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Abstract: To increase the package space for the battery pack in the rear of battery electric vehicles
(BEVs), and thus extend their driving range, a novel rear axle concept called the multi-link torsion axle
(MLTA) has been developed. In this work, the kinematic design was extended with an elastokinematic
concept, and the MLTA was designed in CAD and realized as a prototype. It was then integrated into
a B-class series-production vehicle by adding masses in different locations of the vehicle to replicate
the mass distribution of a BEV. Both objective and subjective vehicle dynamic evaluations were
conducted, which included kinematic and compliance tests, constant-radius cornering, straight-line
braking, and a frequency response test, as well as subjective evaluations by both expert and normal
drivers. These test results were analyzed and compared to a production vehicle. It can be concluded
that the vehicle dynamic performance of the MLTA-equipped vehicle is, overall, 0.67 grades lower
than that of the comparable production vehicle on a 10-grade scale. According to OEM experts, this
deficit can be eliminated by tuning the different components of the MLTA and meeting the tolerance
requirements of series production vehicles.

Keywords: new rear axle concept; suspension systems; electric vehicles; BEVs; objective driving test;
subjective evaluation

1. Introduction
1.1. State of the Art

To meet the increasing challenges brought about through climate change, the EU
introduced a legislative package in 2021 called Fit for [1]. As a result, only CO2-neutral cars
will be allowed to be registered starting from 2035. To achieve this goal, there must be a
strong market penetration of CO2-neutral drive technologies in all vehicle segments. In
recent years, battery electric vehicles (BEVs) have proven to be the key technology in this
area. A crucial factor for market acceptance and, therefore, buying behavior is the range
of BEVs. This is particularly evident in the A–C vehicle segment, where package space
restrictions have led to small battery sizes. The German registration numbers from 2021
have shown that the TBA has the greatest spread in the A–C vehicle segment for BEVs [2].

For this kind of vehicle, the torsion beam of TBA limits the available package space
toward the rear, as can be seen in Figure 1.

The package space behind the torsion beam (indicated in orange) for the battery pack
is normally unused due to safety issues. It is obvious that the TBA shows only limited
design potential to create more space for the battery. Wilmes et al. [3] have presented a BEV
concept with a torsion crank axle with a torsion beam almost in the middle of the wheel
center that is supported in a lateral direction with Watt’s linkage (Figure 2a). In this way,
the package space for the drive battery can be extended in the range of 10–15%.

In 2015, ZF presented the composite leaf spring axle (CLA), which uses a laterally
oriented leaf spring made out of glass fiber-reinforced plastic (GFRP) [4] (Figure 2b). The
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CLA is based on the McPherson principle, while the conventional lower control arm is
replaced with the laterally oriented leaf spring (green) and a longitudinal control arm. In
addition, a toe link and a wheel-guided damper are used to guide the wheel. With this
design, up to 70 mm in the longitudinal direction can be gained in the rear area of the car.
This concept was further developed by Ditzer et al. [5], shown in Figure 2c. In their design,
only a wheel-guided damper combined with a GFRP leaf spring (green) was needed to
guide the wheel. The elastokinematic could be modified because of the GFRP design, which
achieved similar lateral and longitudinal compliance compared with a multi-link axle while
reducing the number of components and the axle weight [5].
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Figure 1. Underbody of the Renault Zoe with TBA rear suspension; unused package space indicated
with an orange box.

(a) (b)

(c) (d)

Figure 2. Package space-saving rear axles; increase in package space compared to conventional TBA
is indicated by red arrows: (a) torsion-crank axle with Watt’s linkage; (b) composite leaf spring axle
of ZF [4]; (c) composite leaf spring axle by Ditzer et al. [5]; (d) reversed twist beam axle to increase
package space behind the wheel center [6].
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1.2. The Concept of the Novel Multi-Link Torsion Axle

As shown in Section 1.1, the torsion crank axle may extend the battery package space
up to the wc, but the space behind the wheel center (WC) is still unused. Therefore, Fang
proposed to reverse the installation of the TBA, as shown in Figure 2d [6]. This modification
provides a significant expansion of the package space behind the WC, enabling larger
battery packs, thereby increasing the range for battery electric vehicles (BEVs). However,
this reversal of the TBA has the disadvantage of a highly increased pitch angle θ during
braking, which is not accepted by the customer.

This behavior can be seen in Figure 3a, which shows the reaction forces on the reversed
TBA during a braking maneuver. The braking force, Fx, acts at the wheel patch (WP), while
the dynamic load transfer causes a change in wheel load, ∆Fz. The resulting force vector,
Fres, is the sum of these forces. To achieve a static equilibrium state, the suspension, Fsusp,
and the spring force, FSP,WCA, at the wheel carrier (WCA) must counteract the resulting
force, Fres. The spring force can be calculated with the unit vector in spring direction eSP,
the brake support angle, εBr, which results from the geometry, and the ideal break support
angle, εi, resulting from the forces and the kinematic ratio, iSP, between the WC and spring.
It can be calculated with the following equation:

FSP,WCA = iSP · eSP · Fx · [tan(εi)− tan(εBr)] = iSP · eSP · Fz,SP,WP (1)

It clearly can be seen that the position of the instantaneous center of motion (IC) behind
the WC results in a positive angle of brake support, denoted as εBr:

εBr = −atan(∆ICz /∆ICx ) (2)

The IC position results in the vertical force component Fz,susp in the same direction as
the wheel load transfer, ∆Fz, as shown in Figure 3a. As a result, this suspension geometry
amplifies the force Fz,SP,WP, which must be counteracted via the spring force. So, this
configuration leads to increased spring compression, resulting in a high pitching angle θ
during braking.

The vertical force Fz,susp, which needs to be countered via the suspension, can be
related to the overall resulting force, which results in a negative anti-lift ratio κr for the
rear axle:

κr =
−Fz,susp

∆Fz
· % =

tan(εi)

tan(εBr)
· % (3)

To avoid this negative characteristic, Niessing, Fang, and Schlichting [7] proposed a
new axle concept called MLTA. In this design, the reversed TBA (referred to as the twist
beam equivalent (TBE)) is additionally guided via a longitudinally oriented Watt’s linkage,
as shown in Figure 3b.

The MLTA concept decouples the instantaneous center of motion (IC) of the wheel
carrier (WCA) and the WC from the rear attachment position U. The IC is formed at the
intersection of the two virtually extended control arms, so it can easily be positioned in front
of the WC in the driving direction. According to Equations (2) and (3), this will result in a
positive anti-lift ratio because of a changed sign of εBr. This can also be seen in Figure 3b,
where a portion of the resulting force is counteracted via the suspension force Fz,susp.

Figure 3c shows the kinematic equivalent model of the MLTA in an isometric view.
It consists of six parts: the left and right twist beam equivalent (TBE), connected via a
revolute joint at the shear center (SC) with two additional in-plane degrees of freedom
(DOFs) indicated with arrows. Each TBE side is connected to the body in white (BIW) with
a spherical joint at the upper body mount (U), with an additional in-line DOF. The left and
right WCA are connected to the TBE with a revolute joint at the upper wheel carrier point
(RU), and they are also guided via the longitudinal link (LL) with spherical joints at the
lower wheel carrier point (RL) and lower body mount (L). In sum, the model comprises six
spherical joints, three revolute joints, one in-plane joint, and two in-line joints, resulting in
two DOFs. The ωpwt axis represents the DOF for parallel wheel travel (PWT), while the
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ωowt axis approximates the DOF for opposite wheel travel (OWT) during roll motion. In
addition to the kinematic consideration, each wheel is connected to the WCA via a revolute
joint at the WC position, representing the wheel spindle.
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Figure 3. Reversed TBA and MLTA in comparison: (a) side view of a reversed TBA under braking
force conditions; IC is equal to the body-mount position U. (b) Side view of the MLTA under braking
force conditions. IC is not equal to the body-mount positions U and L. (c) Kinematic equivalent
model of MLTA in 3-dim view, twist beam equivalent (TBE) parts in red (right) and orange (left),
WCA (green), LL (purple), Ωpwt rotation axis for parallel wheel travel, and Ωowt rotation axes for
opposite wheel travel.

