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Abstract

Additive Manufacturing (AM), particularly fused filament fabrication

(FFF), has revolutionised prototyping and small-scale production, yet

deployment in dynamic or vibration-prone environments, such as in

vehicles, ships, and aircraft, remains constrained. Key challenges include

limited printer structural stiffness, inadequate real-time quality control, and

insufficient characterisation of how external environmental disturbances affect

print quality and the modal properties of FFF printed components. This thesis

addresses some of these gaps through numerical modelling, simulation, and

experimental validation.

In the first part, the dynamic behaviour of carbon fibre-reinforced FFF

printed components was characterised through experimental modal analysis

across varying infill densities and patterns. Results show that increasing infill

density leads to higher natural frequencies due to enhanced effective stiff-

ness, consistent with theoretical predictions. These measurements establish a

baseline for subsequent experimental studies evaluating transportation-type

vibrations - with identical acceleration levels but distinct frequency contents -

on surface quality and dynamic behaviour of 3D printed parts. Low-frequency

dominant vibrations resulted in the highest surface roughness, measured at

11.29 µm, due to increased relative motion between the print head and build

plate. An image-based method for assessing surface roughness and waviness

was developed and validated.

In the second part, the thesis investigates active vibration control (AVC)

for stepper motor-driven systems commonly found in small-scale FFF. For a

moving stage linear positioning system with time-varying dynamics, a cus-

tomised piezoelectric stack actuator was integrated, and a feedback affine

projection least mean square (FbAPLMS) algorithm was proposed to handle

scenarios with low correlation between reference and target signals. Simula-

tions showed that the FbAPLMS algorithm achieved a 5.2 dB reduction, 3 dB

iii



more than feedforward APLMS, with effective suppression of low-frequency

noise below 40 Hz while maintaining stability under dynamic conditions. To

manage time-varying secondary paths, an online switching scheme among

pre-identified secondary path models improved system stability and delivered

a 4 dB reduction at the dominant 1664 Hz harmonic, with an overall 2 dB of

reduction.

Finally, feedforward AVC using the filtered-x least mean square (FxLMS)

algorithm was experimentally demonstrated on an FFF printer subjected to

external vibrations. Across multiple disturbance scenarios, the controller re-

duced the vibration power spectral density by more than 1.6 dB and improved

surface quality by over 20%. Overall, the thesis presents a coherent frame-

work for dynamic characterisation and active vibration control in 3D printing,

demonstrating that high-precision desktop FFF is achievable in challenging

environments and extending AM toward reliable, on-demand fabrication in

the field.
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Introduction

1.1 Additive manufacturing (AM) overview

Additive manufacturing (AM), commonly termed as 3D printing, repre-

sents a transformative class of advanced manufacturing technologies

characterised by layer-by-layer material deposition. The foundation of

modern AM was established with the invention of stereolithography (SLA) by

Charles W. Hull in 1984, which was later patented in 1986 [2]. This process

integrates lithographic techniques with computer-aided design (CAD) and

computer-aided manufacturing, enabling the fabrication of three-dimensional

objects through layer-by-layer solidification and bonding.

Figure 1.1 illustrates a schematic of Hull’s SLA system. The setup includes

a container (1) filled with UV-curable resin (2), forming a working surface (3).

A programmable UV light source (4) directs a focused beam (5) onto the surface

via an optical scanning system, with positioning controlled by a computer (6).

A motorised elevator platform (7) moves incrementally within the container,

enabling layer-by-layer fabrication. As the process advances, successive cured

layers (8a, 8b, 8c) integrate to form the final three-dimensional object (8)

with high precision. SLA revolutionised manufacturing by enabling rapid

prototyping (RP) and direct fabrication of complex geometries, overcoming the

limitations of traditional subtractive and formative manufacturing techniques.

This technology has since then diversified into various other methods,
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Figure 1.1: Schematic of the SLA designed by Charles W. Hull in 1984 (modified
from [2])

including powder bed fusion, fused deposition modelling, and inkjet printing

[3]. With the rapid expansion of the global market, the adoption of AM is

increasing in both industrial and domestic settings, and its market value is

projected to reach US$ 31 billion by the end of 2024 [4]. Key advantages of

AM include RP, low energy consumption, accessibility, and cost-effectiveness

[5, 6]. According to the ISO/ASTM 52900 standard, AM processes are classified

into seven categories: Binder Jetting, Directed Energy Deposition (DED),

Material Extrusion (MEX), Material Jetting, Powder Bed Fusion (BPF), Sheet

Lamination, and Vat Photopolymerisation (VPP) [7]. Among these, MEX and

VPP are the most commonly used and cost-effective methods. VPP includes

techniques such as stereolithography and digital light processing, while MEX

mainly includes Fused Filament Fabrication (FFF), also known as Fused

Deposition Modelling (FDM). FFF has become the dominant small-scale AM

technique due to its affordability, compact size and straightforward operation

[5, 8].

1.2 Desktop-scale FFF and its challenges

Despite the advantages of FFF, various challenges are linked to this technique.

Small- or desktop-scale FFF 3D printers are limited in print scale, making
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them unsuitable for large-scale industrial manufacturing [9]. The two main

aspects investigated here are the processing materials on the dynamic proper-

ties of FFF, and the internal and external vibration-induced error in the FFF

printed parts. Firstly, variability in materials, process parameters, and build

environment results in relatively poor repeatability, even when using identical

geometric setups [10, 11]. More importantly, the lack of quality control of the

process and the characterisation of printed parts are significant challenges of

this manufacturing technique [12, 13, 14]. This is probably due to the nature of

the relatively small scale of FFF, as compared to large-scale AM, such as DED

and PBF, which are not likely to be influenced by the structural resonances

of the system during operation. In conventional Cartesian desktop FFF, the

relative motion between a build plate and a print head is always in the form of

translation and is generally limited to three degrees of freedom (DOF), with a

fixed fabrication orientation along the z-axis. This extrusion-based printing

method introduces several drawbacks, including poor surface finish due to

the layer-by-layer deposition process, anisotropic mechanical properties influ-

enced by the build orientation, and the need for support materials to fabricate

overhanging structures.

In FFF, the three most common motion mechanisms are the bed-slinger,

moving gantry, and CoreXY architectures. In the bed-slinger configuration, the

print head moves along the x-axis, while the build plate moves along the y-axis.

The x-gantry is elevated in the z-direction by lead screws. This design is simple

and cost-effective, but suffers from limited print speed and positional accuracy

due to the inertia of the moving build plate. An example of the bed-slinger FFF

printer is shown in Figure 1.2a. By contrast, the moving gantry mechanism

uses two orthogonal gantries to control the x- and y-axis motions of the print

head separately, while the build plate moves solely along the z-axis. This

arrangement reduces the moving mass compared to the previous arrangement,

as the stepper motors that control the x- and y-axis motion are moved to the

stationary frame. The reduction in moving inertia enables smoother and more

precise motion control, thereby improving positional accuracy. An example of

the moving gantry FFF printer is presented in Figure 1.2b. In comparison,

the CoreXY mechanism may appear similar to the moving gantry mechanism,

but it operates on a different kinematic principle. Instead of relying on two

mechanically independent orthogonal axes, CoreXY uses two stationary motors
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and a pair of crossed belts that couple the x- and y-axis motions through

kinematic coordination. This compact and rigid design minimises the moving

mass, which allows high acceleration and printing precision, while requiring

careful mechanical alignment and belt tensioning. An example of the CoreXY

FFF printer is shown in Figure 1.2c. These three architectures represent

the dominant motion configurations among desktop-scale FFF printers, each

offering distinct trade-offs between mechanical simplicity, dynamic stability,

and achievable print speed.

(a) (b) (c)

Figure 1.2: Examples of three FFF motion mechanisms: (a) bed-slinger [15],
(b) moving gantry [16], and (c) CoreXY [15]. The yellow arrows represent
directions of motion.

During the printing process of FFF, a thermoplastic filament is heated to a

semi-liquid state and extruded through a nozzle, depositing material layer by

layer according to a toolpath generated from computer slicing software, which

is derived from a designed CAD model. Each deposited layer fuses with the

previous one and solidifies as it cools on the heated (or unheated) print bed,

forming the final 3D object.

1.2.1 Effects of process parameters on mechanical
properties

The mechanical properties of FFF products have always been one of the most

significant issues of this technique, which are comparatively lower than those

manufactured via traditional manufacturing. Moreover, the mechanical prop-

erties of the printed parts are anisotropic and highly dependent on the various
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process parameters [17]. These parameters include processing parameters

such as print speed, printing temperature, structural parameters such as layer

height, infill density, raster angle, etc [5, 17]. A summary of commonly used

parameters is shown in Table 1.1.

Table 1.1: A summary of the common FFF process parameters.

Parameters Description

Processing

Printing temperature
The temperature used for

printing

Build plate temperature
The temperature used for the

heated build plate

Print speed
The speed at which printing

happens

Print acceleration
The acceleration with which

printing happens

Structural

Layer height The height of each layer
Wall line count The number of walls

Wall thickness
The thickness of the walls in the

horizontal direction

Raster angle
The angle at which the filament

is deposited

Infill geometry
The pattern of the infill material

of the print
Infill density The density of infill of the print

Many studies have established correlations between process parameters

and mechanical properties of FFF-printed parts, including tensile, flexural,

impact, and compression strength. For example, a comprehensive review inves-

tigated these relationships across different materials such as ABS, PLA, PEI,

PC, as well as various FFF models, concluding that the mechanical properties

of FFF parts are determined by the filament bonding, which is directly or

indirectly affected by all process parameters [17]. Critical parameters, such

as build orientation, raster angle, layer thickness, and infill percentage, have

shown a strong influence on mechanical properties. In particular, small layer

thickness and raster width have been found to enhance the tensile strength in

printed parts.

Despite these advances, existing research faces several limitations. Most

studies adopt test standards originally developed for traditional plastics, as

there is currently no standardised testing protocol for 3D printed specimens.
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Commonly applied standards include ASTM D638 for tensile testing, ASTM

D790 for flexural testing, ASTM D256 for impact strength, and ASTM D695 for

compression strength. Additionally, generating statistically validated results

requires testing a large number of printed specimens following these standards.

To address this, researchers have proposed predictive models to link the process

parameters with mechanical properties to reduce the required number of tests.

For example, the Taguchi design of experiments has been applied to reduce

the number of required test specimens while optimising printing parameters

based on predictive models [18, 19, 20].

Although a standard for AM process characteristics has been published [21],

the lack of specific testing conditions for mechanical properties of FFF-printed

parts, unlike those established for plastics, metals, and composite materials,

hinders consistent characterisation and comparison. This challenge extends

to 3D printed composites reinforced with fibres, which are known for their

enhanced strength, stiffness, weight reduction, cost-effectiveness, and environ-

mental benefits over polymers [22, 23, 24]. Therefore, future research should

focus on developing standardised test conditions for FFF specimens, including

predefined printing parameters, to enhance the reliability and reproducibility

of mechanical property evaluations.

Overall, significant research efforts have focused on understanding the

influence of FFF process parameters on mechanical properties using different

approaches, providing insights for tailoring mechanical performance to specific

applications. Nonetheless, the research reviewed above primarily focuses on

the mechanical properties of 3D printed parts. The impact of process parame-

ters on their dynamic characteristics remains underexplored in the literature.

It should also be noted that many of the FFF test specimens reported in the

literature are relatively small, constrained by the limited size of the build

plate. The measured mechanical properties of these samples are therefore

highly sensitive to geometry, and any defects introduced by vibrations during

printing can further amplify such variations. These vibration-induced effects

are discussed in the following section.

1.2.2 Structural vibration effects on print quality

Low print quality in FFF, characterised by poor geometrical accuracy, surface

finish, and defects, remains a persistent challenge. Among the contributing
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factors, system-induced vibrations generated by the print head, build plate

motion, and structural resonances are major sources of dimensional inaccuracy

and surface imperfection. Experimental studies have shown that vibrations

during extrusion disturb the deposition path, increasing surface roughness

and reducing geometric accuracy, particularly at high printing speeds [25, 26].

Surface roughness has also been associated with toolpath dynamics, where

accelerations at directional changes, such as sharp corners, excite structural

resonances in the printer frame [26]. In addition, printing parameters such

as infill pattern also influence printer vibration profiles. Recent work em-

ployed long short-term memory neural networks to predict acceleration pro-

files for different infill types, which optimises printing parameters to minimise

vibration-induced errors [27].

Beyond surface quality issues, print head vibrations and mechanical reso-

nances within the printer frame can produce more severe defects, including

layer shifting, delamination, and incomplete printing. Figure 1.3 presents an

example of a missed printing defect caused by structural vibrations [28]. This

type of defect occurs when print head motions cause nozzle misalignment, lead-

ing to deviations from the intended deposition path [29]. As a result, the nozzle

fails to extrude material accurately, generating incomplete or misaligned layers

that compromise structural integrity and dimensional accuracy.

Figure 1.3: An example of missed printing on a small calibration block.

To mitigate these issues, research efforts have concentrated on two main

directions: structural modification and real-time control. Structural modifica-

tion aims to improve the stiffness and damping of the printer frame to reduce

resonances. For example, finite element analysis has been used to predict the

dynamic behaviour of the 3D printer, which allows for structural modifications

to improve print quality [30]. Experimental investigations have also demon-

strated that reducing modal displacement through structural adjustment

7



CHAPTER 1. INTRODUCTION

improves printing accuracy in all directions [29]. Additionally, modifications

such as anti-vibration blocks, anti-vibration mounts, stiffened axis screws, and

inclined rods have been shown to directly impact print quality [31]. Among

these, increased frame stiffness and reduced chatter are the most effective

improvements for small-scale FFF systems. Beyond purely structural reinforce-

ment, a recent study introduced a model-based approach that uses dynamic

simulation of the 3D printer gantry to develop and tune a passive mass-spring-

damper system [32]. By attaching a tuned passive mass-spring-damper system

to the extruder carriage of a printer gantry, the study achieved a substantial

reduction in vibration-induced positional errors at higher printing speeds

without the need for a closed-loop control system, which is useful to optimise

passive vibration control systems prior to implementation.

In addition to hardware-based solutions, researchers have also explored

online, real-time software-based control strategies to dynamically suppress

structural vibrations in 3D printers. One example is the limited-preview

filtered B-spline approach, which compensates for tracking errors in a desktop

FFF 3D printer. This method effectively reduced vibration-induced surface

waviness and layer-to-layer registration errors, while maintaining higher print

speeds in a stepper motor-driven FFF printer [33]. Following this approach,

a similar control strategy was applied to a delta 3D printer, which exhibits

position-dependent dynamic characteristics. The results demonstrated a 39%

improvement in print quality after control implementation [34]. The similar

methodology was also extended to H-frame FFF 3D printers, where it led to a

significant reduction in racking errors and a 43% improvement in the shape

accuracy of the printed parts [35].

Together, these structural and control-based approaches demonstrate the

importance of both passive and active vibration mitigation strategies. While

structural modifications provide a stable foundation for reducing resonant

behaviour, software-based control techniques offer adaptive, real-time correc-

tions that further enhance print quality, especially under dynamic operating

conditions.
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1.3 3D printing in vibration-prone
environments

The studies reviewed above primarily address laboratory conditions in which

3D printers operate in controlled, vibration-free environments. In parallel, AM

has moved into sectors including agriculture, mining, maritime, and space

exploration. A notable direction is on-site AM in dynamic, vibrating, and harsh

environments such as vehicles [36], ships [37], aircraft, and space [38]. For

example, the Danish shipping company Maersk has deployed 3D printers on

vessels to produce replacement parts on board [39]. On-site printing offers

several advantages: rapid mobility, continuous operational support, and digital

fabrication capability in locations where traditional manufacturing facilities

are unavailable. It also enhances logistical efficiency and reduces reliance on

complex supply chains [40].

When the printers are operated under vibration conditions, they are ex-

posed to continuous base excitations that vary in frequency, amplitude, and

spectral content depending on the operating platform. When environmental

vibration frequencies coincide with the structural modes of the 3D printer, res-

onance effects further amplify vibrations, exacerbating deposition errors and

reducing part consistency. Small-scale FFF systems are particularly sensitive

due to their relatively low stiffness. Experiments show that base excitation

transmitted through the printer frame can cause layer misalignment, warping,

and surface waviness even when the printer itself is functioning normally

[41, 37]. In these studies, passive isolation methods were typically employed,

similar to those used to mitigate structural resonances during standard print-

ing operations.

Despite these isolated efforts, the systematic analysis of FFF printer dy-

namics under external vibration remains limited. Unlike lab-based manufac-

turing, where conditions remain stable, 3D printing in dynamic environments

requires an assessment of part quality over time, as continuous exposure to vi-

brations can degrade equipment performance and affect print consistency [42].

Moreover, passive isolation systems (e.g., rubber mounts and damping pads)

are effective only over narrow frequency ranges and degrade when vibration

frequencies vary, as in vehicles and ships with changing engine speeds. There-

fore, developing adaptive vibration suppression methods that can dynamically
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compensate for base excitation effects is essential for reliable AM in real-world

vibration environments. This gap directly motivates the research presented in

this thesis.

1.4 Mechanism of active vibration control
(AVC)

Vibration control techniques in structures can be broadly categorised into

passive and active approaches. Classical passive vibration control methods

include vibration source reduction, vibration isolation, and system modification.

While these techniques can effectively reduce vibrations, they modify the

structural characteristics of the system, making them less effective when

operating conditions change.

To overcome these limitations, active vibration control (AVC) has been

developed as an alternative to reduce mechanical vibrations by dynamically

adjusting the structural response of a system in real time. An AVC system

typically consists of three key components: sensors, which detect vibration, an

electronic controller, which processes and manipulates the sensor signal, and

actuators, which actively influence the system response based on the controller

output signal. Actuators in AVC systems can be classified into semi-active and

fully active types [43]. Semi-active actuators function as adaptive passive ele-

ments, capable of storing or dissipating energy rather than directly supplying

mechanical power. Fully active actuators, on the other hand, supply exter-

nal mechanical power to the system, enabling direct vibration suppression.

Common examples include electromagnetic shakers, piezoelectric actuators,

magnetostrictive devices, and electrohydraulic actuators. By generating a sec-

ondary vibrational response that interferes destructively with the primary

disturbance, these actuators reduce the overall vibration. This thesis focuses

exclusively on active control systems that employ fully active actuators.

AVC strategies are generally classified into feedforward, feedback, and

hybrid schemes. Feedforward control measures the external disturbance before

it influences the system, which requires a reference sensor that provides a

time-advance signal of the primary disturbance, as shown in Figure 1.4a.

Feedback control monitors the system response and adjusts the control signal

reactively to maintain stability and reduce the vibration, so no reference sensor
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is needed in feedback systems, as shown in Figure 1.4c. The hybrid control

strategy combines both approaches to achieve a better control performance, as

shown in Figure 1.4e.

AVC

Actuator

Error sensorReference sensor

Vibration source

AVC

Actuator

Error sensor

Vibration source

AVC

Actuator

Error sensorReference sensor

Vibration source

AVC

Figure 1.4: Schematics of single-channel (a) feedforward, (c) feedback, and (e)
hybrid AVC systems. Block diagram of the FxLMS algorithm in single-channel
(b) feedforward, (d) feedback, and (f) hybrid AVC systems.

1.5 Adaptive AVC techniques

Incorporating AVC into engineering systems has significant implications for

precision manufacturing, structural health monitoring, aerospace, and auto-

11
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motive applications, where vibration suppression is essential for performance,

durability, and safety. Traditional control methods, such as PID and state-space

techniques, require precise system modelling. However, due to the complexity

and high dynamic characteristics of 3D printer systems, especially when pro-

cess parameters vary, applying model-based control algorithms is challenging.

The printer operates as a time-varying system, which is influenced by mul-

tiple process-dependent factors, making fixed-parameter control approaches

ineffective.

To address this challenge, adaptive algorithms such as the least mean

square (LMS) algorithm can update control output in real time, allowing

the system to adapt to changing dynamics. The block diagram of the LMS

algorithm in feedforward, feedback, and hybrid configurations is shown in

Figure 1.4b, 1.4d and 1.4f, respectively. Among these, the feedforward filtered-

x least mean square (FxLMS) algorithm has been extensively studied due to

its simplicity, robustness, and lack of reliance on detailed system modelling

[44]. Instead of requiring a full system model, it relies on an accurate model

of the secondary path, which represents the transfer function between the

actuator and the error sensor. Additionally, FxLMS utilises a reference sensor

that provides signals correlated with the primary disturbance. The algorithm

iteratively adjusts filter coefficients based on the error signal, continuously

refining the control action to minimise vibrations. The FxLMS algorithm

has been widely explored in automotive [45] and aerospace systems [46] for

suppressing broadband vibrations, demonstrating its real-time adaptability to

shifting disturbance frequencies [47]. Furthermore, adaptive AVC techniques

tailored to dynamic environments could provide a more effective solution to

3D printing in challenging environments, ensuring real-time compensation for

varying disturbance conditions and improving the quality and consistency of

3D printed parts.

1.6 Research objectives and motivations

As FFF 3D printing becomes more common, vibration-induced defects remain

a primary concern. In small-scale FFF systems, vibrations from the print

head, build plate motion, and the printer’s own structural resonances cause

dimensional inaccuracies, poor surface roughness, and variations in the modal
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properties of printed parts. These problems worsen in vibration-prone environ-

ments like vehicles, ships, and aeroplanes, where external vibrations further

degrade print quality.

A key challenge in FFF is understanding how process parameters influence

the modal properties of printed parts. Although recent studies have increas-

ingly examined mechanical properties, key modal characteristics, such as

natural frequencies and damping ratios, are still not well understood. This

knowledge gap limits the use of FFF parts in engineering applications where

vibration resistance is critical.

Another persistent issue is the effect of structural vibrations on print

quality. System-induced vibrations originating from the print head and build

plate motion disrupt the extrusion path, leading to geometrical inaccuracies

and surface imperfections. At higher printing speeds, these vibrations can

excite structural resonances that lead to layer shifting, delamination, or even

print failure, ultimately reducing the consistency and reliability of printed

parts.

Printing in mobile or unstable environments introduces further complexi-

ties. External vibrations in vehicles, ships, and spacecraft induce resonance

effects, which amplify structural vibrations and degrade print quality. Passive

vibration isolation has been explored to counter such effects, but these methods

are effective only within limited frequency ranges and cannot adapt to varying

operational conditions, which is an important limitation for high-precision

printing. Similarly, traditional control strategies require precise system mod-

elling. However, due to the time-varying nature of 3D printer dynamics, these

model-based approaches become impractical for real-time control, limiting

their effectiveness in active vibration suppression.

Adaptive control algorithms offer a promising alternative because they can

suppress vibrations without requiring a detailed system model. Among these,

the FxLMS algorithm has demonstrated robust performance in automotive and

aerospace applications due to its real-time adaptability and ability to handle

broadband vibrations. However, most existing research focuses on systems with

stationary or slowly varying dynamics. In contrast, systems with rapidly time-

varying dynamics, such as moving stage linear positioning systems commonly

found in FFF printers and CNC machines, remain relatively underexplored in

the context of AVC.
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This study extends AVC to the domain of 3D printing by implementing

the FxLMS algorithm in an FFF system subjected to external environmental

vibrations. The novelty lies not only in applying adaptive control to a new

context but also in addressing the challenges posed by time-varying structural

dynamics during actual printing. To the author’s knowledge, this is the first

experimental demonstration of real-time adaptive control for mitigating en-

vironmental vibrations in small-scale FFF, while simultaneously assessing

its influence on surface quality and modal properties. The findings bridge a

critical research gap and establish a foundation for enabling high-precision

FFF in dynamic, real-world, challenging environments.

1.7 Thesis contributions and outline

To fill the identified gap, this thesis focuses on the characterisation of 3D

printed parts and the development of an adaptive AVC framework for vibra-

tion suppression in FFF 3D printing, with a particular focus on dynamic and

challenging environments. The characterisation approach serves as the basis

for evaluating the performance of the AVC system, ensuring a systematic

and integrated approach to enhancing 3D printing in vibration-prone envi-

ronments. Overall, the findings of this research contribute to improving the

precision, repeatability, and reliability of 3D printing systems, making them

more suitable for on-site applications.

• Chapter 2: Modal characteristics of Fused Filament Fabrication
parts
This chapter investigates how FFF process parameters, especially infill

density and infill pattern, influence the modal properties of 3D printed

carbon fibre-reinforced specimens. While previous studies focused mainly

on static strength, the modal behaviour of carbon fibre-reinforced FFF

specimens remains underexplored. The novelty of this chapter lies in the

combined use of experimental modal analysis and numerical modelling

to predict and validate natural frequencies of the printed parts.

• Chapter 3: Fused Filament Fabrication under environmental
vibrations
This chapter presents the first known study to systematically assess
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the effects of real-world vibration environments, simulating vehicle,

shipboard, and aircraft conditions, on both the surface quality and modal

characteristics of 3D printed parts. Using an electrodynamic shaker

in a laboratory-based experimental setup with equivalent (root mean

square) RMS acceleration but with different frequency content, the study

quantifies how different types of environmental vibrations influence

surface roughness and natural frequencies. The novel contribution is the

identification of vibration frequency content as a critical factor affecting

both external surface finish and internal structural properties during

printing.

• Chapter 4: Active Vibration Control of a moving stage system
Chapter 4 investigates adaptive AVC in a moving stage linear positioning

system, which serves as a simplified single-axis model commonly found

in 3D printers and CNC machines. A piezoelectric stack actuator (PSA)

is employed to provide control forces. Owing to low coherence between

reference and error signals, conventional feedforward FxLMS provides

limited attenuation. To address this limitation, a feedback affine projec-

tion LMS (FbAPLMS) algorithm is proposed and shown in simulation to

outperform feedforward APLMS. Furthermore, an online switching strat-

egy is introduced to alternate between multiple pre-identified secondary

path models (SPMs) corresponding to different positions along the linear

guide. This approach eliminates the need for real-time secondary path

modelling while maintaining system stability during the movement of

the stage. Experimental results indicate that the proposed switching

method significantly enhances control performance, achieving up to a 4

dB reduction in the dominant vibration harmonic at 1.6 kHz, whereas a

single fixed SPM method fails to control the vibration effectively. This

chapter presents a practical and effective AVC strategy for systems with

time-varying dynamics.

