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Acoustic Challenges for Wheel Loaders in a Changing Industry
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The construction equipment industry is undergoing rapid transformation due to electrification and
intensifying global competition. For Volvo CE wheel loaders, acoustic performance remains central to
market access (via certification) and perceived product quality. This paper summarizes usage contexts and
mechanical architectures of wheel loaders, the certification framework for interior and exterior noise, and
the evolution of dominant sound sources as Internal Combustion Engines (ICE) give way to electric
drivetrains. Design considerations and mitigation strategies for exterior encapsulation, cabin design,
hydraulic installations, driveline dynamics, and Human-Machine Interface (HMI) sounds are described.
Organizational obstacles — knowledge gaps, issue visibility, and resource constraints — are addressed.
Finally, sound sketches and audio complemented with video are recommended for communicating acoustic
quality issues in organizations.

1 Introduction

Wheel loaders operate across diverse applications such as for example handling of aggregates at quarries, materials at
construction sites, and maintenance of roads. Electrification of propulsion and hydraulics alter the acoustic content of the
machines and shift the dominant sound sources when the Internal Combustion Engine is removed. The number of machine
variants are also increasing in adoptions to different markets and competition from growing Chinese machine producers.
In the acoustic work we need to handle both compliance with interior and exterior noise regulations as well as customer
satisfaction and perceived quality from machine interactions. This work describes practical experience and internal
assessments to outline a compact, engineering-oriented perspective on current acoustic challenges and design strategies
for wheel loaders.

2 Usage and Mechanical Architecture

Medium and heavy Volvo wheel loaders are developed in Eskilstuna, with compact models in Konz. The machines use
mechanical propulsion with a central transmission, permanent four-wheel drive, and lockable axle differentials. Steering
is achieved through an articulation joint located between the front frame — carrying the lift arm assembly — and the rear
frame, where the cabin, transmission, and engine is mounted (Figure 1). The cabins are mounted on viscous rubber
mounts. The front axle is rigidly attached to the front frame, with the tires providing the primary ground suspension, while
the rear axle is mounted to the rear frame through a central oscillating pivot, allowing vertical axle movement to maintain
ground-contact stability. The hydraulic system uses load-sensing piston pumps, and cooling is provided by hydraulic or
electric fans. Electrified variants retain most architectural features but remove the combustion engine as the dominant
acoustic source, thereby increasing the relative contribution of other components (e.g., cooling fans) and installations
(e.g., hydraulics).

These machines are used in a wide range of applications. The largest models are predominantly operated in quarries,
where they load or reload aggregates onto haulers or trucks. Medium-sized machines have a broader operational scope
and are also used on roads, enabling them to work on transport-infrastructure construction sites or in road-maintenance



operations. Compact machines fit even more confined environments, such as building-construction sites, gardens, farms,
or rental applications for private users.

Although these machines are typically equipped with buckets, they can be fitted with various attachments — with or
without auxiliary hydraulic functions — that support applications beyond standard loading tasks. One of the more visually
striking attachments is the timber grapple, used for handling logs in log yards.

Because these machines are not common consumer products, understanding all potential use cases and their associated
requirements can be challenging. This adds an additional layer of complexity to working with them. With the transition
toward electric machines, their operational range can be expanded further to include indoor environments and locations
with stricter limitations on sound and other emissions.
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Figure 1: Principal machine layout showing engine, fan, axles, transmission, and hydraulic system.

3  Certification Framework and Artificial Work Cycles

Interior and exterior noise certification follows internationally recognized standards. Exterior sound power is typically
assessed according to ISO 6395 [1], while operator-cabin sound pressure levels are measured under ISO 6396 [2]. For
the European market, equipment noise emissions are regulated under Directive 2000/14/EC [3].

The measurements rely on artificial work cycles historically developed for machines powered by Internal Combustion
Engines (ICE). These cycles consist of a travel mode (first gear, forward-reverse transitions, full accelerator) and a
stationary work mode (repeated lifting and lowering of an empty bucket at maximum speed). During these tests, cooling
fans are required to operate at no less than 70% of their maximum speed. For exterior measurements, the machine passes
through a hemispherical microphone array, with microphones positioned along the surface to capture the radiated sound
power.

In internal combustion engine machines, the engine and cooling fans normally dominate the exterior noise levels. In
electric machines, the absence of the ICE makes the cooling fan system the primary contributor. Another important
consequence of removing the ICE is a general reduction in noise levels, which changes the signal-to-noise conditions
during testing. Sudden, loud background events can more easily interfere with the measurement, and enhanced monitoring
of background levels is currently under consideration.

Inside the cabin, the dominant sound sources also shift. Whereas ICE machines typically exhibit in-cabin noise driven by
the engine, axles, and hydraulic systems, electric machines shift the dominance toward hydraulics and the entire
transmission chain. For example, tire-pattern rumble becomes noticeable at higher speeds in electric machines — a sound
previously masked by the engine noise in conventional machines.

4 Dominant Sound Sources and Quality Impact

Acoustic perception involves both overall sound levels and the customer’s impression of quality. Beyond the dominant
sound sources, all sounds generated during machine operation and interaction influence how the machine is perceived.
Operators perceive these sounds either consciously or subconsciously during everyday interactions when entering the



cabin, adjusting the seat, closing the door, operating the HVAC system, or performing routine checks in the engine or fan
compartments.

This dimension of real-world machine use comes in addition to the requirement that primary machine functions must
sound mechanically healthy and that sound should support intuitive and appropriate operation. Considering the full range
of sound-producing events results in a substantial scope of work, making prioritization essential for a limited workforce.