In a previous work by Niessing and Fang [7], the kinematic principle of the MLTA
mechanism was analyzed in detail. An algorithm for the MLTA kinematic similar to
that shown in Figure 3c was developed and subsequently integrated into an optimization
algorithm. The objective of the optimization was to obtain the targeted kinematic properties
of a series production TBA as a reference while taking into account the constraints defined
by the available package space in the vehicle. The optimization resulted in a hard point
configuration that satisfies both the requirements for the kinematic requirements and
package space.

1.3. Research Subject

The target of the present work is to extend the previously developed kinematic concept
with elastokinematic aspects and implement the virtual design of the MLTA to a hardware
prototype that can be integrated into a real vehicle: a 2020 Ford Fiesta. The driving
performance of this prototype vehicle should be quantified through various objective
kinematic and compliance (KnC) and driving tests. Another target of the work is to analyze
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the results of these tests and provide detailed insights into the prototype vehicle’s lateral
performance such as cornering, and longitudinal dynamic behavior concerning anti-lift,
while the assessment of the vehicle’s comfort will be addressed in a future publication.
Furthermore, the subjective ratings by both experienced and normal drivers should be
conducted. All results will be evaluated in comparison with a series-production Ford Fiesta
with mass modifications applied to reflect the battery weight. The potential of the new
MLTA should, thus, be determined.

2. Design, Modeling, and Full-Vehicle Integration of the MLTA

In the current section, the details of the realization of the MLTA concept into a proto-
type for evaluation and demonstration purposes will be shown. The overarching objective
was to fabricate an MLTA prototype with the capability of integration into the demonstra-
tion vehicle. To achieve this, a number of different requirements were placed on the axle
prototype, as well as on the test vehicle.

2.1. Compliance Analysis and Bushing Design

The first kinematic analysis of the MLTA mechanism in [7] showed that the RU Bushing
(see Figure 4) needs to satisfy high stiffness requirements to fulfill the elasto-kinematic
targets, especially to achieve low camber compliance. This is why subsequent work [8] has
concentrated on a detailed evaluation and optimization of the compliance properties of the
MLTA, based on the hard points optimized in [7].

Bushing 𝐿
Spindle Bushing 

𝑊𝐶

Bushing 𝑈

Tire Spring  
𝑊𝑃

Bushing 𝑅𝐿

TBE Structure
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𝑦 𝑥
𝑧

Bushing 𝑅𝑈
𝐹!𝐹!

𝐹!

𝐹"
𝑀#"

𝐹#"

𝐹$ 𝐹#$

Travel 

Direction

Figure 4. MLTA equipped with compliant bushings, with all kinematic joints from [7] replaced with
bushings and rigid TBE bodies substituted with compliant TBE bodies, modeled using a 12 × 12
compliance matrix. The input force Fe is highlighted for the different load cases—green, LC1; blue,
LC2; and magenta, LC3. The resulting reaction forces are shown in red.

Figure 4 shows the model used for the elastokinematic study. All kinematic joints
in [7] were substituted with corresponding elastic bushings. In addition, the radial-tire
compliance and the structural compliance of the wheel spindle were also integrated into
the model via elastic bushings at their respective positions.

Additionally, the compliance of the TBE structure was determined through finite
element method (FEM) analyses and integrated into the model using a 12 × 12 compliance
matrix (CTBE). This thusly designed equivalent model replicates the boundary conditions
of a kinematic and compliance (KnC) test rig.

Additionally, a modeling approach for the compliance analysis of suspension systems
was developed. Details can be found in [8]. The joint reaction forces of the statically
determined multibody system were formulated, and the solution was established using
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MATLAB’s symbolic Toolbox. This led to the coefficient matrix AR and the constant vector
bR, which enables the calculation of the global joint reaction force and moment vector FR:

FR = A−1
R bR (4)

With these calculated joint reaction forces, principally shown in Figure 4, the deforma-
tion velocities at individual bushings could be determined. These velocities were then
incorporated into the constant vector bq. Together with another coefficient matrix Aq, the
unknown velocities q̇ for the multibody system can be calculated. It was also formulated
using MATLAB’s symbolic Toolbox:

q̇ = A−1
q bq (5)

Subsequently, using the explicit Euler integration method, the deformations of the MLTA
could be determined. More details can be found in [8].

In total, three different load cases, as shown in Figure 4, were evaluated with the
optimized hard points shown in [7]:

- LC 1 (right cornering): Fe in y-direction at wheel patch (WP)
- LC 2 (obstacle crossing): Fe in x-direction at wheel center (WC)
- LC 3 (braking): Fe in x-direction at wheel patch (WP)

The calculation results of the joint reaction forces are shown in Table 1 (also see
Figure 3c). It displays the reaction forces at each joint in relation to the input force Fe for the
corresponding load cases, 1–3. It reveals that the RU bushing, in particular, must support
very high cardanic moments due to the very high reaction forces in the z-direction, when
lateral forces (LC1) are applied. Moreover, it clearly shows that the majority of the lateral
force is transmitted to the body-in-white (BIW) through the rear bushing located at the
U position. For load cases 2 and 3, it can be seen from Table 1 that the input forces in the
x-direction are both considerably amplified in the longitudinal direction.

Table 1. Reaction forces relative to input force Fe (normalized as 100%) at design position.

Right Cornering Obstacle Crossing Braking
LC1 LC2 LC 3

X Y Z X Y Z X Y Z
% % % % % % % % %

U 67 −200 37 −64 0 4 36 0 −2
RUi −40 −50 −968 −281 0 −114 −392 −12 −388
RUo 40 −50 968 281 0 114 392 −12 388
WP 0 0 22 0 0 −19 0 0 −55
RL 1 0 0 −36 6 15 −136 24 57
L 1 0 0 −36 6 15 −136 24 57

This leads to the design constraints for the RU bushing that it should ensure both
high cardanic and radial stiffness while minimizing the torsional rate to keep parasitic
spring rates at a minimum. To meet these criteria, the RU bushing was divided into two
individual bushings located at positions RUi and RUo, separated at a distance dRU , as
shown in Figure 5. In order to achieve the highest possible cardanic rate, the objective was
to maximize the radial stiffness of both bushings while also maximizing the distance dRU
between them.

The maximum distance dPS was particularly constrained due to the available package
space, as shown in Figure 5. On the one side, this constraint was bounded due to the
relative motion between the RU bushing and the side wall of the BIW. On the other side,
the dimension of the RU bushing was restricted due to the brake disk.
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Figure 5. Package space for the integration of the RU bushing.

In addition, a Pareto optimization of the rear U bushing with respect to stiffness
and spatial orientation was conducted using the calculation approach from Equations (4)
and (5) [8]. It results in a new kind of bushing spatial orientation, as shown in Figure 6a.
Instead of the usual practice of rotating the bushing around the global vehicle z-axis, the op-
timization proposes to rotate the bushing around the global vehicle x-axis as well. Through
this x-rotation, a camber-compensating effect (the camber angle turns negative under lat-
eral force) could be created, improving the camber stiffness of the MLTA. Additionally,
other sources of compliance, such as the wheel spindle (WC) and the TBE structure, were
identified. The radial tire stiffness also influences the measured overall compliance. Under
the influence of the forces in the individual load cases (LC1–LC3), a reaction force acts in the
vertical tire direction (Table 1), resulting in a change in the wheel position and orientation.
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Figure 6. (a) Final designed CAD model of the MLTA; (b) upper wheel carrier point middle (RU)
bushing—designed to obtain a high cardanic stiffness around the xR and yR axis; (c) upper body
mount (U) bushing with axial stop and void in the more compliant direction, xR

The individual influences of all relevant components of the MLTA can be calculated
and optimized within the available package in the reference vehicle Ford Fiesta 2020 by
changing the design and orientation of the components, as shown in Table 2. It can be
seen that the RU bushing has a significant contribution to the lateral compliance, cy, in
load case 1. The same can be said about the U bushing. Furthermore, the RU bushing
is crucial for the camber compliance in this load case. As a reference, the values of the
conventional TBA are provided in Table 2 for comparison. It can be seen that the calculated
and optimizable compliances of the MLTA are smaller than the values of the reference
vehicle in two cases (LC1—cδ; LC2—cx) and slightly larger in three other cases (LC1—cy,
cγ; LC3—cθ). According to consultations with OEMs, these values fall within the targeted
range, classifying them as suitable for series production.
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Table 2. Compliance contributions of each component of MLTA at three different load cases:
cγ—camber compliance in deg/kN; cδ—toe compliance in deg/kN; cy—lateral compliance in
mm/kN; cx—longitudinal compliance in mm/kN; and cθ—windup compliance in deg/kN.

