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Summary

Additive Manufacturing (AM) embodies a distinct approach to manufacturing that
may revolutionize the industry. Rather than subtracting material from the workpiece,
AM machines typically build products from the bottom up by adding material in
a layer-by-layer fashion. In particular cases, this additive approach alleviates the
traditional manufacturing restrictions on product geometry and facilitates enhanced
product functionality and performance.

Vat photopolymerization, also known as Stereolithography, is a class of AM tech-
niques that stands out due to small feature sizes and high build speeds. This
AM technique solidifies layers of photocurable resin with UV light according to the
part’s cross-sectional geometry. By mixing the photopolymer resin with sinterable
powder, vat photopolymerization can be used as the shape forming step in an
indirect production method for ceramic or metallic parts.

Although vat photopolymerization is a promising AM technology, manufactur-
ing near-net shape parts from high-performance ceramic materials is challenging.
To meet the high tech industry’s needs, AM equipment has to scale up to larger
product sizes and has to consistently build parts of high quality by becoming robust
to uncertainty in the machine, the material, and the process. These challenges
motivate a mechatronic systems engineering approach towards AM equipment devel-
opment. This thesis takes the mechatronic systems stand-of-view, and investigates
novel methods to improve the print quality and robustness of AM technology.
In particular, closed-loop control system architectures are developed for future
integration into vat photopolymerization equipment.

The thesis starts with proposing a classification scheme for AM control strategies
based on the systems engineering V-model that facilitates the identification of
control strategies. The AM process is decomposed along the spatial and temporal
dimension in analogy to the V-model. Rather than targeting the indispensable
low-level machine control systems, this work further focuses on real-time control
schemes that close the loop on the actual material transformation process, i.e.,
UV curing.

The thesis then continues with a thorough review of the state of the art in process
modelling, sensing, actuation, and control in the context of vat photopolymerization.
Both major process functions are addressed: material deposition through recoating



vi

on the one hand and material transformation through UV curing on the other. In
both process functions, multiple methods are identified to fulfill them, leading to
a set of potential AM system architectures. The aim of this thesis is to identify
potential control strategies that are compatible with these architectures and to
analyze their feasibility and potential performance improvements.

The main conclusion of the feasibility study is that real-time control of UV curing
is only feasible for mask-projection-based photopolymerization systems and that
feasibility is governed by limited sampling rates. This conclusion is drawn based on
a comparison of time scales related to physical phenomena in vat photopolymer-
ization, sampling rates of relevant sensors, and response times of several actuator
topologies. Particularly, future machine integration of real-time control strategies
poses challenging requirements on the sensing aspect. For example, it is desired
to measure many voxels spanning a large range at high sampling rates, i.e., at
high spatio-temporal resolution. Another challenge is the lack of availability of
machine-implementable sensors that can measure the photopolymer cure state.

As a first step towards experimentally demonstrating the feasibility of feedback-
controlled vat photopolymerization, the challenging sensing requirements are relaxed
and the scope is reduced to a single voxel. An experimental setup is developed
in which the degree of conversion is measured in situ by an infrared spectrometer
at a low rate. Experimental data obtained from this proof-of-principle setup is
used to develop a control-oriented process model and identify its parameters. A
material perturbation is applied by adding an inhibitor and the case with and
without feedback control were compared. The results show that the closed-loop
controller successfully compensates for the material perturbation and reaches the
setpoint conversion value, in contrast to the open-loop controller.

As a second step in the e↵ort to better meet the challenging AM process require-
ments, an optical degree of conversion measuring instrument is designed, realized,
and tested. The instrument’s measuring principle is based on a molecular absorption
photometer in the near-infrared wavelength range and aims to provide a simpler,
cost-e↵ective, and high-speed alternative to general-purpose instruments for chemi-
cal analysis. Ultimately, the instrument’s use is demonstrated as a photopolymer
characterization device for future implementation into AM equipment.
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Chapter 1

Introduction

Some say that a fourth industrial revolution is imminent in which the manufacturing
industry is transforming from machine-dominant to highly-interconnected, digital
production lines [1, 2]. This revolution, also known as Industry 4.0, may have a
profound impact on the economy and society as a whole [1], as it may improve
industrial performance through end-to-end engineering, horizontal, and vertical
integration [3]. One could associate the onset of this revolution with the birth
of 3D printing technologies in the early 1980’s [4]. In these years, as with many
technological innovations, several researchers worked independently on a similar
idea [2, 4]. The idea was to build up 3D objects by successively adding layers of
material according to their 2D cross-sections. The term “3D Printing” was coined for
this build process, since material layers can be added through 2D printing techniques
that are extended to the third dimension [2]. Today, Additive Manufacturing (AM)
is the standardized term [5] for this process and a wide variety of derived technologies
have emerged [2].

AM o↵ers unique capabilities compared to traditional manufacturing tech-
nologies, including more design freedom, “complexity for free,” and customizable
material properties [2, 6]. These capabilities make that AM plays a prominent role
in the Industry 4.0 revolution, along with at least two other reasons.

Firstly, AM accelerates the product development cycle, because system or part
representations can be created quickly in a process called rapid prototyping. The
capability to rapidly create a tangible prototype revolutionizes the design review
process [4], since the physical part can be touched, analyzed, and evaluated by all
stakeholders. From a scientific and engineering perspective, AM not only provides
the ability to evaluate the part’s geometry, but also makes it possible to rapidly
validate models and theories through experimental evaluation of the part’s physical
properties.

Secondly, AM is developing from a Rapid Prototyping technology for mock-
ups to a Direct Digital Manufacturing technology for end-use parts [2]. As AM
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technology is reaching a higher level of maturity, parts are now being manufactured
for final use, directly from a digital CAD description. Although many other
(subtractive) manufacturing technologies are by definition digital since they are
Computer Numerical Controlled (CNC), determining the machining program can
be involved for a CNC machine in comparison to the build program for an AM
machine. Hence, AM is becoming a feasible option for producing complex and
unique geometries while digitally archiving information throughout the life cycle,
despite the comparatively inferior accuracy, quality, speed and material properties
that are frequently attributed to AM [2].

1.1 The birth of 3D printing

Although multiple researchers worked on similar 3D printing concepts at the same
time, it is Charles W. Hull who is regarded as the inventor of the first commercial
rapid prototyping technology [2,4]. In the 1980’s, Hull developed a concept to build
3D objects by successively curing photopolymer layers with ultraviolet (UV) light
and named the technology Stereolithography [4,7]. Today, Stereolithography belongs
to a broader family of technologies known as vat photopolymerization (VP) [2].
Hull patented Stereolithography in 1986 [8] and founded the company 3D Systems
in California to commercialize the technology [4]. 3D Systems then introduced the
SLA-1 in 1987, which was the first commercially 3D printer. Figure 1.1 shows a
photograph of the SLA-1 and a related block diagram that was adopted from the
original patent [8].

The basic 3D printer functions have not changed since the introduction of the
SLA-1 and are basically the same among all present-day AM technologies, whether
they are photopolymer-based or not. Their primary function is to transform the
feedstock’s geometry and material properties into a solid stack of layers to create a
finished part [10, 11]. This primary function is fulfilled by several subfunctions that
are allocated to components represented by the blocks in Figure 1.1. The digital or
electronic subfunctions include slicing the input geometry, generating the numerical
control program, and controlling the build process by means of computers. The
physical subfunctions include supplying and arranging material and energy in 3D
space according to the numerical control program. These subfunctions are generally
fulfilled by an energy source, such as a laser, and one or more motion stages, such
as galvanometer mirror scanners and z-stages that act as an elevator for the build
platform. Auxiliary subfunctions include storing the feedstock, supporting the
previously processed material, and conditioning the build chamber environment
through gas flows or thermal actuators.

Despite their functional commonality, a wide variety of AM technologies have
emerged from the fundamental principles to transform materials and the conceptual
choice to pattern the material, the energy, or both. To facilitate the classification
of this variety of AM technologies, seven AM process categories were defined in the
ISO/ASTM standard 52900:2015 [5], i.e., binder jetting, directed energy deposition,
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Figure 1.1: The 3D Systems SLA-1 was the first commercially available 3D printer
from 1987 [4]. At the time of writing it is a museum piece (photograph on the
left) [9] and the original patent has expired (block diagram on the right) [8].

material extrusion, material jetting, powder bed fusion, sheet lamination, and vat
photopolymerization. The reader is referred to standard text books on AM [2,12]
for a general overview of these process categories. This thesis considers the VP
process category, in which the optical energy or light is patterned in space during
UV curing to create the cross-sections, whereas the material is deposited evenly to
form thin layers during recoating.

