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Abstract
Numerical and virtual simulation of mechanical systems is a standard part of product development in the automotive sector, and multibody techniques are a consolidated tool to describe vehicle dynamics, elasto-kinematic behavior, handling, and comfort. To achieve high precision results as output of simulations, it is essential to provide the system with reliable data as input, and to accurately describe the vehicle and its subsystems. The task of gathering objective parameters to fully describe a vehicle can seem trivial to the stakeholders directly connected to a project, that can access detailed design data and a plethora of schemes and datasheets covering all subsystems of a vehicle. However, whenever this task regards benchmarking, prototyping, research projects or niche/low-volume products, data availability decreases drastically, and alternative forms of data acquisition become essential. This paper proposes a comprehensive overview of data gathering and experimental procedures used to reliably extract parameters of an existing vehicle using quick and accessible strategies. The analysis is based on a case-study project of an A-segment vehicle mounted with an innovative rear suspension scheme, whose behavior should be described by a dedicated elasto-kinematic multibody model as well as a full vehicle model for dynamic validation. The multibody model is based on Adams/Car with the inclusion of flexible elements, which is briefly described, while a closer focus is given to the experimental extraction of key features, such as: total mass, longitudinal and lateral position of the center of gravity, CoG height, wheel travel and wheel rate, shock-absorber damping coefficient, steering ratio, components inertia and flexible elements strain. The results obtained in the static and dynamic experimental validation suggest a good outcome from the methodology, that can be replicated on many kinds of vehicle modelling activities as an approachable and affordable experimental methodology for small projects.
Introduction
The automotive industry is known by its constant research and development efforts and its stringent requirements in terms of cost and time-to-market. The new trends of innovation, such as electrification [1], lightweight design, advanced control systems [2] and autonomous driving features [3,4] tend to further increase the pressure for faster and more precise engineering tools and methods.
The usage of virtual simulation tools has become a widespread technique to achieve good results with less time and resources employed. Undoubtedly, to achieve reliable models and guarantee the precision and soundness of simulations, it is mandatory to follow experimental validation procedures to gather physical parameters and assess the studied behavior.
The project that is illustrated in this article was born with the goal of developing of a multibody model of a common A-segment vehicle which had been previously modified by the research group. The unique characteristic of this vehicle was the innovative suspension system mounted on its rear axle, entirely designed and manufactured internally [5-7]. 
The importance of a validated and reliable full vehicle model is clear: It allows to simplify and accelerate the development of many studies required for the commercialization of the product, such as the evaluation of the handling and the comfort of the vehicle as well the extrapolation of the dynamic loads which act on the mechanical elements to compute their fatigue life.
However, many of the necessary parameters required to populate the full vehicle multibody model where not readily accessible to the authors, in such a way that the presented methodologies were implemented to estimate them without incurring in exorbitant costs or time-consuming methods.
Although this kind of experimental procedure is very common in several scenarios, such as research groups, motorsport teams, student competitions and small/startup companies, scientific literature regarding the best practices is scarce. Usually, the know-how related to approachable and affordable test methods remain in the tacit knowledge of experienced technicians, rarely being translated in comprehensive documents with validated outcomes. This paper main contribution, thus, is to present a real case study in which the proposed methodologies were implemented, discussing their main results, potentialities, and limitations.
The article briefly describes the innovative suspension system and its multibody modelling approach, then dedicates most of its content to the experimental procedures and results, namely: mass and inertia estimation, damping curve extraction, steering ratio calculation, center of gravity positioning and the parallel wheel travel test. A final chapter is dedicated to the dynamic results obtained in the test track, validating the overall model. The programming environments used during this activity were MSC Adams/CAR 2020 and MATLAB for modelling and data-processing, alongside other support software like NI MAX, and ETAS’ INCA mainly employed for the acquisition of data during both the static and dynamic tests.
The innovative suspension
The goal was that of replacing the rear suspension of a standard 2007 Fiat 500 with a custom-built innovative hybrid suspension system. Since the basic version of the Fiat 500 is a cheap A-segment car, its rear suspension is a simple twist beam suspension. The simplicity, lightness, and low cost of this type of suspension made it a standard for cheap and light city-cars.