LC1 LC1 LC1 LC2 LC3
cγ cδ cy cx cθ

RU 0.15 −4.93× 10−3 1.20 0.10 −3.43× 10−2

WC 0.06 0.006 0.30 1.00 × 10−6 −1.00× 10−6

TBE 0.04 0.025 0.44 0.11 −6.90× 10−3

WP 0.03 −4.75× 10−3 0.18 0.14 −0.16
L 4.60 × 10−5 −2.70× 10−5 2.63 × 10−4 0.50 −1.06

RL 1.00 × 10−6 −1.00× 10−6

< 7.00 × 10−6 0.01 −2.92× 10−2

U −0.04 −0.03 1.04 0.07 −1.26× 10−2

SUM 0.24 −8.15× 10−3 3.16 0.95 −1.31
TBA (reference) 0.18 −5.5 × 10−2 3.03 1.49 −0.72

2.2. Suspension Design and Manufacturing

After the concept had been completed, detailed part design was conducted. Figure 6a
shows the CAD data, consisting of five main components. Component 1 is the welding
assembly, which includes the twist beam and the two trailing arms. This assembly is similar
to a conventional twist-beam axle (TBA), so it is called twist-beam equivalent (TBE), as
mentioned previously. This assembly connects to components 2 and 3, the left and right
wheel carriers (WCAs). Components 4–5 are defined as the two longitudinal links (LLs),
pointing in the driving direction and completing the longitudinally oriented Watt’s linkage.

2.2.1. Prototype Bushings

Each component is interconnected to the other and to the body in white (BIW) via the
different elastomer bushings. Table 3 summarizes the bushing properties. The designed
characteristics result in the corresponding compliance contributions shown in Table 2.
The U and RU bushings were optimized as described above and specifically designed
and manufactured by the project partner Vorwerk Autotec. However, the prototypical
manufacturing of the RU and U bushings results in deviations between the optimized
(designed) stiffness values and the actual measured stiffness values, as shown in Table 3.
The spatial orientation of each bushing is given with the Euler angles according to the
z − x′ − z′′ convention.

Kinematically, the RU bushing acts as a revolute joint, as shown in Figure 3c. Its design
was developed to have the highest possible cardanic stiffness with respect to the xR and
yR axis (k4, k5) in combination with the lowest possible torsional rate, k6, around the axial
direction zR (Figure 6b). In comparison, the prototype RU bushing shows a significant
reduction in the radial rates k1 and k2, resulting in a decrease in the cardanic rate (k4 and
k5). Additionally, there is a substantial increase in the torsional rate k6, which is doubled
compared to the designed value, leading to an increased parasitic spring rate and, thus, an
increased wheel rate (see Section 3.1).

The U bushing has a metal inlay and a void in the compliant radial direction xR
(Figure 6c) to create two distinct radial rates. The comparison between the designed
and prototype characteristics reveals that the prototype U bushing exhibits a significant
deviation in stiffness k3 (zR-direction) of 63%. Furthermore, there is an increase in the
torsional rate of 78%.

The lower body mount (L) and lower wheel carrier point (RL) bushings were used
from a serial-production, multi-link suspension of the VW MQB platform, and they re-
mained unchanged.

It has to be noted that the deviation of the designed and achieved (prototype) bushing
stiffness was caused by the restricted possibilities in the prototype manufacturing of
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bushings and the varying elastomer properties. Its impact on the elastokinematic behavior
will be evaluated in the subsequent kinematics and compliance (KnC) analysis.

Table 3. Comparison of designed and prototype bushing characteristics for the MLTA prototype
(designed values are normalized as 100%).

k1 k2 k3 k4 k5 k6 Eulerangles
N

mm
N

mm
N

mm
Nm
deg

Nm
deg

Nm
deg deg

U (designed) 100% 100% 100% - - 100% 348.7, 122.8, 114.7
U (prototype) 121% 107% 163% - - 178% 348.7, 122.8, 114.7
RU (designed) 100% 100% 100% 100% 100% 100% 180, 90, 0
RU (prototype) 80% 80% 95% 80% 80% 201% 180, 90, 0
RL 2 × 104 2 × 104 660 - - - 180, 90, 0
L 310 1730 175 - - - 169.9, 90, 202.6
WP - - 250 - - - 0, 0, 0
WC - - - 4818 4818 - 180, 90, 0

2.2.2. Component Design

The manufacturing of the individual components was mainly realized by the project
partners CP Tech, Mubea, and Schmedthenke Werkzeugbau (SWB). The development of the
TBE body was particularly challenging in terms of the structural design and manufacturing
process. Specifically, the torsion beam had to achieve the highest possible bending stiffness
to meet the required elasto-kinematic targets while also fulfilling a torsion angle of ±10◦

for the half-length with a defined torsional rate [9,10]. The design was carried out in several
iteration loops using the FEM. Afterwards, the torsion profile was manufactured in a deep
drawing process using a prototype tool, which was designed and built by SWB. Finally,
the torsion beam was manually welded with the two curved-shaped trailing arms at CP
Tech. The wheel carrier was milled using an aluminum block for easier manufacturing.
The longitudinal link was a sand-casting aluminum component.

Since all components were manually made as prototypes, the ability to control the
tolerances of the total assembly was limited, and only a few pieces of the prototypes
could be made. For example, the manually welded trailing arm was outside the allowable
tolerances range of series production TBA. Along with the deviations in bushing stiffness
mentioned in the last section, the tolerances of the MLTA influenced the results of both
objective and subjective tests, as discussed later in Sections 3 and 4.

2.3. Full Vehicle—Design of the Battery Equivalent and Mass Properties
2.3.1. Vehicle Variants

The demonstration vehicle was a Ford Fiesta 2020 (8th Generation B479, 2017–2023)
with an internal combustion engine (ICE). Three different vehicle setups were defined. The
first setup, referred to as Variant A (VarA), represents the production vehicle with standard
rear suspension and no modifications. The multi-link torsion axle (MLTA) is intended to
expand the space for batteries, as described above. Because the prototype vehicle has a
combustion engine, the mass properties of a hypothetical BEV were represented using
additional mass dummies as battery equivalents. That is why the second variant, referred
to as Variant B (VarB), takes into account the mass influences of a hypothetical battery pack
with two mass dummies mounted onto the underbody (Figure 7a) and one mass dummy
mounted in the trunk. They were mounted into the BIW with nearly no influence on the
body stiffness (see Figure 7a). In this mass dummy design, the other aggregates of an ICE
and BEV were also taken into account: the ICE aggregates (combustion engine and fuel
tank) were removed and virtually substituted with BEV aggregates (an electric motor, a
battery, and its management systems).

The third variant, referred to as Variant C (VarC), was finally equipped with the MLTA.
The mass properties between VarB and VarC remained unchanged, allowing a comparison
of driving dynamics through a subjective evaluation described in Section 4. In this way, the



World Electr. Veh. J. 2024, 15, 310 10 of 26

MLTA’s influence on the lateral driving behavior can be investigated uncoupled from the
mass influence.