At the end of the production line, the revision team serves as the final quality assessor for machines built in Arvika. They
perform general machine-revision evaluations, measure certification levels and partial cabin sound levels, and relate
observed acoustic deviations to their mechanical root causes. This process ensures that deviations are captured, supports
continuous feedback loops, and identifies late-emerging issues from product changes.

5 Design Considerations and Mitigation Strategies

The development of new machines and machine modifications involves several acoustic considerations. A continuous
challenge is keeping pace with the design-engineering process. As a result, the focus is placed on identifying small,
well-defined work tasks supported by calculation and simulation models that provide meaningful and timely guidance.

5.1 Exterior sound

Normally, the internal combustion base engines already feature a mature acoustic design that meets predefined
requirements. Therefore, exterior noise is typically addressed as part of the initial machine-level measurements carried
out during the adaptation and calibration projects that precede machine projects.

Changes to exterior or source encapsulations are in some cases evaluated using Statistical Energy Analysis (SEA) models
to estimate resulting exterior sound power. In other cases, modifications to under-hood absorbent treatments can be
assessed through simple comparisons of equivalent absorbing areas relative to previous designs, complemented by tools
that calculate absorption based on Biot parameters and the Transfer Matrix Method.

5.2 Cabin

New cabin projects are relatively rare on our machines. When they do occur, the main acoustic aspects considered and
modeled include mount stiffness, panel modes, and airborne panel contributions including leakage paths. Mount stiffness
and structural modes are evaluated using Finite Element models, while airborne contributions are analyzed using
Statistical Energy Analysis. Power Input, Mobility, and Impedance are valuable quantities to evaluate at energy
boundaries and receiver points for initial condensed assessments.

5.3 Hydraulics

With the removal of engine noise masking in electric machines, the hydraulic installation has become important for
acoustic improvement. The available pump options still result in significant hydraulic source contributions, so further
progress is expected to come from improving the hydraulic installation itself. Basic installation guidelines exist [4], but
additional efforts have now begun to explore the feasibility of modelling the installation (Figure 2). The current approach
is based on using an explicit model to predict hose and valve-block mounting vibration responses generated by pressure
pulses in the hydraulic oil.

5.4 Driveline

The driveline, spanning from the engine or electric motors to the wheel hubs, is primarily modeled using system-level
simulation tools for driveline torsional dynamics. When required, multibody dynamics simulations are used to provide
alternative 3D modeling capabilities, offering time-dependent behavior and configuration flexibility that complements
the system-level torsional models. Gearboxes are analyzed using Finite Element Analysis—based tools specialized for gear
and rotating systems. Component test rigs are employed to track changes in gear-whine behavior, monitor emerging faults,
and correlate component-level findings with the acoustic behavior of the complete machine.

A key challenge in the driveline is the buildup of torque caused by the permanent four-wheel-drive configuration
combined with pressure differences between the front and rear tires. This adds additional complexity to the already
demanding task of reducing gear whine and complicates the identification and elimination of rattles within the system.
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Figure 2: Model of a hydraulic hose and valve installation.

5.5 HMI

Human—Machine Interface sounds on wheel loaders have gradually evolved from simple buzzers — originally used to
draw attention to warning messages — to more advanced warning sounds with varying degrees of urgency. One risk with
these developments is the introduction of too many sound signals, potentially overwhelming operators. Another risk
associated with a growing number of HMI sounds is that they may introduce unnecessary complexity into the analysis
process.

Currently, the warning sound used for object-detection systems is the only HMI sound covered by a formal standard [5].
This standard specifies requirements ensuring that the sound is audible, distinguishable from other machine sounds, and
limited to frequencies between 500 Hz and 3400 Hz. A general standard regulating the design of HMI sounds would be
beneficial, as it would support consistent assessment of their audibility relative to interior noise levels measured across a
representative fleet of produced machines. However, creating a separate standard for each individual sound type would
not be advantageous.

6  Organizational Obstacles and Communication

Common obstacles in sound-related development work include knowledge gaps within the organization, limited visibility
of existing and potential issues, and restricted resources. These challenges are less pronounced when legal requirements
are involved, but the implications of design changes are not always fully understood by those implementing them.
Training and easily accessible guidance can help address these gaps.

One effective way to illustrate potential issues that may influence perceived quality is to use sound sketches or to present
the current state through sound paired with video. The addition of video makes a substantial difference, as it helps listeners
better understand the context and operating situation in which the sound occurs. Because noise is highly dependent on
operating conditions and surroundings, pairing sound with video provides contextual information necessary to interpret
acoustic events more accurately. This enables teams and decision-makers to understand trade-offs clearly before
progressing to more detailed evaluation or action.

7 Conclusion

Electrification is reshaping acoustic priorities in wheel loaders, with cooling fans and hydraulic systems becoming the
most prominent sound sources. Efficient exterior noise certification for internal combustion machines is typically
supported by early mule testing and, when needed, SEA-guided enclosure design. As electrification lowers exterior noise
levels, measurements become more vulnerable to interference from sudden peaks in background noise.



Cabin acoustics are evaluated through mount impedance assessments, structural mode analysis, and investigation of
airborne transmission paths. With the combustion engine removed, driveline and hydraulic components become the
dominant in-cabin sound contributors. For hydraulics, modelling vibration responses generated by pressure pulsations in
hoses has become increasingly important with the introduction of electric machinery. Similarly, improved modelling of
driveline rattle phenomena remains a desirable development direction.

Beyond technical modelling, recorded video combined with sound has proven highly effective for communicating
acoustic issues. Such material engages stakeholders, provides clear situational context, and helps convey perceived quality
concerns in a way that is both accessible and intuitive.
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