However, since the transversal beam must both optimize handling and comfort, one of the major drawbacks of this layout is that comfort is quite harsh. This was such a relevant issue that Fiat, starting from 2009, has modified this layout on their 500s by adding an anti-roll bar to decouple the tuning of handling from that of comfort [8].
Additionally, since this suspension features a single control arm connecting the wheel to the body, the kinematic control of the tire and of its angles, as it moves vertically, cannot be performed as precisely as with other suspension set-ups. As a result, the camber recovery, and the control of the toe angle and of the rear track variation is quite poor, as widely known in the industry.
For these reasons, it was developed an innovative suspension design which has the potential to easily replace the standard twist-beam suspension on a car like the Fiat 500. The motivations behind the concept were:
By manufacturing one of the largest components of the subsystem with CFRP (carbon fiber reinforced polymers) and taking advantage of the functional integration, the overall mass of the assembly can be reduced by almost 25% [9,10].
The performance of the twist beam suspension is not as satisfying as one could expect from such a common archetype of suspension. The project aimed at improving both the comfort and the dynamic performance of the vehicle.
Although the cost of composite technology for low-segment passenger vehicle application still seems unfeasible, for lower volumes the overall cost can be equivalent, given that the investments of steel stamping are higher. Apart from that, this kind of solutions may become more appealing due to the rapid increase in the cost of steel. 
A render of the layout is showed in Figure 1. 
The main feature of this solution is its innovative transversal composite leaf spring (A), manufactured using CFRP. This element acts as a spring (which allows to remove the traditional coil springs from the assembly), control arm and anti-roll bar. The rear dampers (B) are maintained in a similar position as on the standard Fiat 500. On the other hand, the new suspension features two triangular upper control arms (C), to which the wheel hub (E) is hinged. The lower end of the hub (lower control arm D) is instead connected to the extremities of the leaf spring. Finally, the leaf spring and the upper control arm are both hinged to a subframe, which carries the whole suspension assembly and connects it to the chassis of the vehicle.
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[bookmark: _Ref106058306]Figure 1. 3D render of the complete rear suspension and its subframe
Multibody modelling and vehicle parameters
To describe the behavior of the innovative transversal leaf spring suspension, two different approaches were followed:
The original modelling technique, used in the first rounds of design of the subsystem, consisting in a “Ideal Beam” approach. In this model the mechanical behavior of the leaf spring is simplified to a series of beam elements, being defined by their width, thickness, and linear elastic modulus. The leaf spring is divided in three sessions (the middle session between the clamps and the two extremities connected to the uprights) with different parameters, and each session is divided in six equidistant beam elements. The sessions were connected through rigid plates, representing the metallic clamps, with a fixed constraint relative to the borders of the beams.
The new model, in which the CFRP transversal leaf is represented by a flexible element imported from a FEM simulation [11]. Before entering the Adams/CAR multibody environment, a modal analysis modelling was performed, using the real geometry of the component and the mechanical characteristics of each carbon fiber layer used in its manufacturing. The stiffness of the leaf spring was then validated through a quasi-static dynamometer test, assuring that the overall mechanical behavior of the component is accurate. The free-free modal analysis is then imported into the multibody model through a MNF file, containing the geometry, interface nodes, modal forms and frequencies up to 100 Hz. The final suspension model (Figure 2) contains the other suspension elements and connects with the flexible leaf spring through bushings both in the upright interfaces and in the clamp side. The bushing leading to the body connection aims to describe the compliant and slipping clamp system.
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[bookmark: _Ref106058322]Figure 2. New multibody model of the rear suspension using flexible elements
Once the suspension subsystem was modelled, the remaining subsystems used straightforward modelling procedures, taking advantage of the shared databases in Adams/CAR upon which the vehicle data was inserted [12].
Apart from a more precise mechanical behavior, the presence of the flexible elements permit the continuous verification of stress and strain present in the component, to be compared with experimental data [13-15].
Different loading conditions were considered, characterized by a total mass which differs from the mass of the empty vehicle due to the presence of a different number of passengers (modelled as punctual bodies with a mass of 80 kg placed on the seats) and/or ballast (a maximum of 250 kg placed in the trunk). The main conditions used for the modelling and testing of the vehicle are reported in Table 1.
[bookmark: _Ref106058660]Table 1. Fiat 500's loading condition cases
	Load Condition