(a) (b)

Figure 7. Prototype vehicle equipped with the MLTA (VarC): (a) a mass dummy to represent the mass
properties of a BEV based on the reference vehicle; (b) a detailed view of the 90-degree-rotated mass
dummy attachment.

For the first design of the battery, a battery pack with eight modules that had a
net energy content of 27.2 kWh was virtually placed into the body in white (BIW) CAD
model of the Ford Fiesta (Figure 8a) [11]. To position the battery in the horizontal plane
(xy), the surrounding vehicle structures were considered. As a result, the battery was
positioned between the torsion profile of the originally equipped TBA (yellow) and the
front (orange) subframes (Figure 8a). For realistic battery positioning in the vehicle’s
vertical direction, zG, the position was mainly defined according to the limiting surface
required for ground clearance.

Twistbeam (TBA) Battery SubframeBattery modulesMulti-Link Torsion Axle (MLTA)(a) (b)
Twistbeam (TBA) Battery SubframeBattery modulesMulti-Link Torsion Axle (MLTA)

Figure 8. Underbody of the full vehicle: (a) view of the prototype vehicle underbody and conventional
TBA equipped with the BMW i3 battery and 8 battery modules and (b) underbody with MLTA and
11 battery modules and a +30% total volume increase for battery cells.

In the same way, the battery package plan was conducted for MLTA, and Figure 8b
shows that three modules may be added, which leads to an increase in the energy content
of about 10.2 kWh. The utilization of the battery volume (volumetric energy density, Wh/L)
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has increased rapidly in recent years [12,13]. The cell-to-pack design [14] and cell-to-body
design [15] may especially enable a higher energy density.

Therefore, the total volume of the battery pack was considered as well, rather than the
module size. The results indicate that the battery volume (as shown in Figure 8b) can be
increased by 30%. When a power consumption of 15 kWh/100 km and a state-of-the-art
volumetric energy density of 266 Wh/L [16] are assumed, this expansion could result in a
range increase of about 115 km.

2.3.2. Mass Dummy Development

To analyze the influence of the battery pack mass mBP on vehicle dynamics, mass
dummies had to be developed and attached to the ICE vehicle. Because the vehicle is
powered via an ICE, the mass of the combustion engine mICE and fuel tank mFT , as well as
the mass of a hypothetical electric engine, mEE, and battery pack, mBP, had to be considered
in the design of the mass dummies. The overall weight, mMD, of all mass dummies can be
calculated using the following formula:

mMD = mBP + mEE − mICE − mFT (6)

This results in a total mass of 320 kg for the mass dummy. In addition, the position of
the new center of gravity, cg, was calculated and considered. The results of the different
vehicle setups are shown in Table 4.

Table 4. Summary of the mass properties of the different vehicle variants in the 2UP load condition:
VarA original Ford Fiesta Vehicle, VarB vehicle with installed mass dummies and standard TBA and
VarC vehicle with installed mass dummies and MLTA.

Vehicle Variant VarA VarB VarC

mV Vehicle weight (kg) 1312 1643 1644
m f Axle load front (kg) 781 876 872
mr Axle load rear (kg) 531 767 772
Weight distribution 60%/40% 53%/47% 53%/47%
cgx Center of gravity (rel.) 100% 106% 106%
cgz Center of gravity (rel). 100% 86% 86%
Ixx (curb) (rel.) 100% 107% 107%
Iyy (curb) (rel.) 100% 117% 119%
Izz (curb) (rel.) 100% 115% 119%

The integration of the MLTA prototype into the BIW was realized using a tubular
frame (see Figure 9a) and corresponding attachment brackets for U and L. In addition, the
spring and damper positions had to be adjusted for VarC (see Figure 9b) because of package
space restrictions. The design and hardware manufacturing was conducted by the project
partner CP Tech.

To consider the changed mass properties, the front and rear suspension of VarB and
VarC was equipped with a new spring and damper setup that was designed by Ford. The
springs were adapted to the new axle loads (Table 4): the spring rate was increased by about
50% at the rear and 13% at the front to achieve approximately the same ride frequency of
about 1.4 Hz as VarA.

Due to the increased masses, the dampers also had to be adjusted. Additionally,
the change in the damper hard points for VarC changed the damper ratio (Figure 9b).
Considering these effects, the dampers for VarB and VarC were adjusted so that they
approximately achieve the same damping measure for the compression stage, Dcomp, and
rebound stage, Drebound, as VarA. Further details of the spring/damper design cannot be
disclosed due to confidentiality reasons.
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(a) (b)

Figure 9. Prototype vehicle equipped with the MLTA (VarC): (a) tubular frame for the attachment of
the MLTA; (b) Ford Fiesta modified with the MLTA prototype in a side view.

3. Objective Evaluation of the MLTA
3.1. Testing the Component-Level Kinematics and Compliance

The first step for the vehicle evaluation was the KnC test. During the KnC test, forces
were applied at the wheel contact points via wheel-independent platforms that can be
moved in the ground plane direction. The relative motion between the suspension and
vehicle body is applied via a platform underneath the vehicle, which is connected to the
BIW at four points on the rocker panel. Throughout the tests, wheel-individual forces and
positions are measured by measuring arms and load cells (Figure 10). The ride height of
the vehicle is adjusted according to the loading condition 2UP (driver + front passenger,
without design luggage).

Clamped areas Tire platforms + 
loadcells

Measuring arm

Figure 10. Vehicle with MLTA suspension on kinematic and compliance (KnC) test rig. The BIW is
fixed to the test rig at the areas highlighted. Each tire stands on an individual moving platform. The
wheel position and orientation are detected via the measuring arm.

Figure 11a shows the measured wheel rate cWC during parallel wheel travel as a
function of the relative wheel-center displacement for Variants B (black) and C (red).

To quantify the influence of deviation in bushing properties, the wheel rate was
calculated approximately based on the kinematic results from [7] (also see the end of
Section 1.2), as well as the spring stiffness (kSP) and bushing torsional rates (k6) from
Table 3. Since the method in [7] was developed for kinematic calculations of the MLTA, only
the values around the design position could be calculated with a good approximation. In the
first step, the kinematic ratio for each bushing and spring element was calculated relative to
the WC. For the bushing ratios, the velocity component in the local k6-direction, as defined
according to the Euler angles in Table 3, was considered. Similarly, for the spring ratio, the
component of velocity in the direction of the spring was taken into account. Additionally,
to incorporate the effect of spring preload forces, the preload (FSP) was multiplied by the
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spring’s kinematic ratio gradient, as outlined in [17]. The overall wheel rate, cWC, was then
derived by summing the influences from all bushings (n) and the spring:

cWC =
n

∑
m=1

(k6,m · i2Bush,m) + kSP · i2SP + FSP · diSP
dt

(7)

The magenta line indicates the approximated wheel rate using the optimized (de-
signed) bushing characteristics, while the light blue line shows the resulting wheel rate for
the prototype bushing characteristics, as shown in Table 3.

(a) (b)

Kinematic 
gradient Kinematic 

gradient 

Kinematic 
gradient Kinematic 

gradient 

(c) (d)

Figure 11. KnC results, comparison between VarB and VarC: (a) wheel rate during bounce motion
and approximated wheel rate with designed bushing characteristics (magenta) and with prototype
bushing characteristics (light blue), (b) roll rate during roll motion, (c) toe kinematic, and (d) camber
kinematic for parallel and opposite wheel travel and gradients calculated with the kinematic model
from [7] (light blue).

The bump stop’s jump-in point is indicated by the stiffness rise at approximately
10 mm of wheel-center travel for VarB and 40 mm for VarC. As wheel travel increases,
the bump stop compresses further, causing the stiffness to progressively increase. The
comparison of the curves reveals that, at zero wheel-center displacement (2UP), the wheel
rate cWC for VarC increased by +30.2%, as shown in Table 5. This increase is caused by the
parasitic spring rates of the prototype bushings, which are higher than designed, as proven
by the light blue and magenta lines in Figure 11a.