1.2 The mechatronic system design challenge

Since its invention in the early 1980’s, the VP process category in itself has developed
to a wealth of variations in system architectures. At the time of writing, dozens of
AM equipment manufacturers o↵er a wide variety of photopolymerization-based
AM machines. These machines have build volumes ranging from under 1-liter desk-
top sizes or even smartphone sizes [12] to over 1000-liter industrial sizes that allow
for manufacturing complete car bumpers or dashboards [13]. Machines operating
at the bottom of this size range employ two-photon polymerization, which is a
microfabrication technology in which the typical photopolymer feature resolutions
have been reduced from the order of 100 [mm] to 100 [nm] [14]. Interestingly, the
photopolymerization working principle can be applied at such widely separated
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length scales.
No matter the machine size, the successful development of VP technology

requires a transdisciplinary systems engineering approach [15], addressing technical
challenges from di↵erent viewpoints [14] and following a systematic development
process as exemplified by the classical V-model [16]. To prove this point, note that
VP involves major contributions from chemistry, laser physics, applied mathematics,
computer software, CAD modelling, viscous fluid dynamics, materials science, optics,
as well as electrical, mechanical and control systems engineering [4]. Clearly, VP
exhibits a highly multidisciplinary character and presents an interesting mechatronic
system design challenge [17].

Figure 1.2 gives an idea of the many combinations that arise from just six
high-level design choices, even though not all options are compatible. Evidently, the
machine designer has quite some options to configure a photopolymer-based AM
machine. In traditional AM machines, the recoating and photopolymerization steps
were executed in alternating consecutive steps. Hence, the choices concerning the
type of light engine and the type of recoater were independent as they were used
at separate times in the build process. Recently, significantly higher build speeds
have been achieved by continuously moving the build platform while concurrently
supplying (recoating) and solidifying (curing) the resin. The translational version
of this continuous process is known as continuous liquid interface production
(CLIP) [18, 19], while the rotational version is known as tomographic volumetric
AM [20, 21]. Next to building at significantly higher speeds, a few modern VP
systems use robotic build plate handlers to automate the production line and pave
the way to Industry 4.0.

1.3 Towards zero-defect AM: the need for control

For AM to evolve to an Industry 4.0-ready manufacturing technology, the overall
performance of the manufacturing processes need to evolve as well. The performance
of any manufacturing process can be quantified in terms of its productivity, quality,
reliability and associated costs [10,22]. From the machine operator’s perspective,
one just wants to press “Ctrl-(3D)P” and shortly wait for the 3D printer to produce
an end-use part that is always right the first time and has zero defects. However,
3D printing has not reached such a level of performance yet, let alone approached
the performance found in 2D printing.

To reach this level of performance and realize AM’s potential, there is a high-
priority need for research on process modelling, sensing, and control [23]. In other
words, there is a need for a mechatronic approach towards AM equipment develop-
ment as AM machine architectures have hardly changed since the first-generation
prototypes [24]. Decades of advancements in mechatronic systems [17] have already
contributed significantly to the current state of the art in AM equipment. Like-
wise, feedback control systems have been instrumental in attaining the precision
required for well-coordinated motion between the machine axes and tools, and have
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Figure 1.2: A “machine configurator” for photopolymer-based AM equipment. Just
six high-level design choices already reveal the wealth of possible variations in
system architectures encountered among AM equipment manufacturers.

always been present in manufacturing systems in several forms [10]. However, both
academia and industry have hardly investigated the potential of closing feedback
loops in AM at higher levels than such low-level machine control.

In an attempt to address the above-mentioned research needs, the Netherlands
Organisation for applied scientific research (TNO) formulated a research program in
collaboration with the High Tech Systems Center (HTSC) of Eindhoven University
of Technology (TU/e). The research program focused on AM equipment engineering
challenges for ceramic vat photopolymerization and consisted of three related PhD
research projects, one of which resulted in the present thesis. The three projects
shared the goal of developing novel AM equipment concepts aimed at closed-
loop control on the process and product level. To this end, one project studied
computational methods to model the build-up of mechanical properties during
photopolymerization [25], another focused on computational modelling of resin flow
during recoating [26], and the present work focused on the integration of control
solutions into AM equipment. In addition, three one-year Professional Doctorate
in Engineering Degree (PDEng) design projects were carried out regarding the
machine control [27], sensing [28], and recoating systems [29] of a prototype machine
developed by TNO.

The integration of closed-loop control solutions is facilitated by the increasing
amount of data that is being generated and stored during the complete AM product
life cycle. This data as a whole can be considered as part of a “digital thread” that
spans from the initial product’s design phase to its operation in the field [30–33].
Figure 1.3 visualizes various aspects of the digital thread during an AM part’s life



6 Chapter 1. Introduction

cycle and a closely related concept known as a “digital twin” [30]. This concept aims
to update the same models that were used to design and build the product with data
obtained from the physical object during its operation in the field. More relevantly,
in-situ process measurements could be compared to the digital reference and fed
back to the models that were used initially to create the machine instructions and
now to correct them during the build.

Figure 1.3: The concepts of a digital thread and a digital twin applied to an
AM product’s life cycle. Note the feedback loop in the build phase by virtue of
in-situ monitoring. Image adopted from [30].

1.4 The AM control problem

At the highest abstraction level, any AM process can be modelled as a generic manu-
facturing system whose primary inputs are the desired digital object’s geometry and
properties, and whose primary outputs are the actually realized physical geometry
and properties [10]. The secondary inputs and parameters are the boundary condi-
tions of the working environment and the machine and material characteristics. The
secondary outputs encompass any relevant data that is acquired during the build
and stored in the digital thread, whose input-output relationships are determined by
several interconnected subsystems. Figure 1.4 shows these subsystems in a hierarchy
representing photopolymer-based AM systems on several levels.

Multiple hierarchical control architectures have already been proposed in the liter-
ature for mechatronic systems [17,34], the process industry [35], and automated man-
ufacturing systems in general [36]. For instance, the ISA-95 “automation pyramid”
is a widely accepted hierarchical model that was standardized by the International
Society of Automation (ISA) [37]. The top of this pyramid concerns business plan-
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ning, scheduling, operations management, and logistics, which are implemented in
Enterprise Resource Planning (ERP) and Manufacturing Execution Systems (MES).
These top levels govern the intermediate levels concerned with monitoring and
supervisory control, which in turn govern the low-level controllers that measure and
manipulate physical machines and processes through sensors and actuators [36].

Ultimately, each controller collaborates through the control hierarchy towards
the common goal of producing a desired output, i.e., the 3D object, having maxi-
mum product quality, minimum error, and reduced sensitivity to disturbances and
uncertainties. Nonetheless, most AM process controllers still lack the feedback
loops required to control part quality through corrective actions [17, 23, 38–46].
Therefore, this thesis aims to make advancements towards closed-loop control in
photopolymer-based AM. To this end, the control system development cycle was
followed from beginning to end. Although the opinions are divided on the exact
development steps and their sequence [35,47–49], the cycle can be summarized as
follows:

0. Design the system & equipment around a particular AM process (the plant);
1. Study the system and process from the perspective of control;
2. Formulate the control objectives and specify the desired performance;
3. Model the system and uncertainties (disturbances, noise, model mismatch);
4. Analyze the model, determine its properties;
5. Decide on the measured and manipulated variables (sensors and actuators);
6. Devise a control strategy: select the control structure and type of controller;
7. Design the controller;
8. Evaluate the (closed-loop) controlled system in a virtual or pilot plant;
9. Choose hard-/software, implement in real plant;
10. Test/validate control system, tune on-line.

Following a holistic mechatronic approach implies that one should look at
the combined controller and plant design, i.e., taking control into account while
designing the plant (the machine). However, designing a completely new machine
from scratch was not within the scope of this thesis, but developing control systems
for existing machines was, while keeping in mind their compatibility with existing
AM equipment architectures. In other words, step 0 in the development cycle was
only partially followed.

Upon study of the system, the scope was further reduced to the build step as
visualized in Figure 1.4. Although the post-processing steps can have a significant
impact on the final product [2, 7, 50], the focus was on the actual AM build
process as internal defects that materialize during the build step are likely to turn
out uncorrectable afterwards. The control objectives are formulated as avoiding
such defects altogether and maximizing product quality. However, the desired
performance is not specified so straightforwardly, as quality is the culmination of
each and every subprocess. Nevertheless, the following performance targets are
specified for each subprocess in the build step.



8 Chapter 1. Introduction

Laser motion
controller

x-motion

L,refx Lx
ȅ1

T1

T2

ȅ2

Optical patterning
x'y'

I(x',y',P )
x

y

z

Lx
Ly

L
Lx
Ly
LP

I(x,y,z)Laser motion
controller

y-motion

L,refy Ly
ȅ1

T1

T2

ȅ2

L,refx
L,refy
L,refP

Laser current/
power

controller

UV light emission

LPL,refP
//Ƿ

Injected electrical current Fast axis Slow axis 

Astigmatism

Ƿ

Diode chip

UV curing

LP Lx
Ly

cured
2.5D layer

scan
trajectory

Low-level machine control

Photopolymer-
based AM

desired
geometry,
properties

realized
geometry,
properties

machine,
material,
boundary
conditions

x

yz

x

yz

Level 0: Enterprise Resource Planning (ERP)/
Manufacturing Execution System (MES)

Level 1: AM process chain

desired
3D design 2.5D layers

+

+

realized
3D product

x

yz

=

Slicing

2D cross-sections

UV curingTrajectory generation

L,refP
L,refy
L,refx

scan trajectories

Recoating

Last
layer?