L
	Passengers
	Ballast [kg]
	Total Load [N]

	Lifted

	0
	0
	0

	Empty
	0
	0
	9908

	Std A
	1
	10
	10791

	Full Load
	1
	250
	13145



The Lifted condition has no load associated to it, since it corresponds to the vehicle being lifted from the ground so that no vertical load is acting on the wheels. The Empty condition corresponds to the nominal mass of the car with no passengers, while the Full Loaded condition was designed to maximize the stress acting on the rear suspension to push it closer to the design’s limit condition.
Static tests
Sprung and unsprung mass
The masses of the vehicle and of its relative subsystems are yet unchanged. Moreover, the inertias of each of the main components of each subsystem should be estimated as precisely as possible to obtain the highest possible model accuracy. To reach this goal, three parallel strategies were adopted:
1.	The masses and inertias of the components of the front and rear suspension and steering system needed no further modification.
2.	The mass and inertia of the real Fiat engine was included in those of the body of the vehicle, and the two were considered as a single rigid body. The mass and inertias of the braking system were included in the wheels of the vehicle.
3.	Due to the extensive modification required by the remaining subsystems (tires, rims, front brake disks and calipers, rear brake drums and clamping mechanisms and wheel hubs) some additional data were collected from external sources.
The data listed in Table 2 were mainly obtained by searching for the mass of each of them on specialized spare part seller websites. Then, once these data were collected, a 3D CAD model of each of these subsystems was found and, if each component had homogenous density and symmetric geometry, their inertias was estimated by exploiting the “Mass Properties” tool of the DS software SolidWorks.
[bookmark: _Ref106058688]Table 2. Final mass and inertia values for the redefined subsystems
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This relatively simple procedure, unluckily, could not be applied to all the components. No reliable mass data were found about the tire and the steel rim of the wheels, while it was possible to modify some available 3D CAD models of a tire and a rim to match their dimensions to those of the Fiat 500. 
To solve these issues the mass of the tire, rim and nuts was measured by directly by dismounting one of the wheels of the Fiat 500 and weighting it all the components with the Intercomp EZ Weight Scale (Figure 3). Then the three inertia values of the body of the vehicle were estimated by proportionally increasing the inertia values of a 1999 Fiat Punto, taken from the literature [16]. Interestingly, this set of data also featured some real measurements of the inertia of the wheels of the Punto (which is reasonably similar to those of the Fiat 500): they were reported to have an axial inertia Ixx = 0.4 kg‧m2. This value is only 2% higher than the value obtained with the presented method (equal to 0.391 kg‧m2 as reported in Table 2). These were assumed to be satisfactory results, which also confirms the effectiveness of the whole procedure. 
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[bookmark: _Ref106058343]Figure 3. Measuring of the mass the Fiat 500’s 185/55 R15 tires and rim
Damper operating curves
A series of test on the actual components equipping the vehicle were performed with the goal of defining the real operating curve of the Fiat 500. The procedure consisted in the application of load pulses at different rates with a mechanical dynamometer. The displacement-controlled movements imposed by the equipment are performed around the middle length of the damper.
The results are shown in Figure 4 where four datasets are reported: the red functions represent the compression and rebound force-speed operating curve of the rear dampers, obtained by exciting the components with ±10 mm pulses; the operation was repeated increasing the damper extension up to ±30 mm as in the blue curve. 
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[bookmark: _Ref106058364]Figure 4. Experimental damper force vs. speed curves