• Chapter 5: Active Vibration Control of a Fused Filament Fabrica-
tion 3D printer under environmental vibrations
This chapter presents the first experimental implementation of AVC on

an FFF 3D printer operating under externally applied environmental

vibrations. The FxLMS algorithm is applied in real-time, and its per-
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formance is evaluated based on both structural vibration reduction and

surface roughness improvement. The novelty of this work lies in apply-

ing adaptive control methods to a practical 3D printing scenario under

simulated dynamic vibration conditions. The results show that AVC can

reduce the print head vibration by over 1.6 dB and improve surface

quality by more than 20% under different types of external vibration.

This chapter demonstrates the feasibility of applying AVC to enhance

FFF printing quality in mobile or on-site manufacturing environments.

• Chapter 6: Conclusions and future work
The final chapter summarises the presented work in previous chapters

and provides suggestions for future work.

16



1.7.
T

H
E

S
IS

C
O

N
T

R
IB

U
T

IO
N

S
A

N
D

O
U

T
L

IN
E

��������������������������������

�����������

�����������������������������

�����������������������������

��������

����������������������������

�������������������������

�����������������������������

���������������������

���������������

����������������

������������

����������������������

�������������������

�����������������

�������

Figure 1.5: Conceptual overview of the thesis structure, illustrating the main research focus of each chapter [48].
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List of papers published in the course of completing this research:

• Effects of infill parameters on the vibration characteristics of additively

manufactured specimens [49] - Published in the Proceedings of the

International Conference on Noise and Vibration Engineering (ISMA)

2022.

• Simulation of active vibration control of a moving stage [50] - Presented

in Acoustics 2023 Sydney.

• Enhancing 3D printing quality: active vibration control for FFF in chal-

lenging environments [51]- Presented in Inter-Noise 2025.
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2
Modal characteristics of Fused Filament Fabrication

parts

2.1 Introduction

2.1.1 Modal testing

Modal properties are among the most important characteristics in en-

gineering structures, as they directly influence structural integrity

and performance [52, 53]. Natural (modal) frequencies, modal damp-

ing ratios, and mode shapes constitute the primary modal properties of a

structure. These properties characterise how structures respond to vibrational

conditions and are fundamental to the field of modal analysis. Understand-

ing modal properties enables engineers and researchers to predict structural

behaviour, enhance design reliability, and mitigate issues such as resonance,

noise transmission, and fatigue failure. Modal analysis involves identifying

characteristics of a system in order to construct a mathematical model that de-

scribes its vibrational behaviour [54]. It can be conducted using experimental

testing methods, theoretical analysis, and simulation approaches, which are

often combined to ensure a comprehensive evaluation.

Modal testing is an experimental means of modal analysis. It typically

involves measuring a set of frequency response functions (FRFs), either be-

tween a single excitation point and multiple response points, or conversely,
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multiple excitation points and a single response location. The latter approach,

often employed when using a portable impact hammer, provides flexibility and

ease of testing, especially for complex or large-scale structures, where fewer

transducers are required. Once the FRFs are obtained, modal parameters are

extracted using curve-fitting techniques, also known as parameter estimation

or modal identification methods [55]. This methodology uses the principle of

reciprocity, which states that the FRF measured remains the same regardless

of which point is used for excitation and response measurement, provided that

the system is linear and time-invariant. This principle enables the interchange

of excitation and response points, making testing more efficient. Initially, the

structure must be supported in a way that approximates its intended boundary

conditions, ensuring that the measured dynamic response is not significantly

influenced by unintended environmental constraints. Normally, an electro-

dynamic shaker or impact hammer is used to provide excitation to the test

structure. The discussion here is mainly on the impact hammer, as it is easier

to shift the hammer location than to reposition the accelerometer location. Ad-

ditionally, the use of an impact hammer avoids the introduction of additional

mass or stiffness that can occur when using a shaker and force transducer.

2.1.2 Effects of process parameters on modal properties

One of the primary challenges in FFF 3D printing is understanding how

process parameters influence the modal properties of printed parts. Since

the dynamic response of a structure under vibration depends on its modal

properties, it is critical to understand how FFF parts behave under excitation.

A number of studies have explored these characteristics using experimental

modal analysis. Free vibration tests, for instance, have shown that infill density

and infill orientation (raster angle) significantly affect flexural rigidity, with an

optimal infill density between 10% and 20% for maximising stiffness-to-mass

ratio [56]. Impact hammer tests on PLA beams revealed that natural frequency

increases with higher infill percentages, while damping ratio tends to decrease

as stiffness rises [57]. Other investigations on FFF beams demonstrated that

layer thickness, print orientation, infill pattern, and infill percentage all affect

the natural frequency. Thinner layers and flat build orientations generally led

to higher natural frequencies [58].

Comparative studies on different infill patterns and densities showed that
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the tri-hexagon pattern led to the highest stiffness, whereas the cross pattern

yielded the best damping performance [59]. Furthermore, to quantitatively link

FFF process parameters to elastic modulus, a multivariate regression model

was developed using laser Doppler vibrometry [60]. Furthermore, advanced

techniques such as artificial neural networks (ANN) have been employed to

derive predictive models of natural frequencies by integrating experimental

investigations [61], and optimisation approaches, such as the particle swarm

optimisation (PSO) method [62] and the genetic algorithm (GA) method [63],

have also been implemented to enhance the vibration characteristics. However,

these predictive models may lack accuracy across different FFF models, as

structural characteristics vary between systems. To improve the reliability of

predictive models, they should account for the complex interactions between

printing materials, printer architectures, and manufacturing conditions in the

models [17].

Finite element analysis (FEA) has also become an important tool in AM for

predicting modal properties prior to fabrication. Developing a reliable finite

element model is essential for accurate vibration prediction, yet it remains

challenging due to inherent print features, such as voids and imperfect layer

adhesion [64]. For example, researchers have developed a parametric finite el-

ement model to simulate the impact of infill-related parameters on the natural

frequency of a beam, demonstrating acceptable error compared to experimen-

tal results [64]. This model introduces a weight-frequency function, which

could be extended to broader 3D printing parameters, offering a method to pre-

dict modal properties without conducting experimental validation. Similarly,

comparison between carbon fibre-reinforced polyethylene terephthalate glycol

(PETG) and unreinforced PETG showed a 17% increase in natural frequency

due to fibre reinforcement, as verified by impact testing and FEA simulations

[65].

A table summarising the reviewed studies investigating on effects of pro-

cess parameters on modal properties is shown in Table 2.1. Furthermore,

as print head and build plate vibrations depend on the specific configuration

of each system, predefined predictive models often fail to identify optimal

parameter combinations when applied across different FFF setups. Further

research should therefore move beyond specimen-based studies and examine

the modal behaviour of final FFF-printed structures under realistic operating
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conditions.
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Table 2.1: Summary of key studies on modal properties of FFF-printed parts

Author (Year) Method Processing
Parameters

Modal Properties Main Findings

Porter et al.

(2019) [56]

Free vibration

test

Infill density, raster

angle

Natural frequency Optimal infill 10–20% maximises

stiffness-to-mass ratio; raster angle has

little effect on the result.

Yadav et al.

(2021) [57];

Sreedhara et al.

(2015) [58];

Öteyaka et al.

(2022) [59]

Impact hammer

test

Infill density, infill

pattern, layer

thickness, build

orientation

Natural frequency,

damping ratio

Natural frequency increases with infill

density, thinner layers, and flat build

orientations. The tri-hexagon pattern yields

the highest stiffness and frequency, while

the Cross pattern provides superior

damping performance.

Medel et al.

(2021) [60]

Vibration shaker

test,

multivariate

regression model

Build orientation,

layer height, raster

angle

Natural frequency Multivariate regression model exhibited

close agreement (within 11% error) with

experimental natural frequencies.

Continued on next page
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Author (Year) Method Processing
Parameters

Modal Properties Main Findings

Ali and Chowdary

(2019) [61];

Chowdary and Ali

(2023) [63]

Impact hammer

test, ANN model,

GA optimisation

Raster angle, air

gap, build

orientation,

number of contours

Natural frequency Lower raster angle and air gap, combined

with higher build orientation and more

contours, increase natural frequency. ANN

model predicted natural frequencies within

5% error, while the GA further optimised

parameters to achieve maximum

frequencies.

Ekerer et al.

(2024) [62]

Free vibration

test, ANN-PSO

model

Print speed, infill

pattern, layer

thickness

Natural frequency Lower print speed and layer thickness with

triangular infill produced the highest

natural frequencies. ANN-PSO predictive

model achieved an accuracy within 2.3%

error.

Parpala et al.

(2021) [64]

FEA, vibration

shaker test,

linear regression

model

Infill density, infill

width, number of

contours

Natural frequency Higher number of contours and higher infill

density decreases natural frequencies, while

infill width has little impact on modal

properties.
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In this chapter, the effects of infill-related process parameters, including in-

fill density and infill pattern, on the modal properties of carbon fibre-reinforced

3D printed samples are investigated through theoretical and experimental

approaches. In addition, the influence of clamping force boundary conditions

on the natural frequencies of these specimens is explored, which is an aspect

that has not been extensively reported in the literature. The systematic inves-

tigation procedure serves as a framework for evaluating the findings presented

in the subsequent chapters.

2.2 Materials and modelling approaches

2.2.1 Specimen fabrication

In this study, the specimens under investigation were fabricated using a

Markforged® X7 3D printer, which is capable of printing plastic parts by

embedding continuous fibre such as carbon fibre, fibreglass, and Kevlar®

within a specialist plastic matrix such as Onyx® and nylon. The Onyx and

continuous carbon fibre filaments were used as the printing materials. Onyx

is a thermoplastic nylon material reinforced with short, chopped micro carbon

fibres, which provides high strength and toughness [66]. The specimen was

designed as a cuboid beam with dimensions of 120×20×3 mm. The official

slicer software EigerTM was used to configure the printing parameters in this

study, which are listed in Table 2.2. The infill percentage and the infill pattern

will be mentioned in the subsequent sections. As the raster angle of the matrix

could not be adjusted in the slicer software, all the printed specimens are

fabricated with the default ±45 degrees raster angle.

2.2.2 Internal microstructure modelling

Figure 2.1a illustrates one of the carbon fibre-reinforced layers within the

specimen, where the blue region represents the carbon fibre material. A cross-

sectional view along section A-A is shown in Figure 2.1b, showing the place-

ment of one carbon fibre layer within the structure. The roof and floor layers,

located at the top and bottom of the specimen, are represented in white colour.

The carbon fibre-reinforced layers, marked in blue, are located at two specific

locations: layers 5-6 and layers 19-20. The infill layers, also represented in
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Table 2.2: Printing parameters in EigerTM.

Printing Parameters Value
Layer height (mm) 0.125

Wall thickness (mm) 0.8
Wall layer number 2

fibre fill type Isotropic
fibre angles 0

Roof layer number 4
Floor layer number 4
Total fibre layers 4
Total infill layers 12

Total number of layers 24

white but with a square grid pattern, are located in the central portion of

the structure. A rectangular infill pattern was used in this section. This infill

structure consists of multiple parallel lines in one direction on each layer,

followed by perpendicular lines on the subsequent layer, which is similar to

the roof and floor layers in the internal structure. The external walls, shown in

grey, include two layers on each side, resulting in a total thickness of 0.8 mm.

L = 120mm

A A

W = 20mm

(a)

H = 3mm

Roof and floor

Carbon Fiber

Infill

Wall

(b)

Figure 2.1: (a) Internal microstructure of one of the carbon fibre layers in the
specimen. (b) Section view A-A of the specimen.
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Based on the geometry, the volume of each component can be calculated

with the following equations:

Vinf ill = h×ninf ill × [W − (Wwall ×2)] × [L− (Wwall ×2)] × p (2.1)

Vroof+ f loor = h×nroof+ f loor×[W − (Wwall ×2)]×[L− (Wwall ×2)]+Vadd (2.2)

Vwall = Wwall ×2× (L+W)×H (2.3)

Vf ibre = h×n f ibre × [W − (Wwall ×2)] × [L− (Wwall ×2)] −Vadd (2.4)

where h is the layer thickness, n is the number of layers, W is the width of

the structure, H is the height of the beam, p is the infill percentage. The term

Vadd is the additional volume of the infill, which is caused by the overlapping

of infill structure in carbon fibre layers. Based on the above equations, the

volume of each component for a solid specimen is listed in Table 2.3, where its

infill percentage is 100%.

Table 2.3: Volume of each component in the solid specimen.

Components Volume (mm3)
Vinf ill 3266

Vroof+ f loor 2316
Vwall 670
Vf ibre 948
Vall 7200

2.2.3 Volume average stiffness method (VAS)

The volume average stiffness (VAS) method can be used to determine the

effective elastic modulus of the carbon fibre-reinforced AM samples [67, 68].

This method is particularly useful for modelling the behaviour of materials

with heterogeneous microstructure. The VAS uses three main steps to predict

the elastic constants. First, micromechanical models were used to determine

the effective properties of each component in the 3D printed parts. Next, a

coordinate system transformation was applied to the components to align

their material properties with the global coordinate system of the structure.

This step is essential for infill structures with different raster angles and wall

structures. Lastly, the stiffness matrices were averaged based on the volume of
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each component to derive the overall stiffness characteristics of the 3D printed

parts.

For a transversely isotropic material as shown in Figure 2.2, the material

properties are given by:

1

2

3

Figure 2.2: Principal material directions for 3D printed materials exhibiting
transversely isotropic properties.

E1 = (1−ρ1)E (2.5)

E2 = E3 = (1−ρ1
0.5)E (2.6)

G12 =G13 =G
(1−ρ1)(1−ρ1

0.5)
(1−ρ1)+ (1−ρ10.5)

(2.7)

G23 = (1−ρ1
0.5)G (2.8)

υ12 = υ13 = (1−ρ1)υ (2.9)

υ23 = υ21 = υ31 = υ32 = (1−ρ1
0.5)υ (2.10)

where E1,E2,E3 are the effective elastic moduli in directions 1, 2, and 3, E
is the Young’s modulus. G12,G13,G23 are the effective shear moduli in the

planes 12, 13, and 23, G is the shear modulus. ρ1 is the void density. υ12 is

the Poisson’s ratio of transverse strain in the 2-direction to axial strain in the

1-direction, and υ is the Poisson’s ratio. These equations indicate that the void

content has a linear effect on the longitudinal elastic modulus, while having a

less pronounced effect on the transverse elastic moduli. The void content in the

material has a more complex effect on the shear moduli. These relationships

indicate that voids and porosities can greatly influence mechanical properties
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in transversely isotropic materials such as carbon fibre-reinforced 3D printed

parts.

The void density ρ1 of the specimen is determined based on the following

equation:

ρ1(%)= Vall − Vth

Vall
×100 (2.11)

where Vall is the volume of the overall designed geometry, and Vth is the

summation of each component volume in the specimen. The volume fraction

of each component and its contribution to the global stiffness matrix are

calculated as:

[KG]=Vi [K i]=Vinf ill
[
K inf ill

]+Vroof
[
Kroof

]+Vf loor
[
K f loor

]+Vshell [Kshell]+VCF [KCF ]
(2.12)

where Vi is the volume fraction, and [K i] is the stiffness matrix for each

component. Once the elastic properties of each component are determined,

the effective elastic properties of an entire structure can be determined by

inverting the global stiffness matrix [69], which is a symmetric matrix given

by:

[S]=



1
E1

−υ12
E1

−υ13
E1

0 0 0

−υ12
E1

1
E2

−υ13
E1

0 0 0

−υ13
E1

−υ23
E2

1
E3

0 0 0

0 0 0 1
G23

0 0

0 0 0 0 1
G13

0

0 0 0 0 0 1
G12


(2.13)

SG= [KG]−1 (2.14)

where SG represents the effective mechanical properties of the 3D printed

structures. As the raster angle of the matrix is not zero, a rotation matrix [T]
was introduced to align the material coordinate system with the global coordi-

nate system of the specimen. The global stiffness matrix SXY Z , representing

the stiffness relative to the specimen’s global coordinates, can then be obtained
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as:

[T]=



cosθ2 sinθ2 0 0 0 2cosθsinθ

sinθ2 cosθ2 0 0 0 −2cosθsinθ

0 0 1 0 0 0

0 0 0 cosθ sinθ 0

0 0 0 −sinθ cosθ 0

−cosθsinθ cosθsinθ 0 0 0 cosθ2 −sinθ2


(2.15)

SXY Z= [T]T [
S′

XY Z
]
[T] (2.16)

Finally, the effective elastic modulus E1 can be determined by inverting the

top-left element in the global stiffness matrix. The material properties of Onyx

and carbon fibre obtained from the manufacturer are summarised in Table
2.4.

Table 2.4: Material properties of Onyx and carbon fibre [66].

Material property of
Onyx Value Material property of

carbon fibre Value

Elastic modulus E (GPa) 2.40
Longitudinal elastic
modulus E1 (GPa)

60.0

Shear modulus G (Pa) 0.84
In-plane shear modulus G12

(GPa)
2.01

Poisson’s ratio υ 0.43 Poisson’s ratio υ 0.10

2.2.4 Effective elastic modulus of 3D printed parts

Based on the VAS method discussed above, the effective elastic modulus of the

printed specimens with different infill percentages was calculated as shown in

Table 2.5. It is noted that specimens with rectangular infill are predicted as

they are similar to normal specimens. There are four levels of infill percentage:

10%, 40%, 70%, and 100% (solid), with three specimens printed for each infill

level. The higher stiffnesses for higher infill are likely due to the lower void

density of these specimens, leading to tighter bonding between the carbon

fibre and the Onyx matrix. The mean mass and standard deviation (SD) for

three specimens of each infill percentage are measured by a scale and are also

shown in Table 2.5.

The theoretical equivalent effective elastic modulus was calculated by di-

viding the theoretical effective elastic modulus by the mass of the specimen.
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Table 2.5: Theoretical effective elastic modulus of specimens with different
infill percentages based on the average stiffness method, with SDs shown in
the brackets.

Infill density
Effective

elastic
modulus (GPa)

Mean (SD)
mass (g)

Equivalent
effective
elastic

modulus
(GPa/g)

100% 8.50 7.95 (0.12) 1.07
70% 8.28 7.49 (0.17) 1.11
40% 8.20 7.04 (0.06) 1.16
10% 8.15 6.61 (0.02) 1.23

The results indicate that at 10% infill percentage, the 3D printed part demon-

strates the highest equivalent effective elastic modulus of 1.23 GPa per gram.

As the infill density increases to 100%, the additional infill material does not

have a significant contribution to the global effective elastic modulus. This is

because the carbon fibre dramatically improves the effective elastic modulus

of the specimen, with a 24 times more elastic modulus compared to the Onyx

material.

The theoretical natural frequencies of the specimens with the rectangular

infill pattern can then be calculated using the equation of the free vibrating

beam as detailed in Appendix A.1. The mass per unit length m and the area

moment of inertia I are based on the infill percentage of the beam. The results

can then be compared with the experimental frequencies, as will be shown

in the subsequent section. Before the comparison, a single-sample standard

tensile test following ASTM D3039 was conducted to validate the VAS method

[70]. One test specimen was prepared with dimensions of 250×15×1.75 mm.

There are four layers of carbon fibre located in the middle of the specimen. The

increased thickness tabs, including the bevels to the gauge section, are printed

with steps occurring with each change in layer. The sample was tested to

failure in the gauge section, ensuring the result is relevant for validation. The

tensile test result indicates that the effective elastic modulus of the specimen

is 16.5 GPa, while the theoretical result calculated based on the previously

described VAS method is 15.6 GPa, with a difference of around 5.8%.
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2.3 Modal impact test

The experimental modal analysis was implemented in this section to obtain the

modal characteristics of the 3D printed specimens. A scalable automatic modal

hammer (NV-TECH SAM-01) was used to excite the 3D printed specimens. The

automatic impact hammer was mounted vertically on the ground, supported by

multiple metal blocks to provide a stable and consistent excitation to each test

specimen. A fixed-free boundary condition was applied with 20 mm of specimen

length clamped by a G-clamp and two pieces of metal plate, leaving 100 mm

free length for the impact test. The vibration response of the test specimen was

captured by a (Polytec Portable Digital Vibrometer PDV-100) laser Doppler

vibrometer (LDV). The Simcenter SCADAS Mobile data acquisition (DAQ)

system was used to collect the signals during the experiment. To ensure

consistent positioning during the experiment, a 3D printed slot structure was

designed, as shown in Figure 2.3a. This structure allows precise insertion of

test specimens to maintain an exact 20 mm clamp length as shown in Figure
2.3b, while distributing clamping force evenly across the specimen.

(a)

(b)

Pressure 
sensor Slot 

structure

Test part

(c)

Figure 2.3: (a) Geometry of 3D printed slot structure. (b) 20 mm length slot. (c)
Locations of the pressure sensor under the clamp.

Moreover, to ensure a consistent boundary condition in the experiment,

a pressure-sensitive resistor (FlexiForceTM) sensor was used to monitor the

clamping force applied vertically to the test samples, as shown in Figure 2.3c.

This type of sensor changes its resistance in response to applied pressure. The
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sensor was powered by a power supply unit at 9 V, with the generated DC

voltage measured by a multimeter. After calibration of the sensor with the

potentiometer, a consistent 4 V reading was achieved for the 320 N clamping

force for each specimen. The force level was determined by applying the

required mass to the pressure sensor effective area to generate the same level

of voltage as observed in the experiment. The complete experimental setup

and a close-up view of the test specimen are demonstrated in Figure 2.4.

LDV

DAQ

PC

PSU

Multimeter

(a)

Pressure 
sensor

Auto-
impact 
hammer

Test part

(b)

Figure 2.4: (a) Overview of the experimental modal analysis setup. (b) A close-
up view showing the automatic impact hammer and test specimen under the
clamp.

To validate the reliability of the approximately fixed-free boundary condi-

tion in the above setup, three nominally identical aluminium specimens with

a geometry equivalent to the printed specimens were prepared and tested. The

differences between the experimental and theoretical frequencies determined

using the equation of the free vibrating beam are within 8%. Considering that

the assumptions underlying the theoretical model (e.g., material homogeneity,

small deflection, and ideal boundary conditions) are not fully satisfied in the ac-

tual printed specimens and the experimental setup, the observed 8% difference

between the theoretical and experimental results is considered acceptable.

The automatic impact hammer provides highly consistent, repeatable im-

pact forces during the experiment when compared to a manual impact hammer.

For each specimen, five impacts were recorded and averaged, ensuring minimal

variability in the measurements. This resulted in relatively high coherence

across multiple runs, an example of which is presented in Figure 2.5. An

example of the time-domain signals from the impact hammer and the LDV

is presented in Figure 2.6. The parameters of the automatic impact ham-
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mer were configured to ensure a very short contact duration with the test

specimen, which resulted in a broad excitation frequency spectrum covering

the frequency range of interest. The specific settings used were as follows:

excitation velocity of 1100, stop angle of 0.2◦, hammer tip deceleration of 2050,

pull-back acceleration of 1600, and pull-back velocity of 1000.

Figure 2.5: An example of the signal coherence of five runs in the impact
hammer test.

(a) (b)

Figure 2.6: Time signals of (a) LDV, and (b) automatic impact hammer during
a single impact.

2.3.1 Effects of infill density on natural frequencies

In this section, the effects of different infill percentages on the natural fre-

quencies of rectangular infill specimens are investigated. Specimens with four
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levels of infill percentage were fabricated, with three copies produced for each

level, as discussed in Section 2.2.4. The mean first three natural frequencies

of three 3D printed specimens for each infill density are recorded in Table 2.6,

with the SDs shown in the brackets.

Table 2.6: The averaged experimental natural frequencies and theoretical
values for each infill density (three specimens for each infill level).

Infill density First natural frequency
Experiment (Hz) Theory (Hz) Difference (%)

100% 141.7 (1.4) 134.2 (1.0) -5.2
70% 135.8 (2.3) 134.1 (1.5) -1.3
40% 139.8 (2.3) 135.2 (0.6) -3.3
10% 136.8 (1.4) 136.5 (0.2) -0.2

Infill density Second natural frequency
Experiment (Hz) Theory (Hz) Difference (%)

100% 897.5 (10.1) 841.3 (6.2) -6.3
70% 883.5 (14.6) 840.2 (9.4) -4.9
40% 869.7 (7.5) 847.6 (3.5) -2.5
10% 800.9 (12.3) 855.2 (1.1) 6.8

Infill density Third natural frequency
Experiment (Hz) Theory (Hz) Difference (%)

100% 2438.3 (15.7) 2356.0 (17.3) -3.4
70% 2392.0 (17.8) 2352.9 (26.3) -1.6
40% 2193.7 (10.1) 2373.5 (9.8) 8.2
10% 1857.1 (36.2) 2395.0 (3.0) 29.0

Theoretical natural frequencies predicted from the free-vibration beam

model are generally lower than experimental results across most infill densi-

ties. For the first natural frequency, the 100% infill specimen has the highest

value at 141.7 Hz, while 70% infill specimen has the lowest value at 135.8 Hz.

The theoretical model accurately predicts the first mode, with the differences

lower than 5.2%. For the second mode, the 100% infill specimen again shows

the highest value at 897.5 Hz, whereas the lowest value is found in 10% infill

specimen at 800.9 Hz. Again, reasonable agreement between the experimental

and theoretical natural frequencies is observed, with differences below 7%. For

the third natural frequency, 100% infill specimen demonstrates the highest

value at 2438.3 Hz, while 10% infill specimen has the lowest at 1857.1 Hz. A

significant deviation between theoretical and experimental natural frequency

occurs at 10% infill with a difference of around 29%, meaning that the theoret-
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ical model has a low accuracy in predicting higher-order modes at low infill

densities.

Increasing the infill density generally leads to higher natural frequencies.