Fabrication
direction

Layer
thickness

x

yz

yes:
finishedno:

repeat

Level 2: Build step

Level 3: Photopolymerization step

Fill machine &
load build plate

Build Excess resin
removal

Part removal
& separation

Part cleaning Post-processing

ǰ(x,y,z)

Figure 1.4: System hierarchy that illustrates the photopolymer-based AM control
problem and the current state of the art in the field.



1.5. Research objectives and contributions 9

Firstly, slicing the input geometry should have minimal impact on final product
quality, despite the discretization errors common to all layer-based AM processes [2].
Secondly, generating the process trajectories should be done according to a proper
build strategy and storing them in the numerical control program should not
introduce significant errors, despite the limited resolution of digital masks and scan
trajectories [50]. Thirdly, recoating should produce an evenly spread layer of desired
thickness, despite abrupt changes in resin flow regimes while traversing the build
area [51]. Finally, UV curing should produce a su�ciently and homogeneously cured
layer, despite the physically imposed UV light attenuation with layer depth.

If these performance targets can be met consistently and repeatedly, final
product quality may be obtained on the full product scale through the build-up
of many “2.5D” layers. To this end, the desired properties on the individual layer
scale should follow from the translation of layer properties to product properties
through processing-structure-property relationships [2]. Once these relationships
have been established, final product quality may be obtained through tight control
of individual-layer fabrication. Therefore, the main hypothesis of this thesis is
that both recoating and UV curing may benefit from closed-loop control on the
individual-layer scale as opposed to present-day open-loop control. Although both
process steps are addressed in this thesis, the focus is primarily on UV curing. Note
that a few specific machine functions are already controlled in closed loop, as seen
in the bottom of Figure 1.4. The hypothesis is that performance can be gained by
controlling the actual process outputs in closed loop rather than the process inputs
alone.

1.5 Research objectives and contributions

Having outlined the AM control problem at hand, the main research objective of
this thesis is defined as follows.

Main objective: Investigate closed-loop control system architectures for photo-
polymer-based AM and assess their potential to improve final product quality.

To this end, a mechatronic systems engineering approach is followed for both
the recoating and the photopolymerization step. This approach generally entails
investigating process modelling, sensing, actuation, and control for both major
process steps. Specifically, the following research objectives are derived from the
main objective.

(i) Formulate a hierarchical classification scheme for AM control strategies that
allows for the positioning of control system development e↵orts in the AM
research field. (Chapter 2)
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(ii) Analyze trade-o↵s between recoating methods to aid the system designer
in selecting a suitable recoating method in line with control system design
considerations. (Chapter 3)

(iii) Identify potential in-situ real-time control schemes for photopolymerization
and analyze their feasibility. (Chapter 4)

(iv) Demonstrate the feasibility of in-situ real-time feedback control of photopoly-
mer conversion through proof-of-principle experiments. (Chapter 5)

(v) Develop and realize a measuring instrument for the degree of photopolymer
conversion for future implementation into AM machines. (Chapter 6)

Each chapter in this thesis contributes to these research objectives, is self-contained,
and is based on either a journal article or a conference paper (except for Chapter 6)
as indicated below.

Chapter 2 proposes an AM control classification scheme titled “The AM V-
model”, which is based on existing hierarchical control schemes and specific examples
from AM literature in its broad sense. This classification scheme is inspired by
the well-known systems engineering V-model, where the verification and valida-
tion between the two legs of the V represent closed-loop AM control strategies.
The proposed scheme constitutes a spatial and temporal decomposition into seven
hierarchical levels and is applicable to both recoating and photopolymerization.
Chapter 2 is based on:

T. Hafkamp, G. van Baars, B. de Jager, and P. Etman, “A Classification
Scheme for AM Control Strategies: the AM V-model,” in Proceedings of the
2018 ASPE and euspen Summer Topical Meeting - Advancing Precision in
Additive Manufacturing, vol. 69, pp. 161–166, 2018 [52].

Chapter 3 conducts a trade-o↵ study between a multitude of recoating methods
in VP by comparing their adherence to several process requirements and design
considerations from a control systems perspective. The chapter provides a com-
prehensive overview of existing actuation methods, sensing methods, and control
strategies for recoating. The actuation methods are compared with each other in
terms of their characteristics and capabilities. Chapter 3 is based on:

T. Hafkamp, G. van Baars, B. de Jager, and P. Etman, “A Trade-o↵ Anal-
ysis of Recoating Methods for Vat Photopolymerization of Ceramics,” in
Proceedings Solid Freeform Fabrication Symposium, pp. 687–711, 2017 [53].

Chapter 4 provides a thorough literature review of the state of the art in
process modelling, sensing, actuation, and control in the context of photopoly-
merization. The chapter presents the process models in terms of the physical
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phenomena that manifest themselves during UV curing and discusses the poten-
tial use of these models for control applications. Several actuation methods are
identified to provide the UV light field that is required to initiate this curing re-
action. Similarly, monitoring and characterization techniques are evaluated for
potential applicability as in-line metrology. The chapter finally reviews the only
three feedback control strategies that were published at the time, and evaluates
the feasibility of novel in-situ real-time control strategies by comparing actuator re-
sponse times, sensor sampling times, and physical time scales. Chapter 4 is based on:

T. Hafkamp, G. van Baars, B. de Jager, and P. Etman, “A feasibility study
on process monitoring and control in vat photopolymerization of ceramics,”
Mechatronics, vol. 56, pp. 220–241, Dec. 2018 [54].

Chapter 5 takes a first step towards experimentally demonstrating the feasi-
bility previously established in Chapter 4. To this end, an experimental setup is
developed that is based on an existing spectroscopic measuring instrument. The
instrument is used to acquire in-situ measurement data of the degree of cure, com-
pare the data with the desired process trajectory, and compute a corrective action
for a UV-LED-based light source by means of a proportional-integral feedback
controller. The chapter describes how this measurement data is used to develop a
control-oriented process model and identify its parameters. Moreover, it describes
the design of proof-of-principle experiments in order to show the benefits of feedback
control by comparing open- and closed-loop controlled cases in the presence of
material perturbations. Chapter 5 is based on:

T. Hafkamp, G. van Baars, B. de Jager, and P. Etman, “Real-time feedback
controlled conversion in vat photopolymerization of ceramics: A proof of
principle,” Additive Manufacturing, vol. 30, 100775, 2019 [55].

Chapter 6 takes a second step towards future AM machine implementation by
developing a novel measuring instrument for the degree of conversion. The measur-
ing instrument uses an optical measuring principle derived from the instrument used
in Chapter 5, but operates in a di↵erent wavelength range. This chapter discusses
the requirements and design considerations that have led to the final instrument
design and demonstrates the realized instrument’s use as an in-situ photopolymer
characterization device.

Chapter 7 finally provides a discussion on the collective results of the preceding
contributory chapters, draws conclusions regarding the central problem statement
of the thesis, and provides directions for future research.
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1.6 Overview of the thesis

Figure 1.5 provides a graphical overview of the present thesis and puts the individual
chapters in their respective mechatronic research contexts. The figure indicates the
focus of each chapter in terms of process modelling, sensing, actuation, and control,
for both recoating and photopolymerization.
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Chapter 2

A classification scheme for
AM control strategies:
the AM V-model

Abstract
Closed-loop control on the machine level already plays a key role in the industrial-
ization of Additive Manufacturing (AM) technology, but further robustification of
product quality calls for closed-loop control on higher levels. This paper facilitates
the identification of such higher-level control strategies by presenting a hierarchi-
cal classification scheme for AM control strategies. The proposed “AM V-model”
scheme decomposes the AM process along the spatial and temporal dimension in
analogy to the systems engineering V-model. The scheme defines seven hierarchical
control levels analogous to verification and validation in the classical V-model and
is based on existing hierarchical control schemes and AM literature examples.

This chapter has been published in Proceedings of the 2018 ASPE and euspen Summer Topical
Meeting - Advancing Precision in Additive Manufacturing, vol. 69, pp. 161–166, 2018.
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2.1 Introduction

The current lack of consistent additive manufacturing (AM) part quality gives rise
to the development of novel process monitoring and control strategies [1]. The
identification of these strategies can be facilitated by formulating a classification
scheme to position development e↵orts. This work proposes a classification scheme
that was developed in the context of vat photopolymerization [2], but is expected to
be applicable to a wide range of AM technologies since many commonalities exist
in the multi-level control characteristics.

2.2 Existing classification schemes

General control system hierarchies for mechatronic systems [3] and the process
industry [4] can be found in literature. Specific classification schemes for AM control
strategies can be found in literature as well; most notable are the NIST control
organizational structure for metal-based AM [5], the Zero Defects for Additive
Manufacturing (ZeDAM) quality control strategy architecture [6] and a hierarchical
control method framework for an Exposure Controlled Projection Lithography
(ECPL) process [7]. Inspired by these existing schemes and based on examples
from literature, a more elaborate classification scheme for AM control strategies is
proposed in this work.
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2.3 Proposed scheme: the AM V-model

The planning and realization of a 3D product through an additive manufacturing
process can be viewed of as analogous to the following of a V-model, which is a
well-known graphical representation of the systems engineering process [8]. Figure
1 shows such a V-model with the type of control strategy indicated in the middle
of the V, where the verification and validation arrows are commonly drawn. The
left leg of the V concerns process planning or setpoint generation, where a spatial
decomposition is made from product geometry via layers into voxels, the elementary
building block of the product. The right leg of the V concerns process execution,
where the product is built up, usually layer-by-layer, through the patterned supply
and transformation of material.