The delayed jump-in point for VarC can be explained by a missing spacer between the
bump stop and damper, which was a mistake during installation that was unfortunately
identified after all the tests were completed. Furthermore, VarC shows an increasing wheel
rate during rebound, which is a result of the increasing kinematic ratio between the wheel
center and the RU bushing.
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The evaluation of the suspension roll rate cϕ,WC at the rear, which is defined as
the derivative of the rear roll moment with respect to the suspension roll angle (body
roll angle without vertical tire effects), is shown in Figure 11b. In this convention, a
negative suspension roll angle corresponds to a left turn. The results indicate an increase
in the roll rate for VarC of about +6.3% at zero suspension roll, which is a result of the
increased parasitic spring rate of the prototype bushing differing from the design target
value. Additionally, the difference in the bump stop jump-in point between VarB and VarC
is noticeable. For VarB, cϕ,WC shows a significant increase at a ≈±1◦ roll angle, whereas for
VarC, the jump-in point occurs at a ≈±4◦ roll angle.

Figure 11c,d shows the toe and camber kinematics in comparison between both
variants for bounce and roll motion. The results show that the toe gradient ∆δroll and
the camber gradient ∆γroll for roll and bounce motion are very similar for VarB and VarC.
The results are shown in Table 5. For comparison, the light blue lines show the kinematic
gradients calculated using the method in [7]. The comparison between the kinematic curve
and the actual measured curve of the MLTA (red) demonstrates good agreement. Hence,
the kinematic calculations from [7] have been validated with the KnC measurements.

Figure 12a illustrates the trajectory of the wheel center during bounce motion in a
side view (xy-plane). The results clearly show that, due to the kinematic of the MLTA’s
longitudinally oriented Watt’s linkage (see Figure 3b), VarC shows a positive wheel-center
recession τwc compared with the negative recession from VarB. This fact should have a
positive impact on vehicle comfort, especially for single impacts [17]. Again, the kine-
matic gradient calculated in [7] and highlighted in light blue corresponds well with the
measurement result.
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Figure 12. KnC results, comparison between VarB and VarC, and model calculation with designed
bushing characteristics (magenta) and with real prototype bushing characteristics (light blue): (a) tra-
jectory of the wheel center during bounce motion in xz—side view, (b) lateral compliance at the wheel
contact patch, (c) camber compliance, and (d) toe compliance.
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Figure 12b shows the lateral displacement at the projected contact patch as a function
of lateral force. The results reveal that Variant B (represented in black) and Variant C
(depicted in red) are very similar. The magenta line marks the compliance calculated using
the modeling approach previously described, incorporating the designed bushing charac-
teristics. The light blue lines represent the compliance achieved with the real prototype
bushing characteristics. Notably, both lines align closely with the compliance observed in
the measurement results.

Figure 12c,d shows the relative camber and toe change of the left rear wheel as a
function of the lateral force at the wheel patch. In addition to the lateral force, an alignment
moment was introduced that represents the moment caused by a pneumatic trail of 30 mm.

The camber compliance cγ shown in Figure 12c increased significantly by +66.7% to
0.3 deg/kN, which should be optimized. The increased compliance can be attributed to the
deviation of the RU bushing properties from the design target, which can also be seen from
the comparison between the magenta (designed) and light blue (prototype) lines, which
reflect the results of the compliance calculation.

The results of the toe compliance measurement showed that the cδ of VarC has de-
creased significantly compared with VarB and is now clearly closer to a neutral toe behavior.
This can be explained by the reversed installation direction, which creates a natural toe-in
tendency under lateral force for the TBE (see Table 2). The elasto-kinematic bushing setup
(especially at U) creates, however, a toe-out tendency. The entire toe compliance of the
MLTA is the sum of both effects, detailed in Table 2 and illustrated with the light blue line
in Figure 12d. The magenta line corresponds to cδ using the designed bushing stiffness.
This means that a larger toe-in can be achieved when the designed bushing characteristic
is met.

The design of the bushings in Section 2.1 was optimized to achieve stiffness characteris-
tics comparable to a TBA. However, because of strong deviations in stiffness characteristics
in the real prototype bushings, the design targets could not be fully achieved. Table 5
summarizes the results of the KnC-measurement.

Table 5. Summary of the KnC results in 2UP loading condition.

Characteristic Values Figure VarB VarC C to B

Knc
cWC Wheel rate (N/mm) Figure 11a 33.37 43.45 +30.2%
cϕ,WC Roll rate (Nmm/deg) Figure 11b 1065.14 1132.00 +6.3%
∆γroll Camber gradient @ roll (deg/mm) Figure 11c −4.71 × 10−2 −4.93 × 10−2 −4.7%
∆δroll Toe gradient @ roll (deg/mm) Figure 11d 5.20 × 10−3 5.83 × 10−3 +12.1%
τwc Wheel-center recession (mm/m) Figure 12a −130 167 +228%
cy,WP Lateral compliance (mm/kN) Figure 12b 2.94 3.27 +11.2%
cγ Camber compliance (deg/kN) Figure 12c 0.18 0.3 +66.7%
cδ Toe compliance (deg/kN) Figure 12d −0.05 −0.01 +80.0%

3.2. Testing at Vehicle Level—Objective Evaluation
3.2.1. Vehicle Instrumentation

Throughout the objective evaluation, a number of different vehicle parameters were
measured, depending on the corresponding driving maneuver.

To determine the vehicle fixed velocities in the longitudinal (x) and lateral (y) direc-
tion, a correvit sensor was used that was mounted in front of the vehicle (Figure 13a). In
combination with the vehicle yaw rate, which was measured with an inertia measurement
unit (IMU) (Figure 13b), it was possible to evaluate the vehicle side-slip angle at arbitrary
positions on the vehicle body. The steering wheel angle and torque were measured with
a steering effort sensor on the steering wheel (Figure 13c). Furthermore, laser distance
sensors were installed to measure the vehicle heave motion at the front (dive) and the rear
(lift) relative to the ground to determine the total pitch angle of the vehicle (Figure 13d). The
lateral acceleration and exact vehicle position were measured with the help of the above-
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mentioned inertia measurement unit (IMU) and a dual GPS-antenna setup (Figure 13e).
Figure 13f shows the data logger on the passenger seat, which caused an approximately
2UP-loading condition during the objective handling tests.

(a) (b) (c)Corevit-sensorCorevit-sensor

(d) (e) (f)

Figure 13. Instrumentation of the prototype vehicle: (a) steering effort sensor, (b) correvit sensor,
(c) inertia measurement unit (IMU), (d) laser distance sensor at left rear wheel, (e) GPS-antenna setup,
(f) data logger on the passenger seat.

3.2.2. Steady-State Evaluations—Constant-Radius Cornering

The steady-state cornering behavior was evaluated by performing a constant-radius
cornering (CRC) maneuver with a radius R of 100 m. Six runs were evaluated in total, with
three in each direction (left and right). A polynomial curve was used for regression analysis
to fit the test data for both left and right test runs. For clarity, the test results of the left runs
were converted into the signs of the right curve by changing the sign convention. A mean
curve was then generated based on all six runs and shown in Figure 14, along with the
standard deviation ±σ as error bars.
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Figure 14. Objective results of the constant-radius cornering maneuver at a 100-m radius: (a) steering
wheel angle δH as a function of the lateral acceleration ay and (b) body roll angle φ as a function of
the lateral ay.
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Figure 14a shows the mean curve of steering wheel angle δH as a function of the lateral
acceleration, ay, at the center of gravity. Both variants have the same steering ratio, which
allows for a direct comparison of the steering wheel angle. The blue line indicates the
Ackerman condition, which is defined according to the vehicle length, l, and cornering
radius, R. The comparison between both variants clearly shows less understeer tendency
in the range from 0.3 to 0.7g for the vehicle equipped with the MLTA (VarC). This behavior
is most likely caused by the different deviations of the MLTA prototype to the optimized
design, which leads to an increased slip angle, αr, at the rear.