The average of these tests outputs was computed by means of a 2nd order polynomial interpolating curve (green line in Figure 5) which also allowed to define a higher number of intermediate points. The plot reported in purple in Figure 5 is the final curve that was assigned to the Adams/Car rear suspension damper component. 
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[bookmark: _Ref106058374]Figure 5. Continuous rear damper curve, ready for the final importation in the Adams/CAR model
Steering ratio
The steering ratio of the vehicle was estimated by computing the ratio between the input angle, provided by the driver through the steering wheel, and the output angle, corresponding to the angle between the mid-plane of the front wheels and the x-axis of the vehicle. In compliance with the on-board CAN protocol used to measure the input steering angle, a clockwise steering input corresponds to a negative angle.
As clearly showed by Figure 6 the results are strongly linear (R2 > 0.998) as expected by this kind of steering mechanism (rack-and-pinion). Also, the resulting steer ratio (Figure 7) is quite constant, even though it is interesting to notice how an anti-clockwise (positive) steering input produces a higher output angle on the inner wheel (in this case the front left wheel) hence resulting in a lower steering ratio, and vice versa. This is to be expected, as steering mechanism are usually tuned to produce this effect on purpose in order to slightly resemble the Ackerman steering design. 
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[bookmark: _Ref106058393]Figure 6. Output vs. Input steering angle
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[bookmark: _Ref106058411]Figure 7. Steering Ratio vs. Input steering angle
Since the Adams/CAR models only needs a single steering ratio value, it was decided to import the average of the experimental results. This value (SR = 16.1747) is very close to the technical specifications of the Fiat 500 which reports SR = 16.3 [17] and is represented with a dashed blue line.
Center of Gravity height
Another fundamental vehicle parameter still missing in the model was the height of the center of gravity (referred to as hCG from now on). Few data were found in literature about the actual hCG of the Fiat 500 so that no straight-forward and reliable estimation could be made without some custom measurements on our vehicle. Therefore, the decision was made to calculate the value of the CG height by directly measuring it on the test vehicle.
In the automotive industry, several different methods have been developed in order to determine the CG position of a vehicle [18]. The selected test procedure is commonly known as “Lifting Test” or “Modified Reaction Method (MRM)” [18] and it is one of the most widespread techniques employed by manufacturers and racing teams to quickly estimate the value of hCG without the need for expensive dedicated equipment, while achieving an acceptable precision. In this test, one end of the vehicle is raised from its initial flat position so that its x-axis forms an angle θ with the ground. Depending on the distance between the CG and the x-axis of the vehicle, the reacting force acting on the other axle increases according to Eq. 1. 
		(1)
Where m0 is the mass of the vehicle, mF is the force acting on the front axle of the levelled vehicle divided by the acceleration of gravity, m* is the force acting on the front axle of the tilted vehicle divided by the acceleration of gravity, L is the wheelbase of the vehicle and R is the wheel effective radius.
This means that the accuracy of the test is directly influenced by the achievable tilting angle θ, as clearly demonstrated by S. Shapiro in its paper [18].  Other studies [19-22] recommend a minimum tilting angle included between 15° and 20°, while [23] suggests that measurements with an angle lower than 7° should be considered practically meaningless as the resulting error is excessively high. However, this means that the rear axle of the Fiat, which has a wheelbase of 2308 mm ± 2 mm, had to be lifted by at least 600 mm from the ground (height h’ in Figure 8) 
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[bookmark: _Ref106058424]Figure 8. Schematic representation of the quantities involved in the MRM test
From the error propagation theory [24,25]., the error affecting the measured value of hCG can be estimated as in Eq. 2 for each measurement.