A decomposition of the AM process can be made across both the spatial axis and
the time axis as indicated on the left and right sides of the V respectively. Process
planning — the complete left leg of the V — can be considered a control strategy in
itself. Control strategies for process execution — the complete right leg — can be
conceived at each level in the V. Seven such categories can be identified from low-
to high-level control: machine control & calibration, process control, intra-layer
control, layer control, layer-to-layer control, product control & qualification, and
batch control.

2.4 Control strategy categories

2.4.1 Process planning

Process planning in AM primarily consists of placing and orienting the part in the
build volume, generating supports, slicing, and path planning [9]. From a control
system’s perspective, process planning is the o✏ine procedure of generating the
reference trajectories or setpoints, or in other words determining the build process
parameters and inputs. It can be considered a form of open-loop control, including
the generation of feedforward inputs, and is complementary to closed-loop feedback
control.

Traditionally the determination of optimal process parameters would proceed
via expensive time-consuming trial and error iterations on the actual machine,
whereas currently there is a shift towards input parameter optimization through
build simulation using high-fidelity physics-based process models [5]. Structural
topology design optimization [10] with manufacturability constraints or design for
AM can also be noted here. Regardless of the manner obtained, the final result of
the process planning procedure is a set of machine instructions stored in a build plan.
Figure 2.2 shows the generation of machine instructions from product geometry
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Figure 2.2: Process planning scheme.

Examples of process planning for vat photopolymerization include laser scan
trajectory generation, bitmap greyscaling for improved xy- or z-resolution, and
inverse geometry compensation for deformations arising during the build.

2.4.2 Machine control & calibration

Low-level machine control systems have always been an essential part of any AM
machine, since these systems provide basic functionality such as motion control
or process parameter control. Machine control systems focus on individual ma-
chine functions, which are independent of the process details such as product
geometry and material. The goal of these systems is to provide desired process
parameter (input) trajectories and to pursue practically constant boundary condi-
tions. Hereby they only indirectly influence the actual manufacturing process [11],
which consists of a complex coupled material property and geometry transformation.

An example of machine control is motion control for patterning the supply of
material, patterning the transformation of material as shown in Figure 2.3, or
elevating the build platform. Positioning errors, owing to the precision and accuracy
of the motion stages and scanners, will lead to geometric variations in the part.
However, disturbances to these process-independent machine state variables are
generally considered small compared to other process variables that do directly
a↵ect the quality of the output [12]. Another example is build chamber environment
control, which includes temperature, oxygen concentration and pressure control at
several locations throughout the machine. Monitoring and control of these machine
state variables is typically performed by logging at low sampling frequencies and by
warning indicators or independent SISO control loops [13].
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Figure 2.3: Machine control example.

Calibration

A di↵erent aspect that can also be gathered under machine control is calibration
and subsequent adjustment or drift correction. Calibration is the act of comparing
measurement values of unknown accuracy to a measurement standard of known
accuracy. In AM this means that both the material supply and transformation
systems can be calibrated with respect to a calibration standard. For instance, the
position of the laser scanning system can be calibrated to a reference plate placed
over the build platform [14] or to fiducial markers additionally printed in each layer.

2.4.3 Process control

Contrary to the indirect machine control techniques, process control techniques
deal directly with the actual manufacturing process, i.e., the production of a de-
sired object through a material transformation process [11]. In AM, this material
transformation process is the geometry transformation from feedstock to strands or
layers in the recoating process and the material property transformation from, e.g.,
the liquid to the solid phase in the vat photopolymerization process.

The main idea behind process control strategies is that voxel-level control of
material properties [15] can be obtained by real-time, in-situ continuous control [5]
of the material transformation process. For metal-based processes, examples of
process controllers exist in which the temperature or area of the melt pool is
controlled [16, 17], see Figure 2.4. For vat photopolymerization this would imply
controlling the polymerization reaction [2].

The geometry transformation process from feedstock to a layer, i.e., the recoating
process, can also be controlled. However, it is arguable whether this is machine
control or process control, since in some AM technologies such as selective laser
sintering (SLS) and vat photopolymerization the requirement for the quality deposi-
tion [13] of a flat layer is independent of the desired part geometry, even though the
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recoating process dynamics can be product-dependent. In other words, the material
deposition is not patterned in SLS whereas it is patterned in, e.g., Fused Deposition
Modeling (FDM). In any case, the feed rate of feedstock material can be controlled
to ensure a well-defined amount of material at the correct location.

2.4.4 Intra-layer control

Intra-layer control refers to control strategies that take place on the time scale of
the processing of a single layer. The idea is to use feedback from the foregoing to
improve the process settings for the remainder of the layer. Examples of hypothetical
inter-layer control schemes include measuring in the slipstream of the recoater and
the scan track behind the laser respectively. These types of control strategies may
run at lower control bandwidths than process control strategies and due to their
non-colocated nature may lend themselves well to observer-based control schemes
that infer the state of the process dynamics at e.g. the laser location from non-
colocated measurements. An example of an existing intra-layer control scheme is
intra-layer build plan modification of the ordering and timing of hatches [18], see
Figure 2.5.

2.4.5 Inter-layer control

The goal of inter-layer control schemes is to guarantee - by means of feedback
control - the quality of each layer after the layer formation step has been completed.
These types of schemes do not operate at the frequencies or time scales of the
low-level continuous or real-time processes such as machine and process control,
but can be rather considered discrete or hybrid events. Hence, these schemes are of
a supervisory control nature and can be designated as in-situ fault detection and
handling controllers [5] that trigger discrete events by interrupting normal control
routines and performing a corrective action if necessary.
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Examples of inter-layer control schemes include corrective resweeping in vat
photopolymerization [19] depicted in Figure 2.6 or respreading in powder-based
systems [17]. The machine state variables such as the chamber environment con-
trolled by machine controllers can also be monitored and controlled by a higher
supervisory control scheme that interrupts the process if these variables assume
unacceptable values [5].
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Figure 2.6: Inter-layer control example.

2.4.6 Layer-to-layer control

Layer-to-layer control schemes aim to use information from the current layer N
and preceding layers to find better settings for the next layer N + 1 as depicted in
Figure 2.7. Specifically, these schemes can leverage that subsequent layers are highly
similar, i.e., changes from one layer to another are typically gradual. Moreover, if
discontinuous changes from layer to layer occur, a priori knowledge hereof could be
exploited.
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The formation of a layer can be considered a discrete process where the process
inputs - typically depending on the slice cross-section - can be modified ex situ,
i.e., in between the formation of each layer. Hence layer-to-layer control can be
considered similar to run-to-run control, batch-to-batch control or cycle-to-cycle
control [7]. Repetitive and iterative learning control strategies may be applicable
since the tasks are repetitive and disturbances are position dependent.

Example layer-to-layer control schemes for ink-jet 3D printing include a model-
based feedback control law [20] and an iterative learning control law [21] that use
a layer height profile measurement from the last layer to determine the droplet
deposition pattern for the following layers. Another example is a layer-to-layer
height and temperature controller for laser metal deposition [22].

2.4.7 Product control & automated qualification

The next level of control after layer-to-layer control is product control, which is
concerned with the control of macroscopic product specifications or properties. The
goal of these control strategies is to get the global product properties right and they
act on a time scale similar to layer-to-layer controllers where it is still possible to
adjust the process before the product is finished. The ultimate controller on the
product level would be capable of automated part qualification [5] through process
monitoring and analysis of product qualities such as dimensional accuracy and
material properties.

An apparent example of product control is geometric feedback control, which
closes the loop on the overall part geometry level [23]. Another example is closed-
loop control of the e↵ective sti↵ness of a cantilever beam [24]. Future advanced
product control schemes would benefit from the tight integration of feedback control
with the same multi-physics/finite element simulations and topology optimizations
that were used to initially create the build plan [25]. Real-time corrections could be
made to machine instructions to meet product specifications [25, 26] as depicted in
Figure 2.8. Note that Figure 2.8 is the same as Figure 2.2, but with an additional
feedback signal from the build process outputs that represents the digital twin [26]
to the build simulator and hence (indirectly) to the build planner & optimizer.
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2.4.8 Batch control

Batch control schemes refer to individual-product-exceeding strategies that apply to
the complete build job or batch. It is fairly commonplace in industry to print test
specimens such as standardized dog bones oriented in di↵erent directions alongside
each build to ensure proper material properties of that batch. The printing of
additional structures to calibrate the printing process during the build rather than
for post-build verification can also be mentioned here.

Batch control typically takes place through o✏ine and ex situ measurements of
printed objects. Non-destructive testing (NDT) and evaluation (NDE) methods are a
critical part of quality control and inspection for AM [27]. A straightforward example
is dimensional verification through optical or X-ray computed tomography [27].
Feedback loops can be conceived that modify the process inputs between build
batches based on pre- and post-process data obtained through aforementioned
NDT metrology. One can also envision a (machine) learning system that uses
long-term learning from errors occurring during the build process to prevent future
occurrance [6]. Manufacturability feedback loops [28] fall under the same category,
since feeding back information of process (in-)capabilities to the design process can
increase the number of successful builds. The digital thread for AM [26] may play
a crucial enabling role in this.