This observation aligns with the expectation that higher material density

enhances stiffness, which outweighs the effect of additional mass and conse-

quently increases the natural frequencies of the structure [56, 57]. Therefore,

for applications requiring high structural stiffness, 100% infill is the best

option. Specimens with 70% and 100% infill densities exhibit a significant

increase in their third natural frequency, while the first and second frequen-

cies remain relatively unchanged. This results in a broader frequency range,

around 900 Hz to 2.3 kHz, within which no structural resonances occur. Such a

bandwidth can be beneficial in applications where vibrational excitation must

be avoided over a specific frequency range. For instance, components designed

for environments with known excitation spectra, such as drone frames, sensor

mounts, or 3D printed fixtures used in dynamic testing, could benefit from this

infill-based tuning approach to avoid resonance within critical bandwidths.

Additionally, the ratio of the third natural frequency to the first for the

100% infill specimen is 17.2, compared to 13.6 for samples with 10% infill.

Theoretical models predict this ratio to be around 17.6. The inconsistency

in specimens suggests the current predictive model does not capture the

microstructural effects at lower infill densities. The prediction model assumes

perfect bonding between the fibres and matrix, whereas lower infill likely

weakens layer bonding and reduces effective stiffness, lowering measured

natural frequencies [71]. In addition, increased internal friction and relative

movement between loosely bonded layers in low-infill structures can introduce

greater damping. This added damping not only dissipates energy but also

contributes to a slight reduction in the observed (damped) natural frequency

compared to the theoretical (undamped) case.

The FRFs of specimens with different infill densities under impact exci-

tation are shown in Figure 2.7, with shaded areas indicating SDs across

multiple specimens. For low infill specimens, especially 10% infill, the phase

response does not cross zero, and the magnitude response displays a smooth

and broad peak at the third natural frequency. This finding suggests a lightly

damped third natural frequency, as can be further confirmed by the estimated

damping ratio.
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Figure 2.7: Magnitude and phase responses of different infill percentage speci-
mens under impact test. Shaded areas represent standard deviations calcu-
lated from all specimens.

The damping properties can be estimated using the 3 dB method with

the FRFs of the specimen. The damping is proportional to the width of the

resonant peak, and the damping factor Q can be estimated by finding the 3 dB

down from the peak of the frequency.

Q = f0

f2 − f1
(2.17)

where f0 is the resonance frequency, f2 is the frequency value, which is 3 dB

down from the resonance frequency, and higher than f0. f1 is the frequency

value, which is 3 dB down from the resonance frequency, and lower than f0.

Then the damping ratio ζ can be calculated by:

ζ= 1
2Q

(2.18)

It should be noted that the system’s structural dynamics determine the damp-

ing ratio. In this case, both the boundary condition and specimen character-

istics contribute to the structural dynamics. Therefore, the damping ratios

of the specimens with different infill percentages under the fixed-free bound-

ary condition can be estimated and are presented in Table 2.7. The results

indicate that the specimens with the lower infill percentage demonstrate a
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higher damping ratio under the same boundary condition. This behaviour

may be attributed to the existence of more unfilled space, which allows for

energy dissipation in lower infill density specimens. It is hypothesised that

the increase in damping with reduced infill percentage is due to the printed

materials having more freedom to move relative to one another compared to

the higher infill samples. This increased internal movement enhances energy

dissipation, leading to a higher damping ratio in specimens with lower infill

densities. To further validate the robustness and reliability of the observed

results regarding the effects of infill density, additional experiments were

conducted to examine the sensitivity of natural frequencies to variations in

boundary conditions in Appendix A.2.

Table 2.7: The damping ratio of different infill percentages under the fixed-free
boundary condition.

Infill density Damping ratio
First mode Second mode Third mode

100% 0.026 0.034 0.027
70% 0.030 0.040 0.031
40% 0.044 0.038 0.048
10% 0.040 0.046 0.053

2.3.2 Effects of infill pattern on natural frequencies

In this section, the effects of different infill patterns on the natural frequencies

of carbon fibre-reinforced 3D printed specimens were investigated. The similar

printing parameters were used as listed in Table 2.2, and the experimental

setup was similar to Figure 2.4. Four different infill patterns were examined,

including rectangular, hexagonal, triangular, and gyroid infills, which are

shown in Figure 2.8. However, different from the study in the previous section,

where a broader range of infill percentages was considered, this experiment

was limited to three levels of infill percentages, which were 30%, 40%, and

50%, as some infill patterns can only be fabricated within this range. Five

samples were printed for each combination of the printing parameters, leading

to a total of 60 samples.

The average natural frequencies of the specimens under different printing

parameters are shown in Figure 2.9. The results indicate that the increase in
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(a) (b) (c) (d)

Figure 2.8: Schematics of the four different infill patterns used in the specimen:
(a) rectangular, (b) hexagonal, (c) triangular, and (d) gyroid infills.

infill density leads to an increase in all three natural frequencies in most of

the specimens. This trend is because a higher infill density generally means

a higher stiffness-to-mass ratio, which leads to an increase in its natural

frequencies. The average natural frequencies and mass of different specimens

are summarised in Table 2.8.

Table 2.8: Average natural frequencies and mass of different infill patterns
specimens.

Infill
pattern

Infill
density

(%)

First
natural

fre-
quency

(Hz)

Second
natural

fre-
quency

(Hz)

Third
natural

fre-
quency

(Hz)

Mass
(g)

Rectangular 30 125.3 780.0 2009.3 7.26
Rectangular 40 139.8 872.1 2405.4 7.35
Rectangular 50 141.4 879.4 2432.1 7.55
Hexagonal 30 139.8 858.4 2221.9 6.82
Hexagonal 40 143.9 885.9 2446.6 6.97
Hexagonal 50 146.3 892.3 2395.7 6.59
Triangular 30 143.9 902.8 2520.2 7.07
Triangular 40 141.4 888.3 2503.2 7.41
Triangular 50 143.9 906.9 2533.9 7.14

Gyroid 30 140.6 886.7 2455.5 7.17
Gyroid 40 146.3 928.7 2575.9 7.30
Gyroid 50 140.6 893.1 2509.7 7.45

Among the four infill patterns, the rectangular infill shows the lowest

natural frequencies among all infill densities. Its natural frequencies increase

gradually from 30% to 50%, although the rate of increase slows as added

mass offsets stiffness gains. The hexagonal infill pattern demonstrates higher
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(a) (b)

(c)

Figure 2.9: The averaged experimental (a) first, (b) second, and (c) natural
frequencies of rectangular, hexagonal, triangular, and gyroid infill pattern
specimens.

natural frequencies than the rectangular pattern at all infill densities, except

for the third mode at 50% infill. A mass reduction is also observed when

the infill density increases from 40% to 50%, which suggests a change in

the internal structure at this density. Similarly, the triangular infill also

shows a mass reduction when the infill density increases from 40% to 50%.

This infill pattern exhibits higher second and third natural frequencies than

the hexagonal pattern, but a lower first natural frequency at 40% and 50%

infill. The gyroid infill achieves the highest natural frequencies at 40% infill

percentage. However, the frequencies decrease when the infill percentages

increase to 50% due to the reduction in stiffness-to-mass ratio.

Overall, for the first mode, gyroid at 40% infill density shows the highest

first natural frequency at 146.3 Hz, and rectangular at 30% infill density
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shows the lowest at 125.3 Hz. For the second mode, the gyroid at 40% infill

density is the highest at 928.7 Hz, and the rectangular at 30% infill density is

the lowest at 780 Hz. For the third mode, the gyroid at 40% infill density has

the highest third natural frequency at 2575.9 Hz, and the rectangular at 30%

infill density shows the lowest at 2009.3 Hz.

For maximum stiffness and higher modal frequencies of the specimen,

gyroid at 40% infill percentage is the preferred combination. Conversely, the

rectangular infill is the most flexible type of infill pattern, showing the lowest

natural frequencies across all modes. On the other hand, for weight optimisa-

tion purposes, the hexagonal at 50% infill is the ideal choice as it offers the

lowest mass at 6.59 g, while achieving relatively high natural frequencies.

This makes it suitable for lightweight applications where vibration resistance

is important.

2.4 Summary

A systematic investigation of the modal properties of carbon fibre-reinforced

FFF specimens with varying infill percentages, infill patterns, and clamping

forces is presented in this chapter. The results show that increasing infill

density generally raises natural frequencies, which aligns with the theoretical

model that higher infill density enhances the effective stiffness. However, dis-

crepancies between experimental and theoretical natural frequencies are most

evident at low infill densities, where theoretical predictions underestimate the

frequency of higher-order modes. This deviation is attributed to microstruc-

tural variation and imperfect bonding, together with increased damping effects

in specimens with lower infill density, all of which reduce the accuracy of the

prediction of effective stiffness in the theoretical model. The damping ratio cal-

culations further confirm that specimens with lower infill percentages exhibit

higher energy dissipation. Among four different infill patterns, the gyroid infill

at 40% density exhibits the highest natural frequencies, making it a suitable

choice for applications requiring high structural stiffness. Conversely, the

rectangular infill demonstrates the lowest natural frequencies. The hexagonal

infill at 50% density offers the best balance between weight optimisation and

vibration resistance.

Moreover, the influence of clamping force on natural frequencies is also

41



CHAPTER 2. MODAL CHARACTERISTICS OF FUSED FILAMENT
FABRICATION PARTS

explored, demonstrating that higher clamping forces lead to increased natural

frequencies, particularly in specimens with infill densities higher than 70%.

The phase response analysis further indicates that low-infill specimens experi-

ence minimal change in natural frequencies under different clamping forces,

especially at the third mode, which is consistent with their higher damping.

In this chapter, the Markforged® X7 3D printer was selected to manufac-

ture the specimens used in the experimental modal analysis, as it is capable of

producing continuous carbon fibre-reinforced components. This machine can

ensure the precise placement of carbon fibre in Onyx® matrix, which cannot

be achieved by small-scale FFF printers. Using this system also minimises

the influence of structural vibration on the modal properties, which is not the

primary focus of this chapter. Future work will include improving the theo-

retical models to account for microstructure variations at low infill densities,

damping effects, and boundary conditions. More standard tensile test samples

with different process parameters could be involved in verifying the theoretical

model accuracy.
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Fused Filament Fabrication under environmental

vibrations

3.1 Introduction

Recent advancements in AM have expanded its applications to challeng-

ing environments, while employing such methods presents significant

challenges. The motions of the print head and build plate generate

structural vibrations, which are transmitted through the printer’s structural

components, leading to significant discrepancies between the intended and

actual positions of the printed part relative to the print head. These vibration-

induced errors can be further amplified if the environmental vibrations co-

incide with the natural frequencies of the 3D printer structure. They can

severely impact the quality of the final 3D printed products, resulting in a

rougher surface quality and defects. Understanding the structural response

of 3D printers under various environmental vibrations is crucial, especially

as their applications extend into challenging environments. To date, only a

limited number of studies have investigated 3D printing under realistic envi-

ronmental vibrations. Consequently, establishing different types of vibration

conditions for testing is essential. These conditions can be used to develop lab-

based experiments that simulate real-world vibration conditions, ensuring the

reliability and quality of 3D printing under such challenging environments.
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In the context of vehicle environments, research on parcel delivery systems

provides a practical benchmark for defining vibration conditions. Prior research

has reported the RMS acceleration for parcel delivery in small and medium-

sized trucks, vans, and automobiles under various road conditions [72], noting

that vertical (z-axis) vibrations typically range from 0.1 to 0.2 g. This study

is based on the ASTM D7386 standard, which defines performance testing

criteria for parcel delivery systems to withstand the hazards of distribution

environments. This standard lists the overall RMS acceleration across various

bandwidths, detailed in Table 3.1 [73]. However, a large deviation between

the standard values and other real-world test data at certain bandwidths

has been observed [74]. This means that modifying the vibration profiles in

experimental setups to reflect real-world vehicle conditions more accurately

is required. Such modification should involve vehicle types, delivery routes

including speeds and road conditions, and other factors that impact the typical

vibrations encountered by delivery vehicles.

Table 3.1: RMS acceleration across different bandwidths of the vertical direc-
tion for the parcel delivery system.

Frequency range (Hz) Vibration RMS (g)
1-7 0.279

7-13 0.042
13-29 0.110
29-50 0.046

50-200 0.343
Total range (1-200) 0.460

While specific guidelines for evaluating vibration issues in 3D printers in-

stalled on road vehicles, marine vessels, or aeroplanes are unavailable, existing

standards provide guidelines for evaluating vibration environments that ma-

terials encounter throughout their lifecycle. For example, the MIL-STD-810H

standard offers guidelines for identifying potential vibration environments and

recommends laboratory testing procedures to ensure material compatibility in

different settings, including vehicles, ships, aeroplanes, and trains [75]. This

standard can therefore serve as a reference for designing vibration testing for

3D printers. For example, it specifies a vertical vibration level of 1.08 g RMS

for trucks on highway conditions. However, it should be noted that the overall

vehicle structure, test object mounting structure, and object transmissibility
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greatly affect the vibration [75], as demonstrated in [74]. Therefore, when

conducting experimental tests on 3D printing, it is advisable to adjust the

spectrum profile and vibration levels accordingly. In the literature, there is

limited research on the effects of environmental vibrations on the quality of 3D

printed parts. For example, researchers have found that base vibrations have

a direct impact on the surface roughness of the printed parts [41]. However,

there is no study on how the frequency of the vibration profile influences the

print quality.

This chapter explores the impact of different types of environmental vibra-

tions on the quality and modal characteristics of the 3D printed parts. The

aim is to establish a correlation between different environmental vibration

conditions and both the surface roughness and natural frequencies of the 3D

printed parts.

3.2 Environmental vibration conditions

3.2.1 Vibration standard selection

This study examines various vibration conditions to simulate 3D printing in

representative transportation environments. Several vibration testing stan-

dards are available for use with electrodynamic shakers, including ASTM

[76], ISO, IEC, and MIL-STD. Among these, the MIL-STD-810H standard was

selected as the reference for vibration testing in this study due to its compre-

hensive coverage of real-world environmental conditions and its widespread

adoption across multiple industries [75]. Specifically, Method 514.8 of MIL-

STD-810H outlines procedures for simulating mechanical vibration environ-

ments encountered during the life cycle of equipment, including transportation

via ground vehicles, ships, and aircraft. This standard offers detailed vibra-

tion profiles, RMS levels, and bandwidth specifications that closely match the

operational conditions investigated in this work. Compared to other available

standards, MIL-STD-810H provides a broader spectrum of vibration scenarios,

enabling a realistic and standardised approach to assess the effects of dynamic

environments on 3D printing systems. Its application ensures that the labora-

tory testing conditions accurately reflect practical use cases in transportation

and field deployment.
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Three primary modes of transportation were considered: land vehicles, air-

craft, and maritime vessels, which all have unique characteristics in both the

time domain (e.g., RMS, peak-to-peak, standard deviation) and the frequency

domain (e.g., frequency content, magnitude and phase response). The first

condition considered was land-based transportation, specifically, the common

carrier vibration profile associated with US highway truck vibration expo-

sure was selected. This type of vibration contains a low-frequency content

ranging from 5 Hz to 40 Hz with a constant amplitude, followed by an ampli-

tude decrease from 40 Hz to 500 Hz. The second condition represents aerial

transportation, and the C-5 type aircraft cargo vibration was selected. This

type of vibration also exhibits low-frequency random vibration characteristics,

ranging from 15 Hz to 1 kHz with a constant amplitude, and an amplitude

decrease from 1 kHz to 2 kHz. The third condition is the maritime transporta-

tion, represented by a shipboard with a turbine engine. This vibration profile

consists of a broadband sea vibration superimposed with multiple narrowband

spikes caused by the rotation of the engine rotor. The broadband frequency

is from 15 Hz to 2 kHz with a constant amplitude. The engine speed is set at

3000 revolutions per minute (RPM), which leads to the narrowband frequency

to be 50, 100, 150 and 200 Hz. The spike bandwidth is ±5% of the narrowband

frequency.

Despite the different frequency spectra with each vibration condition de-

scribed, their overall vibration levels are normalised and adjusted to achieve a

consistent RMS value in the time domain across all different scenarios. This is

because the influence of frequency contents of vibrations on the print quality

is the main focus of the study, rather than the effects of different vibration

amplitudes on the print quality, which has been explored [25, 26]. The power

spectral density (PSD) profiles of the three vibration conditions are shown in

Figure 3.1, with the RMS level at 0.2 g. This level ensures that the 3D printer

can operate without introducing significant defects in the printed parts.

3.2.2 Vibrating printer system setup

The 3D printer was subjected to three different types of environmental con-

ditions, as previously mentioned, using an LDS V450 electrodynamic shaker

in the vertical (z-axis) direction. The shaker was driven by a linear power

amplifier (B&K LPA600). To mount and support the 3D printer on the shaker,
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Figure 3.1: PSD of the common carrier, aircraft cargo, and shipboard random
vibrations for 0.2 g RMS modified from [75].

a customised shaker fixture, also known as a head expander, was designed

and manufactured in this study. Details of the customised fixture structure

are provided in Appendix A.3. The 3D printer to be investigated in this study

is an EasyThreed K7 desktop-scale FFF 3D printer, which weighs around 1.2

kg. This 3D printer model was selected due to the payload and size limitations

of the shaker. According to the manufacturer’s specifications, the maximum

displacement peak-to-peak is 19 mm, and the axial stiffness of the armature

is 17.5 kNm−1. Therefore, the maximum suspension force is calculated to be

about 166.3 N, which corresponds to a mass limit of 16.9 kg. In this setup, the

combined mass of the 3D printer, fixture, clamp, and armature is 5.7 kg. This

model is one of the lightest and most compact options available on the market,

making it a suitable choice for the experimental setup.

To evaluate the vibration responses of the printer at different locations,

two triaxial integrated electronics piezo-electric (IEPE) accelerometers (B&K

Type 4506 B) are used to measure the acceleration, one is mounted on the

print head, and the other is mounted on the build plate. The entire experiment

setup is shown in Figure 3.2a, and the locations of two accelerometers are

shown in Figure 3.2b. An additional uniaxial accelerometer (DJB AF 100)

is mounted on the surface of the customised fixture to measure the vibration

level output from the shaker. This sensor is used to maintain a consistent RMS

vibration level during each vibration scenario. Data acquisition and analysis

are performed using a Simcenter SCADAS system alongside the Simcenter
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Testlab software multiple-input and multiple-output (MIMO) FRF testing

module, with a sampling frequency set at 6400 Hz for this study. During the

experiment, the shaker remains operational throughout the entire printing

process.

PC and 
DAQ

FDM 3D 
printer

LDS V450 
shaker

Linear 
power 

amplifier

(a)

Build plate 
accelerometer

Print head 
accelerometer

Shaker 
fixture

(b)

Figure 3.2: (a) Entire experimental setup in this study. (b) Two accelerometer
locations across the 3D printer.

The geometry of the specimen is a 20 mm cube thin-walled structure

without infills and a roof on the top surface. Figure 3.3 presents the 3D

printed part visualised in UltiMaker Cura® slicer software. The same printing

parameters are applied and maintained during the printing of each specimen.

The yellow region at the bottom represents the floor layer, which has a 45-

degree raster angle. The red region indicates the outer wall structure, and the

green region represents the inner wall structure.

3.3 Printing with external shaker vibration

3.3.1 Printing without external vibration

This section examines the vibrations of the 3D printer during various op-

erational stages without external environmental vibration, which serves as

the baseline for comparison. Initially, the vibration characteristics of the 3D

printer in an idle state are investigated. In this condition, the 3D printer
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Figure 3.3: Illustration of the 3D printed object considered in this study. The
white arrow indicates the surface roughness measurement direction.

was powered on but not printing, with only the motor cooling fan active. Ac-

celeration measurements at two sensor locations indicate that the printer

vibrations primarily consist of a frequency content around 230 Hz and its

multiple harmonics. This vibration is attributed to the electric motor driving

the cooling fan on the print head, which cools the extruder of the print head.

It is important to note that, during the printing process, the print head moves

along the x-axis, while the build plate moves along the y-axis.

The comparison of the vibration PSD between the print head and build

plate in z-axis during different printing activities is presented in Figure 3.4.

The PSD spectrum indicates that the print head experiences higher vibration

levels compared to the build plate, especially at frequencies above 300 Hz. This

is because the print head behaves as a moving mass on flexible beams, making

it more prone to vibrational disturbances. Notably, the vibration at the print

head is predominantly characterised by a peak at around 230 Hz, correlating

with the motor of the cooling fan. In contrast, the build plate shows a dominant

vibration peak at around 180 Hz, which is caused by the electric motor located

at the bottom of the printer that controls the build plate movement.

Table 3.2 summarises the RMS acceleration values measured at the print

head and build plate across three axes while printing on the shaker without

any induced vibration. Notably, the vibration levels are higher when printing

the floor layers compared to the wall structures across all three axes for both

print head and build plate, which can also be observed in Figure 3.4. This

variation is attributed to the default raster angle setup for the floor, which is 45

degrees. This angle results in larger motions compared to the wall structures,
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(a) (b)

Figure 3.4: (a) PSD of the print head and (b) build plate during different
printing activities in z-axis without vibration.

where printing is limited to the outer contour at 0 and 90 degrees.

Table 3.2: RMS acceleration of the print head and build plate under different
printing activities without external vibration.

RMS acceleration (g) Print head Build plate
X Y Z X Y Z

Idle 0.069 0.180 0.092 0.002 0.008 0.006
Floor 0.297 0.330 0.284 0.065 0.185 0.138
Wall 0.249 0.273 0.214 0.034 0.114 0.071

3.3.2 Common carrier condition

In this section, a 3D printing experiment was conducted under the common

carrier vibration condition, and the overall RMS acceleration is 0.2 g, as

detailed in Figure 3.1. Similar to the previous scenario, the idle state is

the 3D printer powered on but not printing. However, in this case, a large

level of low-frequency content below 100 Hz is observed. These are primarily

due to the frequency range of the common carrier vibration, which coincides

with the structural resonances of the 3D printer structure. The low-frequency

resonance of the print head is around 27 Hz, while the resonance of the

build plate is around 64 Hz. The comparison of the vibration PSD under

common carrier vibration between the print head and build plate in z-axis

during different printing activities is presented in Figure 3.5. Notably, the
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PSD spectra indicate that the print head experiences higher vibration levels

compared to the build plate at frequencies above 200 Hz.

(a) (b)

Figure 3.5: (a) PSD of the print head and (b) build plate during different
printing activities in z-axis under common carrier vibrations.

Table 3.3 summarises the RMS acceleration values measured at the print

head and build plate across three axes while printing different structures

under the common carrier vibration condition. Notably, the build plate exhibits

lower vibration levels when printing floor layers compared to the idle state,

whereas the print head vibrations are largely increased compared to the idle

state. However, during the printing of wall structures, both the print head and

the build plate experience higher vibration levels than in the idle state. Several

factors contribute to these dynamic characteristics. First, when printing the

wall structure, the print head is often positioned near the midpoint of its travel

range. This reduces the structural rigidity of the print head structure, making

it more prone to vibrations. Second, the common carrier vibration is mainly

composed of low-frequency contents, which induce a high level of displacement

and lead to interaction between the build plate and print head. Third, during

the printing of floor layers, vibrations from the build plate are transmitted

through the printed parts to the print head, resulting in vibration coupling

between the two components. This coupling effect tends to lower the build

plate RMS level while increasing the print head RMS level. When printing the

wall structure, the interaction time between the build plate and the print head

is reduced due to the frequent layer changing process. This reduced interaction

time limits the coupling effects during the printing of wall structures, which
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leads to a higher build plate vibration and lower print head vibration compared

to printing the floor layers.

Table 3.3: RMS acceleration of the print head and build plate under different
printing activities with common carrier vibrations.

RMS acceleration (g) Print head Build plate
X Y Z X Y Z

Idle 0.294 0.313 0.293 0.190 0.222 0.439
Floor 0.531 0.399 0.509 0.122 0.222 0.375
Wall 0.386 0.353 0.418 0.160 0.191 0.577

3.3.3 Aircraft cargo condition

In this section, a 3D printing experiment was conducted under the condition of

aircraft cargo vibration, as detailed in Figure 3.1. Compared to the common

carrier vibration condition, the low-frequency contents are reduced due to the

uniform frequency profile of the aircraft cargo vibration. The overall vibration

level for both the print head and build plate locations is elevated compared

to the no vibration condition. The comparison of the vibration PSD between

the print head and build plate in the z-axis during different printing activities

is presented in Figure 3.6. The PSD spectrum indicates that the print head

experiences higher vibration levels compared to the build plate for frequencies

above 200 Hz, while the build plate shows higher low-frequency contents

around 70 Hz.

(a) (b)

Figure 3.6: (a) PSD of the print head and (b) build plate during different
printing activities in z-axis under aircraft cargo vibrations.
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The RMS acceleration of the aircraft cargo vibration scenario is sum-

marised in Table 3.4. Similar to the no vibration scenario, the vibration levels

when printing the floor layers are higher compared to printing the wall struc-

tures. This is because a higher amount of motion is involved in printing the

floor layers than the wall structures, which generally requires more extensive

and continuous movement of the printer components. The reason for the differ-

ence between the aircraft cargo and the common carrier vibration scenario is

that the displacement of the vibration in this condition is much lower than the

common carrier vibration condition, which is low-frequency dominant, largely

reducing the interaction time during the printing process.

Table 3.4: RMS acceleration of the print head and build plate under different
printing activities with aircraft cargo vibrations.

RMS acceleration (g) Print head Build plate
X Y Z X Y Z

Idle 0.196 0.254 0.139 0.059 0.085 0.113
Floor 0.299 0.338 0.303 0.067 0.198 0.152
Wall 0.264 0.314 0.230 0.058 0.131 0.139

3.3.4 Shipboard condition

The last scenario is printing under the shipboard vibration condition, as

detailed in Figure 3.1. The comparison of vibration PSD between the print

head and build plate in z-axis during different printing activities is displayed in

Figure 3.7. There are multiple narrowband peaks in the spectra corresponding

to low-frequency harmonics at 50, 100, 150 and 200 Hz. These frequencies

are linked to the RPM of the turbine engine, which is among the most used

engines in large cargo ships. Table 3.5 details the RMS acceleration of the

shipboard vibration condition. Notably, the level of vibration is lower when

printing the wall layers compared to the floor structures, similar to the aircraft

cargo vibration condition.