However, at higher acceleration levels, the MLTA tends to show a higher understeer
tendency. This behavior could be caused by the axial stop of the U bushing (see Figure 6c),
resulting in greater axial stiffness.

To quantify the self-steering behavior, the self-steer gradient dδH
day

was evaluated at
three different lateral accelerations, 0.1 g, 0.4 g, and 0.85 g, and listed in Table 6. There,
clear differences between VarB and VarC can be seen. The standard deviation reveals a
large degree of scatter in the data for VarC above 0.7 g. Therefore, the value at higher
accelerations should be interpreted with caution.

The evaluation of the body roll angle φ in Figure 14b during the constant-radius
cornering shows no significant differences between both variants. To quantify this, the roll
angle gradient ∆φ, which describes the roll angle per lateral acceleration, was evaluated.

The results of all objective driving tests are summarized Table 6.

3.2.3. Steady-State Evaluations—Braking

The kinematic concept of the MLTA, as described in the introduction, aims to maintain
the anti-lift behavior of the rear axle at the level of the standard TBA. To validate the
kinematic concept and assess the pitch behavior, the vehicle was equipped with laser
distance sensors at the front and rear axles to measure the heave motion during braking, as
shown in Figure 13d.

The stationary heave motions (after the vehicle stabilized from initial braking over-
shoot) were measured for VarB and VarC at various decelerations ax and shown in Figure 15a.
A first-degree polynomial regression was used to fit the measurement points, leading to
the dive gradient, ∆κ f , for the front and to the lift gradient, ∆κr, at the rear axle. Since no
measurement results were available for VarB, the results were obtained using a multibody
simulation (MBS).
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Figure 15. Comparison of straight-line braking results between VarA (MBS simulation), VarB (Mea-
surement TBA), and VarC (Measurement MLTA) linear regression yielded the following: (a) front
dive ∆κ f and rear lift ∆κr gradients from heave motion and (b) pitch gradient ∆θ from pitch motion.

The result in Figure 15a clearly shows that both VarB and VarC show less dive motion
at the front and significantly less lift motion at the rear compared to the reference vehicle
(VarA). This reduction in dive and lift motion is attributed to the mass dummy installed,
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which lowers the center of gravity (cgz) by 14% (Table 4), and to the increased spring
stiffness compared to VarA.

The comfort perception during braking is primarily attributed to the vehicle’s pitching
motion [18], which can be determined straightforwardly from the wheelbase and the heave
at the front and rear axles.

The results are illustrated in Figure 15b. The comparison reveals that VarC exhibits
a slightly increased pitching gradient (+10%) compared to VarB. However, the pitching
gradient of both variants, VarB and VarC, is significantly below the level of the production
vehicle (VarA).

This confirms the effectiveness of the kinematic concept of the MLTA in achieving
good anti-lift behavior. The results of the braking evaluation are summarized in Table 6.

3.2.4. Lateral Transient Response—Frequency Response with Sweep Steer Maneuver

To evaluate the lateral transient driving behavior of the vehicle in the relevant fre-
quency range of 0–3 Hz, a sweep steer test was performed. For this purpose, a steering-
wheel angle sweep (0–3 Hz) with an amplitude of ≈16◦ was applied at a driving speed of
120 km/h (see Figure 16a). Lateral acceleration of ≈0.4 g was achieved in accordance with
ISO 7401 [19].

Figure 16a shows the signal for the steering wheel angle and corresponding output
signal for ay in the time domain for one test run. The respective input signal of the steering
wheel angle δH , which is denoted as x(t), was transformed into the frequency domain X( f )
using the fast Fourier transformation (FFT) algorithm. The auto power spectrum GXX( f )
can be obtained by multiplying the conjugate complex FFT result X∗( f ) with X( f ) [20].
Furthermore, the cross-power spectrum, GXY( f ), can be calculated from two different
signals similarly: multiplying the conjugate complex result, X∗( f ), of the FFT with the
corresponding output signal, Y( f ):

GXX( f ) = X∗( f ) · X( f ) (8)

GXY( f ) = X∗( f ) · Y( f ) (9)

Assuming that the output signal shows more dominant noise components compared
with the input signal, the complex transfer function, H( f ), can be estimated using the
following equation:

H( f ) =
X∗( f ) · Y( f )
X∗( f ) · X( f )

=
GXY( f )
GXX( f )

(10)

Figure 16 shows the results of the frequency response test with the test parameters
described above. For the evaluation, the gain and phase angle between the input and
output signal were determined from the respective transfer function, H( f ). The literature
suggests evaluating different transfer behaviors for this test, which are expected to show
a high correlation to subjective evaluation. Thus, the transfer characteristics between the
steering wheel angle δH as the input and vehicle lateral acceleration ay and yaw rate Ψ̇ as
the output are described as a good correlation to the subjective perceived response of the
vehicle [21].

The gain response of ay is shown in Figure 16b. The frequency spectrum was evaluated
from 0.2 to 3 Hz. This particular frequency range was chosen because the steering input
signal below 0.2 Hz does not form a significant part of the input signal. The steady-state
gain is evaluated using the factor ( ay

δH
)sts at 0.2 Hz, as indicated with the blue dashed lines.

The result shows a slightly higher value for VarC compared with VarB by 2.1%. The cutoff
frequency ωay,c, which is defined as the frequency at which the signal power is reduced
by −50% (−3 dB), was determined, and no significant difference was found between the
two variants.

The phase response of ay is shown in Figure 16c. Here, the phase shift for VarC
increases at a slower rate compared with VarB. To quantify this difference, the frequency
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ωeq,ay at which the phase shift reaches −45 was evaluated. The results show that VarB
reaches ωeq,ay at 0.94 Hz, whereas VarC reaches the same phase shift at 0.88 Hz.
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Figure 16. Objective result of the frequency response test at 120 km/h and 0.4 g: (a) time signal for
the steering wheel angle and the lateral acceleration, (b) gain response of lateral acc. ay, (c) phase
response of lateral acc. ay, (d) gain response of yaw rate Ψ̇, (e) phase response of yaw rate Ψ̇, and
(f) lag times for lateral acc. ay and yaw rate Ψ̇.

Figure 16d displays the gain response for the yaw rate. The results reveal a slightly
increased steady-state gain factor of ( Ψ̇

δH
)sts (+3.2%) for VarC compared with VarB. Addi-

tionally, the resonant frequency, ωΨ̇,r, is reduced from 1.54 Hz for VarB to 1.46 Hz for VarC.
The peak-to-gain ratio, KΨ̇,max, also exhibits a slightly increased ratio (+2.7%) for VarC.

The phase response of the yaw rate is shown in Figure 16e. Similar to the previous
results, VarC shows a slower reduction in the phase shift compared with VarB. Specifically,
the results indicate that VarC reaches ωeq,Ψ̇ at 1.56 Hz, while VarB reaches the same phase
shift at 1.48 Hz.

To quantify how quickly a system (vehicle) responds to changes in input, one com-
monly used characteristic is the effective time constant, which is denoted as Teq [22]. This
value can be calculated based on the previously evaluated frequencies of ωeq,Ψ̇ and ωeq,ay:
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Teq =
45◦

360◦
· 1

ωeq
(11)

Figure 16f displays the delay time, which is also known as lag time, along with the
corresponding effective time constant marked with a blue dashed line. The results clearly
indicate that, over the entire frequency range of 0.2–3 Hz, VarC exhibits reduced lag times.

