ff584in dotiesanieyl anthi. 0BV Hiteresistd s ld-hothinhlghadspomserfgequprtoy5Gh it g,
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ofaBRIsted avith a BNOO055 IMU for monitoring the accelerations of the vehicle.
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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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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.

setup cycle

calculate xshift = —avg(CGy)  //calculate xshift factor as average of x coordinate of CG
calculate yshift = —avg(CGy)  //calculate yshift factor as average of y coordinate of CG

calculate xscale = —avg(abs(CGy + shifty))/avg(abs(accy)) /Ixscale 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)) /lyscale factor is the
ratio between the average magnitude of the shifted CGy and the average magnitude of the accy
loop cycle

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

accy = accy * xscale

FIUERTASERh AR Gomics Wit BR ticsleiipvnlpgugich the CG coordinates

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 (x¢¢s, Vcgs) plane [45] is calculated as the average of the
signals the fo cells weighted w; ect t own in
5%&%@%&‘@& E?Eé&g&&gth &%gﬁ%ﬁﬁf%%mn to Cgﬁgifite
the shift factors for the CG and the scale factors for the accelerations. The shift factors for
Céetgriayaloegativaiigodsathtndfesusedinide wadingdpopte,shitidhec tardhihdh,0)
ppwiidsianshigne BpGyNSL it defiisiansitbergodirisivedjpolllipasision

a éilismhaéai et tyhiregesi Gbrle Ofishinbas ¥ Fififastisiaslynedpasil sdaiibee At G rgitical
positioedng of the occupant. The accelerations acc, and acc, are already monitored
C?}%E?II?M%S%&HE scale factors for accelerations are used to amplify the signals up to

if (accy —tol) < CGy < (accy + tol) and (accy — tol) < CGy < (accy + tol) then position =
0
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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
Designs 2024, 8, x FOR PEER REVIEW jqentify the position as: 0 normal, 1 forward-reclined, 2 left-reclined, and 8 #ight-reclined:

occupant monitoring

{; ASenis groel ):arrlgcp o)ﬁt%y(ﬁf 2N rﬁglle}gggr %xpelqllr)wnts C%]XSI<’E (Q?Eﬁg fé_lltoowi then position

ence of maneuvers, as shown in Figure 6: N
? A Kot CG < (accx + tol) and CGy > (accy + tol) then position = 2

2 @it Jé oD A e tal 0l A1 G dGsromdabl g gosition = 3
lf Goe I?ft(&ﬁﬁﬁigﬁtm{l)rﬂ'g)‘z a(ﬂﬁ‘f@xmltﬂgy(? fRxagitgccy + tol) then position = 1
4. styightdisesath rodresddng e skt aPPr BRI #iTs study during preliminary tests
to flhe tiote tHaralgoridineaThitesolisraperoainiatetyfitfed il heturerstadies G wsidg machine
aq@igfﬁﬁgrt@@}ﬁbgq@e@)d (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., lﬂﬁ@iﬁgf@sitgedined OPs, respectively. CGy and CGy follow the left scale in mm
e 445 e el R0 Sag%e 11 SRSt WP PR B kSHUT YR on a 2016
ows 31%§ ale w, neoded position nuna Sby three d ith anth ¢
eugeot car. The experlmen are carried out by three drivers, with anthropometries

Tmp@rm}mmlgs gyb@ mg@tegltra}q@(g.sprescnbed track. The flrst experiments are carried
aneuvers,

. e ,‘: Welght [kg] ° Stature [m]

1 ... /8 1.75
st:irt from stop positiqgy

1.86
strpight-line acceleratipn and strajght-line path for apgroximately 15 m;
T80° Teft(Or rigiht) turmn of approximately 7-5 m radius;
straight-line path and braking to stop in approximately 15 m.

BN B D

(a) (b)
FiB}gﬁfé Bestésds aethatets P s By curve.

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.

(a)
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Figure 6. Test track with (a) left or (b) curve.
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Figure 7. CG and position identification in (aI) left and (b) right curve tests in (c) normal driving
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Figure 9. CG and position identification in (a) left and (b) right curve tests in (c) left-reclined OP.

(a)
(@)
(b) ()
(b) (©

Figure 10. CG and position identification in (a) left and (b) right curve tests in (c) right-reclined OP.
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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 irregulallg’llﬁfelsg,

changes of the driver position aimed at balancing the transverse accelerations of the car,
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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.
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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 xc 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
fifth 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 G5 as described in Section 2.1 and,
since Gg, G1, and G, do not move in this OP and G5 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 R
. . 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 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 positiorqci)n the (xcgs, Ycas) plane, which is the vertical projection
F@lﬂ%el@@e]@@ﬁﬁi@m of three, in left-reclined OP for (a) 1st, (b) 2nd, and (c) 3rd drivers.

Designs 2024, 8, x FOR PEER REVIEW 16 of 21

(0
Figggiied $558e0nddast pbflikieeenrrighittrectiindd@PP 6o 43 )l $5t(b P ameld(¢ B3eticiveass.

Table 4. Identification of positions in the experiments for the three drivers.
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projection of the CG position.
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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,
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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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