When comparing the RMS acceleration across all four conditions examined

in this study, the following order of magnitude in vibration levels is observed.

The common carrier vibration scenario exhibits the highest RMS values, show-

ing the most intense vibrational environment for the 3D printer. The shipboard

vibration has the second highest RMS values, followed by the aircraft cargo
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(a) (b)

Figure 3.7: (a) PSD of the print head and (b) build plate during different
printing activities in z-axis under shipboard vibrations.

Table 3.5: RMS acceleration of the print head and build plate under different
printing activities with shipboard vibrations.

RMS acceleration (g) Print head Build plate
X Y Z X Y Z

Idle 0.233 0.343 0.170 0.070 0.096 0.168
Floor 0.332 0.332 0.327 0.078 0.207 0.290
Wall 0.258 0.324 0.232 0.061 0.135 0.170

vibration, indicating a relatively milder but notable vibrational impact. The

lowest one is printing without vibration, with RMS accelerations at the print

head below 0.2 g and at the build plate below 0.01 g in the idle state. The

highest level of RMS occurs during printing the floor layers under the common

carrier vibration condition.

Although the RMS values of the three vibration conditions are the same,

the frequency content of the vibration plays a critical role in its impact on

3D printer structural vibration. The common carrier condition, being low-

frequency dominant, results in higher overall acceleration levels. These low-

frequency vibrations are particularly disruptive to the 3D printing process

as they introduce larger relative movements between the print head and the

build plate, compromising layer alignment and surface finish. This can lead to

dimensional inaccuracies and surface imperfections. In the next section, the

surface roughness of the 3D printed components under four different vibration

conditions is examined and discussed.
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3.4 Estimating vibration levels of the 3D
printer

In addition to direct experimental measurements, this section presents a

method for estimating the structural vibration levels of 3D printers using

finite impulse response (FIR) filters. Instead of relying on accelerometer mea-

surements for each new vibration condition or printer configuration, this

approach utilises a pre-identified FIR filter that represents the dynamic trans-

mission path between the shaker and the printer structure. The FIR filter was

modelled using the LMS algorithm, which determines the filter coefficients by

minimising the mean squared error between the filter output and the desired

signal. A random signal with a constant power spectral density across all

frequencies is usually used as the input signal for filter modelling.

The input and output signals used for modelling were similar to the ac-

celeration signals measured at the shaker fixture surface and the build plate,

as described in the previous section. Among the three types of transportation

vibrations, the vehicle vibration condition was not suitable due to its dominant

low-frequency content. The shipboard vibration condition was considered ac-

ceptable, although it contains mid-frequency harmonic contents. The aircraft

vibration condition was identified as the most suitable for filter modelling, as

it mainly includes frequency content with a constant power spectral density

across all frequencies. Therefore, input signals corresponding to both the air-

craft and shipboard conditions were tested and compared. The filter length

was set to 2048 samples.

This method enables the estimation of build plate vibration levels under

various excitation profiles. However, it does not apply to the print head location,

as there is no clearly identifiable dominant natural frequency at that location,

leading to poor modelling accuracy. Table 3.6 compares the vibration levels

under different conditions using FIR filter estimation and direct measurement

of the 3D printer in the z-axis when it is in idle condition. The two filter

modelling types correspond to the two types of input signals used during the

FIR filter identification process. The results show that both filters estimate

the vibration RMS levels with less than 5% deviation from the measured

values. Moreover, both modelled filters can estimate vibration levels under the

vehicle vibration condition, which is dominated by low-frequency content. This
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demonstrates the capability of the method to accurately estimate structural

vibration levels of the 3D printer under varying excitation profiles.

Table 3.6: Comparison between the vibration RMS levels estimated using the
FIR filter and through direct measurement of the 3D printer in the z-axis
when it is in idle condition.

Filter modelling Common carrier condition
Estimation (g) Measurement (g) Difference (%)

Aircraft 0.460 0.439 4.90
Shipboard 0.451 0.439 2.80

Filter modelling Aircraft cargo condition
Estimation (g) Measurement (g) Difference (%)

Aircraft 0.111 0.113 -1.77
Shipboard 0.108 0.113 -4.95

Filter modelling Shipboard condition
Estimation (g) Measurement (g) Difference (%)

Aircraft 0.170 0.168 1.13
Shipboard 0.171 0.168 1.97

To further validate the use of the identified FIR filter model method for

predicting the vibration levels of different 3D printer structures, a modification

was made by adding additional mass to the original 3D printer, as shown in

Figure 3.8. Two metal blocks, each weighing approximately 117 g, were

attached to the 3D printer structure. Although the combined mass of the

blocks was only 0.23 kg compared to the printer mass of 1.16 kg, this addition

was sufficient to introduce noticeable modifications to the 3D printer’s dynamic

behaviour. One block was mounted on the side of the base frame, while the

other was positioned close to the z-axis motor housing. A comparison of the FRF

of the FIR filters before and after the structural modification of the structure

is presented in Figure 3.9a. Following the addition of mass to the 3D printer,

the first peak in the FRF shifts to the left, indicating a reduction in the

natural frequency, as expected due to the additional mass. The corresponding

impulse responses of the two configurations are shown in Figure 3.9b. Table
3.7 compares the vibration levels under different conditions using FIR filter

estimation and direct measurement after modifying the 3D printer structure.

Similarly, the results show that both filters estimate the vibration RMS levels

with less than 5% deviation from the measured values, which demonstrates

the capability of the method to accurately estimate structural vibration levels
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of different 3D printer structures.

������

������

Figure 3.8: The locations of two additional metal blocks on the 3D printer.

(a) (b)

Figure 3.9: (a) Frequency responses and (b) impulse responses of the original
and modified FIR filters of the 3D printer modelled by the aircraft vibration
condition.

Once identified, the FIR model can be reused to estimate build plate vibra-

tions under new excitation profiles by convolving the FIR filter with a known

input signal, such as the measured acceleration at the shaker surface. This

enables rapid and reliable estimation of structural vibration levels without

requiring repeated measurements. More importantly, the method offers gen-

eralisability across different 3D printer models. By identifying FIR filters for

a representative printer geometry, it is possible to predict vibration trans-

mission characteristics under various environmental conditions, including
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Table 3.7: Comparison between the vibration RMS levels estimated using the
FIR filter and through direct measurement of the modified 3D printer with
additional metal blocks.

Filter modelling Common carrier condition
Estimation (g) Measurement (g) Difference (%)

Aircraft 0.428 0.445 -3.93
Shipboard 0.435 0.445 -2.27

Filter modelling Aircraft cargo condition
Estimation (g) Measurement (g) Difference (%)

Aircraft 0.096 0.097 -1.14
Shipboard 0.100 0.097 3.31

Filter modelling Shipboard condition
Estimation (g) Measurement (g) Difference (%)

Aircraft 0.178 0.180 -0.78
Shipboard 0.184 0.180 2.67

land-based, maritime, and aerial scenarios. This FIR filter-based estimation

method provides a solution for assessing printer performance in vibration-

prone environments and serves as a useful tool for simulation, control design,

and risk evaluation before field deployment.

3.5 Surface quality assessment

3.5.1 Surface roughness metric

FFF 3D printer builds objects by stacking layers of melted plastic, resulting

in visible lines and a rougher surface compared to machining. During the

cooling phase, the plastic may contract slightly, resulting in small gaps or

uneven surfaces between layers. Additionally, any relative motion between the

nozzle and the build plate can further exacerbate these surface imperfections.

Surface roughness is a key aspect of surface finish, which quantifies deviations

of a surface from its ideal form in the direction of its normal vector. Larger

deviations indicate a rough surface, while smaller deviations signify a smoother

surface. The parameter Ra, which is the most commonly used profile roughness

parameter, is the arithmetic average value of the filtered roughness profile

determined from deviations about the centre line along the evaluation line.
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The formula is given by:

Ra = 1
l

∫l

0
|z(x)|dx (3.1)

where l is the surface length along a surface profile x.

3.5.2 Surface roughness measurement

To ensure the consistency and reliability of the results, five identical copies of

samples were printed under similar conditions for each test scenario and their

surface roughness was measured. The value will be measured by a surface

roughness gauge (Mitutoyo Surftest SJ-210) following the direction as shown in

the white arrow in Figure 3.3. Four side surfaces of each sample are measured

by the surface roughness gauge. The surface roughness of the printed parts

under different vibration environments measured by the surface roughness

gauge in the horizontal direction is shown in Figure 3.10, alongside the build

plate RMS accelerations in the z-axis. The surface roughness measurement

values shown are the averages of four side surfaces. The results indicate

that parts printed without any vibration exhibit the lowest average surface

roughness, measuring 1.72 µm. Samples subjected to aircraft cargo vibrations

show an increased average surface roughness of 2.84 µm, while those exposed

to shipboard vibrations have a roughness of 3.39 µm. The highest surface

roughness is observed in samples printed under common carrier vibrations,

with an average value of 11.29 µm.

Figure 3.10: A comparison of the surface roughness measurement of printed
samples and build plate acceleration RMS under different vibration conditions.
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Table 3.8 shows the surface roughness measurements and build plate

RMS values under external vibration conditions compared to the no vibration

baseline condition. The common carrier vibration causes the largest increase in

surface roughness, at 557.31% above baseline, followed by shipboard vibration

at 97.44% and aircraft cargo vibration at 65.35%. Build plate acceleration RMS

follows a similar trend but with a higher ratio, with common carrier vibration

causing the highest increase at 708.40%, followed by shipboard vibration

at 138.52% and aircraft cargo vibration at 94.96%. Overall, the build plate

acceleration RMS correlates with surface roughness, and the low-frequency

content of the vibration has a significant impact on print quality.

Table 3.8: Comparison of surface roughness measurements and build plate
RMS acceleration under different vibration conditions relative to the no vibra-
tion scenario.

Printing
conditions

Surface
roughness
measure-

ment (µm)

Above no
vibration

(%)

Build plate
accelera-
tion RMS

(g)

Above no
vibration

(%)

No
vibration 1.72 - 0.07 -

Common
carrier 11.29 557.31 0.58 708.40

Aircraft
cargo 2.84 65.35 0.14 94.96

Shipboard 3.39 97.44 0.17 138.52

3.5.3 Image-based surface quality metrics

One of the drawbacks of the line-based surface measurement is that it only

evaluates the surface profile across a single line, which cannot reveal the entire

surface profile of the structure. To quantify the surface roughness of the 3D

printed parts more accurately, an enhanced metric is developed. This metric

utilises an image of the region of interest (ROI) and calculates the average

surface roughness by applying the following equation across all rows of the

specified area:

Raimage = 1
N

N∑
k=1

Rak (3.2)
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where N is the total number of rows in the image, and Rak is the arithmetic

average value for the kth row. This metric uses a similar approach to the line-

based surface roughness measurement but extends it by using a surface-based

average to quantify the roughness of a surface.

Although the surface roughness parameter Raimage can be used to assess

the surface quality in the out-of-plane direction, surface imperfections in the

in-plane direction of 3D printed parts require further investigation. Ideally,

a printed surface consists of multiple parallel lines representing each layer.

Under the influence of vibrations, these layers can shift up and down, creating

wave or ripple-like patterns. Consequently, to evaluate this waviness, a new

metric is introduced based on the analysis of the image ROI from the printed

samples. The aim of the waviness metric is to capture the variation in pixel

intensity within each row of the image. This variation is an indication of

surface texture. The metric is mathematically defined as:

Wrow = f (∆I) (3.3)

where ∆I = I i+1− I i represents the difference in intensity between consecu-

tive pixels in a row, and f (∆I) represents a function applied to the absolute

differences in intensity for each row. The function used in this study is the

mean of (∆I), while it can be extended to other functions, such as RMS. After

computing the waviness score for each row, an overall score for the image is

obtained by averaging these scores across all rows. This score represents the

average peak variation in pixel intensity across the entire image, which is

given by:

Wimage = 1
N

N∑
k=1

Wk (3.4)

where N is the total number of rows in the image, and Wk is the waviness score

for the kth row. The waviness score of each printed part based on different

functions can be compared with the results in the previous section.

3.5.4 Image-based surface quality results

Figure 3.11 displays the original images of four 3D printed samples under

different vibration conditions. The photographs were taken using a mobile

phone (iPhone 12) rear camera, with a focal length of 4.2 mm, an aperture

of f/1.6, an exposure time of 1/50 seconds, and an ISO sensitivity of 200. The
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exposure compensation was set to 0, and no flash light was used. The images

were captured in a moderately lit office environment and cropped to 600 by

600 pixels for analysis. All four samples have a similar pattern of ringing or

ghosting in the highlighted regions. The sample printed under the vehicle

vibration condition shows less ringing compared with the other three samples

due to its higher surface roughness, which obscures the ringing effect. A

consistent corner overshoot is also observed in all specimens, which is caused

by imperfect system tuning. In addition, slight warping is visible at the bottom

layers of each specimen. This effect is linked to inadequate print bed adhesion

rather than the effect of base vibration.

The Raimage values were processed and calculated using MATLAB®. First,

the raw images shown in Figure 3.11 were converted from RGB to grayscale.

An ROI of 400 by 400 pixels was then selected from the centre region of each

image. Next, a Laplacian filter with an alpha value of 1 was applied to en-

hance edge features of the image, and the Rak values were obtained. Finally,

Equation 3.2 was used to calculate the Raimage. The calculated surface rough-

ness scores following this procedure are presented in Figure 3.12a. A higher

value indicates a rougher surface. Consistent with the direct measurement

results, samples printed without vibration exhibit the lowest average surface

roughness, measured at a score of 0.069. However, those subjected to aircraft

cargo vibrations show an increased average surface roughness score of 0.080,

which is higher than the 0.077 score recorded for samples exposed to shipboard

vibrations. The samples printed under common carrier vibrations exhibit the

highest average surface roughness at a score of 0.094.

Similarly, the average waviness score, Wk, for each image row was calcu-

lated following the same procedure described previously. The overall surface

waviness, Wimage, was then computed for a 400 by 400 pixels ROI using Equa-
tion 3.4, and the results are shown in Figure 3.12b. The samples printed

under common carrier vibrations demonstrate the highest waviness score of

0.028, followed by shipboard vibrations, which is 0.017. The samples printed

under aircraft cargo vibrations show a surface waviness score of 0.016. The

samples printed without vibrations show the lowest waviness score value of

0.011. This metric shows a similar trend with the equivalent surface roughness

score results, and an improved accuracy vs. the Raimage metric, indicating its

potential in predicting the surface quality of 3D printed parts.
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Figure 3.11: Images of one of the side surfaces of 3D printed samples printed
under different conditions.

(a) (b)

Figure 3.12: (a) Surface roughness score and (b) surface waviness score of
samples under different vibration conditions.
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In Table 3.9, the comparison of different vibration conditions based on two

metrics is listed. The common carrier vibration shows the highest roughness

and waviness score, indicating its significant influence on the printed parts.

The results suggest that different environmental vibrations can significantly

impact the surface quality of materials, and low-frequency contents in ex-

ternal vibration have a greater impact on surface quality, as they introduce

higher displacement than high-frequency vibrations. Overall, the image-based

method can be used as a practical reference technique for rapidly assessing the

surface quality of 3D printed parts, particularly in situations where a surface

roughness gauge is unavailable.

Table 3.9: Comparison of surface roughness and image-based roughness scores
under different vibration conditions relative to the no vibration scenario.

Printing
condi-
tions

Surface
rough-
ness

measure-
ment (µm)

Above
no

vibra-
tion
(%)

Roughness
score

Above
no

vibra-
tion
(%)

Waviness
score

Above
no

vibra-
tion
(%)

No
vibration 1.72 - 0.069 - 0.011 -

Common
carrier 11.29 557.31 0.094 35.54 0.028 143.43

Aircraft
cargo 2.84 65.35 0.080 16.08 0.016 42.04

Shipboard 3.39 97.44 0.077 11.41 0.017 48.29

3.6 Effects of different vibration conditions on
natural frequencies

To further evaluate the impact of the four vibration conditions on the natural

frequencies of 3D printed parts, an impact hammer experiment was conducted

following a similar setup described in Section 2.3. The four conditions used

are those described in Section 3.3. However, the specimen dimensions in

this case are 80 mm × 20 mm × 3 mm, due to the limited print space of the

EasyThreed K7 3D printer. A 20% infill density with the line infill pattern

was used and maintained throughout the printing of each specimen. The layer
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thickness was 0.2 mm, and both the top and bottom have four layers. The

clamp length was still 20 mm, using the 3D printed slot structure. A manual

impact hammer (B&K Type 8204) was used instead of the automatic impact

hammer. Each specimen was impacted five times, and the results are averaged.

An example of the coherence of one of the specimens is shown in Figure
3.13, demonstrating high repeatability of each impact test. Five identical

samples are prepared for each vibration condition to ensure the consistency

and reliability of the results.

Figure 3.13: An example of a signal coherence function of one 3D printed
specimen under an impact test.

The averaged FRFs of four different vibration conditions are compared and

presented in Figure 3.14, where the shaded areas represent the SDs from five

specimens. The parts printed without vibration show the highest first three

natural frequencies of 139.5 Hz, 856.7 Hz, and 2302.9 Hz, respectively. The

parts printed under common carrier vibration show the second highest natural

frequencies, which are followed by the aircraft cargo vibration condition. The

parts printed under the shipboard vibration condition demonstrate the lowest

first three natural frequencies of 121.8 Hz, 743.2 Hz, and 1990.9 Hz. Table
3.10 summarises the natural frequencies of 3D printed parts under different

vibrations. Generally, the induced vibration reduces the natural frequencies

of 3D printed parts due to the reduced effective stiffness in the structure

caused by delamination and reduced layer bonding, while it is not simply

relevant to the structural vibration level of the 3D printer. The common

carrier vibration condition demonstrates the highest RMS acceleration at both
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print head and build plate locations, as well as leading to the highest surface

roughness. However, it shows the lowest impact on the natural frequencies

of printed parts. The shipboard vibration condition with the second largest

RMS acceleration and surface roughness demonstrates the highest impact

on the natural frequencies of printed parts. These findings indicate that the

frequency content of the vibration also has a major impact on the natural

frequencies.

(a) (b)

Figure 3.14: (a) Magnitude and (b) phase responses of specimens printed under
different vibration conditions under the impact test. Shaded areas represent
standard deviations calculated from all five specimens.

Table 3.10: Natural frequencies of 3D printed parts under different vibration
conditions, with SDs shown in the brackets.

Printing conditions Natural frequency (Hz)
First Second Third

No vibration 139.5 (4.7) 856.7 (33.0) 2302.9 (92.8)
Common carrier 128.8 (1.4) 772.4 (11.9) 2078.4 (30.0)

Aircraft cargo 126.3 (3.6) 764.9 (15.8) 2048.6 (41.8)
Shipboard 121.8 (3.7) 743.2 (18.2) 1990.9 (44.2)

3.7 Discussions

The investigations presented in this chapter and Chapter 5 are based on

experiments conducted using the EasyThreed K7 FFF 3D printer, instead

of the Markforged® X7 3D printer. The selection was made due to practical

66



3.8. SUMMARY

constraints in the experimental setup. The low mass and small footprint of the

K7 3D printer allow safe mounting on the electrodynamic shaker without addi-

tional support structures. The larger enclosed X7 printer could not be mounted

without structural modifications. Consequently, the conclusions regarding the

effects of vibration on surface roughness and modal properties are directly

applicable to this printer model and to other small-scale FFF printers of simi-

lar configuration. Nevertheless, the underlying physical mechanisms, such as

the amplification of structural vibrations near resonance, increased relative

motion degrading surface quality, and internal structural defects reducing

effective stiffness, are generalisable principles across different FFF models.

While quantitative outcomes (such as specific values of surface roughness or

changes in natural frequency) may vary with geometry, mass distribution,

rigidity, and motion mechanism of the 3D printer, the qualitative relationships

between vibration frequency content, structural response, and print quality

are expected to remain consistent among FFF systems.

In this study, the vibration excitation was limited to the vertical direction

due to the configuration of the available shaker system. In real-world applica-

tions, especially in transportation and mobile printing contexts, equipment is

typically exposed to more complex vibration conditions, including significant

in-plane and rotational excitations. These additional excitations can induce dif-

ferent modal interactions and increase the complexity of structural responses,

potentially affecting the printing process differently from purely vertical ex-

citations. For example, rotational vibrations may introduce additional layer

misalignment or structural torsion, while in-plane vibrations might have a

greater influence on dimensional accuracy. Given these considerations, the

results reported here should be regarded as an initial step toward understand-

ing how complex real-world vibration conditions influence 3D printing quality,

and they provide a foundation for future research addressing multi-degree-of-

freedom (multi-DoF) vibration scenarios.

3.8 Summary

This chapter presents a comprehensive experimental study of transportation

environments, including common carrier, aircraft cargo, and shipboard, and

their effects on the surface quality and modal properties of FFF printed parts.
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These environmental conditions were simulated using the vertical shaker exci-

tation with identical RMS acceleration levels but distinct frequency contents.

The experimental results indicate that despite all vibration conditions

sharing the same time-domain RMS values, their frequency characteristics

significantly influence both the surface roughness and natural frequencies of

the printed parts. The common carrier vibration, dominated by low-frequency

contents, produced the highest surface roughness, 11.29 µm, consistent with

higher relative displacement between the print head and the build plate

that disrupts layer deposition. Aircraft and shipboard conditions, which are

higher-frequency dominant, caused less severe surface degradation but still

exceeded the no-vibration baseline. These findings were confirmed by contact

measurements and by image-based roughness and waviness metrics, which

offer a practical alternative when a surface roughness gauge is unavailable.

The modal properties of the printed parts are further examined through

impact hammer testing. It is observed that environmental vibrations reduce

the natural frequencies of printed parts, possibly due to delamination, re-

duced layer bonding, and internal defects. The shipboard vibration condition,

with mid-range harmonic content, produced the most significant reduction

in natural frequencies, despite moderate changes in surface roughness. This

effect is attributed to the induction of internal structural defects, which reduce

the effective stiffness of the printed parts and consequently lower their mea-

sured natural frequencies. These findings demonstrate the significance of the

vibration frequency content in determining the modal properties of FFF parts.

Furthermore, a new predictive method is introduced to estimate the vi-

bration levels of a 3D printer using FIR filters. This method models the

dynamic transfer path between the shaker surface and the build plate using

pre-identified filters under different excitation conditions. Once identified, the

filters can be used to estimate the printer vibration levels without additional

physical tests, and can be extended to different printer models. Validation

through experiments on a modified printer structure demonstrates that the

estimated RMS vibration levels closely match direct measurements, with

deviations remaining below 5%.

Future investigations should explore more complex vibration scenarios,

including multi-degree-of-freedom excitations such as in-plane (horizontal)

and rotational excitations, to comprehensively characterise their influence on
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print quality and modal properties. Investigations involving alternative printer

architectures, such as delta 3D printers, are also necessary to generalise the

findings in this chapter. Additionally, a detailed examination of the internal

microstructure of the printed parts using advanced microscopy techniques

could reveal how vibration frequency content affects internal characteristics

and structural integrity in FFF printing under environmental vibrations.
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4
Active Vibration Control of a moving stage system

4.1 Introduction

4.1.1 Stepper motor system and AVC algorithms

S tepper motors are widely used in industrial applications such as in

3D printers [77], CNC machines [78], and robotic systems [79] due

to their precision and efficiency. These motors are often incorporated

with lead screws, bearings, and guideways to form precision drive systems.

When operating at higher speeds and accelerations, stepper motors can excite

the resonant vibration modes of a system when the frequency of the motor

coincides with the structural modes of the system, leading to positional inaccu-

racy [80]. In the context of 3D printing, such vibrations can degrade printed

component geometry accuracy or surface finish [25]. It has been reported that

the stepper motor operation mostly impacts the printing quality on the build

plate [33]. Stepper motors generate multiple harmonic vibrations influenced

by their rotational speed, which in turn controls the drive feed rate, further

impacting the quality of the end products. Generally, the drive waveforms

for full-step, half-step and micro-step configurations consist of square wave

signals. These signals approximate sinusoidal waves by modifying the duty

cycle of the pulse width modulation signal to closely replicate the ascent and

descent of a sinusoidal waveform. This waveform characteristic primarily
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causes stepper motors to induce resonances in systems when the waveform

frequency approaches the natural frequencies of the system [81]. These forced

vibrations caused by the waveform pose challenges to vibration control of sys-

tems, particularly when employing traditional passive techniques that target

vibration reduction at specific, narrowband frequencies. The performance of

these passive methods degrades when system vibration frequencies change

due to variations in system operational speeds, or when system resonance

frequencies shift due to mass reconfiguration [82, 83]. This variability compli-

cates the task of consistently controlling vibrations across different operational

conditions.

Consequently, active control methods have been widely employed for vi-

bration control owing to their capability to dynamically track and adapt to

changes within the system. The filtered-x least mean square (FxLMS) method,

known for its simplicity and robustness, has been extensively studied over the

past decades, becoming the most popular adaptive control algorithm [44]. The

secondary path, which is the path between the controller actuator output and

error sensor, has a critical influence on the control performance of the system

[84]. There are two methods for identifying the secondary path in control sys-

tems, which are the online and offline secondary path modelling methods. The

online secondary path modelling approach is more suitable due to its ability

to adapt dynamically to changes in systems with time-varying characteris-

tics. Conventional online modelling techniques typically rely on broadband

auxiliary noise signals to ensure convergence, but this additional excitation

may degrade control performance by introducing residual noise, especially in

low signal-to-noise ratio or nonstationary conditions. Alternatively, online sec-

ondary path modelling without auxiliary noise signal approaches, such as those

based on control signal excitation [85], theoretically overcomes this limitation.

Nevertheless, they require the control signal to provide sufficient excitation

of the secondary path. By contrast, for systems with slow-changing dynamics,

the offline secondary path modelling method can still provide effective control

performance while not requiring high computational complexity.