F

Figure 2.9: Batch control by testing specimens.
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2.5 Combining multiple control levels

The foregoing sections describe classes of separate control schemes that can be
placed in the respective levels of the control V-model. However, it is thinkable that
future AM machines incorporate a multi-level control architecture that combines
control strategies from one or more of these levels. Such a hierarchy could be
borrowed from the machining industry [29], where machine, process and product
controllers are already combined, see Figure 2.10.

Machine Process Product
Product control

Process control

Machine control

dimensions, surfaces, etc.

material transformation properties

positions, feed rates, etc.

Figure 2.10: Multi-level control hierarchy.

One way to combine multiple controllers, would be to cascade them in series [6].
The main idea behind cascade control is that disturbances can be rejected by a
secondary loop before the primary controlled variable deviates from the setpoint [4].
In the case of AM, if overall product quality is the controlled variable, it seems
sensible to use cascade control to reject disturbances on the voxel or layer scale.
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Chapter 3

A trade-o↵ analysis of
recoating methods for vat-
photopolymerization-based
ceramic manufacturing

Abstract
Technical ceramic parts can be produced by curing ceramic-filled resins in the
vat photopolymerization (stereolithography) process. Scaling up to larger ceramic
product sizes and higher product quality calls for the integration of more sensing,
actuation and closed-loop control solutions while taking a systems engineering
approach. This paper gives a comprehensive overview of methods to deposit a layer
of (ceramic-filled) resin, better known as recoating. The aim of this work is to
perform a trade-o↵ analysis of recoating methods to enable the selection of the
method that best meets the requirements for scaling up the printable object size in
the ceramic vat photopolymerization process.

This chapter has been published in Proceedings Solid Freeform Fabrication Symposium, pp. 687–
711, 2017.
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3.1 Introduction

Additive manufacturing (AM) of ceramic parts opens up new possibilities for the
high tech industry in comparison to conventional ceramic manufacturing techniques.
Particularly, the ability to manufacture near-net 3D shapes in small series with
high geometrical flexibility makes the industrial integration of AM into the ceramic
processing chain appealing [1–3]. A predominant AM technology for producing
ceramics is vat photopolymerization [4], also known as stereolithography [5, 6].

In vat photopolymerization, products are fabricated in a vat through the consecu-
tive deposition of photopolymer resin layers and the subsequent selective irradiation
according to the part’s cross section. By mixing ceramic powder with the resin and
adjusting the process parameters of conventional vat photopolymerization machines,
AM can be used to perform the shaping step in the ceramic process chain. The
resulting printed product is in the “green” state where the photopolymer acts as a
binder to keep the ceramic powder together, highly similar to the state in which
ceramic parts remain after injection molding [4]. The green part is then cleaned
and put in an oven to pyrolyze the photopolymer in a debinding step and to finally
fuse the ceramic particles together in a sintering step.

Although the accuracy of products fabricated by vat photopolymerization is
among the highest of AM technologies [7], several challenges are to be solved before
the technology can be adopted by the industry for the manufacturing of ceramic
parts of substantial size. These challenges include increasing the density of mono-
lithic parts, increasing printable product sizes and wall thicknesses, and avoiding
crack and void formation [3], as well as the universal challenge of reducing variability
in AM equipment and part quality [8, 9]. The modelling, sensing, actuation and
control of the AM process are deemed key enablers to pave the road towards solving
the lack of repeatable product quality [8, 10]. Viewing the ceramic 3D printer as a
mechatronic system [11] illustrates the importance of each of these components, as
shown in Figure 3.1.

This paper gives a comprehensive overview of methods to deposit a layer of
photocurable resin, better known as recoating. The aim is to analyze trade-o↵s
between recoating methods to enable the future selection of the recoating method
that best meets the requirements for scaling up the printable object size in the
ceramic vat photopolymerization process. The scope of the paper encompasses
both pure photopolymer resins as well as ceramic-filled resins or slurries, since the
vat photopolymerization process for ceramics is closely related to the process for
pure photopolymers. Although build platform movement is considered part of the
recoating step, it is hardly addressed both in literature and in this paper as it is
a matter of proper engineering. Additionally, as literature on the modelling of
recoating is scarce, modelling is not treated in this paper.
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Figure 3.1: Ceramic 3D printer as a mechatronic system.

The outline of this paper is as follows. First, the requirements related to the
recoating phase are outlined. Then an overview is given of recoating methods,
sensing methods and control strategies respectively. Next, design considerations are
discussed from a control systems perspective. Finally, the recoating methods are
compared in a concluding discussion.

3.2 Requirements

The first step in trade-o↵ analysis is to define the objective for the trade study itself
by identifying the requirements the solution must fulfill [12]. Typical objectives for
manufacturing processes in general are the minimization of production variations
for product quality, the capability to change target geometries rapidly for flexibility,
and the minimization of process times for productivity [13]. The main goal of
the recoating phase specifically, is to deposit a layer of (ceramic-filled) resin. The
underlying challenge is to obtain an as uniform as possible resin surface as quickly
as possible [6]. In the following, the requirements for the recoating step in ceramic
vat photopolymerization and their rationale are outlined and categorized according
to application properties.
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Figure 3.2: Requirements for the recoating step in ceramic vat photopolymerization.

Part geometry requirements

Build area (size): the build area is defined as the product of vat length lvat
with vat width wvat and dictates the maximum allowable part dimensions.
Current industrial applications mostly encompass small objects such as medical
implants, jewelry and antennas. Examples of high tech industry applications
that benefit from the favorable properties of ceramics in their manufacturing
equipment are the space, semiconductor and display manufacturing industries.
The ever-increasing size of machine components such as substrate carriers
motivates us to enable building parts with a cross-sectional area in the order
of 1000⇥ 1000 [mm2].

Material requirements

Rheological resin properties: the recoater should be able to handle highly
loaded ceramic suspensions. The mixing of resin with ceramic particles makes
the resin highly viscous in comparison to pure non-filled resins. Literature
states that the viscosity should be as low as possible and comparable to
conventional resins, but not exceed 3 to 5 [Pa·s] for proper flow [14, 15].
Moreover, the recoater should be able to cope with density changes due to
volumetric shrinkage upon photopolymerization [6].

Optical resin properties: the recoater should be able to handle media that
exhibit light scattering behaviour due to the presence of ceramic particles
alongside the typical light absorbing behaviour in resins. This has consequences
for the applicability of optical sensing methods.
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Part quality requirements

Layer thickness: the layer thickness typically determines the z-resolution, i.e.,
the smallest feature size in the vertical direction, and the surface roughness.
For proper photopolymerization, the resin surface should be in the light
source’s focal plane and at a controlled height from the previous layer [6]. The
layer thickness moreover determines the number of layers, the required energy
dose or exposure per layer, and the required build time. Since thicker layers
require a higher energy dose to bond to the previous layer, thicker layers do
not necessarily result in shorter build times [5]. The current typical layer
thicknesses of 25 - 100 [µm] are arguably acceptable.

Layer uniformity: the layer uniformity quantifies the deviation from a flat
layer and should be as uniform as possible. Resin surface nonuniformity can
result in poor surface quality, undercure with resulting poor layer-to-layer
adhesion (delamination), overcure with resulting excessive residual stress
and distortion, and part height errors [6, 16]. Hence the deviation from the
intended layer thickness �dlayer should not exceed a certain value. To the
authors’ knowledge no literature is present on acceptable deviations in pure
or ceramic-filled resins, but it is thinkable that ceramic-filled resins are more
strict due to their lower light penetration depth.

Layer particle distribution: the distribution of ceramic particles along the
deposited layer should be su�ciently homogeneous. An inhomogeneous ce-
ramic particle distribution in the green part influences the isotropy of the
green part’s properties and can contribute to the formation of defects such as
cracks and delamination during post-processing [17–19]. Hence the settling
of particles should be avoided both in printing and in storage. For similar
reasons, the entrapment of air bubbles should be avoided.

Performance requirements

Build rate: the build rate is defined as the layer thickness dlayer divided by
the average time to print a layer tlayer, sometimes also multiplied by the build
area. However, the recoating step is not the only contribution to the total
part production time ttotal (3.1) that ultimately determines productivity.

ttotal = tpre-processing + nlayers · tlayer + tpost-processing (3.1)

tlayer = trecoating + tphotopolymerization

The pre-processing and especially the (thermal) post-processing steps including
debinding and sintering can take more time than the build process itself. That
is, for the current small product sizes post-processing can take several days [3]
and will most probably increase when scaling up product sizes. For comparison,
printing a 1000 [mm] high part with a layer thickness dlayer of 100 [µm] at a
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time per layer tlayer of 30 seconds, would take 3.5 days. Shorter production
times naturally are desirable, but such build times are already an improvement
with respect to the total lead time for conventionally produced ceramic parts.

3.3 Recoating (actuation) methods

Many di↵erent methods to deposit a layer of liquid are reported in literature [20].
This section attempts to give a comprehensive overview of only those methods that
are utilized in the recoating step of vat photopolymerization. Most of the recoating
methods developed for vat photopolymerization are derived from the coating indus-
try. A fundamental di↵erence with coating on solid substrates, however, is the flow
behaviour when coating a solid substrate as opposed to the flow behaviour when
coating a viscous free surface [21]. In vat photopolymerization both situations can
occur, depending on the local cross-section of the object to be built.