Previous studies have evaluated the correlation between subjective ratings and ob-
jective results in the frequency response test [22–24]. Based on these results, several
recommendations were provided. Specifically, it was advised to avoid a high resonance
peak in the yaw gain [25–27], as depicted in Figure 16d. Additionally, the cutoff frequency
for lateral acceleration should not be too low [22], as shown in Figure 16b. A small phase
shift is generally preferred for achieving an agile driving feel [28].

The evaluation results reveal that VarC achieves shorter lag times, as presented in
Figure 16f. However, the resonance peak for the yaw response is more significant for VarC
compared with VarB, as depicted in Figure 16d. Moreover, VarC exhibits higher steady-state
gains, leading to the conclusion that MLTA provides a more agile driving feel than VarB.
All findings are summarized in Table 6.

Table 6. Summary of the objective driving evaluation.

Characteristic Values Figure VarA VarB VarC C to B

Constant-radius cornering (CRC)
( dδH

day
)0.1 Self-steering gradient @ 0.1g (deg/g) Figure 14a 29.0 30.0 +3.4%

( dδH
day

)0.4 Self-steering gradient @ 0.4g (deg/g) Figure 14a 31.0 19.0 −38.7%

( dδH
day

)0.85 Self-steering gradient @ 0.85g (deg/g) Figure 14a 55.0 66.0 +20.0%
(∆φ) Roll gradient (deg/g) Figure 14b −3.85 −3.81 −1.0%

Straight-line braking (SLB)
∆κ f Dive gradient (mm/g) Figure 15a 40.3 36.0 35.3 −1.9%
∆κr Lift gradient (mm/g) Figure 15a −34.9 −6.8 −14.0 −105.9%
Hip-point rise gradient (mm/g) Figure 15a −0.1 15.40 11.6 −24.7%
∆θ Total pitch gradient (deg/g) Figure 15b 1.7 1.0 1.1 10%

Frequency response (FR)
ωay,c Cut-off frequency (Hz) Figure 16b 1.42 1.4 −1.4%
ωΨ̇,r Resonant frequency (Hz) Figure 16d 1.54 1.46 −5.2%
(

ay
δH

)sts Gain for lateral acc. (g/deg) Figure 16b 2.05 × 10−2 2.09 × 10−2 2.1%

( Ψ̇
δH

)sts Gain for yaw rate (deg/s)/deg Figure 16d 3.51 × 10−1 3.62 × 10−1 3.2%
KΨ̇,max Gain ratio (−) Figure 16d 1.49 1.53 2.7%
Teq ,ay Effective time constant (ms) Figure 16f 141 135 −4.6%
Teq ,Ψ̇ Effective time constant (ms) Figure 16f 84 81 −3.6%

4. Subjective Evaluation of the MLTA Prototype

In addition to the objective driving tests, subjective driving tests were also carried
out. At the beginning of the development, trained expert drivers drove the mass dummy
modified vehicle (VarB) and compared it with the standard reference vehicle (VarA) to
quantify the influence of the additional masses on the subjective evaluation. After that, the
mass-modified vehicle was equipped with the MLTA (VarC) and evaluated in the same
way. The results are shown in Figure 17 as relative values due to the confidentiality of the
absolute data. VarA (green curve) serves as the baseline, while the rating for VarB is shown
in black and the rating for VarC in red. All reference values for VarA were set to 5, and the
deviations for VarB and VarC are depicted relative to these baseline values. The ratings can,
thus, be directly compared. The differences in ratings between the variants are shown on
the right side of the snake chart.
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Figure 17. Subjective evaluation results shown in relative values; VarA (green curve) serves as a
reference with all values set to 5: (a) ride and steering evaluation by expert drivers; (b) evaluation by
normal drivers regarding single impacts, straight-line braking, and free evaluation.

4.1. VarA to VarB Evaluation—Experts

The results in Figure 17a show that VarB’s increased mass (see Table 4 for variant con-
figuration) negatively impacted the ride evaluation compared with VarA. The primary
ride received a lower rating because the spring and damper of VarB were not fine-tuned to
the increased weight of the vehicle or the new mass distribution and inertia, as shown in
Table 4. However, single impacts and secondary ride behavior were rated slightly better
than the production vehicle due to the increased mass.

The steering evaluation for VarB shows slightly worse behavior in straight-line and
cornering controllability. The time delay in the response from the rear axle to the front
axle was especially noted. This was mainly caused by the increased mass inertia and the
damper setup, which was not adjusted accordingly. In total, the mass-added VarB achieved
0.12 grade less in performance than the series VarA.

4.2. VarA to VarC Evaluation—Experts

At the end of the development, the MLTA-equipped vehicle VarC was also evaluated
by expert drivers and compared with vehicle VarA. Across all categories, the MLTA was
rated worse. In particular, for ride performance, the bump stop characteristic was noted
negatively because it responded too progressively. This subjective feeling can be explained
by the KnC results concerning the wheel rate in Figure 11a: The bump stop rate and the
RU bushing’s torsional rate increased with increasing bounce and rebound. This led to an
increase in the parasitic spring rate and, thus, a negative impact on ride comfort.

Concerning the steering evaluation, VarC performed worse straight ahead, especially
in cornering controllability. The drivers criticized the vehicle’s strong progressive response
behavior in cornering, which is reflected in a significantly lower rating, as depicted in
Figure 17a. This feeling can be explained by the results of the frequency response test,
which revealed increased steady-state gains for the lateral acceleration (

ay
δH
)sts shown in

Figure 16b and the yaw gain ( Ψ̇
δH
)sts shown in Figure 16d. This was most likely caused

by tolerances of different components of the MLTA prototype in terms of precision and
stiffness (see the end of Section 2.2.2).

Moreover, the drivers criticized the unbalanced setup from the front to the rear axle,
which was particularly noticeable during the straight-ahead evaluation. This issue was most
likely caused by the prototype vehicle’s non-series-tuned spring, damper, and stabilizer
setup. In addition, the modulation and precision of VarC were rated worse, which was
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likely caused by the increased camber compliance, as shown in the results of the kinematic
and compliance (KnC) tests (see Figure 12c and Table 5).

In total, the MLTA VarC was rated 0.79 grade lower than the series VarA and 0.67 lower
than VarB. However, according to the expert drivers, the deficits described above were
acceptable for a single-piece prototype without any tuning of components because the
performance deviations were mostly in a “tuneable” range.

4.3. VarA to VarC Evaluation—Normal Drivers

In addition to the expert driver’s evaluations, the MLTA-equipped prototype vehicle
was evaluated by 11 “normal” drivers compared with a production vehicle. The evaluation
sheet was modified because of the changed track conditions (Figure 17b). It is worth noting
that a wide scattering of the results is typical for evaluations by normal drivers [21]. In
total, three maneuvers were driven, whereas different characteristics had to be evaluated
for the single maneuvers.

During the first test, which involved a single impact at 30 km/h, the results were
largely in agreement with those obtained by expert drivers. On average, the MLTA (VarC)
was rated −1 grade worse compared with the −0.75 rating from the expert drivers (see
Figure 17a). During the second test, the drivers were asked to rate the pitch and braking
behavior of the vehicles. The drivers noticed a smaller stationary pitch angle of VarC
and rated it +1.1 better than VarA. This observation is supported by the evaluation of the
objective data (see Figure 15 and Table 6). During the free evaluation, the drivers evaluated
the driving behavior of the vehicles on a forest track based on seven different criteria. The
impact of the additional masses was evident, with the lower center of gravity reducing the
vehicle’s tendency to roll.

Overall, the normal drivers rated VarC −0.75 grade lower than the production vehicle
VarA, while the expert drivers had very similar results, with VarC rated −0.79 grade lower
than VarA and −0.67 lower than VarB.