Alongside the FxLMS algorithm, its variants such as the normalised least

mean square (NLMS) [86] and affine projection least mean square (APLMS)

[87], have been developed to improve convergence rates and reduce steady-

state errors. Specifically, the APLMS algorithm has found successful applica-
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tions in various fields, including fault diagnosis in rotating machinery [88],

active noise control [89, 90], and acoustic feedback cancellation [91]. Despite

the broad applications of the APLMS algorithm in other domains, its use in

AVC, particularly in systems experiencing periodic disturbances from rotating

machinery, is not fully explored, indicating potential areas for further research

[92].

4.1.2 AVC in complex and time-varying dynamic systems

Piezoelectric actuators are widely utilised in AVC due to their ability to gener-

ate relatively large mechanical forces at high operating frequencies, all within

a compact, lightweight configuration, such as the piezoelectric stack actuator

(PSA) [93]. This type of actuator is based on the inverse piezoelectric effect,

where materials deform mechanically when subjected to an electric field [94].

This capability makes them particularly effective for controlling vibrations

in complex systems. For controlling vibration in complex rotating systems,

several studies have investigated the AVC of gear shaft vibration [95, 96],

and machinery vibration [97, 98]. However, a major limitation of the AVC in

complex systems is its reliance on precise reference signals, typically derived

from built-in sensors such as encoders [99, 100]. In the absence of such signals,

AVC systems rely on synthetic reference signals [101]. The quality of these

reference signals significantly impacts the overall performance of AVC systems.

This dependency imposes a common limitation of the feedforward adaptive

AVC system, where the availability of a reference signal that closely correlates

with the targeted vibration is crucial for effective vibration control. There-

fore, when the reference signal is unavailable, a feedback adaptive system

can be a viable alternative, which has already been used for AVC and ANC

[102, 103, 104, 105]. However, feedback systems have their own limitations,

including a narrow bandwidth of attenuation, potential system instability, and

the waterbed effect, which amplifies noise outside of the desired operational

frequency band [103]. Moreover, hybrid AVC systems combining feedforward

and feedback structures have been explored to address the limitations inherent

in both types of systems [106, 107]. One such system effectively controlled

vehicle road noise using a sub-band FxLMS algorithm, which reduces the

computational complexity associated with the traditional FxLMS. This was

complemented by a feedback mechanism that helped to reduce residual noise
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[108]. Another study introduced a hybrid feedback PID (Proportional Integral

Derivative)-FxLMS algorithm, which improved convergence, stability, and

ease of parameter tuning in controlling harmonic vibrations in a piezoelectric

cantilever beam [47].

Research has primarily focused on the AVC of systems with dynamics

that remain constant over time. However, applications of AVC to systems

with time-varying dynamic characteristics remain underexplored in existing

literature. For example, the linear interpolation method has been proposed to

model time-varying secondary paths [98]. The researchers achieved AVC for

rotating machinery by measuring secondary paths at multiple points during a

single revolution and linearly interpolating secondary path models between

these points. This approach utilises pre-identified offline secondary paths at

different angular positions to model time-varying secondary paths and effec-

tively control structure-borne vibration in rotating machinery. The findings

indicate that control performance stabilises and remains consistent when the

number of interpolations exceeds four. Furthermore, the vibration caused by

the motor during system operation has yet to be effectively controlled [109].

In the context of 3D printing, stepper motors drive not only stationary compo-

nents such as the extruder of the printer head, but also the positioning of the

printer head and the build plate itself during the printing process. This config-

uration results in a moving vibration source, which introduces a time-varying

secondary path and dynamic system characteristics that change rapidly and

continuously. This mobility further complicates the vibration control of such

systems, emphasising the need for alternative AVC strategies to accommodate

these dynamic environments.

This chapter explores AVC in a stepper motor-driven linear positioning

system, where the dynamic characteristics of the moving stage vary along the

linear guide. Initially, sensor locations for the AVC system are strategically

selected based on the coherence function between the reference and error

signals. The study begins with simulation analyses of the moving stage system,

where the actuator is placed on the moving stage, which does not lead to

time-varying secondary paths. Both feedforward and feedback-based LMS

and APLMS algorithms are formulated, and their performance, evaluated in

terms of harmonic suppression and overall vibration reduction, is compared

while considering computational complexity. Subsequently, the actuator is
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moved to a location close to the vibration source, which leads to a time-varying

secondary path system. The secondary path models (SPM) at five distinct

locations along the linear guide are collected and modelled offline. The study

then presents experimental investigations, beginning with the implementation

of the FxLMS algorithm using each of the five single SPMs. This is followed by

the introduction of the proposed online switching SPM method applied to the

moving stage system setup. Finally, a comparative analysis of the vibration

control performance and system stability between using a single SPM and the

online switching of SPMs method is presented.

4.2 AVC system and control algorithms

4.2.1 Moving stage linear positioning system setup

The moving stage system examined in this study is widely utilised in projects

such as RepRap (replicating rapid prototyper) 3D printers and CNC machines.

The linear guide was assembled from two V-slot aluminium extrusions, each

with dimensions of 1000×20×40 mm. The moving plate was made of aluminium

alloy with dimensions of 100×88×3 mm. The stepper motor, controlled by

an Arduino Uno microcontroller, rotates a threaded lead screw to move the

plate along the linear guide. The motor speed was set to 30 RPM with no

microstepping.

The primary vibration source in the moving stage system originates from

the stepper motor that drives the lead screw. To monitor these vibrations, two

IEPE accelerometers were employed, with one (B&K Type 4397) placed near

the stepper motor as the reference sensor and the other (B&K Type 4533-B)

mounted on the moving plate as the error sensor. Both sensor signals were

conditioned and captured on an NI-9234 C series input module, which digitises

the inputs for subsequent processing by the control system. To actively atten-

uate the plate vibration, a cylindrical-shaped preloaded linear piezoelectric

stack actuator (PSA) model PSt VS12, with 12 mm in diameter and 28 mm in

length, was mounted on the moving plate through a customised bracket.

Actuator placement is a critical factor that directly influences control effec-

tiveness and system stability. Optimal placement strategies aim to position

actuators at locations with high modal strain energy, ensuring effective ex-
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citation of dominant vibration modes. In this section, the actuator was first

placed near the error sensor for several reasons. First, this placement allows

an effective actuator output as it leads to a higher secondary output with

a lower transmission distance. Second, this configuration does not lead to a

time-varying secondary path. In the context of AVC for plate structures, where

displacement is primarily due to bending vibrations, a customised mounting

structure was designed and manufactured by structural steel. This structure

transforms the axial forces from the PSA into actuating bending moments,

effectively cancelling the primary mode of vibration of the plate. This PSA was

driven by a PiezoDrive PD200X4 four-channel power amplifier, which provides

a high voltage output with a gain of 20. This system operated at a sampling

frequency of 6.4 kHz and utilises NI LabVIEW software for data acquisition,

signal processing and control execution.

This study examines two distinct system configurations: the static and

the moving system. In the static system setup, the lead screw is disconnected

from the nut block at the back of the plate bracket, ensuring that the plate

remains stationary during stepper motor operation. Conversely, in the moving

system setup, the lead screw was connected to the plate bracket, allowing

the plate to move along the linear guide as the stepper motor drives the lead

screw rotation. In both configurations, the plate was initially positioned at the

midpoint of the guide, 500 mm from each end, ensuring a consistent starting

point for all experiments. The overview of the moving stage linear positioning

system is shown in Figure 4.1.

PSA & mounting 
bracket

Linear guide

Stepper motor

Error 
accelerometer

Figure 4.1: An overview of the moving stage linear positioning system.
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4.2.2 Two system configurations

This study examines two distinct system configurations under a similar experi-

mental setup: the static and the moving system. In the static system setup, the

lead screw was disconnected from the nut block at the back of the plate bracket,

ensuring that the plate remains stationary during stepper motor operation.

This configuration leads to a stationary stage and a constant primary path

model. Conversely, in the moving system setup, the lead screw was connected

to the plate bracket, allowing the plate to move along the linear guide as the

stepper motor drives the lead screw rotation. This leads to a time-varying

primary path of the system. In both configurations, the plate was initially

positioned at the midpoint of the guide, 500 mm from each end, to ensure a

consistent starting point for all experiments.

Both feedforward and feedback control strategies are explored to reduce

plate vibration of the above two systems, as illustrated by different config-

urations demonstrated in Figure 4.2. The feedforward system requires an

additional reference sensor, and it is well recognised that the coherence be-

tween the reference and error signals determines the maximum achievable

vibration reduction [110]. Therefore, two alternative reference sensor locations

are explored to evaluate the coherence function, as depicted in Figure 4.2a
and 4.2b, respectively. The coherence of two signals cre can be calculated based

on the equation below [111]:

cre =
|Φre|2
ΦrrΦee

(4.1)

where Φre is the cross-power spectral density of the reference and error signals,

Φrr and Φee are the PSDs of the reference and error signals, respectively. The

first location was on the top surface of the stepper motor, while the second

was at the edge of the linear guide, as detailed in Figure 4.3b and 4.3c,

respectively. To actively reduce the vibration of the plate, a PSA was installed

on the plate to generate a control signal that counteracts the vibration induced

by the stepper motor. An error sensor was mounted next to the PSA on the

plate to monitor the residual vibrations, as shown in Figure 4.3a.

Figure 4.4a presents the estimated Welch’s PSD of the vibration signal

measured on the plate for the static system. The PSD is estimated by dividing

the measured signal into segments of 6400 samples, with a 50% overlap be-

tween segments, and the number of FFT points is 25600. It can be observed
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PSA

Moving plate

Error sensor

Stepper 
motor

Linear guide

Reference 
sensor

(a)

PSA

Moving plate

Error sensor

Stepper 
motor

Linear guide

Reference 
sensor

(b)

PSA

Moving plate

Error sensor

Stepper 
motor

Linear guide

(c)

Figure 4.2: Schematics of the three configurations (a) feedforward system with
reference sensor on motor surface, (b) feedforward system with reference sensor
on the edge of the linear guide, and (c) feedback system with no reference
sensor.

that the vibration signal spectrum consists of multiple harmonics of the funda-

mental frequency, set at 100 Hz. The fundamental frequency is directly related

to the step frequency of 100 Hz, which is the rate at which the digital pulses are

applied. These harmonics are caused by various factors. First, the operation

of the stepper motor, which involves taking discrete steps driven by electrical

pulses, results in sudden changes in motion and produces a broad range of

frequency contents. Second, the nature of the square wave of the electric pulse

signal to drive the stepper motor, with its sharp on and off transitions, in-

herently contains the fundamental frequency and its harmonics. Additionally,

the physical structure of the motor may resonate at certain frequencies, thus

amplifying these harmonics and leading to mechanical resonances within the

system.

Figure 4.4b compares the coherence between the two reference signals

and the error signal. The results show that positioning the reference sensor at

the edge of the linear guide enhances signal coherence for frequencies above
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(a)

(b) (c)

Figure 4.3: (a) The actuator and the error sensor on the moving plate. Reference
sensor at the (b) motor surface and (c) linear guide edge, respectively.

(a) (b)

Figure 4.4: (a) Vibration signal PSD measured from the moving plate before
control for the static system. (b) Signal coherence comparison of the reference
signal and error signal for each of the two reference sensor locations.
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300 Hz. In contrast, the motor surface position demonstrates high coherence

for frequencies below 300 Hz. The coherence of the first five resonances of the

static system is denoted by the black triangles and red circles in the figure

for the two reference sensor locations, respectively. These variations in signal

coherence are due to the different structural dynamics at each sensor location.

Based on these observations, the reference sensor for the static system is

placed on the motor surface, while for the moving system, it is positioned at

the edge of the linear guide. This selection of the reference sensor location is

critical for adapting the system to effectively manage the specific vibrational

characteristics of each setup, ensuring optimal control performance. It is

noted that both reference sensor locations display limited signal coherence

at the peak frequencies of the PSD in Figure 4.4a, especially at frequencies

below 100 Hz. This lack of coherence compromises the effectiveness of the

feedforward control system, as will be demonstrated in the following section.

In all scenarios investigated in this study, the error accelerometer remains

fixed despite the movement of the stage, allowing the secondary path filter to

be considered as stationary. The secondary path response was experimentally

modelled using a broadband random noise signal up to 6.4 kHz input for a

duration of 10 seconds, with the response measured by the error sensor. The

secondary path was modelled as an FIR filter with a length of 1024. However,

to improve the clarity in the initial response, the impulse responses of these

secondary path filters are presented truncated, showing only the first 256

samples. This truncation indicates that shorter filter lengths might be feasible

without detrimentally influencing system performance. The impulse responses

and frequency responses of these filters are illustrated in Figure 4.5. For the

impulse responses, the static system shows higher amplitudes in the initial

samples, while the moving system responses become more pronounced in later

samples. In terms of frequency responses, the static system exhibits multiple

peaks around 550 Hz and 850 Hz, whereas the moving system shows a notable

peak at around 750 Hz. Below 500 Hz, both systems display similar response

magnitudes. Overall, both systems exhibit significantly higher responses in

the high-frequency range (above 1 kHz) compared to the low-frequency range

(below 1 kHz), with differences exceeding approximately 30 dB, as illustrated in

Figure 4.5b. These observations indicate the distinct dynamic characteristics

of the static and moving systems.
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(a)

(b) (c)

Figure 4.5: Comparison of the responses of the moving and static system; (a)
impulse response, (b) magnitude- and (c) phase-frequency responses.

4.2.3 Feedforward control with FxLMS algorithm

In the FxLMS algorithm, the reference signal is first filtered through a model

of the secondary path before it is used in the LMS update algorithm. This

step allows for correct alignment of the phase and magnitude of the reference

signal, enhancing the algorithm stability for systems with complex secondary

paths [86]. In the AVC system, the residual vibration signal e(n) at the time

instant n is the superposition of primary vibration d(n) induced by the stepper

motor and the secondary path control signal y(n) applied by the PSA, given by:

e(n) = d(n)+ y(n) (4.2)

Then, the output from the secondary path y(n) is:

y(n) =
L−1∑
i=0

xs(n− i)wi(n)=wT(n)xs(n) (4.3)
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where wi(n) is the ith component of the controller weight vector w(n) =
[w0(n), ...,wL−1(n)]T of length L, xs(n) = ∑Ls−1

i=0 x(n− i)si(n) is the element of

the filtered reference signal xs(n), and si(n) is the ith component of the sec-

ondary path vector of length Ls. It is noted that the slow adaptation assump-

tion has been used to derive the above equation. The filtered signal xs(n) is

obtained by passing the reference signal through the estimated secondary path

Ŝ(z). Then, the reference signal filtered by the estimated secondary path xŝ(n)

can be calculated by:

xŝ(n) = ŝ(n)∗x(n) (4.4)

where x(n) is the reference signal vector measured at the reference accelerom-

eter, and ŝ(n) is the inverse z-transform of the modelled secondary path filter

Ŝ(z). Hence, the controller weight can be updated by minimising the mean

squared error signal E
[
e2(n)

]
as follows:

w (n+1)= w (n)−µe(n)xŝ(n) (4.5)

where µ is the step size. The controller aims to reduce the unwanted vibration

by minimising the squared error acceleration e(n) measured at the error

accelerometer. The block diagram representation of the feedforward system is

presented in Figure 4.6a.

𝑆"(𝑧)

LMS 
update

+𝑆(𝑧)𝑊(𝑧)

𝑒(𝑛)

𝑑(𝑛)

𝑦(𝑛)𝑥(𝑛)

(a)

𝑆"(𝑧)

LMS 
update

𝑥'(𝑛)
+𝑆(𝑧)𝑊(𝑧)

𝑒(𝑛)

𝑑(𝑛)

𝑦(𝑛)

+

𝑆"(𝑧)

𝑦'(𝑛)
−

(b)

Figure 4.6: Block diagrams of the (a) feedforward and (b) feedback AVC system.

4.2.4 Feedback control with FxLMS algorithm

The primary distinction between the feedforward FxLMS and the feedback

LMS (FbLMS) is that in FbLMS algorithm, there is no reference sensor to
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collect the reference signal. Instead, the reference signal is synthesised using

the error signal and the controller output filtered by the estimation of the

secondary path. The synthesised reference signal x̂(n), combined with the

vibration residue e(n), is used to update the controller weight, allowing the

algorithm to adjust based on real-time system dynamics. The reference signal

is calculated as follows:

x̂(n) = e(n)− ŷ(n) (4.6)

the estimated output from the secondary path ŷ(n) is:

ŷ(n) = wT(n)x̂ŝ(n) (4.7)

where x̂ŝ(n) is the filtered synthesised reference signal x̂(n) through the esti-

mated secondary path filter Ŝ(z). Substituting Equation 4.7 into Equation
4.6 yields the equation of e(n). Then, the controller weight can be updated

following Equation 4.5 by replacing xŝ(n) with x̂ŝ(n). The schematic of the

feedback AVC system is shown in Figure 4.6b.

4.2.5 Proposed FbAPLMS algorithm

To enhance the adaptation speed and performance of traditional feedforward

and feedback LMS algorithms, researchers have extensively investigated more

advanced algorithms such as the affine projection algorithm for active control

systems [89, 90]. This algorithm enhances the convergence rate by simultane-

ously processing M input vectors and updating the filter coefficients through

projection onto an affine subspace spanned by these vectors [86]. This method

significantly speeds up the convergence rate compared to conventional LMS

techniques, providing a robust framework for integrating advanced processing

capabilities into active vibration control systems.

Given the set of input vectors x(n), x(n−1), · · · , x(n− k), desired output

d(n), d(n−1), · · · , d(n−k), where k = 0, 1, · · · , M−1, the filter weights vector

w(n+1) is updated to minimise the squared Euclidean norm of the difference

η(n) = w(n+1)−w(n) [86]. This update is subject to the constraints that the

output matches the desired signal at M previous instances as follows:

wT(n+1)x(n−k)= d(n−k),k = 0, 1, · · · , M−1 (4.8)
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Then, the constraints can be assembled into a matrix form where X(n) is an

N ×M matrix:

XT(n)w(n+1)= d(n) (4.9)

Next, constructing the Lagrangian L , by adding each element λk from the

column vector of Lagrange multipliers λ, to the objective function for each

constraint [86]. This leads to the following expression:

L = ∥η(n)∥2 +
M−1∑
k=0

λk

(
wT(n+1)x(n−k)−d(n−k)

)
(4.10)

Differentiating L with respect to w(n+1) and setting to zero:

∂L

∂w(n+1)
= 2(w(n+1)−w(n))+

M−1∑
k=0

λkx(n−k) (4.11)

Rearranging this equation to obtain:

w(n+1)=w(n)− 1
2

M−1∑
k=0

λkx(n−k) (4.12)

w(n+1)=w(n)− 1
2

X(n)λ (4.13)

Next, substituting Equation 4.13 back to Equation 4.9 to establish the

constraint in matrix form, allows the error term e(n) to be defined as:

e(n) = d(n)−XT(n)w(n) (4.14)

Rearranging and solve for λ:

λ=−2(XT(n)X(n))
−1

e(n) (4.15)

Finally, substituting λ back to Equation 4.13 to find the updated filter weight

w(n+1):

w(n+1) = w(n)+X(n)(XT(n)X(n))
−1

e(n) (4.16)

In practice, Equation 4.16 is often replaced with the following:

w(n+1) = w(n)+µX(n)(XT(n)X(n)+ψI)
−1

e(n) (4.17)

where µ is the step size, I is an M-sized identity matrix, and ψ is a small

positive constant. The reason for the introduction of the constant ψ is to

prevent the inversion of the small value when the squared Euclidean norm

XT(n)X(n) is small [86], which could lead to instability of the algorithm.
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4.2.6 Computational complexity analysis

This study utilised a single-channel AVC system with one reference sensor,

one error sensor, and one actuator. The length of the FIR control filter in the

AVC system L, was 2048 samples, while the length of the FIR filter in the

secondary path model Ls, was 1024 samples. Based on these specifications,

the computational complexity of both feedforward and feedback algorithms

was analysed and presented in Table 4.1. The computational complexity in-

creases significantly with the use of the APLMS algorithm, particularly as the

projection order M is increased. At a projection order of 4, the total number of

multiplication operations performed during the iterative process is listed. It is

important to note that when the affine projection order M is reduced to 1, the

APLMS becomes the NLMS algorithm. As can be observed, the computational

complexity of the APLMS is substantially higher when compared with that

of the corresponding standard LMS algorithm. This can be attributed to the

weight update step in the APLMS algorithm, where the computation of the

matrix product requires 2∗M2 ∗ ncon additional multiplications, greatly in-

creasing the overall computational burden. When comparing these algorithms

in both feedforward and feedback configurations, incorporating the step of

estimating the reference signal in the feedback configuration increases the

computational complexity. This rise in complexity leads to longer computation

times and places a greater burden on the processor. This shows the trade-off

between improving algorithm performance and increasing computational cost.

Figure 4.7 illustrates the total number of multiplications per iteration for the

APLMS-based algorithms, with a projection order ranging from 1 to 10. It also

includes data for two standard feedforward and feedback algorithms.

Table 4.1: Summary of the computational complexity.

Algorithms Number of multiplications
Total number of
multiplications

(M = 4)
FxLMS 2∗ncon +n+1 5.12×103

FxAPLMS
2∗M2 ∗ncon +2∗M∗ncon +

ncon +n
8.50×104

FbLMS 2∗ncon +2∗n+1 6.15×103

FbAPLMS
2∗M2 ∗ncon +2∗M∗ncon +

ncon +n+2∗M∗n
9.32×104
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Figure 4.7: Number of multiplications per iteration of different algorithms in
this study.

4.3 The AVC simulation analysis

4.3.1 AVC of the static system

Initially, the reference sensor was placed at the motor surface of the static

system for the feedforward algorithms. This location was selected due to the

predominance of low-frequency contents, including 50 Hz, 100 Hz and their

harmonics up to 500 Hz, in the error signal. At this location, the reference

sensor signal demonstrated improved coherence over these low-frequency con-

tents, demonstrating its effectiveness in capturing the relevant vibrations.

The PSD estimates of the static system, both before and after control using

feedforward and feedback algorithms, are presented in Figure 4.8. The effects

of different control algorithms on PSD difference are illustrated in Figure 4.9,

where the projection order M was set at 4 to emphasise the differences in AVC

performance between the LMS and APLMS algorithms. Notably, subharmonic

frequencies, such as 75 Hz, 125 Hz, and 150 Hz, are observed between the

primary harmonics but at significantly lower amplitudes. This occurrence

is likely attributed to the square wave signals that drive the motor, inher-

ently containing multiple harmonic components, which leads to the complex

dynamics of the system.

When comparing feedforward and feedback algorithms, feedback algo-

rithms are observed to offer enhanced performance, particularly at multiple

resonances. Among the feedforward algorithms tested, the FxAPLMS algo-
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(a) (b)

Figure 4.8: PSD before and after control in the static system using: (a) feedfor-
ward, and (b) feedback algorithms. Projection order M is 4.

(a) (b)

Figure 4.9: PSD difference after control in the static system using: (a) feedfor-
ward, and (b) feedback algorithms. Projection order M is 4.

rithm demonstrates higher vibration reduction across multiple harmonics

compared to FxLMS. However, it introduces low-frequency noise below 40

Hz due to poor correlation between the error signal and reference signal in

these frequency ranges, as illustrated in Figure 4.4a. This issue leads to

degraded performance of the FxAPLMS algorithm. In contrast, the feedback

algorithms explored, particularly the FbAPLMS, achieve substantial vibration

reduction across the entire spectrum, effectively removing the low-frequency

noise observed in FxAPLMS. Nonetheless, both feedback algorithms still am-

plify high-frequency noise around 700 Hz. This amplification of unwanted

noise at some frequencies is a common drawback of these algorithms [55].

Table 4.2 summarises the vibration reduction achieved at the first five
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harmonics for each algorithm, f is 100 Hz. Notably, the FbLMS algorithm

achieves 5 dB reduction across the spectrum, while utilising nearly 15 times

less computational effort than FbAPLMS. Overall, the FbLMS is the most

computationally cost-effective algorithm, offering the highest ratio of overall

reduction to the total number of multiplications among all algorithms in

the static system. Additionally, FbLMS exhibits a 3.5 dB improvement in

overall reduction compared to FxLMS and achieves a 0.6 dB greater reduction

than FxAPLMS with approximately 13 times less computational effort. At a

projection of 4, FbAPLMS provides 2.2 dB more reduction than FxAPLMS

while requiring an additional 8200 multiplications. This enhanced performance

of the feedback algorithms indicates their suitability for such static systems

where the reference signal at the motor surface poorly correlates with the

error signal at the dominant frequencies. This makes the feedback approach

more advantageous for effective vibration control in such setups.

Table 4.2: Summary of the vibration reduction (dB) of the static system.

AlgorithmsReduction
at f

Reduction
at 2 f

Reduction
at 3 f

Reduction
at 4 f

Reduction
at 5 f

Overall
reduc-
tion

FxLMS 2.14 12.39 1.37 0.48 3.55 1.48
FxAPLMS
(M = 4)

5.46 25.01 6.36 2.95 12.98 4.44

FbLMS 13.79 20.88 7.26 13.35 18.08 5.01
FbAPLMS
(M = 4)

20.08 25.42 12.21 17.57 25.60 6.60

To further investigate the impact of the projection order on the AVC per-

formance of FbAPLMS algorithm, a comparison is presented in Figure 4.10.

As the projection order increases, there is a noticeable decrease in frequency

attenuation below 50 Hz. Nonetheless, the overall vibration reduction is sig-

nificantly improved. This improvement is particularly notable at the first,

second and fifth harmonics, which are among the most significant peaks in

the error signal. The detailed AVC performance for different projection orders

of FbAPLMS is shown in Table 4.3. Although FbAPLMS, with a projection

order of 8, provides an overall reduction that is 2 dB greater than FbNLMS,

it requires over 25 times more multiplications, as compared in Figure 4.7.

Therefore, FbNLMS is the most cost-effective algorithm, achieving a 5.3 dB of
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reduction with 1.2×104 multiplications. Overall, FbAPLMS with varying pro-

jection orders achieves more than 10 dB reduction in the first five harmonics,

except for the third harmonic, which shows a 9 dB reduction. This analysis

demonstrates the balance between computational complexity and vibration

control performance within the system.

(a) (b)

Figure 4.10: (a) PSD before and after control of different projection orders of
FbAPLMS in the static system. (b) PSD difference from 10 Hz to 1 kHz.