Recoating methods can be categorized according to several characteristics. In
pre-metered systems, the amount of liquid applied per unit area is predetermined
by an upstream metering pump; in self-metered systems the final layer thickness is
mostly determined by the fluid flow interactions with the coating applicator [20]. In
constrained surface systems, the final layer surface is determined by a constraining
surface rather than by a free liquid-air interface as is the case for free surface
systems. In non-recoating systems, the light source is immersed in the vat and
hence no recoating system is required.

3.3.1 Self-metered, free surface recoating systems

blade

(a) dip & scrape [21] (c) deposit & scrape(b) scrape from tank (d) scraping & irradiating

(e) air knife (f) Zephyr blade [21] (g) viscous retention [21] (h) Solid Ground Curing 

Figure 3.3: Self-metered recoating methods.
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Dip & scrape recoating

In the first commercial vat photopolymerization system developed by 3D Systems,
the SLA-1, recoating was performed by solely dipping the part in the resin bath,
moving up again, and waiting for the resin level to settle [5]. In the successor
SLA-250 system a recoater blade was added for sweeping the excess resin from the
part and levelling. Figure 3.3 (a) illustrates this dip and scrape recoating method.
At the start of the recoating procedure, the last cured layer is at the same height
as the resin surface level. The platform is then lowered further than the intended
layer height in a so-called “deep dip” step such that the part is fully immersed and
resin is allowed to flow over the part [5]. Subsequently the platform is elevated to
the position where the top surface of the part is one layer height below the resin
level. In the final step a blade is swept across the vat one or more times to scrape
away the excess resin and smoothen the resin surface. After sweeping, the resin is
allowed to settle for a certain “Z-wait” period to decrease surface nonuniformity [5].

Deposit & scrape recoating

Instead of fully immersing the part by deep dipping in the resin vat, material can
be supplied by depositing from an external reservoir. Recoating methods that
first deposit material and then scrape the excessive material are designated here
as deposit and scrape recoating methods. Both the depositing function and the
scraping function can be fulfilled in di↵erent ways. One of the ways to deposit
material is the scrape from tank technique in which the material is extruded from an
adjacent tank by elevating a piston. Figure 3.3 (b) shows this technique, which was
applied for vat-photopolymerization-based ceramic manufacturing by Optoform [22].
After lowering the build platform, a blade scrapes the liquid surface one or multiple
times to spread the material.

A di↵erent way to deposit the material is to dispense the resin onto the previous
layer by means of an extrusion head, a syringe or jetting. Cheverton et al. [23] used
a syringe on a translation stage to deposit a line of ceramic slurry in one direction
and to subsequently spread the material in the orthogonal direction with a doctor
blade as depicted in Figure 3.3 (c). Springer et al. [24] developed a similar technique
that uses a jet dispensing valve on an xy-stage to selectively dispense droplets of
ceramic slurry on the complete build area, a roller to smoothen the material, and a
slurry suction unit to actively dispatch surplus material.

Simultaneously scraping & irradiating

In the “semi controlled liquid method” developed by Yamazawa et al. [25, 26], the
resin is simultaneously scraped and irradiated directly behind the scraper where the
liquid surface is semi controlled. The main idea is to improve accuracy by irradiating
at a location where the layer thickness is properly defined and to increase building
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speed by eliminating “Z-wait” levelling time. Figure 3.3 (d) shows a constrained
surface embodiment of the method, where the resin is irradiated through e.g. a
quartz glass coated with a teflon layer [26].

Air knife recoating

The use of an air knife to control liquid film thickness by blowing o↵ excess liquid
is commonplace in the coating industry [20]. Dufaud et al. developed an air knife
recoating system for vat-photopolymerization-based ceramic manufacturing [14,27].
Figure 3.3 (e) shows the principle of spreading the resin by means of an air knife
recoater, which consists of an injection nozzle through which nitrogen gas is forced;
nitrogen is used to prevent oxygen inhibition. Layer thicknesses ranging from 5 to
40 [µm] could be achieved by adjusting the surface-nozzle height, gas pressure, and
angle of attack [27].

Inverted U recoating

To eliminate the need for deep dipping and to improve recoating speed, the inverted
U recoater was developed [21], also named Zephyr blade [7] or applicator bar [28].
The inverted U is essentially a symmetric hollow blade with a resin reservoir in
the centre in which resin is sucked by means of a vacuum pump. Figure 3.3 (f)
illustrates the inverted U recoating cycle, which starts with lowering the platform
by one layer height and subsequently traversing the vat surface. During the blade
sweeping, resin is deposited into regions where no resin is present and the resin
reservoir is replenished during and after sweeping from the surrounding resin [29].
Alternatively, resin can be drawn from a separate vat. Inverted U recoaters using
capillarity and electrostatic forces to fill the reservoir are reported in [21].

Viscous retention recoating

A recoating technique that utilizes the viscous behaviour of resins called viscous
retention was developed by the company Teijin Seiki [30]. The viscous retention
recoater consists of a brush or mesh between two doctor blades. As shown in
Figure 3.3 (g) the recoater is first submerged into the vat and raised again to take
up resin and then the platform is lowered. As the recoater traverses the vat, resin
drains out due to gravity at a rate determined by the resin viscosity and the final
layer height is determined by the trailing doctor blade [30].

Solid Ground Curing

Solid Ground Curing (SGC) was one of the earliest and now obsolete additive
manufacturing techniques [7] in which the final layer height was determined by
a face milling operation. SGC is essentially a free surface system, but since the
final layer’s surface is determined by a milling operation it is categorized here as a
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constrained surface system. The manufacturing process commercialized by Cubital
essentially consisted out of six steps: deposit layer, develop photomask, expose
mask, vacuum uncured resin, deposit wax, mill flat [30]. Figure 3.5 (d) shows the
milling step. In a sense, the SGC system was one of the first hybrid AM systems as
it integrated both additive and subtractive manufacturing methods into a single
machine.

3.3.2 Pre-metered, free surface recoating systems

(b) curtain recoating [21](a) slot recoating [21]

Figure 3.4: Pre-metered recoating methods.

Slot recoating

Slot coating is a layer deposition method derived from the coating industry and has
been applied as a recoating method in vat photopolymerization as well. The principle
of operation of slot coating is highly similar to that of inverted U recoating, but the
essential di↵erence is that slot coating is a pre-metered method. As Figure 3.4 (a)
shows, after lowering the platform by one layer height an upstream metering pump
regulates the resin outflow as the recoater traverses the vat surface. EOS is the only
commercial vat photopolymerization system manufacturer known to have used a
slot coater [21]. Haberer et al. developed a slot coater for vat photopolymerization
using a highly viscous fiber-photopolymer resin composite liquid [31].

Curtain recoating

Curtain coating is a pre-metered coating technique in which a liquid curtain or
sheet of liquid falls onto the surface to be coated [20]. The Catholic University
of Leuven developed a curtain recoating system for vat photopolymerization [21],
which was commercialized in the large-area Mammoth Stereolithography system
by Materialise. Figure 3.4 (b) displays the curtain recoating system, essentially
consisting of a recoating die, vat, collecting basin, reservoir and pump. At the
start of the recoating cycle the platform is lowered by one layer thickness, the
recoating die is accelerated to a constant speed. A liquid curtain is formed and a
new layer of liquid is deposited as the recoating die traverses the vat. At the end
the recoating die is decelerated. The resin that is impinged onto the collecting basin
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at the beginning and end of the recoating cycle is recollected and fed to the central
reservoir, with the accompanying risk that air bubbles are formed [21].

3.3.3 Constrained surface recoating systems

(a) CNC accumulation

LED

(c) two photon

air
reservoir

pipe air bubble

(b) air bubble  [21]

Figure 3.5: Constrained surface recoating methods.

Conventional constrained surface systems

Conventional constrained surface systems have a bottom-up irradiation orientation
where the light source is directed vertically upwards and irradiates through a glass
substrate. After irradiation, the platform is raised in a separation step to a height
above the resin level. In some embodiments a recoater blade is incorporated to
spread the resin whereas in other systems gravity is used as the only motive force
to let the resin flow underneath the part [32]. In an embodiment by Lithoz GmbH,
the vat rotates and a stationary blade spreads out the resin [33]. Finally, the
platform is lowered again to a height where the distance between the glass substrate
and previous layer is exactly one layer thickness. Figure 3.5 (a) illustrates the
constrained surface recoating technique, which eliminates the need for adding extra
components to perform the recoating function when only gravity is used.