5. Summary and Conclusions

Based on a novel concept of MLTA for rear suspension for the application in BEVs, and
the previously developed calculation approach for the kinematic of the axle, in this work,
an elastokinematic calculation concept has been introduced. With this concept, the targeted
stiffness characteristics of rubber bushings were calculated, and the corresponding design
was proposed. All components of the MLTA were made using a prototyping method and
manually welded and assembled. One single prototype vehicle based on Ford Fiesta 2020
with MLTA and modified BIW was built. Due to the manual method and prototyping
process, deviations concerning dimensional tolerances and stiffness characteristics from the
targeted values that were calculated with the elastokinematic and MBS methods occured.

The vehicle dynamic performance of this prototype vehicle with MLTA (VarC) was
evaluated both objectively and subjectively, and it was compared with a series-production
Ford Fiesta (VarA) and with added mass simulating the mass and mass distribution of a
BEV (VarB).

The objective evaluation through KnC tests shows the following:

– The wheel rate cWC was 30% higher and the camber compliance cγ was 60% higher
than VarB. Both deviations can be attributed to the tolerances in MLTA, especially the
reduced stiffness of the elastomer bushings compared to the target stiffness values.

– Together with the missing bump stop spacer for VarC, its wheel rate–wheel center
displacement curves are different, as well as the roll rate–roll angle characteristics.

– The kinematic toe and camber gradients of MLTA are similar to VarB.
– The wheel center recession characteristic was considerably improved, thus confirming

the MLTA concept.

The objective driving tests of VarB and VarC show the following results:
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– The constant-radius cornering tests show a reduced understeer of VarC compared with
VarC that can be explained by the KnC findings.

– In a straight-line braking maneuver, the MLTA (VarC) shows a 35% lower pitch gradient
than VarA and a 10% higher gradient than VarB.

– The results of the frequency response test based on a sweep steer input indicate an
increased yaw gain and resonance peak. However, the lateral acceleration and yaw
rate response times were reduced overall, leading to the conclusion that the MLTA
vehicle should be more agile than VarB.

Finally, expert and normal drivers evaluated the test vehicle subjectively, comparing
VarB and VarC to the series-production vehicle VarA. Overall, the MLTA vehicle was rated
−0.79 (by experts) and −0.75 (by normal drivers) lower than the series-production vehicle
(VarA). These differences were caused by the deviation between prototype characteristics
(stiffness, dimensional tolerances, etc.) and the optimized and targeted design. The study’s
prototype axle was the first and only prototype axle to be manufactured without any tuning.
With the elimination of the defects and additional follow-up tuning of the spring and damper
setup, which is a typical part of series vehicle development, the MLTA should be able to reach
production-level performance.
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Glossary
The following abbreviations are used in this manuscript:

TBA Twist-beam axle
BEV Battery electric vehicle
KnC Kinematic and compliance
MBS Multibody simulation
MEB Modular electric drive matrix
CLA Composite leaf spring axle
MLTA Multi-link torsion axle
MLA Multi-link axle
OEM Original equipment manufacturer
WCA Wheel carrier
WP Wheel patch



World Electr. Veh. J. 2024, 15, 310 24 of 26

EEM Elastic equivalent mechanism
DOF Degree of freedom
PWT Parallel wheel travel
OWT Opposite wheel travel
WC Wheel center
BC Boundary condition
TBE Twist-beam equivalent
LL Longitudinal link
SC Shear center
WN Wheel normal
BIW Body in white
U Upper body mount
L Lower body mount
RU Upper wheel carrier point middle
RUi Upper wheel carrier point inner
RUo Upper wheel carrier point outer
RL Lower wheel carrier point
G Global coordinate system
IC Instantaneous center of motion
VarA Variant A
VarB Variant B
VarC Variant C
ICE Internal combustion engine
IMU Inertia measurement unit
CRC Constant-radius cornering
FFT Fast Fourier transformation
PSD Power spectral density

The following symbols are used in this manuscript:

Notation Description Unit
Fx Braking force at the wheel patch N
∆Fz Wheel load change caused by load transfer N
Fres Resulting force vector at the wheel patch during braking N
Fsusp Force that is counteracted via the suspension N

Fz,SP,WP
Force vertical direction at the wheel patch that needs to be counteracted
via the spring

N

FSP,WCA Spring force at the wheel carrier (spring attachment) N
iSP Kinematic spring ratio between spring position and the wheel patch –
εi Ideal brake support angle deg
εBr Brake support angle resulting from the suspension geometry deg
eSP Unit vector oriented in the spring direction mm
κr Anti-lift ratio at the rear axle %
∆κ f Dive gradient at the front axle deg/mm
∆κr Lift gradient at the rear axle deg/mm
θ Pitch angle of the vehicle deg
∆θ Pitch angle gradient deg/g
φ Body roll angle of the vehicle deg
∆φ Roll angle gradient deg/g
Ωpwt DOF rotation axis for parallel wheel travel –
Ωowt DOF rotation axis for opposite wheel travel –
εz First Euler rotation angle around the z-axis (Z-X’-Z”) convention deg
εx′ Second Euler rotation angle around the x′-axis (Z-X’-Z”) convention deg
εz′′ Third Euler rotation angle around the z′′-axis (Z-X’-Z”) convention deg
mBP Mass of the battery pack kg
mICE Mass of the internal combustion engine kg
mFT Mass of the fuel tank kg
mMD Overall mass of the mass dummies kg
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mV Overall mass of the vehicle kg
m f Front axle load kg
mr Rear axle load kg
cg Center of gravity mm
I Inertia tensor kg·mm2

CTBE 12x12 Compliance matrix to represent the TBE structure
AR Coefficient matrix for reaction force calculation
Aq Coefficient matrix for deformation velocity calculation
bR Constant vector for reaction force calculation
bq Constant vector for deformation velocity calculation
FR Global reaction force and moment vector
Fe Input force corresponding to the different load cases

q̇ Velocity vector for the multibody system caused by elastic deformation
velocity

cWC
Wheel rate: force gradient in vertical direction at the wheel center
during bounce motion

N/mm

cϕ,WC
Roll rate: moment gradient in vertical direction at the wheel center
during roll motion

N·mm/deg

cγ Camber compliance deg/kN
cδ Toe compliance deg/kN
cy,WP Lateral compliance at the wheel patch position mm/kN
∆γroll Camber gradient: camber angle change during roll motion deg/mm
∆δroll Toe gradient: toe angle change during roll motion deg/mm
δ0 Static toe angle deg
γ0 Static camber angle deg

τwc
Wheel center recession: ratio longitudinal to vertical wheel center
motion

mm/m

δH Steering wheel angle deg
ax Longitudinal acceleration at the center of gravity g
ay Lateral acceleration at the center of gravity g
dδH
day

Self-steering gradient deg/g

βh Side slip angle at the driver’s hip point deg
dβh
dδH

Side slip angle gradient at the driver’s hip point deg/deg
R Cornering radius m
l Vehicle length: front wheel center to rear wheel center m
αr Vehicle side slip angle at the rear deg
α f Vehicle side slip angle at the front deg
lcvs Distance from the correvit sensor to the front wheel center m
vcvs Velocity vector measured from the correvit sensor m/s
Ψ̇ Yaw rate measured from the IMU deg/s
cα, f Cornering stiffness at the front N/deg
cα,r Cornering stiffness at the rear N/deg
ωay,c Cut-off frequency: reduction in the signal power, -3dB Hz
ωΨ̇,r Resonant frequency of the yaw rate Hz
( Ψ̇

δH
)sts Steady-state gain of the yaw rate (deg/s)/deg

(
ay
δH
)sts Steady-state gain of the lateral acceleration g/deg

KΨ̇,max Peak-to-gain ratio
Teq Effective time constant: lag time at 45◦ phase angle ms
x(t) Signal x in the time domain
X( f ) Signal x in the frequency domain
X∗( f ) Conjugate complex signal x in the frequency domain
GXX( f ) Auto-power spectrum
GXY( f ) Cross-power spectrum
∆ f Bandwidth of the frequency bin (frequency resolution of the FFT) Hz
Fs Sample rate of the time signal Hz
N Number of discrete FFT points
H( f ) Complex transfer function
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