Table 4.3: Summary of the AVC performance (dB) of different projection orders
of FbAPLMS.

Projection
order
(M)

Reduction
at f

Reduction
at 2 f

Reduction
at 3 f

Reduction
at 4 f

Reduction
at 5 f

Overall
reduc-
tion

1 16.47 22.06 9.30 16.42 19.81 5.26
4 20.08 25.42 12.21 17.57 25.60 6.60
8 21.80 27.11 13.91 18.35 26.73 7.26

4.3.2 AVC of the moving system

For the moving system, the reference sensor was placed at the edge of the

linear guide to optimise the feedforward algorithms. This location was selected

because it demonstrated better coherence with these specific mid-frequency

error signals, optimising the effectiveness in capturing the predominant vi-

brations to be controlled. A comparison between the vibration signal PSD of

two systems before control is shown in Figure 4.11. In contrast to the static

system, where the spectrum of the error signal is dominated by frequency
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contents including 50 Hz, 100 Hz, and its multiple harmonics up to 500 Hz,

the spectrum of the error signal in the moving system before control primarily

features harmonics of 100 Hz, ranging from 300 to 600 Hz. This difference

suggests that the motor movement may contribute to mechanical resonances

within the structure, as indicated by the notably higher amplitude of subhar-

monics in the moving system compared to the static system. Given that the

moving stage wheels are engaged with the linear guide, these subharmonics

are likely induced by mechanical resonances within the system structure.

Figure 4.11: Vibration signal PSD measured from moving plate before control
for static and moving system.

The PSD of the moving system, both before and after control using feed-

forward and feedback control algorithms, are presented in Figure 4.12. The

effects of different control algorithms on PSD difference are illustrated in

Figure 4.13. Similar to the analysis for the static system, the projection order

M was set at 4. When comparing feedforward and feedback algorithms, it is

observed that feedback algorithms provide enhanced performance at multiple

resonances above 300 Hz than feedforward algorithms, significantly improving

the overall performance of the system.

Among the feedforward algorithms, FxAPLMS significantly outperforms

the standard FxLMS, achieving higher AVC at multiple harmonics across the

spectrum. However, it introduces low-frequency noise below 40Hz and ampli-

fies noise around 120 Hz, with values exceeding 5 dB. In contrast, FxLMS

maintains a degraded performance across the spectrum, with reductions at

the first and second harmonics approaching 10 dB, but without introducing
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(a) (b)

Figure 4.12: PSD before and after control in the moving system using: (a)
feedforward, and (b) feedback algorithms. Projection order M is 4.

(a) (b)

Figure 4.13: PSD difference after control in the moving system using: (a)
feedforward, and (b) feedback algorithms. Projection order M is 4.

significant noise. Among the feedback algorithms, FbAPLMS achieves con-

siderable reduction across the entire spectrum, effectively eliminating the

low-frequency noise evident in FxAPLMS. Nevertheless, FbAPLMS exhibits in-

creased high-frequency noise above 800 Hz due to the waterbed effect. FbLMS

in this case, while producing minimal high-frequency noise, shows lower vi-

bration reduction at the first two harmonics compared to both FxLMS and

FxAPLMS.

Table 4.4 summarises the AVC performance at the first five harmonics

for each algorithm. Notably, FbLMS, which incorporates an additional step

of estimating the reference signal, achieves a 1.7 dB improvement in overall

reduction compared to FxLMS and closely matches the AVC performance of
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FxAPLMS, but with significantly lower computational cost, about 13 times less.

In contrast to the static system, FxAPLMS demonstrates higher reduction

at the first two harmonics than FbAPLMS in the moving system compared

to FbAPLMS. Overall, FbLMS is the most cost-effective algorithm, consider-

ing its highest ratio of overall reduction to total number of multiplications

among all algorithms in the static system. This superior performance of the

feedback algorithms, especially in scenarios where the reference signal from

the linear guide poorly correlates with the error signal at specific frequencies,

demonstrates their potential for more effective vibration control in dynamically

complex environments.

Table 4.4: Summary of the vibration reduction (dB) of the moving system.

AlgorithmsReduction
at f

Reduction
at 2 f

Reduction
at 3 f

Reduction
at 4 f

Reduction
at 5 f

Overall
reduc-
tion

FxLMS 9.52 9.96 1.14 2.29 0.21 0.58
FxAPLMS
(M = 4)

18.82 20.07 5.23 8.42 2.02 2.29

FbLMS 3.27 2.73 5.14 10.93 4.73 2.30
FbAPLMS
(M = 4)

13.66 12.66 17.59 23.87 23.48 5.24

Figure 4.14 presents a comparison of the AVC performance of the FbAPLMS

algorithm across different projection orders. With an increase in the projection

order (from 1 to 8), the overall vibration reduction is significantly enhanced.

This improvement is particularly pronounced at the third, fifth and higher

order harmonics, where the most significant peaks in the error signal are

observed. The detailed AVC performances of different orders of FbAPLMS are

shown in Table 4.5, indicating that increasing the projection order from 1 to

4 enhances the overall reduction by 0.7 dB, while requiring more than seven

times the computational effort. When the projection order reaches 4 or higher,

the reduction across all the first five harmonics exceeds 10 dB, demonstrat-

ing the trade-off between increased computational demands and improved

vibration control efficiency at higher projection orders.
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(a) (b)

Figure 4.14: (a) PSD before and after control of different projection orders of
FbAPLMS in the moving system. (b) PSD difference from 10 Hz to 1 kHz.

Table 4.5: Summary of the AVC performance (dB) of different projection orders
of FbAPLMS.

Projection
order
(M)

Reduction
at f

Reduction
at 2 f

Reduction
at 3 f

Reduction
at 4 f

Reduction
at 5 f

Overall
reduc-
tion

1 3.39 3.55 7.68 14.63 8.23 3.18
4 13.66 12.66 17.59 23.87 23.48 3.84
8 16.73 14.03 19.84 25.64 25.80 4.93

4.3.3 Discussions

The simulation analysis above demonstrates that reference sensor placement

is critical to feedforward AVC algorithms. The distance between the reference

sensor and the error sensor must be sufficient for feedforward algorithms

so that the vibration propagation time exceeds the controller signal update

time interval. This, in turn, requires a sufficiently high sampling rate of

the system. This constraint does not pose a limitation for the simulation

scenario studied here. Another challenge identified relates to the FRF of the

actuator, which is influenced by both its structural design and installation

location. When the PSA was mounted on the moving stage, its frequency

response was dominated by high-frequency contents, as shown in Figure
4.5b. Improvement could potentially be achieved by enhancing the rigidity

of the mounting structure of PSA, thus reducing variations in performance

across different frequencies. Moreover, the inherent modal characteristics

of the moving stage, primarily determined by its material properties and
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geometry, cause the PSA to behave as a high-pass filter. This actuator response

significantly limits control effectiveness in low-frequency scenarios, which are

commonly encountered in stepper motor-induced vibrations.

These findings motivated changes to the experimental approach. A feed-

forward control strategy was adopted instead of a feedback method in the

subsequent study. When the PSA was mounted on the moving plate, the

high-pass behaviour restricted the low-frequency vibrations, and the strongly

time-varying dynamics introduced stability problems in preliminary tests..

This significantly constrained the feasible step size in feedback algorithms and

resulted in limited vibration attenuation. Unlike in simulation, these stability

issues could not be easily mitigated in the physical setup, making feedforward

control the more practical alternative for the experimental validation.

Among the three main structural components (two aluminium rails and

one lead screw), the lead screw was the major path of vibration transmission

from the stepper motor to the moving stage. In the subsequent experimental

study, the PSA was therefore relocated and directly mounted on the lead screw

bearing housing to provide the control force with lower frequency character-

istics. Although the secondary and primary paths still vary with position,

this configuration is expected to enhance actuator performance in vibration

control, which is suited to suppressing the dominant motor-induced vibrations.

For stability and performance, the final experimental setup used feedforward

control with the PSA fixed at the bearing housing.

4.4 The AVC experiment validation

4.4.1 Actuator and sensor locations

In this section, the AVC of a similar moving stage system is investigated

through the experiment. Most of the experimental setup remained the same

as the study in the previous section. However, the moving plate was made of

aluminium alloy with dimensions of 200×100×2 mm, and the PSA was not

mounted on the moving plate, different from the simulation study. The PSA was

mounted on the plate through a customised bracket located at the base of the

lead screw, as illustrated in Figure 4.15a. In this way, the tip of the preloaded

PSA was attached to the bearing outer race to provide the vertical force to
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the lead screw. This configuration enables the PSA to exert vertical forces

against the motor-induced vibrations by interacting directly with a bearing

on the lead screw. The motor speed was set to 64 RPM. Different from the

study in the previous section, the stepper motor employs 1/8 microstepping to

refine the motor movement to enhance smoothness in this section. Additionally,

the control signals were adapted in an NI cRIO-9040 CompactRIO controller

and output through an NI-9264 C series voltage output module. To minimise

external influences, the entire moving stage was secured on a passive vibration

control table at both ends. An overview of the moving stage system setup under

investigation is shown in Figure 4.15b.

(a) (b)

Figure 4.15: (a) The customised mounting bracket for the PSA. (b) An overview
of the moving stage system setup.

This study also utilised a single-channel feedforward AVC system with one

reference sensor, one error sensor, and one actuator. The initial focus was on

evaluating the placement of the reference sensor and its coherence with the

error signal to achieve effective vibration attenuation. The error sensor, located

on the plate surface, monitored residual vibrations, as shown in Figure 4.16a.

Two alternative reference sensor locations were explored, with the coherence

function for each determined. The first location is on the top surface of the

stepper motor, while the second is at the edge of the linear guide, as detailed

in Figure 4.16b from top to bottom, respectively.

Figure 4.17 shows the estimated Welch’s PSD of the vibration signal from

the plate before control. The PSD is calculated by dividing the measured signal

into segments of 6400 samples, with a 50% overlap between segments, and
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Figure 4.16: (a) The error sensor on the moving plate. (b) Reference sensor on
the motor surface (top) and linear guide edge (bottom), respectively.

the number of spectral lines is 25600. It can be observed that the vibration

signal spectrum consists of multiple harmonics of the fundamental frequency

at 104 Hz, corresponding to the rotation speed of the stepper motor. Although

the 104 Hz fundamental frequency shows a high amplitude in the PSD, the

sixteenth harmonic at 1664 Hz was selected as the primary control target in

this study due to its proximity to a structural natural frequency identified at

1680 Hz. Modal analysis conducted prior to the control experiments identified

natural frequencies of the system at approximately 770 Hz, 1290 Hz, 1680

Hz, etc. Among these, the 1680 Hz mode demonstrated the most significant

amplification when excited by the motor harmonics, leading to significant plate

vibration. This makes attenuation of the 1664 Hz content critical for effective

vibration control. Moreover, due to its physical dimensions, the selected PSA

is more effective at higher frequencies, limiting its efficiency in controlling

low-frequency content such as 104 Hz. This limitation will be discussed in the

subsequent section. Consequently, the AVC system was specifically designed

to target vibrations around the 1664 Hz harmonic to address resonance-driven
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amplification and maintain system stability. The presence of harmonics can

be attributed to the stepper motor’s electrical pulse signal, which generates

a wide range of frequency components as it takes discrete steps in response

to square wave pulses containing both fundamental frequencies and their

harmonics.

Figure 4.17: PSD of the error signal measured from the moving stage before
control.

Figure 4.18a compares the signal coherence of two signals between two

reference locations, measured over a complete run of the system. The coherence

for the reference sensor location at the motor surface is consistently higher

than that at the linear guide across most of the frequency range. However,

both reference sensor locations exhibit poor coherence at the peak frequencies

of the PSD as shown in Figure 4.17, especially at peak harmonics. This issue

arises from the constantly varying distance between the reference and error

sensors, which results in a weak or inconsistent linear relationship between the

signals collected along the linear guide. The motor surface exhibits a coherence

function value of 0.49, while the linear guide location yields only 0.04 at 1664

Hz. These variations in signal coherence are due to the distinct structural

dynamics at each sensor location, which in turn affect the performance of

the feedforward control system. Based on the coherence function cre at the

motor surface, the maximum theoretical vibration reduction level (VRL) can

be estimated using the following equation [110]:

V RL = −10× log10(1− cre) (4.18)
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(a) (b)

Figure 4.18: (a) Signal coherence comparison of the reference signal and error
signal for each of the two reference sensor locations. (b) Theoretical vibration
reduction level around 1664 Hz harmonic.

The theoretical VRL with the reference sensor located at the motor surface

is plotted in Figure 4.18b. The calculation predicts around 2.7 dB of reduction

at the highest peak frequency of 1664 Hz. The predicted VRL is obtained

without considering the secondary path in the AVC system. Therefore, to

achieve an experimental VRL close to the maximum theoretical VRL, the SPM

should exhibit a high-level frequency response at the target frequency. The

next section will discuss the secondary path modelling for the system.

4.4.2 Multiple secondary path models of the moving
stage

�

�

�

�
�

Figure 4.19: Locations of the error accelerometer for the five secondary path
models along the linear guide.
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The secondary path, defined as the transfer path from the PSA to the

error accelerometer, varies continuously as the stage moves from one side to

the other. This results in a time-varying secondary path due to changes in

distance. Similarly, the primary path, which represents the transfer path from

the vibration source to the error accelerometer, also varies throughout the

operation. These two time-varying paths indicate the complexity of the system

dynamics. To more accurately model the system dynamics and approximate

variations between different locations, the segment of the moving stage is

divided into five separate regions, marked on the side of the linear guide as

shown in Figure 4.19. This segmentation represents a practical compromise

between modelling accuracy and control system complexity. The five regions

correspond to the five SPMs obtained at five error sensor locations (from

Location 1 to Location 5), labelled as Model 1 through Model 5. Therefore, the

plate is placed at the middle of each region, and the corresponding SPM for

each location is modelled by feeding a broadband random noise signal up to

6.4 kHz to the actuator for 10 seconds. The responses, captured by the error

accelerometer, are used to produce a FIR filter for each stage location. The

impulse responses of these secondary path filters are presented in Figure
4.20a, showing only the first 512 samples to enhance clarity in the initial

response. This truncation indicates that shorter filter lengths might be feasible

without negatively influencing system performance, as long as the phase

difference between the estimated model and the system remains within 90

degrees [112]. Figure 4.20b illustrates the frequency response functions at

the five locations, indicating that frequencies above 1 kHz are significantly

higher than those below 1 kHz. This observation suggests that the moving

stage system may function similarly to a high-pass filter, which allows higher

frequencies to pass through while attenuating lower frequencies. However,

the SPMs clearly show better low-frequency response, with less than 20 dB

difference in magnitude, when the actuator is located at the current location

than in the moving stage location, as shown in Figure 4.5.

A detailed view of the frequency responses of the FIR filter at each stage

location, shown in magnitude and phase from 1.5 kHz to 1.8 kHz, is presented

in Figure 4.21. The black dashed line indicates the 1664 Hz frequency. The

magnitude responses at 1664 Hz are approximately aligned, with Model 1 and

Model 5 showing the lowest responses and Model 4 showing the highest, as
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(a) (b)

Figure 4.20: (a) Impulse responses and (b) frequency responses of the five
secondary path models.

depicted in Figure 4.21a. Figure 4.21b illustrates that the phase responses of

Model 2 and Model 4 at 1664 Hz are closely aligned, with a phase difference of

less than 40 degrees, indicating close system dynamic characteristics for these

locations. Similarly, Model 1 and Model 3 also demonstrate closely matched

phase responses at 1664 Hz, with the phase difference between the two models

remaining within 60 degrees. However, models for any two adjacent locations

display phase differences exceeding 90 degrees, confirming the complexity of

the system. The length of the FIR control filter in the AVC system L, is 2048

samples, while the length of the FIR filter in the SPM Ls, is 1024 samples. The

block diagram representation of the proposed online switching of the SPMs

method is demonstrated in Figure 4.22.

(a) (b)

Figure 4.21: Detailed view of (a) magnitude and (b) phase responses of the five
secondary path models.
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Unlike the standard FxLMS algorithm, where a single SPM is used through-

out the operation, this approach incorporates a location-based switching mech-

anism to select among multiple pre-identified SPMs. This strategy enables

dynamic adaptation to spatial variations in system dynamics without requiring

real-time re-identification of the SPMs. It is particularly suitable for repeated

back-and-forth movements of the stage, maintaining consistent control perfor-

mance across cycles. In this diagram, five secondary path models are included,

and the selection of the appropriate model is determined based on the specific

experimental scenario and the position of the moving stage.

LMS 
update
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Figure 4.22: Block diagram of the online switching of the SPMs method using
five secondary path models.

4.4.3 AVC with single SPM

In this study, five single SPMs were utilised initially in the control system.

The motor operated at a speed of 64 rpm, and the length of the movement in

the test was 0.32 meters, resulting in a complete operational cycle of around

39 seconds. The vibration level (VL) for each model during the entire motion is

calculated using the formula:

V L (dB) = 10log10

(
Eon

Eof f

)
(4.19)

where Eon and Eof f represent the power of the error signal after and before

the AVC system is activated, respectively. These powers are determined by
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squaring the error signal. To enhance the readability of the signal, a two-

second window is applied to smooth the curves, and the signal is processed by

subtracting each initial offset. The vibration level of each model is displayed

in Figure 4.23a.

(a) (b)

Figure 4.23: The vibration level of each SPM during operation; (a) smoothed
overall and (b) at 1664 Hz. The five numbers along the x-axis correspond to
the locations of the five SPMs along the linear guide.

In this figure, a positive value indicates an increase in vibration level,

suggesting that the vibration control is ineffective. All five models exhibit

fluctuations in vibration level, occurring at different periods during the tests.

A consistent step size µ, 3×10−7 was used for each SPM. Notably, Model 2

exhibits a temporary reduction in vibration at around 12 to 13 seconds, fol-

lowed by an increase at around 20 seconds. This fluctuation is attributed to the

different phase responses between Model 2 and Model 3, leading to system in-

stability. Similarly, Model 4 shows a reduction in vibration at about 30 seconds

but demonstrates an increase at around 20 seconds and after 35 seconds of

operation. Models 1, 3 and 5 show significant vibration enhancements and fluc-

tuations during the operation, with Model 3 exhibiting the most pronounced

fluctuations, particularly diverging towards the end of the operation. This

result indicates that for systems with time-varying secondary paths, the SPM

should be updated in real-time to adapt to dynamic system changes.

In Figure 4.23b, the vibration level of each SPM at 1664 Hz is compared.

The frequency spectra before and after control were calculated using Welch’s

PSD estimate with a two-second window and 50% overlap. The number of

spectral lines was 25600. The vibration level at 1664 Hz is plotted in this
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graph once per second. Notably, Model 3 achieves a significant reduction in

vibration at around 25 seconds, although it diverges after 30 seconds. Model

4 also demonstrates a fluctuating response throughout the operation time,

while it manages to consistently reduce the 1664 Hz harmonics for most of

the operation. Conversely, the other models generally increase the vibration

level at this frequency or display significant divergence, for example, Model 2,

which shows notable instability around 20 seconds.

These observations suggest that the single SPM method is insufficient for

effectively suppressing the vibration in the moving stage linear positioning

system due to its time-varying system dynamics. The subsequent section

presents an experimental evaluation of AVC using an online switching SPM

approach.

4.4.4 AVC with online switching SPM using two models

For the online switching SPM method, transitions between different SPMs

are based on the operation timeline. Initially, two models were selectively

applied among three SPMs (Model 2, Model 3, and Model 4), resulting in

three switching combinations: Models 23, 24 and 34. Models 1 and 5 were

excluded from this test because their positions at the two sides of the linear

guide, as shown in Figure 4.19, have been observed to induce instability

during transitions between different SPMs. The total movement duration was

approximately 39 seconds, with switching implemented at the midpoint (18.5

seconds), thereby dividing the operation into two equal segments. The first

SPM was applied during the initial half of the operation, while the second SPM

was used for the remainder. The step size µ was 3×10−7 , which was similar to

the single SPM test and remained constant throughout the operation.

The vibration levels for three different combinations of the two SPMs are

compared in Figure 4.24a. In all three cases, the second model is switched

in after the system passes the location corresponding to Model 3, which is

located at the midpoint of the x-axis. Among these cases, Model 23 demon-

strates effective vibration reduction around 10 seconds (corresponding to the

Model 2 location) and achieves a notable reduction of more than 1.3 dB around

20 seconds (at the Model 3 location). However, around 25 seconds, Model 23

becomes ineffective, with an observed increase in vibration level of approxi-

mately 0.5 dB. The result is expected, as continuing to use Model 3 after 25
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seconds introduces a phase error relative to the actual secondary path, which

is more accurately represented by Model 4. Model 34 exhibits an increase in

vibration from 5 to 15 seconds, reaching a peak increase of approximately

1 dB at 10 seconds (at the Model 2 location). After 15 seconds, as the stage

moves towards the midpoint, the model begins to show a reduction in vibration,

achieving around 1 dB of reduction at 20 seconds (at the Model 3 location).

Following a slight fluctuation, Model 34 becomes increasingly effective after

around 33 seconds, once the system passes the Model 4 location, and achieves

a maximum reduction of around 2 dB throughout the process. Among the three

models, Model 24 provides the most consistent vibration reduction throughout

the operation, showing a notable vibration reduction after 25 seconds, with an

overall reduction exceeding 1.9 dB around 30 seconds (at the Model 4 location).

Additionally, it achieves 0.8 dB of reduction around 10 seconds (at the Model 2

location). However, a slight fluctuation is observed after around 20 seconds (at

the Model 3 location), indicating that Model 24 may not accurately represent

the secondary path at that position. The limited reduction observed in this

system can be attributed to its time-varying primary and secondary paths,

which tend to make the algorithm prone to divergence when the phase error

between the actual secondary path and the modelled secondary path exceeds

90 degrees. As a result, increasing the step size may cause instability, while

decreasing it constrains the achievable control performance during operation.

(a) (b)

Figure 4.24: The vibration level of each online switching SPM using two models
during operation; (a) smoothed overall and (b) at 1664 Hz. The five numbers
along the x-axis correspond to the locations of the five SPMs along the linear
guide.
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Figure 4.24b displays the vibration level at 1664 Hz for the three online

switching SPMs. Similarly, the frequency spectra before and after control

were calculated using Welch’s PSD estimate with a two-second window and

50% overlap, and the number of FFT points was 25600. The data are plotted

for each second to provide a detailed view of the changes in vibration level

over time. During the first half of the operation, both Model 23 and Model 24

effectively suppress the sixteenth harmonic content. By contrast, Model 34

exhibits an increase in harmonic content as the stage approaches the Model

2 location. During the second half of the operation, all three models initially

show an increase in harmonic content, followed by a reduction in vibration

levels. Among the three combinations, Model 24 and Model 34, both employing

Model 4 during the latter half, demonstrate significant vibration attenuation.

Specifically, Model 34 achieves a reduction of 2.8 dB around 28 seconds, while

Model 24 achieves a reduction of more than 3.4 dB. In contrast, Model 23

exhibits limited attenuation during this period, with a maximum reduction

of 1.6 dB. As shown in Figure 4.24b, all three models diverge towards the

end of the plate movement. This divergence occurs as the plate approaches

the far end of the linear guide, indicating that the application of only two

SPMs throughout the entire operation is insufficient to accurately represent

the system dynamic behaviour.

4.4.5 AVC with online switching SPM using three models

To further enhance performance and stability, an additional SPM was incor-

porated into the online switching method. In this configuration, Models 2, 3

and 4 were applied sequentially, with each model covering one-third of the

total operation time. Specifically, Model 2 was used from the beginning of the

operation until 13 seconds, followed by Model 3 from 13 to 26 seconds, and

Model 4 was applied for the remaining duration of the operation.

The Model 234 configuration effectively controls vibration throughout the

operation, and its performance is evaluated against the two-SPM method

as shown in Figure 4.25a. Model 234 demonstrates effective vibration at-

tenuation throughout the entire operation and outperforms the two-SPM

configurations at various time periods. At the Model 2 location, Model 234

achieves the highest vibration reduction, approaching 1 dB. Around the Model

3 location, it maintains a similar level of performance, also around 1 dB. At
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the Model 4 location, it shows the highest reduction, reaching approximately

2.1 dB. Furthermore, the maximum increase in vibration observed is limited

to only 0.2 dB, indicating the stability of the three-model method. The six-

teenth harmonic content at 1664 Hz is also significantly reduced using this

configuration, as shown in Figure 4.25b. At the Model 2 location, a reduction

of 2 dB is achieved, followed by 1.9 dB at the Model 3 location, and 4 dB at

Model 4. The complete comparison of the overall vibration reduction level

of Model 234 with two-model SPMs is listed in Table 4.6. The reduction of

the sixteenth harmonic is summarised in Table 4.7. Model 234 demonstrates

consistently better performance across different locations, especially in attenu-

ating harmonic content. These results demonstrate that the online switching

method using three SPMs provides not only higher vibration reduction but

also enhanced stability across the entire operational period, outperforming all

other online switching configurations evaluated in this study.

(a) (b)

Figure 4.25: Comparison between using three SPMs (Model 234) with using
two SPMs regarding vibration level during operation; (a) smoothed overall and
(b) at 1664 Hz. The five numbers along the x-axis correspond to the locations
of the five SPMs along the linear guide.

Figure 4.26a compares the PSD of the system obtained from simulation,

experiment, and uncontrolled case over the period from 25 to 31 seconds,

with a special focus on the sixteenth harmonic content at 1664 Hz. The sim-

ulation was conducted in MATLAB® using parameters consistent with the

experimental setup. A slight difference is observed between the simulated and

experimental results for Model 234, with the experiment showing a reduction

of approximately 2.7 dB, 0.3 dB smaller than the simulation case. This discrep-
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Table 4.6: Overall vibration reduction level of each online switching SPMs at
three locations along the linear guide.

Overall
vibration
reduction
level (dB)

Location 2 Location 3 Location 4

Model 23 0.35 0.48 0.78
Model 24 0.82 -0.16 1.56
Model 34 -0.77 1.01 1.84

Model 234 0.80 0.35 1.93

Table 4.7: Vibration reduction level at 1664 Hz for each online switching SPMs
at three locations along the linear.