Continuously irradiating & elevating systems

The separation, recoating, and repositioning steps in constrained surface vat pho-
topolymerization systems can be completely eliminated if the platform is continu-
ously elevated and irradiated simultaneously. The challenge in this configuration
is to prevent the resin to adhere to the glass substrate. Recently a technology
was invented named continuous liquid interface production (CLIP) that solves this
by creating a dead zone or liquid interface where photopolymerization is inhib-
ited [34, 35]. This dead zone is achieved by incorporating an oxygen-permeable
window below the image plane. CLIP is a layerless technology owing to the contin-
uous platform elevation and its printing speed is either limited by resin curing or
resin flow, depending on the cross-sectional area of the momentary slice [35]. In
these continuously elevating systems, resin is constantly flowing underneath the
part [36]. According to the inventors, isotropic material properties are obtained
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with this technology [36]. Other continuously irradiating and elevating systems are
currently under development by major vat photopolymerization system vendors
such as 3D Systems, EnvisionTec and Prodways.

Tape casting methods

Tape casting is a manufacturing process for thin sheets of ceramic materials widely
used in the production of electronic components [37]. The process involves the
deposition of slurry on a moving carrier surface and the scraping of excess material
by a doctor blade. Several recoating methods for vat photopolymerization were
developed inspired by tape casting. Song et al. [19, 38] developed the bottom-up
projection system depicted in in Figure 3.5 (c). In said system, the glass substrate
is mounted to a linear stage to enable the depositing and scraping of a ceramic
slurry. Separation is realized through a lubricative PDMS film and the linear
sliding motion [38]. This is also a constrained surface system, because the dispensed
slurry thickness is higher than the layer thickness. 3D Systems developed a similar
technique called Film Transfer Imaging, in which a scraper deposits a thin film of
resin on top of a stationary transparent material tray. Note also that tape casting
methods show a high similarity to Laminated Object Manufacturing (LOM) [7].

Another recoating method closely related to tape casting is the sheet lamination
process by Himmer et al. [39] for ceramic vat photopolymerization. In their method,
slurry was applied to a plastic sheet and covered by a paper sheet in a lamination
preprocess and subsequently pressed onto the previous layer. However, during the
photopolymerization step the surface was not constrained. The recoating steps
were performed manually, but an automated version was outlined as well in [39].
The method employed in the Admatec Admaflex machines [40, 41] fairly resembles
this automated version. Their system consists of a foil handling system, a ceramic
slurry depositor including doctor blade and a glass support plate through which
the layers are irradiated bottom-up.

3.3.4 Non-recoating systems

(a) constrained surface [21] (b) continuously irradiating
& elevating

(c) tape casting [19]

continuous
elevation

Figure 3.6: Non-recoating methods.
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CNC accumulation

CNC accumulation is a non-recoating type of vat photopolymerization technology
in which an accumulation tool coupled to a UV light source by a fiber optic cable
is immersed in a resin vat [42]. The process is highly similar to CNC machining,
as the accumulation tool is mounted to a multi-axis CNC stage. Figure 3.6 (a)
shows the basic concept of CNC accumulation. Upon irradiation, the cured resin
adheres to the curing tool tip, but due to the small contact area separation is
less of an issue than it is with constrained surface systems [42]. The point-based
irradiation method in the original CNC accumulation configuration was extended
to a line-based irradiation method with still a considerably small contact area [43].

Irradiating through an air bubble

A non-recoating type of vat photopolymerization technology similar to the CNC
accumulation process was developed at Osaka Sangyo University [21]. In the method
a pipe is submersed into the resin vat and at the lower end an air bubble is formed
due to an overpressure. A coaxial laser beam irradiates the resin through the air
bubble as shown in Figure 3.6 (b). The di↵erence with the CNC accumulation
process is that there is no mechanical bonding between the cured layers and the
pipe and thus no accompyanying separation issues [21].

Two-photon vat photopolymerization

In two-photon vat photopolymerization, a photoinitiator molecule requires the
simultaneous absorption of two photons in order to form free radicals [7, 14]. In
one configuration named beam interference solidification, two lasers are used with
potentially di↵erent wavelengths. Only at their interference point a photoinitiator
molecule can be excited to a high enough state to initiate polymerization as depicted
in Figure 3.6 (c). In another configuration, a single laser is used where only near the
focal spot of the laser the intensity is high enough to initiate polymerization [7]. As in
both configurations polymerization can take place at any depth in the vat, the need
for recoating is eliminated. However, the scattering of light in the ceramic particles
most probably makes this method unsuited for ceramic vat photopolymerization.

3.3.5 Other recoating methods

For the sake of completeness, it is worthwhile to mention other recoating methods
reported in literature. These methods include rolling with a paint roller [27],
sweeping with a canvas [27], spraying [44], using counter-rotating rollers [28],
material extrusion [45], and establishing a liquid bridge between two plates [46].
Note that the boundaries between di↵erent additive manufacturing technologies
such as vat photopolymerization and, e.g., material jetting vanish when looking
from a conceptual point of view.
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3.4 Sensing methods

Few sensing technologies have been applied in the recoating phase in vat photopoly-
merization, but this section gives a brief overview of those that have been. Two
practically the same measurands with di↵erent dimensionality are discussed: the
bulk resin level, i.e., a single value representing the average resin level, and the layer
surface uniformity, i.e., a 2D height map representing the resin level at each point
on the layer surface. The techniques listed here are only applicable to free surface
systems, as in constrained surface systems the layer height is not determined by
recoating.

3.4.1 Bulk resin level sensing

In early vat photopolymerization systems the bulk resin level was measured by
means of a mechanical float or a laser beam reflected o↵ the resin surface onto
a bi-cell and later onto a linear cell detector [6], see Figure 3.7 (a). However,
these systems only measured the level at a single point that could potentially be
unrepresentative for the bulk resin level due to local surface undulations. Pham et
al. used phototransistors to measure fluctuations of the resin level during recoating
at three di↵erent vat positions [47]. Renap et al. used a laser distance sensor on
a linear motion stage to measure the surface level along the axis of the recoater
blade [48], see Figure 3.7 (b).

3.4.2 Confocal laser scanning

Park et al. developed a sensor system for in-process layer surface inspection
of stereolithography products [49]. Their goal was to enable the detection of
defects such as voids, delaminations and surface undulations. Their sensor system’s
measuring principle is similar to that of laser scanning confocal microscopy and is
based on the fact that the di↵used light intensity of a solidified region is higher
than that of liquid resin. The realized imaging system consists of a laser source that
was scanned over the surface by means of galvanometers, a beam splitter, lenses
and a coaxial photodetector; see Figure 3.7 (c).

3.4.3 Fringe projection

Narahara et al. developed a measurement system for liquid surface flatness based
on fringe projection techniques [50, 51]. Their goal was to measure the unevenness
of the liquid surface to assure flatness of the layers of stereolithography parts. Their
systems’ measuring principle is based on projecting a stripe pattern by means of
a light source and grating plate and capturing an image of the projection that
appears distorted if not flat, see Figure 3.7 (d). In an initial implementation [50],
the surface height was measured through a phase detection algorithm. In a later
implementation [52], a more approximative algorithm was used to measure the
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surface height. For small surface angles, i.e., under 0.1 [o], and small angle variations
the system is capable of producing a surface height map with a maximum error up
to 6 [µm]. In case the surface unevenness exceeded a certain value, a corrective step
was performed in the form of an extra recoater sweep.

3.4.4 Machine vision

Cheverton et al. used a surface imaging camera to monitor the quality of each
ceramic slurry layer, and a separate camera to monitor the slurry deposition
process [23]. The goal was to notify the operator about a problem using machine
vision and to make automated decisions in case of anomalies, e.g., re-wiping the
layer when necessary.
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Figure 3.7: Resin surface height sensing methods applied in vat photopolymerization.

3.5 Control strategies

Currently, recoating is typically controlled in open loop, since the deposited layer
quality is typically not measured nor used as a feedback signal. Conventional dip
and scrape systems had some user-configurable parameters, such as the number of
sweeps and sweep speed [5, 6]. Little literature exists on more advanced recoating
strategies. Jacobs et al. describe a three-sweep method to move bubbles formed
during the recoating process outside the build area [6]. Guangshen et al. [53]
developed a dynamically optimized blade speed based on a response surface model
to reduce layer thickness deviations with built object height. The following sections
describe three closed-loop control schemes relevant to recoating.
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3.5.1 Corrective sweeping

In free surface systems, the performance of the recoater can be quantified by the
deposited layer surface uniformity. If information of the layer uniformity is available
in the form of, e.g., a 2D height map, a decision can be made to perform another
scraping or sweeping action. Yoshikawa et al. closed the loop by using layer
uniformity information as a feedback signal to decide whether or not to sweep
again [51], see Figure 3.8 (a) for the simple control algorithm. Cheverton et al.
describe a similar corrective sweeping action, based on a machine vision image [23].

3.5.2 Resin level control

During polymerization the total photopolymer volume and consequently the resin
level decrease due to shrinkage. On the other hand, fluid displacement due to
elevator immersion and temperature fluctuations can a↵ect the resin level. Resin
level feedback control was implemented in early commercial vat photopolymerization
systems to reject resin level disturbances [5]. Figure 3.8 (b) schematically shows
the resin level control scheme. A laser leveling system measures the resin level and
a plunger activated by a precision stepper motor corrects the resin level through
simple fluid displacement [6]. In the figure the bulk level and corresponding laser
reflection are shown dashed. It holds for both the measurement and the actuation
that only one point is considered, although the surface actually has a nonuniform
height distribution. Wang et al. developed an improved liquid level detection and
control method with a resolution of ±15 [µm] [54].