						(2)
Such uncertainty can be then reduced by averaging the results within the set of N measurements and among the M number of datasets (Eq. 3 and 4)
	(3)
		(4)
Therefore, the error affecting the experimental value of hCG can be estimated prior to the test as a function of the tilting angle, as is showed in Figure 9. The red dots represent the total measurement error when the uncertainty on the angle is ±0.1° (equaling that of the available digital inclinometer), while the green line was obtained with a hypothetical error of ±0.05°. As it is clearly visible, both scenarios led to unacceptable errors on the final value even with extremely high tilting angles.
Due to the structure of Eq. 1, the error affecting the measurement of the tilting angle is by far the most relevant source of error (it was estimated to be responsible for over the 99% of the error on the final CG height value).  
Therefore, as suggested in the literature [22, 26-29]., and since the direct measurement of the tilting angle is both impractical (the instrument had to fixed to the body hence it could not be operated easily) and unreliable, it was decided to indirectly estimating the angle θ ± as in Eq. 5.
  	      (5)
Where h’ can be measured directly during the test as it represents the vertical distance of the contact patch of the rear lifted tires from the ground.  
The effect on the error on hCG is represented by the blue line inFigure 9. As a result, for angles higher than 9° the error for each measurement hCGi drops below 20 mm
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[bookmark: _Ref106058450]Figure 9. hCG total error estimation vs. different θ angle uncertainties
The final error was further reduced by averaging the results on a total of N = 17 measurements, all with different tilting angles, divided in M = 3 sets.
It is worth noting that, as many papers in the literature and the MRM ISO procedure [30] itself indicate, a few adjustments had to be made to the design of the test to improve accuracy:
To avoid a systematic variation in the estimated value, the suspensions and dampers of the vehicle should have been replaced with rigid bars. However, this was an unfeasible operation, so it was accepted to maintain this source of error in the test. 
The tires of the vehicle were inflated up to the maximum pressure recommended by the constructor (3.5 bar).
The fluids contained in the various tanks of the vehicle (fuel, oil, water and so on) should have been filled or emptied prior to the test. All the fluids were in running order, while the quantity of fuel contained in the fuel tank was low enough to be considered a negligible source of uncertainty.
No object inside the cabin had the possibility to move.
The parking brakes of the vehicle were fully released, the gearbox was put in neutral, and the rear wheels were blocked with respect to the lifting board by means of four wedges. This is a key factor for the success of the test.
The results of the test are reported Figure 10. The estimated hCG value was 598 ± 5 mm.
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[bookmark: _Ref106058476]Figure 10. Modified Reaction Method hCG test results
Parallel wheel travel
The PWT test aimed at validating the behavior of rear suspension model. In particular, the main goals were:
To validate the curves produced in the Adams/CAR environment relating the wheel travel of the suspension to the load acting on the wheels.
To produce a map relating the abovementioned quantities to an intermediate variable able to be logged during dynamic tests, so that the same parameters could be indirectly estimated.
It was decided to mount four Linear Variable Displacement Transducers (LVDT) on the vehicle, one per wheel of the vehicle. These sensors can produce an analogue voltage signal, proportional to the distance between two known points. In this way, by recording the signal produced by the LVDT during a dynamic maneuver it is possible to estimate the vertical wheel travel in real time. 
The four LVDTs between the chassis of the vehicle and a component of each suspension such as the Upper Control Arm, in case of the rear end (Figure 11), and the drop-link of the Antiroll Bar for what concerns the front end (Figure 12).
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[bookmark: _Ref106058487]Figure 11. LVDT lower linkage to the rear suspension (left) and LVDT upper linkage to the chassis of the vehicle (right)
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[bookmark: _Ref106058490]Figure 12. Lower end of LVDT number 2 connected to the front antiroll bar
Additionally, the deformation of the leaf spring suspension caused by the vertical load acting on the wheels has also been measured and recorded during the dynamic maneuvers by means of eight strain gauges mounted on its surface. This led to the design of a dedicated load-deformation map. The upper and lower surfaces of the composite leaf spring were equipped with eight strain gauges, placed in the configuration shown in Figure 13. These sensors were glued to the polymer’s surface and connected to an acquisition ECU located in the trunk of the vehicle by means of a series of cables, welded to the sensor itself (Figure 14). No calibration was needed since this task is automatically performed by the ECU at the beginning of the test.
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[bookmark: _Ref106058506]Figure 13. Position of the eight sensors placed on the surface of the composite leaf spring
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[bookmark: _Ref106058517]Figure 14. Detailed view of gauge number 6 glued to the leaf spring and connected to its cables
After installing the required sensors, split the test in two main parts:
In the first part the car was lifted from the ground by means of a car lifter (Figure 15) in order to reproduce the negative wheel travel, i.e. that condition in which the axle is unloaded and the wheels move away from the chassis.
Then, the car trunk was loaded with several sandbags, with a mass of 25 kg each (Figure 15).