1664 Hz
vibration
reduction
level (dB)

Location 2 Location 3 Location 4

Model 23 0.24 0.71 0.82
Model 24 0.73 -0.04 1.96
Model 34 -0.88 1.01 2.41

Model 234 2.04 0.81 3.86

ancy may be attributed to several factors. First, there is an estimation error

between the modelled and actual SPM. Secondly, instability from switching

between SPM while the PSA output has not fully decayed due to the system’s

low damping characteristics could also affect the results. Additionally, the

possible nonlinearities in the system also contribute to the inaccuracy between

the results.

Figure 4.26b compares the vibration signals measured by the error sensor

when the control system is turned on and off during the period from 25 to

31 seconds. The signal contains multiple harmonics, as previously shown in

Figure 4.17. The amplitudes of these harmonics vary over time throughout the

operation, as observed in the time-domain signal. This variation requires the

use of a relatively small step size to prevent system divergence. By applying

the online switching of SPM method with Model 234, the overall vibration

level is reduced by around 2 dB at Location 4, with a peak reduction of 4 dB

at 1664 Hz harmonic. This level of performance could not be achieved using a

single SPM. These results demonstrate the stability and effectiveness of using
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a multiple-SPM switching configuration for vibration control in time-varying

systems.

(a) (b)

Figure 4.26: (a) PSD comparison of Model 24 for experiment and simulation
during 25 to 31 seconds. (b) Vibration comparison in time domain between
AVC off and on.

4.4.6 Discussions

While five discrete SPMs allow the AVC system to account for spatial variation

along the linear guide, the present implementation uses an abrupt switching

technique between models. This method assumes instantaneous transitions

and does not capture gradual changes in system dynamics between measure-

ment points. In Figure 4.20b, phase differences between adjacent SPMs at

1664 Hz often exceed 90 degrees, which can cause phase mismatch and de-

graded control performance during switching. Experimental results show that

switching between different SPMs produces abrupt shifts in the secondary

path output, especially when the internal state of the adaptive filter is not

aligned with the newly selected model. This behaviour appears as fluctuat-

ing performance and short divergence periods in the two-SPM configurations

reported in Section 4.4.3.

There is a trade-off in the selecting the number of SPMs used in the sys-

tem. A smaller number of SPMs simplifies implementation but compromises

modelling accuracy, while a larger number of SPMs increases the likelihood of

instability and can degrade overall control performance. This study used five

SPMs to balance accuracy and stability. Although the three-SPM configuration
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(Model 234) demonstrated improved vibration attenuation and system sta-

bility, further refinements may be achieved through interpolated or adaptive

switching methods that better reflect the continuous variation in the secondary

path. Linear interpolation between neighbouring SPMs is one practical option

to smooth transitions and mitigate the adverse effects of abrupt switching, as

reported elsewhere [98].

Although the control system targeted the sixteenth harmonic at 1664 Hz

effectively, the time-domain overall vibration attenuation in Figure 4.26b is

modest, especially at low frequencies. Three main factors contribute to this

result. First, limited coherence between the reference and error sensors inher-

ently constrained the maximum achievable reduction, as indicated in Figure
4.18b. Second, the complex and time-varying dynamics of the moving stage

system required a relatively small step size to prevent system divergence and

thus constrained the adaptation rate. Third, the performance of the selected

PSA was limited at lower frequencies due to its compact geometry, which was

constrained by the need to fit within the structure. As a result, significantly

more energy is required for the actuator to operate effectively in this frequency

range. Consequently, differences between the AVC-on and AVC-off signals in

the time domain are small. Nevertheless, the experimental reduction closely

aligns with the simulation results shown in Figure 4.26a, suggesting that

the AVC system operated near its theoretical performance limit under the

given constraints. Further improvements in sensor coherence and optimisation

of the PSA design will be critical to further enhance vibration suppression

capabilities.

4.5 Summary

This chapter investigates the AVC of a stepper motor-driven moving stage

linear positioning system with time-varying primary vibration sources. In the

first part, a PSA is customised and mounted on the moving stage. Feedforward

and feedback-based APLMS algorithms are evaluated through simulations.

Two candidate reference sensor locations were first assessed by their coher-

ence for feedforward algorithms. To address scenarios where the reference

signal exhibits low correlation with the target vibration, a feedback variant

FbAPLMS was proposed. In the moving system scenario, FbAPLMS achieved a
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5.2 dB reduction, exceeding FxAPLMS by 3 dB, with only about 10% additional

computational cost. Unlike feedforward approaches, FbLMS and FbAPLMS

maintained performance under poor coherence between the reference and

error signals, which is important for time-varying dynamics where optimal

coherence is difficult to maintain. Additionally, the feedback algorithms in both

system configurations effectively attenuate low-frequency noise below 40 Hz,

contributing to system stability by preventing amplification of low-frequency

disturbances. However, a practical limitation observed during experimental

implementation is the instability when higher step sizes are used in feedback

algorithms, which in turn restricts the achievable control performance.

The second part focuses on how varying SPMs affect AVC performance in

experiments on the same moving stage linear positioning system. Different

from the previous study, the PSA was mounted on the linear guide, introducing

time-varying secondary paths. Two candidate reference sensor locations were

again evaluated via coherence. The predicted theoretical vibration reduction

level reached 2.7 dB at the sixteenth harmonic of the motor at 1664 Hz. This

harmonic, the most prominent in the frequency spectrum of the error signal,

arises from stepper motor microstepping and lies close to one of the structural

modes near 1680 Hz, which amplifies that harmonic. Five error sensor loca-

tions were placed evenly along the linear guide to define five distinct SPMs.

Experimental results show that using a single SPM provided limited control

performance and was prone to instability due to the mismatch between the

modelled and actual secondary path. An online switching of SPMs scheme was

therefore implemented. The experimental results demonstrated that switching

among three SPMs improved the control performance, and reduced approxi-

mately 2 dB at Location 4 and up to 4 dB at 1664 Hz. These results indicate

that the model switching method can enhance the smoothness and stability in

linear positioning systems.

Future research should improve the coherence of reference and error sig-

nals to address the current performance limitation for feedforward control.

Increasing the number of SPMs in the online switching SPM method may

further improve system stability and performance. Additionally, implement-

ing interpolation between SPMs provides smoother transitions and reduces

instability associated with abrupt model switching. Furthermore, the perfor-

mance of the PSA could be optimised by improving the structural rigidity of
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its mounting structure. This would help enhance actuator performance across

a wider frequency range. Finally, to address the limitations of low coherence

in feedforward control and step size constraints in feedback control, a hybrid

approach that integrates both strategies should be explored in future work.
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5
Active Vibration Control of a Fused Filament

Fabrication 3D printer under environmental

vibrations

5.1 Introduction

S tudies have shown that fused filament fabrication (FFF) frequently

suffers from poor surface finish due to inherent mechanical vibrations

from the print head and build plate motion [25], and surface waviness,

also known as ringing or ghosting due to the stepper motor skipping counts

[33]. When printing in vibration-prone environments, the frequency of the en-

vironmental vibration may coincide with the structural natural frequencies of

the 3D printer, which leads to increased geometric inaccuracies and defects. In

maritime environments, vibration characteristics include low-frequency hull

vibrations induced by ocean waves and higher-frequency forced vibrations gen-

erated by the engine and propeller [113, 114]. Gyro-stabilised platforms, used

for decades, can stabilise these motions. For instance, Phillips et al. employed a

gyro-stabilised platform to operate a stereolithography 3D printer, successfully

printing an underwater pressure shell in a dynamic ship environment with

results comparable to those printed in a land-based environment [37]. Previous

research has demonstrated that base vibrations significantly affect surface

roughness, leading to a degradation in part quality [41]. In order to mitigate
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these base vibrations, a passive vibration control method was used, which

improved the surface roughness of the printed parts by 16%. However, tradi-

tional passive techniques target vibration reduction at specific, narrowband

frequencies. Their performance degrades when base vibration frequencies and

amplitudes fluctuate, as is common in shipboard and vehicular environments

where engine speeds and operational conditions vary continually.

Active control methods provide a dynamic approach to vibration control

as they can track and adapt to system changes in real time. Due to the

complexity and high dynamic properties of the 3D printer system, especially

when the printing speeds vary, applying model-based active control algorithms

is challenging. The FxLMS algorithm is a suitable algorithm which does not

require detailed knowledge of the system model. In multi-axis (or multi-degree-

of-freedom) systems such as 3D printers, robotic arms [115], and machine tools

[116], dynamic behaviour between axes is coupled because axes often share

structural components such as frames, motors, and belts. As a result, vibrations

in one axis can transfer to adjacent axes through these shared elements,

meaning that vibrations in one axis of the 3D printer can induce vibrations in

other axes. In the context of 3D printing, the FxLMS algorithm faces unique

challenges, such as maintaining stability during abrupt print head speed

changes and mitigating cross-coupling effects between multi-axis vibrations.

While the FxLMS algorithm has been mostly validated in single-axis systems,

its suitability for multi-axis 3D printer systems remains under-explored.

This chapter, therefore, investigates the application of a feedforward FxLMS-

based active vibration control system to a desktop-scale FFF printer. The focus

is on analysing the vibration transmission paths, and evaluating the control

system’s ability to suppress structural vibrations under single- and multi-

frequency base excitations. Experimental and simulation results are used to

validate the effectiveness, adaptability, and stability of the algorithm. The

resulting improvements in printed surface quality are used as a secondary in-

dicator of system performance, demonstrating the broader applicability of the

proposed approach to other vibration-sensitive dynamic positioning systems

in vibration-prone environments.
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5.2 3D printer AVC system

In this study, the printing performance of an EasyThreed K7 FFF 3D printer

was investigated under dynamic and challenging conditions. To replicate real-

world environments in a laboratory setting, the external vibration, referred

to as the primary vibration, was introduced using an electrodynamic shaker

with an integrated amplifier (The Modal Shop K2004E01), which acts as

the disturbance shaker. The primary vibration signal was provided by the

Instek multi-channel function generator (MGF-2260MFA). A second electrody-

namic shaker (B&K LDS V201), driven by a linear power amplifier (B&K LDS

LPA100), served as the control shaker. To monitor these vibrations, several

IEPE accelerometers were used. A uniaxial impedance head (DJB AF/100/10),

which integrates an IEPE accelerometer and a force transducer, was used

to monitor the input vibration acceleration and force signals applied to the

3D printer; the accelerometer served as the reference sensor. Additionally,

a triaxial accelerometer (B&K Type 4506 B) was used as the error sensor,

while another similar triaxial accelerometer (B&K Type 4506 B) monitored

the print head vibration during printing. All sensor signals were conditioned

and captured on an NI-9234 C series input module, which digitised the inputs

for subsequent analysis and processing by the NI LabVIEW-based control

system. The control signals were generated by an NI cRIO-9040 CompactRIO

controller and output via an NI-9264 C series voltage output module to the

control shaker. This system operated at a sampling frequency of 6.4 kHz and

utilised NI LabVIEW software for data acquisition, signal processing and

control execution. The schematic of the entire system is shown in Figure 5.1.

5.3 Dynamic characteristics of the system

5.3.1 3D printer structure

The FFF 3D printer under investigation consists of several primary structural

components: a base frame (housing for 3D printer electronics and the cooling

system), a build plate (print bed), a print head (extruder assembly), an x-axis

gantry, an x-axis motor, a z-axis gantry, and a z-axis motor housing as shown in

Figure 5.2. During the printing process, the print head moves along the x-axis,

while the build plate moves along the y-axis. Vibrational disturbances caused

113



CHAPTER 5. ACTIVE VIBRATION CONTROL OF A FUSED FILAMENT
FABRICATION 3D PRINTER UNDER ENVIRONMENTAL VIBRATIONS

����������������

��������������

������������

����������

������

������������������

��������������

������������������

������������������

�������

����������

��

Figure 5.1: The schematic of the 3D printer AVC system. Three main ac-
celerometers are highlighted in red circles.

by the print head and build plate motion can induce positional inaccuracies,

leading to dimensional deviations in printed components. The print head,

mounted on the x-axis gantry, behaves as a moving mass along a cantilevered

beam-like structure. As the print head travels from the x-axis motor housing

toward the free end of the x-axis gantry, the increase of the effective mass

leads to greater deflection and a lower effective stiffness-to-mass ratio. This

mass redistribution alters the system dynamic characteristics, reducing its

natural frequency and amplifying vibrational amplitudes, thereby increasing

the complexity of direct AVC of the print head.

5.3.2 Primary path modelling

As vibrations along all three axes contribute to the dimensional deviations in

printed components, external disturbances are applied in different directions

at the edges of the base frame to maximise their effect on the 3D printer, as

shown in Figure 5.3. After initial experimental investigations, it was found

that when the external vibration was applied along the y-axis (as shown on

the left), the highest acceleration amplitudes were observed across different

locations of the 3D printer. Consequently, in this study, external vibrations

were all applied along the y-axis.

Next, the placement of the error sensor is carefully considered. During

the printing process, the motion of the print head induces time-varying dy-

namic characteristics. If the error sensor is located on the print head, both

the primary path and the secondary path exhibit time-varying behaviour. A
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Figure 5.2: Primary components of an EasyThreed K7 3D printer: 1. Base
frame. 2. Build plate. 3. Print head. 4. x-axis gantry. 5. x-axis motor housing. 6.
z-axis gantry. 7. z-axis motor housing.

Y-axis

X-axis
Y-axis

X-axis

Figure 5.3: Two different external disturbance directions. Y-axis external
vibration (left), and x-axis external vibration (right).
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continuous online modelling of the secondary path is required for the control

system to maintain an accurate model. Moreover, the vibration propagation

through the primary path is highly dynamic due to the varying length of the

primary path as the print head moves, which greatly complicates the control

process. The detailed analysis of the print head dynamic characteristics will be

discussed in Section 5.3.3. To address these challenges, the error accelerome-

ter is strategically placed at the x-axis motor housing for several reasons. First,

during the printing process, all vibrations from the base frame propagate from

the motor housing to the print head, making this location ideal for capturing

the dominant vibration components transmitted through the structure. Addi-

tionally, since the motor housing moves only after the completion of each layer

of material deposition, the secondary path model remains almost unchanged,

eliminating the need for continuous online modelling.

Locations of the disturbance shaker and the error accelerometer in this

study are shown in Figure 5.4a. The disturbance shaker was mounted hori-

zontally on the bench and connected via a nylon stinger. An aluminium shaft

sleeve was attached to one end of the stinger to enhance rigidity and prevent

off-axis force output to the z-axis motor housing. At the interface between the

stinger and the housing, a reference impedance head was installed. This sensor,

which integrates both an accelerometer and a force transducer, was used to

measure both the input acceleration and force delivered by the disturbance

shaker. The primary path was modelled by exciting the disturbance shaker

with a broadband random noise signal to 6.4 kHz for 10 seconds. The response,

captured by the error accelerometer, was used to generate a finite impulse

response FIR filter for a length of 1024 samples.

The structural displacement amplitude influences the dimensional devia-

tions of printed components. Therefore, to better assess the impact of vibrations

on print quality in the frequency domain, the measured acceleration signals

are double-integrated to obtain displacement signals for comparative analysis.

For a given acceleration signal in the form of a sine wave:

a(t) = Aasin(2π f t+φ) (5.1)

where Aa is the acceleration amplitude in m/s2, f is the frequency in Hz, t
is time, and φ is the phase in radians. Velocity is obtained by integrating
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Disturbance 
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X-axis motor 
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(a) (b)

Figure 5.4: (a) Locations of the error sensor and the disturbance shaker. (b)
Modelled frequency response function of the primary path FIR filter in dis-
placement.

acceleration:

v(t) =
∫

a(t)dt = − Aa

2π f
cos(2π f t+φ)+C1 (5.2)

where C1 is the constant of integration representing the initial velocity. Next,

integrate velocity to get displacement:

x(t) =
∫

v(t)dt = − Aa

(2π f )2 sin(2π f t+φ)+C1t+C2 (5.3)

where C2 represents an initial displacement, and the term C1t is a linear drift

if there is an initial velocity. In our case, there is no initial velocity or dis-

placement, and the negative sign means the direction of the displacement and

can be removed. The simplified equation of the displacement for a sinusoidal

acceleration signal is:

x(t) = − Aa

(2π f )2 sin(2π f t+φ) (5.4)

The peak displacement of a given sine wave acceleration signal is Aa
(2π f )2

. The

modelled acceleration FIR filter is subsequently integrated into displacement

form, as described in Equation 5.1 - 5.4. The FRF of the primary path is

presented in Figure 5.4b. The first peak in the FRF plot, occurring around

40 Hz, corresponds to the first natural frequency of the system and exhibits

the highest displacement amplitude. Additionally, a second peak appears at

approximately 65 Hz, close to the first. These two peaks indicate a strong

low-frequency response of the primary path, confirming the suitability of the

disturbance shaker location for inducing high levels of displacement excitation.
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5.3.3 Secondary path modelling

The control shaker was mounted horizontally on the bench and connected to

a stinger, which was attached to the x-axis motor housing to provide y-axis

control force. The location of the control shaker is shown in Figure 5.5a.

Similarly, the secondary path was modelled by exciting the control shaker with

a broadband random noise signal up to 6.4 kHz for 10 seconds, to generate an

FIR filter. The FRF of the secondary path model in displacement form is shown

in Figure 5.5b. The FRF of the filter indicates that the highest peak occurs

around 50 Hz. This model shows an outstanding low-frequency response, which

ensures the effectiveness of the control shaker at target frequencies. To further

compare print head dynamics at different locations along the x-axis gantry, a

detailed discussion of print head dynamics at different locations is presented.

������

�������������

��������

������
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(a) (b)

Figure 5.5: (a) Location of the control shaker. (b) Modelled frequency response
function of the secondary path FIR filter in displacement.

As discussed in Section 5.3.2, direct vibration control of the print head is

challenging due to its time-varying dynamic characteristics. To validate the

print head dynamics at different positions along the x-axis gantry, four transfer

paths between the control shaker and print head responses are modelled at

the four corners of the print plane. Figure 5.6a illustrates four farthest

positions the print head can be moved on the build plate. Locations 1 and

4 share the same print head location on the x-axis gantry, and locations 2

and 3 share the same print head location on the x-axis gantry. The control

shaker setup remains consistent with the secondary path modelling, while the

error accelerometer in this case moves to the print head. Four transfer paths
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can then be modelled and the impulse responses of the four FIR filters are

presented in Figure 5.6b. The original acceleration signals are used without

converting to displacement. Although the amplitude responses of the four

models are similar, their frequency responses differ. The frequency responses

of the four filters in magnitude and phase are presented in Figure 5.7. Notably,

model 1 and model 4 exhibit similar magnitude responses, while their phase

responses diverge significantly in the low-frequency range below 100 Hz, with

phase differences exceeding 90 degrees. This large phase difference could

negatively influence AVC performance if only a single secondary path model is

employed for all the print head locations [112]. In contrast, Model 2 and Model

3 differ in both magnitude and phase in the low-frequency range, indicating

the location-dependent nature of the print head dynamics. The time-varying

dynamic characteristics of the print head confirm the necessity of relocating the

error accelerometer to the x-axis motor housing to enable practical and stable

vibration control. Continuously updating multiple secondary path models

in real time based on the print head position becomes significantly more

complicated, particularly when printing geometries with frequent directional

changes and position shifts.

� �

��

(a) (b)

Figure 5.6: (a) Four modelling locations of the print head on the build plate.
(b) Corresponding impulse responses of the four modelled transfer paths.
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(a) (b)

Figure 5.7: (a) Magnitude and (b) phase responses of the four models.

5.4 AVC simulation of 3D printer

The geometry of the printed sample was a 50×50×10 mm cuboid thin-walled

structure with no infills, roof, and floor layers, as illustrated in Figure 5.8.

PLA filament was used as the printing material in this study. The printing

parameters of the 3D printer are listed in Table 5.1. The printed part consists

of two wall layers: the outer wall structure (red region) and the inner wall

structure (green region). The entire sample takes approximately 16.3 minutes

to complete, with each layer requiring around 20 seconds to print two walls.

Figure 5.8: The illustration of the cuboid structure in this study.
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Table 5.1: 3D printer printing parameters in this study.

Printing parameters Value
Print speed (mm/s) 30
Layer height (mm) 0.2
Number of layers 50

Wall thickness (mm) 0.8
Number of walls 2

5.4.1 3D printing under single-frequency and amplitude
excitation

To evaluate the suitability of the feedforward FxLMS algorithm for vibration

control in a 3D printer application, a simulation of the AVC system was

performed. The first simulation scenario involves AVC implementation under

single-frequency and amplitude sinusoidal excitation. The disturbance shaker

was driven with a 52 Hz sinusoidal signal with an amplitude of 0.15 V. This

is a frequency close to the first and the second natural frequencies of the

3D printer system. To accommodate the high dynamic variation of vibration

signals during printing, the step size of the algorithm was set to 5×10−9 , with

both the secondary path filter and the controller configured to a length of 1024

samples. This filter length is selected to balance computational cost and control

performance, as increasing the filter length to 2048 samples offers limited

performance improvement while nearly doubling the computational cost after

comparison. Reference signals and error signals used for the simulation are

recorded throughout the entire printing process, with external vibrations

induced by the disturbance shaker.

A time-domain comparison of error signals with and without AVC for the

first 50 seconds is presented in Figure 5.9a, showing a high reduction in

error signal acceleration after 8 seconds of controller activation. The control

voltage output, depicted in Figure 5.9b, demonstrates rapid convergence,

achieving stabilisation within approximately 6 seconds after activation of AVC.

However, persistent fluctuations in output voltage are observed throughout

the entire printing process. The period of these fluctuations corresponds to the

time required for the deposition of each layer of material. These fluctuations

are attributed to dynamic variations during x-axis motion of the print head

from one side to another, which leads to fluctuations of vibration amplitude
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during layer deposition. Simulation results show that the PSD of the error

signal is reduced by 6.63 dB over the full printing duration, and the 52 Hz

peak is attenuated by 8.65 dB compared to the scenario without AVC.

(a) (b)

Figure 5.9: (a) Comparison between simulation and no AVC of the error signals
in the time domain, and (b) controller output voltage under single-frequency
excitation.

5.4.2 3D printing under variable-frequency excitation

AVC under variable-frequency sinusoidal excitation was simulated to further

evaluate the adaptability of the feedforward FxLMS for vibration control

under variations of operation conditions, causing a frequency shift in the

vibration source. The disturbance shaker was initially driven by a 60 Hz

sinusoidal signal with an amplitude of 0.15 V, which is close to the second

mode of the system. At the midpoint of the printing process, the excitation

frequency was switched to 50 Hz with the same amplitude and maintained

until the completion of the process. The step size of the algorithm remains

fixed at 5×10−9 , with all other controller parameters unchanged. Following

the frequency change, the uncontrolled error signal is largely reduced, as

shown in Figure 5.10a. The reduction occurs because the frequency response

of the primary path is lower at 50 Hz than at 60 Hz. However, after the

external vibration frequency shifts, a transient increase in the error signal

is observed, which is attributed to the finite decay time of the structural

response. Meanwhile, the controller output voltage decreases significantly

after the frequency shift, as shown in Figure 5.10b. This is because the higher
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frequency response of the secondary path at 50 Hz requires a lower control

output before the shift. Simulation results show that the AVC implementation

reduces the PSD of the error signal by 7.70 dB over the 16-minute printing

duration. Specifically, the 50 Hz peak decreases by 8.15 dB, and the 60 Hz

peak decreases by 9.91 dB compared to the scenario without AVC.
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Figure 5.10: (a) Comparison between simulation and no AVC of the error
signals in time domain, and (b) controller output voltage under variable-
frequency excitation.

5.4.3 3D printing under variable-amplitude excitation

Subsequently, a simulation of AVC under variable amplitude sinusoidal excita-

tion was performed. Initially, the disturbance shaker was driven by a 60 Hz

sinusoidal signal with an amplitude of 0.15 V. At the midpoint of the printing

process, the amplitude of the signal was reduced to 0.1 V and maintained until

the process completion. All the parameters of the controller remain the same.

Figure 5.11a compares the time-domain error signals between the simulation

and the AVC-off case. Following the reduction in external vibration amplitude,

a transient increase in error signal magnitude is observed in simulations.

However, after the control system adapts its output voltage to compensate for

the modified vibration conditions, as shown in Figure 5.11b, the acceleration

amplitude progressively decreases, demonstrating the controller’s adaptive

capability under time-varying disturbances. Simulation results show that the

PSD of the error signal is reduced by 7.81 dB over the full printing duration,
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and the 60 Hz peak is attenuated by 9.59 dB compared to the scenario without

AVC.
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Figure 5.11: (a) Comparison between simulation and no AVC of the error
signals in time domain, and (b) controller output voltage under variable-
amplitude excitation.

5.5 Experimental validation

This section verifies the performance of the feedforward FxLMS algorithm

through similar experiments conducted in simulation. An overview of the 3D

printer system setup under external vibration conditions is shown in Figure
5.12. To minimise external influences, the entire 3D printer was mounted on

two aluminium extrusions, which are secured to a passive vibration isolation

table. The disturbance shaker was mounted vertically on the vibration isolation

table through an aluminium extrusion, while the control shaker was elevated

using a metal block, which was also fixed to the isolation table. The reference

accelerometer was located at the end of the disturbance shaker stinger. The

error accelerometer was mounted at the top surface of the x-axis motor housing,

while the monitor accelerometer was mounted on the top surface of the print

head.

There are three AVC experiment scenarios, including single-frequency

excitation, variable-frequency excitation, and variable amplitude excitation.

For each test scenario, three groups of components are printed, including the

benchmark (printing without external vibrations and control), AVC-off (print-

ing with external vibrations but AVC is switched off), and AVC-on (printing
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Figure 5.12: An overview of the 3D printer system experiment setup in this
study.

with external vibrations and AVC is switched on), with three runs for each

group. This leads to a total of 27 3D printed components in the AVC experi-

ment. While the simulation focuses solely on y-axis error signal analysis due to

the time-varying dynamic characteristics of the print head, the experimental

study incorporates both error and monitor accelerometer signals to evaluate

vibration levels in both the y and z-axis. These two axes exhibit strong coupling

at the print head location due to the structural dynamics of the system.