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[bookmark: _Ref106058539]Figure 15. Full Load condition, achieved during the Static PWT test
During the test, the load on each of the four wheels was constantly monitored by using a set of Intercomp EZ Weight Scales, commonly used in racing applications. Additionally, the analogue signals coming from the four LVDTs and the eight strain gauges were recorded continuously throughout the test. Each test consisted of a lowering (i.e. loading of the vehicle) and a lifting phase (i.e. unloading of the vehicle) in order to improve the reliability of the results.
To assess the results, the signals coming from the rear LVDTs (number 1 and number 4) were converted to a length measurement. As showed in Figure 16, the results were plotted against the wheel travel measured at each of the steps as the distance between the center of the wheel and point of the wheel arch located directly above it. Even if the LVDTs were mounted with their axis being not aligned with the z-axis of the vehicle, and despite the asymmetry of the rear end of the Fiat 500, which forced to place the sensors in different positions from one another, the results were accurate. The interpolating curves are well fitted as two first order polynomials.
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[bookmark: _Ref106058550]Figure 16. Conversion map between the displacement vs. wheel travel of the rear wheel’s LVDTs
In Figure 17 the values measured during the test are superimposed on the vertical load vs. wheel travel curves produced in the Adams/CAR environment with both the Beam and the Flexible Models.
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[bookmark: _Ref106058563]Figure 17. Vertical load vs. vertical wheel travel at the rear left contact patch
The most positive result was that the PWT Test confirmed the validity of the Adams/CAR simulations, since in the region included between a wheel travel of -10 mm up to a value of +45 mm all the results are almost coincident. It is also interesting to notice that a clear hysteresis is highlighted by the results, something that the model failed to predict. 
By focusing the attention on the top end of the wheel travel scale, it is possible to notice how the test results maintain their trajectory as the load on the suspension is increased. No abrupt change of slope, i.e. no snap-trough phenomenon, is observed differently from what the initial flexible model suggested. On the other end of the spectrum, as the car was lifted from the STD A condition to the lifted condition, a wheel travel of only -20 mm was recorded, instead of the expected -60 mm. In particular, below -15 mm, a sudden drop in the vertical load is observed, with its value going to 0 N, i.e. with the wheels dethatching from the scales, within 5-10 mm of wheel travel. 
As a result, the measured leaf spring stiffness in this section is over 4.5 times higher than both the designed one and that of the rest of the characteristic. As a by-product, this means that the suspension offers nearly no response to a load variation when the load acting on the wheel is included between 0 N and roughly 1200 N, an interval easily reachable during both hard braking and cornering. It is also interesting to notice how the hysteresis completely disappears in this section of the curves, almost as if the composite leaf simply stopped working with loads lower than 1200 N. This led to believe that an unprecise assembly of the suspension created a preload of a similar magnitude.
Dynamic test
The final step of the study was the validation of the full vehicle model by means of a dynamic test performed on a racetrack by a professional test driver. The maneuver presented in this article, as one of the most representatives of the dynamic behavior, is the ISO 3888-2 Double Lane Change (DLC) performed at 50 km/h. 
According to the ISO definition such test is a “severe lane-change maneuver test for subjectively determining the obstacle avoidance performance of a vehicle, one specific part of vehicle dynamics and road-holding ability” [31]. The specifications of the DLC test designed for the Fiat 500 are reported inFigure 18.
The vehicle width is w = 1627 mm, hence obtaining A = 2040 mm and B = 2627 mm, with the centers of the lanes separated by .
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[bookmark: _Ref106058582]Figure 18. ISO 3888-2 Double Lane Change dimensions
The data needed for the maneuver analysis were collected from following equipment:
The CAN of the vehicle, on which signals like the throttle pedal position or the steering angle are transmitted from the on-board sensors to the vehicle’s ECU;
The strain gauges glued to the leaf spring and The LVDTs connected to the suspensions of the vehicle, as presented.
The Kistler Correvit S-Motion, a device able to measure longitudinal and lateral speed of the vehicle, the body’s roll and pitch angle, the yaw rate and the accelerations of the body along its main axis. 
To collect the stream of data, two ETAS modules were employed (the ETAS 592 and the ETAS Daisy Chain). Additionally, the data coming from the strain gauges was collected by another device, a NI Compact RIO, whose data logging procedure was controlled by a purposely designed LabVIEW script. 
Even with such a demanding maneuver, the Adams/CAR model managed to behave coherently. The speed and lateral acceleration profile are showed in Figure 19. The driver entered the first lane at 52 km/h, slightly higher than planned, and maintained such speed up to the end of the second lane. Then he accelerated exceeding the entering speed, whereas the simulation maintained the target speed of 52 km/h. 
Interestingly, the controller of the simulation tried and succeeded in maintaining the vehicle straight while driving through the second lane. This is the reason behind the peak in the lateral acceleration visible at t=15s, in the right plot, which reached a maximum value of less than -1 m/s2. To achieve this goal, the controller had to sharpen both the entry and exiting steering maneuver, hence explaining the higher lateral acceleration peak values recorded during the test. On the other hand, the real driver decided to follow a shallower trajectory, more like a racing line, which forced him to maintain the steering wheel turned towards the right while driving through the second lane: this explains why the average acceleration between t = 14.5 s and t = 15.5 s remains well below 0 m/s2. Despite these minor imprecisions, the two test can be considered to have almost overlapping speed and acceleration profiles.