5.5.1 AVC under single-frequency and amplitude
excitation

In the first scenario, an AVC experiment was conducted under conditions

similar to those in Section 5.4.1. Unlike the simulation case, the 52 Hz

sinusoidal external vibration was applied during the filament preheating

stage. The AVC system was activated beforehand, allowing the algorithm

to converge prior to the start of the 3D printing process. The external force

amplitude of the 52 Hz signal was measured around 0.34 N, while the external

acceleration amplitude was around 3.38 g, both measured by the reference

sensor.

A comparison of the PSD spectra for the error and monitor sensors in y
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and z-axis is presented in Figure 5.13. Results indicate that better control

performance is achieved at the error sensor location compared to the monitor

sensor location, especially in y-axis. This aligns with our preliminary analy-

sis in Section 5.3.2, as the print head exhibits time-varying characteristics

during the printing process. Additionally, a peak is observed around 230 Hz

in all four frequency spectra. This peak is attributed to vibrations generated

by the cooling fan installed within the print head housing alongside the ex-

truder, which cannot be controlled as the reference signal does not include

this frequency component. Both axes achieve more than 10 dB reduction at 52

Hz peak, except for the y-axis of the monitor sensor, which achieves around 3

dB reduction at 52 Hz. The control performance of the AVC system, in terms

of PSD reduction for the error and monitor sensors in all three axes is sum-

marised in Table 5.2, with y- and z-axis achieving more than 1 dB overall

PSD reduction. Although the overall PSD reduction in x-axis is lower than 1

dB at both sensor locations, the 52 Hz peak reduction is more than 10 dB. All

the positive reduction values demonstrate the effectiveness of the algorithm.

Compared to the simulation results, the experimental results demonstrate

improved overall PSD reduction and greater attenuation at the 52 Hz peak.

Table 5.2: AVC performance of error and monitor sensor in three axes under
single-frequency excitation.

Sensor type Axis Overall PSD
reduction (dB)

52 Hz peak
reduction (dB)

Error
accelerometer

X-axis 0.84 11.88
Y-axis 8.70 11.76
Z-axis 1.79 11.08

Monitor
accelerometer

X-axis 0.38 2.86
Y-axis 1.62 3.01
Z-axis 1.35 10.10

A time-domain comparison of the error signals of AVC-on in y-axis with

benchmark and AVC-off results is shown in Figure 5.14a. A significant reduc-

tion in acceleration is achieved immediately after the start of printing. Only

a short period of oscillation is observed around 10 seconds after the printing

process begins. Notably, the experimental controller output voltage, depicted

in Figure 5.14b, exhibits a higher amplitude compared to the simulation case,

as shown in Figure 5.9b. This difference is likely due to the inaccuracy of
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Figure 5.13: Comparison of AVC performance at the error sensor (first column)
and monitor sensor (second column) for the y-axis (first row) and z-axis (sec-
ond row) for AVC off, AVC on, and benchmark under single-frequency and
amplitude excitation.

amplitude in secondary path modelling. The time-varying dynamics induced

by print head motion and variations in the print head z-axis position during

the printing process contribute to the error of the modelling.

5.5.2 AVC under variable-frequency excitation

In this section, the AVC performance under variable-frequency external vi-

bration was experimentally investigated under conditions similar to those

in Section 5.4.2. During the first half of the printing process, the external

vibration frequency was set to 60 Hz, with an external force amplitude of

approximately 0.34 N and an external acceleration amplitude of around 3.35 g.

During the second half of the printing, the external vibration frequency was

switched to 50 Hz, while the force amplitude remained unchanged, and the

acceleration amplitude increased slightly to 3.42 g.
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(a) (b)

Figure 5.14: (a) Time-domain error signal in y-axis, and (b) controller output
voltage of the first 200 seconds.

A comparison of the PSD spectra for the error and monitor sensors in

y- and z-axis is presented in Figure 53, showing a significant reduction in

both axes. The peaks at 50 Hz and 60 Hz are reduced by more than 10 dB.

While print head vibrations are better controlled at 60 Hz than at 50 Hz,

both frequencies exhibit similar attenuation levels at the error sensor location.

Notably, in the y-axis, the 50 Hz peak is only slightly reduced, as shown in the

top-right corner of Figure 5.15. The control performance of the AVC system,

in terms of PSD reduction for the error and monitor sensors in all three axes, is

summarised in Table 5.3, with all axes achieving more than 1 dB overall PSD

reduction except the print head vibration in z-axis. The 60 Hz peak is better

controlled than the 50 Hz peak for both signals in all three axes. Compared to

the simulation results, the experimental data demonstrate improved overall

PSD reduction and greater attenuation at both frequency peaks.

A time-domain comparison of the error signals after AVC for benchmark

and no AVC in y-axis during the frequency transition period is shown in Fig-
ure 5.16a. Initially, a high level of oscillation occurs as the controller continues

to output a 60 Hz control signal before adapting to the 50 Hz external vibration,

eventually reducing the overall vibration amplitude. Notably, the controller

output voltage, depicted in Figure 5.16b, exhibits amplitude differences com-

pared to the simulation case, especially with higher output voltage levels when

the external vibration frequency is 50 Hz. This reveals the modelling errors

between the modelled and the real experimental conditions.
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Figure 5.15: Comparison of AVC performance at the error sensor (first column)
and monitor sensor (second column) for the y-axis (first row) and z-axis (second
row) for AVC off, AVC on, and benchmark under variable-frequency excitation.

Table 5.3: AVC performance of error and monitor sensor in three axes under
variable-frequency excitation.

Sensor type Axis
Overall PSD

reduction
(dB)

50 Hz peak
reduction

(dB)

60 Hz peak
reduction

(dB)

Error
accelerometer

X-axis 1.39 11.32 12.20
Y-axis 9.19 10.79 12.47
Z-axis 2.52 9.78 12.37

Monitor
accelerometer

X-axis 1.01 2.51 10.14
Y-axis 1.84 0.28 9.55
Z-axis 0.81 5.57 14.73
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Figure 5.16: (a) Time-domain error signal in y-axis, and (b) controller output
voltage during the frequency transition period.

5.5.3 AVC under variable-amplitude excitation

Next, the AVC performance under variable-amplitude external vibration is

evaluated. The external vibration was set at 60 Hz with amplitudes of 0.2 V and

0.15 V. All controller parameters remain consistent with those in Section 5.4.3.

During the first half of the printing process, the external force amplitude was

approximately 0.34 N, decreasing to 0.24 N in the second half. The acceleration

amplitude decreases from around 3.38 g to 2.37 g.

A comparison of the PSD spectra is presented in Figure 5.17, showing

that both axes achieve more than 1 dB overall PSD reduction and more than 8

dB reduction at the 60 Hz peak. The control performance of the AVC system,

in terms of PSD reduction for the error and monitor sensors in all three axes,

is summarised in Table 5.4, with all axes achieving more than 1 dB overall

PSD reduction except the print head vibration in x-axis. In this scenario,

experimental results closely align with simulation results in both the overall

PSD and 60 Hz peak vibration reduction.

A time-domain comparison of the error signals after AVC for benchmark

and no AVC results in y-axis during the amplitude transition period is shown in

Figure 5.18a. A slight reduction in acceleration is observed immediately after

the amplitude change, with the output voltage level adjusting proportionally

to the acceleration variation. Notably, the experimental controller output

voltage, depicted in Figure 5.18b, exhibits a lower amplitude compared to the

simulation case, as shown in Figure 5.11b. This is also due to the inaccuracy
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Figure 5.17: Comparison of AVC performance at the error sensor (first column)
and monitor sensor (second column) for the y-axis (first row) and z-axis (second
row) for AVC off, AVC on, and benchmark conditions under variable-amplitude
excitation.

Table 5.4: AVC performance of error and monitor sensor in three axes under
variable-amplitude excitation.

Sensor type Axis Overall PSD
reduction (dB)

60 Hz peak
reduction (dB)

Error
accelerometer

X-axis 1.91 8.77
Y-axis 7.88 9.49
Z-axis 3.30 9.73

Monitor
accelerometer

X-axis 0.88 7.07
Y-axis 2.43 8.19
Z-axis 1.02 12.85
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of the secondary path modelling of amplitude at this frequency.
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Figure 5.18: (a) Time-domain error signal in y-axis, and (b) controller output
voltage during the amplitude transition period.

5.6 Surface finish of 3D printed parts

The surface finish of 3D printed components is influenced by external vibra-

tions, which show as surface roughness and surface waviness. These effects

depend on the direction of vibrational disturbances relative to the build orienta-

tion. Surface roughness is defined as small-scale deviations in the out-of-plane

direction, primarily induced by vibrations along the x- and y-axis. These vi-

brations lead to height variations on the printed surface. In contrast, surface

waviness refers to larger scale deviations occurring in the in-plane direction

and is primarily influenced by vibrations along the z-axis. These vibrations

introduce periodic fluctuations in layer positioning during the printing process,

resulting in wave-like patterns that extend over a broader spatial scale. The

waviness of the surface can often be visually identified as a repetitive and

fluctuating pattern.

Surface roughness, characterised by fine-scale height variations on a given

surface, requires precise measurement techniques for quantitative evaluation.

Standard roughness parameters, such as Ra (the arithmetic average of profile

height deviations from the mean line) and Rq (the root mean square average of

profile height deviations from the mean line), are commonly used to provide a

standardised assessment of surface quality across different printed specimens.

132



5.6. SURFACE FINISH OF 3D PRINTED PARTS

To quantitatively assess the surface finish of all 27 3D printed components,

surface roughness measurements were conducted using a digital microscope

(Olympus DSX1000). A 20 times magnification was selected to provide a

larger field of view, ensuring a broader measurement range for each sample.

Due to the layer-by-layer nature of the printing process, individual layer

textures significantly influence surface roughness measurements and may not

accurately represent the impact of external vibrations on the overall surface

finish. To minimise the effect of individual layers, surface roughness was

measured in the horizontal direction, parallel to the layer orientation. The

top photo in Figure 5.19 shows a side face of three different 3D printed

components from Figure 5.8, produced under the single-frequency excitation

scenario, as per the annotations in the figure. Visible differences in surface

roughness are observed, with the middle specimen exhibiting the roughest

texture. Although the surface finish of the bottom specimen is not as smooth

as the top one, it still demonstrates qualitative improvement when compared

with the specimen printed with AVC off.

During the measurement process, the microscope captured a series of im-

ages at different focal planes using automated z-axis movement. The software

analysed pixel sharpness across these planes to reconstruct a 3D height map

of the surface. Then the captured image data was processed using the built-in

Olympus Stream software to compute the roughness parameter, Ra, defined as

the arithmetic mean of surface deviations along a profile. The image processing

follows three main steps. First, the region of interest on the surface image

is selected. Next, a Gaussian filter is applied, along with tilt correction and

a noise removal procedure. Finally, surface roughness is measured based on

the grey scale intensity at two horizontal reference lines, indicated in red and

green. The Ra value is calculated as the average of these two measurements,

taken at the same location on the sample side surface. An example of a 3D

surface height map for a specimen printed without AVC is shown in the bottom

right corner of Figure 5.19.

Figure 5.20 compares the images captured by the digital microscope,

showing the differences in surface quality across different samples. It can be

observed that wave-like patterns appear on the AVC-off sample, indicating

periodic deviations in layer deposition. Additionally, voids are present between

some layers, which are attributed to layer delamination. These surface irregu-
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Figure 5.19: 1: Photo of the surface finish of benchmark, AVC-off, and AVC-on
specimens. 2: Field of view of the AVC-off specimen using a microscope. 3:
Raw image of the measurement area (20 × magnification). 4: Filtered and
pre-processed 3D height map (20× magnification).
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larities result from deviations in the print path vertically caused by vibrations

in z-axis, which disrupt the uniform deposition of material during the printing

process.

Benchmark AVC off AVC on

Figure 5.20: The surface quality comparison between a benchmark, AVC-off,
and AVC-on specimen (20× magnification).

The surface roughness Ra values for all 27 printed components, measured

in micrometre, are summarised in Table 5.5. The highest improvement in

surface roughness is observed in the AVC with single-frequency excitation

scenario, achieving an average improvement of over 30%. The lowest im-

provement is recorded in the AVC with variable-frequency excitation scenario,

with an average improvement of over 20%. Overall, the effectiveness of the

FxLMS algorithm in AVC for 3D printing under external vibration conditions

is demonstrated by the enhanced surface quality of the printed components.

Table 5.5: A comparison of surface roughness (Ra) with and without AVC under
different vibration excitations.

External
vibration type AVC off (µm) AVC on (µm) Improvement

percentage
Single-

frequency and
amplitude

7.078 4.909 30.64%

Variable-
frequency

6.906 5.335 22.74%

Variable-
amplitude

7.187 5.161 28.19%

No vibration
benchmark 4.491 — No AVC applied (reference case)
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5.7 Summary

This study demonstrates a feedforward FxLMS AVC system applied to a

compact multi-axis positioning platform representative of a desktop-scale FFF

3D printer operating under dynamic environmental conditions. The study first

identified and modelled the dominant vibration transmission paths by selecting

error and sensor locations that yield a nearly time-invariant secondary path

during printing. This configuration enabled practical and stable controller

operation despite variations in the print head dynamics.

Controller performance was evaluated in simulation and experiment un-

der single-frequency, variable-frequency, and variable-amplitude excitation

scenarios. Across scenarios, the FxLMS controller achieved consistent reduc-

tions in vibration energy at the error and monitor locations, with overall PSD

reductions exceeding 1.6 dB and peak attenuation above 10 dB at targeted

frequencies. Differences between simulated and experimental performance

are due to modelling error in the secondary-path amplitude and time-varying

dynamics at the moving print head, which are largely mitigated by the chosen

sensor placement.

The surface quality of the printed components was used as a secondary

validation of vibration suppression of the AVC system. Surface roughness

measurements across 27 specimens showed average improvements above 20%,

with a maximum improvement above 30% in the single-frequency case. These

results demonstrate that reducing structural vibration in the positioning

systems translates to improved printed outcomes.

The laboratory actuator was an electrodynamic shaker, chosen for its

ability to deliver high-amplitude low-frequency control forces. This hardware

is not intended for embedded use. Practical deployment requires compact

actuators that are collocated with structural elements and offer sufficient

bandwidth. As demonstrated in Chapter 4, piezoelectric actuators offer high

bandwidth, rapid dynamic response, and enable seamless integration into

structural components such as gantries or motor mounts via a customised

bracket. Future work should focus on embedded implementation and broader

operating conditions of the proposed approach. These include integration of

the AVC system with compact actuators, evaluation under broadband and

multi-axis excitations, and online adaptation of secondary path estimates to
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manage time-varying dynamics.

Additionally, extending the approach to other positioning architectures

could help to generalise the applicability and robustness of the proposed

AVC system in more diverse and practical manufacturing scenarios. Delta

mechanisms positioning platform - with their parallel kinematic configurations

- and robotic arm-based systems - with extended degrees of freedom and

higher structural flexibility - present distinct dynamic profiles that may affect

vibration transmission and control performance. Additional studies varying

motion profiles, speeds, and part trajectories will stress the control system

under richer dynamic regimes and help to quantify the limits of the single-

model secondary-path assumptions.
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6
Conclusions and future work

6.1 Conclusions

This thesis addressed the critical challenge of maintaining print quality

and structural integrity in fused filament fabrication (FFF) processes

conducted in dynamic, vibration-prone environments. Motivated by

the increasing adoption of additive manufacturing (AM) in mobile and onsite

fabrication contexts, such as transportation-based systems, this work estab-

lished a comprehensive framework to characterise the effects of environmental

vibration on 3D printed structures and to develop active vibration control

strategies to mitigate these effects during fabrication.

The first part of the research (Chapter 2 and Chapter 3) examined how

different infill designs and environmental vibrations affect the dynamic proper-

ties and surface quality of printed components. Infill pattern and infill density

differences were found to change the stiffness-to-mass ratio and damping

behaviour of the printed structures. Among the explored patterns, the gyroid

infill at 40% density showed the highest natural frequency, while lower infill

densities produced higher damping. Clamping forces also influenced the mea-

sured natural frequencies, meaning that fixture stiffness must be considered

when assessing printed components.

When printing under controlled external vibration profiles, the response

of the printer structure depended strongly on the frequency content of vi-
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brations. Low-frequency excitation caused larger surface roughness, while

mid-frequency, harmonic conditions generated internal defects that lowered

the stiffness and natural frequencies of printed components. These obser-

vations show that identical overall vibration energy can produce different

forms of quality degradation, depending on how it interacts with the system’s

structural modes.

The second part (Chapter 4 and Chapter 5) developed and validated

active vibration control (AVC) approaches for moving stage systems and small-

scale FFF printers. In the moving stage platform, an adaptive affine projection

algorithm with online switching of positionally dependent models reduced

dominant resonances by around 4 dB, showing that adaptive control can sta-

bilise systems whose dynamics change with position. Extending this to an FFF

printer, the feedforward filtered-x least mean squared (FxLMS) control system

reduced measured vibration on the printer structure, and improved surface

quality of printed components by more than 20% on average. This demon-

strates that active control approach can mitigate environmental disturbances

in small-scale FFF printers.

Beyond the quantitative outcomes, this research offers new insight into

the interaction between vibration spectra and the structural dynamics of

FFF systems. The adaptive control framework developed here provides a

flexible and reliable alternative to conventional passive vibration suppression,

maintaining print consistency even when operating conditions change during

fabrication.

Overall, the work redefines vibration control in FFF as a problem of adapt-

ability rather than rigidity. High-quality fabrication in dynamic environments

can be achieved through active and adaptive control rather than static struc-

tural modifications alone. The framework established here linking modal

characterisation, environmental vibration testing, and adaptive control, pro-

vides a foundation for control system design of 3D printers and other motion

systems that combine responsiveness with precision.

6.2 Future work

The methodology and results presented in this thesis form a basis for dynamic

characterising and mitigating the effects of vibration on FFF. Several directions
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can extend and deepen the findings.

The experimental study in Chapter 2 considered a limited range of infill-

related process parameters. Future research could explore how internal struc-

ture influences modal and damping properties in more complex geometries. A

broader range of standardised specimens with different process parameters

could account for the imperfections, such as voids and weak layer bonding.

In Chapter 3, the surface roughness analysis was conducted on 3D printed

structures with a specific geometry. Future studies could expand this to in-

clude a variety of geometries. Furthermore, applying advanced microscopy

techniques would enable detailed examination of the internal microstructure

of the printed parts fabricated under different vibration conditions. This would

provide deeper insights into how vibration frequency content influences the

internal microstructure of printed structures.

The moving stage system described in Chapter 4 was evaluated at a con-

stant operating speed. Testing under variable trajectories and accelerations

would show how adaptive algorithms handle rapidly changing dynamics. Hy-

brid schemes combining feedback and feedforward approaches may further

improve stability without increasing much computational load.

Chapter 5 investigated vibration control of the FFF system under nar-

rowband excitation, which does not reflect the real-world vibration conditions

specified in Chapter 3. The next step should incorporate different broadband

vibration profiles to more accurately simulate real-world disturbances and

evaluate the effectiveness of the control algorithm under more dynamic and

challenging conditions.
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Supplementary theoretical and experimental analysis

This appendix provides supplementary materials related to the theoretical

calculation of natural frequencies of the beam and additional experimental

investigations on boundary conditions presented in Chapter 2, as well as a

detailed description of the shaker fixture used in Chapter 3.

A.1 Vibration of beam structures

Slender beams are the focus in this study due to their widespread applications

in engineering structures. When a slender beam oscillates in a direction per-

pendicular to its longitudinal axis, the primary mode of deformation is bending.

This type of vibration is referred to as transverse or lateral vibration. The

response of the beam under transverse vibration can be described as follows

[43, 117]:
d2

dx2

(
EI

d2w (x, t)
dx2

)
+m

d2w (x, t)
dt2 = 0 (A.1)

where E is Young’s modulus, I is the cross-sectional moment of inertia of

the beam, m is the mass per unit length, and w (x, t) represents the lateral

displacement of the beam at position x and time t. Considering the beam is

uniform, the equation can be rewritten as:

d4w (x, t)
dx4 + m

EI
d2w (x, t)

dt2 = 0 (A.2)
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This governing equation is known as the Euler-Lagrange equation, which

forms the foundation of Euler-Bernoulli beam theory or classical beam theory.

The theory makes several key assumptions: plane sections remain plane

and perpendicular to the neutral axis before and after deformation, shear

deformation and rotational inertia effects are negligible, the material of the

beam is homogeneous, and the beam undergoes only small deflection angles.

According to modal analysis, the displacement of the beam can be separated

in space and time:

w (x, t)=Φ (x)η (t) (A.3)

where Φ (x) is the mode shape function, η (t) is the modal coordinate. Substitute

the equation back into the former equation and separate variables for time

and space, and two ordinary differential equations can be obtained:

d4Φ (x)
dx4 − mω2

EI
Φ (x)= 0 (A.4)

d2η (t) +ω2η (t)= 0 (A.5)
dt2

where ω represents the natural angular frequency of the beam vibration. To

solve the spatial equation, a general solution is given:

Φ (x)= A1cosh
(
βx

)+ A2sinh
(
βx

)+ A3cos
(
βx

)+ A4sin
(
βx

)
(A.6)

EI

( ) 1
4where β = mω2
, A1, A2, A3, A4 are constants. For the fixed-free boundary

condition of a cantilevered beam of length L shown in Figure A.1, non-trivial

solutions are found to exist when:

Figure A.1: Schematic diagram of a vibrating cantilever beam.

cosh
(
βnL

)
cos

(
βnL

)+1= 0 (A.7)

and the first three roots are approximately β1L = 1.875,β2L = 4.694,β3L =(
mω2

EI

) 1
4 , the angular natural frequen-7.855. Then substitute them back to β=

cies ωn can be calculated using:

ωn =βn
2

√
EI
m

(A.8)
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and the natural frequencies are:

fn = kn

2π

√
EI

mL4 (A.9)

where k1 = 1.8752,k2 = 4.6942,k3 = 7.8552 for the first three natural frequen-

cies, respectively.

This means that if the material properties and the geometry of a beam are

known, its modal properties can be calculated. This is typically the case for

homogeneous materials. However, in AM, 3D printed samples often exhibit

non-homogeneous characteristics due to factors such as raster angle and wall

structures. Consequently, the material properties cannot be directly applied

to the above equation. In such cases, the effective elastic modulus is used to

accurately assess the modal properties of the printed structure.

A.2 Effects of boundary conditions on natural
frequencies

A more comprehensive assessment of the validity of the modal characteristics

observed under the nominal experimental conditions was achieved by intro-

ducing three additional levels of clamping force, lower than the initial 320 N.

By investigating how these variations affect the measured natural frequencies,

the study aimed to quantify and understand the uncertainty introduced by

potential variations in boundary conditions. The all four clamping force levels

are 70 N, 160 N, 250 N and 320 N. Comparisons of the first three natural fre-

quencies under different clamping forces are presented in Figure A.2, where

a clear upward trend is observed as the clamping force increases, especially

for infill percentages of 40% and higher.

The FRFs of the specimens under different clamping forces are compared

and presented in Figure A.3. It is observed that a higher level of clamping

force leads to higher natural frequencies, especially for 70% and 100% infill

specimens, where all three natural frequencies shift to higher values when the

320 N clamping force is applied. This might be because the higher clamping

force could potentially improve the stiffness of the test specimen, which im-

proves the effective elastic modulus and thus shifts the natural frequencies

to higher values. In contrast, the 10% and 40% infill specimens exhibit a
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(a) (b)

(c)

Figure A.2: The averaged experimental (a) first, (b) second, and (c) natural
frequencies of specimens under different levels of clamping forces.

relatively low third natural frequency magnitude, and the clamping force has

less influence on the natural frequencies. In Figure A.3a and A.3b, the phase

response does not cross zero at the third natural frequency under most of the

clamping forces, and the peak in the magnitude response appears smooth. In

Figure A.3c and A.3d, a gradual phase transition is observed at the third

natural frequency, while at the first and the second natural frequencies, a

steeper phase transition is found. These findings suggest a lightly damped

third natural frequency for these low infill density specimens, which has been

confirmed by the system damping ratio calculations presented in Table 2.7 in

the previous section.
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(a) (b)

(c) (d)

Figure A.3: FRF of different specimens under variable clamping forces shown
in magnitude (left column) and phase (right column). (a) 10% infill, (b) 40%
infill, (c) 70% infill, and (d) 100% infill specimens.

A.3 Customised shaker fixture

The fixture functions as a mechanical adapter structure, mounted on top of

the vibration shaker to increase the mounting surface area, thereby accommo-

dating larger components. Additionally, it also facilitates even transmission

of vibrational energy to the test object and enables testing of objects that

cannot be directly mounted to the shaker armature. The fixture was machined

from a 300 mm by 300 mm square-shaped block of 6061 aluminium alloy. To

enhance the structural rigidity of the fixture, multiple ribs are designed to

attach at the bottom of the fixture surface. This fixture incorporates thirty-six

M6 threaded mounting holes arranged in a 6×6 grid with a 50 mm pitch.

Additionally, it includes five M5 socket cap head screw holes on a 50 mm pitch

circle diameter to secure the fixture centrally to the shaker armature using

M5×40 mm stainless steel socket cap head screws. The complete design of

the fixture is shown in Figure A.4. The fixture has a total height of 60 mm,
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weighs approximately 3.35 kg, and has its centre of mass at x = y = 0.15 m,

and z = 0.012 m. When mounted on the armature of the shaker, the fixture

exhibits a first natural frequency of around 1.7 kHz, as illustrated in the FRF

of the fixture in Figure A.5. This frequency is sufficiently higher than the

predominant excitation frequency range used in this study, which ensures

the fixture resonance does not interfere with the test results. A low-frequency

resonance of the shaker structure is observed at 12.5 Hz, while its magnitude

is 18 times lower than that of the fixture resonance, and therefore does not

have a major influence on the experiment.
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Figure A.5: FRF of the fixture.
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