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[bookmark: _Ref106058600]Figure 19. DLC speed (left) and lateral acceleration (right) profile
A positive result was achieved with the simulation of the roll angle of the vehicle, as reported in Figure 20. Despite a small initial overshoot, the curve produced by the simulations matches the experimental results. One noteworthy difference between the two is that the one produced by Adams/CAR slightly lags the experimental one, since the speed maintained by the test driver was higher than that imposed by the controller. The central peak of the orange curve doesn’t represent a relevant issue, since it is again a consequence of the distinct trajectory followed by the vehicle in the simulation, therefore related to a difference in the driver behavior not in the mechanical model itself.
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[bookmark: _Ref106058618]Figure 20. Roll angle comparison during DLC
Finally, the analysis of data coming from the strain gauges (SG) placed on the leaf spring. The raw data collected during the DLC test are reported in Figure 21. The curves are split among those belonging to the gauges placed on the upper surface of the leaf spring (in the upper plot) and those placed below it (gathered in the bottom plot).
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[bookmark: _Ref106058626]Figure 21. DLC maneuver - Strain gauges raw data
A positive deformation is translated in a compressive state of the material, while a tension acting on its surface causes the strain gauges to read a negative value.
From t=0 s to t=5 s the vehicle is stationary.
From t=5 s to t=12 s the vehicle accelerates, with a gear shift from 1st to 2nd gear at around t=10 s. The data in this window of time are very easily readable: the upper sensors recorded a parallel compression of the leaf while the lower one symmetrically recorded a tensile stress, as expected by the parallel loading of the suspension caused by the take-off of the car. 
From t=12 s to t=14 s a transitory phase is visible, during which the driver had to align the car with the entry of the first lane by gently steering towards his right;
From t=14 s to t=19 s the actual DLC takes place. 
During the DLC the red and green lines are the most interesting results. By focusing on the first lane change (from t=14 s to t=16 s) SG number 0 and number 7 recorded a local compression of the leaf as expected, since in this moment the right wheel is pushed towards the body while the left wheel is unloaded and therefore moves away from it. Coherently, the SGs placed on the opposite side (number 1 and 6) detected a tension in the surface of the material. The roles are inverted as the car aligns with the second lane by turning right. At the same time, SG number 2 and number 4 revealed that also the central section of the leaf is being deformed, although the magnitude of the deformations is far lower. However, these sensors were not placed exactly in the middle of the leaf spring, as originally planned, and therefore picked up a deformation slightly biased towards the left side of the spring.It is worth noticing that Adams/CAR, while perfectly able to replicate the macroscopic behavior of the entire vehicle even during a demanding maneuver such as the ISO 3888-2 DLC, was not capable of considering the precise local behavior of the materials constituting the flexible body, due to the FE modelling choices of the flexible body.
Conclusions
The multibody modelling of the composite transversal leaf rear suspension has been completed successfully by taking full advantage of the flexible body modelling solutions offered by Adams/CAR. The integration of a completely new flexible body in a pre-existing suspension model has been achieved. 
The static and dynamic load cases and maneuvers simulated in the Adams/CAR environment have been successfully replicated in a workshop and on a racetrack, confirming the good outcomes of the experimental procedures. The final full vehicle model can predict quite accurately the macroscopic behavior of the body of the vehicle and of its subsystems even during very demanding maneuvers. Lateral acceleration, the roll of the body and the wheel travel of the wheels have been correctly simulated by the model.
The test methodology has been proved successful, especially considering the variety of tests which have been engineered. The described techniques are simple and effective for parameter extraction to populate the various subsystems of the multibody model. Among the most challenging features extracted it is possible to highlight the center of gravity height, that demanded several approaches before reaching an acceptable error level.
Future developments of the project can include: a different FEM modelling to extract the modal response using 3D elements, that would allow the correlation of the measured strains; further investigations on the tire response to improve the correlation on the steering wheel; evaluate possible design updates and active systems to the vehicle, improving its braking, lateral and vertical performance [32-34]; and a deeper study on the hysteresis and pre-load behavior observed in the PWT testing.
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Definitions/Abbreviations
	CAD
	Computer aided design

	CFRP
	Carbon fiber reinforced polymers

	CG
	Center of gravity

	DLC
	Double Lane Change

	ECU
	Electronic control unit

	FE
	Finite Elements

	hCG
	Center of gravity height

	LVDT
	Linear Variable Displacement Transducers

	MRM
	Modified Reaction Method

	PWT
	Parallel wheel travel

	SG
	Strain gauge

	SR
	Steering Ratio
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