3.5.3 Separation force control

In constrained surface systems, a substantial separation force is required to elevate
the platform after photopolymerization [55]. This separation process presents a
potential threat to part quality, as defects can occur if the stresses in the part exceed
a stress limit. Separation force control was developed to achieve e�cient separation
without breaking the part. Figure 3.8 (c) schematically shows the separation force
control system. The pulling force on the platform is measured by means of a load
cell and is fed back to the platform motion controller. Based on a predictive model
of the force-displacement behavior or a simple force threshold, the separation force
or platform motion is limited [55,56].

3.6 Control system considerations

The inventory of recoating methods, sensing methods, and control strategies con-
ducted in the previous sections, shows that the system designer has a fair amount of
design options at hand. This section discusses several considerations from a control
systems perspective to enable the system designer to select a recoating method.
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F

z
z

Load cell

Silicon film

Separation force F

(c) separation force control(b) resin level control

plunger

linear celllaser
Controller

desired
resin level resin level

Figure 3.8: Control schemes.

Ideally, the method should be chosen by conducting a trade-o↵ study in which the
characteristics of each candidate are compared in order to determine the method
that best balances the assessment criteria [57]. The requirements outlined in the
beginning of this paper together with the following considerations constitute said
criteria. Design considerations for micro-stereolithography systems are discussed
in [32].

3.6.1 Number of actuators

Input-output controllability is the ability of achieving acceptable control perfor-
mance while using the available inputs and measurements [58]. That is, the outputs
need to be within specified bounds from the references. In this case the reference or
desired value is a perfectly flat or uniform layer of desired thickness. Controllability
is a↵ected by choosing the amount and location of the sensors and actuators. Hence,
the number of actuators is a factor in equipment and control design that needs to
be considered. Table 3.1 shows a classification scheme that allows for distinguishing
recoating methods by the geometry or spatial dimensionality of the recoater and
the number of resin deposition actuators. This geometry determines the number
of motion degrees of freedom (DOF) in the horizontal plane required to cover a
complete area. Hence, the number of deposition actuators and motion actuators
together comprise the total number of input variables.

For instance, the recoating method employed by Springer et al. [24] consisting of
a single jet dispensing valve, requires two motion DOF to cover the complete area.
Most traditional recoating systems, however, have a line geometry that requires a
single motion DOF to traverse the surface. Note that a passive doctor blade does
not have any actuation capability (represented by a 0 in Table 3.1), while a Zephyr
blade does. A 2D array of jets would not require any motion DOF at all if the
covered area would be su�ciently large, or could again be augmented with a motion
stage to increase the covered area.

The reason as to why multiple actuators along the lateral y-axis can be desirable,
is that fluid depth variations can occur along the this axis depending on the product
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Table 3.1: Recoating methods classification scheme, adapted from [7].

geometry. Hence, the suitability of a recoating method can depend on the desired
product geometry. Figure 3.9 illustrates this by means of a block geometry with a
pocket, often designated as a trapped volume [29]. Increasing the number of actuators
can be realized by, e.g., segmenting a blade or extrusion die. A fundamental question
remains, however, on what a sensible amount of segments or actuators is.

Lateral fluid depth variations

x
y

Figure 3.9: Motivation for multiple actuators in the lateral direction.

3.6.2 Resin metering

Another factor that a↵ects controllability is whether the recoating method is able to
deposit or withdraw resin. Self-metered systems typically use a surplus of material
and withdraw material where it is not needed. On the contrary, pre-metered systems
typically only deposit material where it is needed. This implies that pre-metered
systems o↵er the possibility to control or exactly dose the resin outflow, potentially
position dependent.

3.6.3 Contact

Closely related to whether the recoating method is self-metered or pre-metered, is
whether the recoater is contactless or contactful. Most self-metered systems are
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contactful in the sense that a blade or knife is in mechanical contact with the resin
and scrapes the excess away. This contact causes shear forces and moments to be
exerted on the previously built layers and features, which can cause defects if the
shear stress is larger than the mechanical strength of the object [27]. Moreover, the
contact can cause fluid dynamic e↵ects such as scoopout and bulges [28] that lead
to a poorly controllable layer thickness. In a sense, the only contactless self-metered
recoating method is the air knife. Pre-metered systems such as curtain coating are
also contactless.

3.6.4 Surface constrainedness

Whether the resin surface is constrained or not during polymerization, impacts the
system’s design. Figure 3.10 summarizes the design options for the irradiation orien-
tation and surface constrainedness. The main advantage of constraining the surface
by means of, e.g., a transparent glass window, is that a well-defined layer thickness
can be obtained. Although most constrained surface systems have a bottom-up
orientation as in Figure 3.10 (b), alternatives exist that have a side-wise [59] and
top-down [60] orientation as in Figure 3.10 (c) and (d) respectively. The main
disadvantage of constraining the surface, however, is that in conventional systems
the cured layer has to be separated from the window after each layer has been cured
as opposed to free surface systems shown in Figure 3.10 (a).

(a) top-down, 
free surface

g

(b) bottom-up,
constrained surface

window

g

(c) side-wise,
constrained surface

window

g

(d) top-down,
constrained surface

window

g

Figure 3.10: Irradiation orientation and surface constrainedness options.

The separation process requires a substantial separation force, which can be
reduced by coating the window with a teflon, silicone or PDMS film [56,61,62]. The
separation force consists of two components, namely a force due to adhesion of the
cured part to the film and a force due to a vacuum state at this interface [63]. An
additional fluid drag force is present due to the motion of the cured part in the
resin vat. Several methods to improve the separation process have been developed
by equipment designers. Gruber et al. developed a tilting mechanism to tilt the
complete vat [64]. Pan et al. and Song et al. developed a horizontally translating
mechanism to reduce the required separation force [38,65]. Apart from the hardware
solutions directed towards minimizing the required separation force, a control system
that minimizes separation forces was developed as well.
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Next to layer uniformity and whether the cured layer needs to be separated,
other considerations are relevant to the choice of surface constrainedness. First of all,
in free surface systems the oxygen dissolved in the resin that inhibits polymerization
is repleted by oxygen from the oxygen rich build chamber. In constrained surface
systems this oxygen repletion can be either prevented or promoted as is the case
in CLIP [35]. Second, it is important to realize that the part being built is also
mechanically loaded by the separation force and can sustain severe damage or defects
when subjected to excessive forces. As the required separation force increases linearly
with part cross-sectional area [56], the implication for the scalability to larger product
sizes is that the required total force increases. Another mechanical consideration
is that during photopolymerization the resin shrinks and this potentially induces
flows that can freely flow in free surface systems, but can not in constrained surface
systems. A final consideration is that in bottom-up systems the resin volume
required in the build vat is independent of part height. Table 3.2 summarizes the
considerations pertaining to the choice of surface constrainedness.

Consideration Free surface Constrained surface
Layer uniformity determined by recoater determined by substrate
Oxygen inhibition free oxygen repletion reduced oxygen repletion
Shrinkage free constrained
Separation not required force loads part
Build area freely enlargeable required force increases
Vat volume dependent of part height independent of part height

Table 3.2: Summary of considerations concerning resin surface constrainedness.

3.6.5 Layer nonuniformity compensation

The requirements for a flat and uniform layer of specified thickness might be relaxed
in free surface systems if the philosophy of feedback control is adopted. One line of
reasoning is that layers should be perfectly flat and that the exposure at each point
on the resin surface should equal the predetermined nominal value. Another line of
reasoning is that layers may deviate from a flat layer to some extent and that the
required exposure should be calculated for each point by virtue of a surface height
measurement.

If the irradiance levels or exposure times are allowed to be adapted depending
on the local layer thickness, the exposure dose can be chosen such that under-
and overcure are prevented. However, light attenuation within the layer limits
the amount of layer nonuniformity that can be compensated for. Attenuation of
light intensity occurs due to absorption by matter or scattering by irregularities
in the medium. Absorption causes the light intensity to exponentially decay with
distance travelled into the layer, which can be described by the Beer-Lambert law [5].
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Scattering by ceramic particles typically causes the light intensity distribution to
broaden and attenuate even further with depth [4].

Thus, the controllability of the exposure dose within the layer is governed by
the physical laws of absorption and scattering. This limited controllability poses
an upper bound on the permissible layer nonuniformity, since under- and overcure
cannot be prevented in too thick layers due to the inhomogeneous exposure distri-
bution. For green ceramic parts the allowable exposure dose inhomogeneity within
the part may deviate from that of pure photopolymer parts, since the photopolymer
is later pyrolyzed from the green parts.

Layer nonuniformity compensation requires a 2D height map measurement to
be available at high spatial resolution, which is not trivial as exemplified by the
few sensing methods applied in literature [49, 50]. Another factor that needs to be
considered, is the location of the light source’s focal plane. Using the same surface
height information used for calculation of exposure compensation, the focal plane
can be positioned at the resin surface by actuating optical components as is done
in the photolithography industry [66]. Obviously the addition of aforementioned
sensors and actuators for layer nonuniformity compensation come at the cost of
increased system complexity.

3.7 Discussion

The characteristics of the recoating methods outlined in this paper are compared in
Table 3.3. The table shows that not all recoating methods have been applied for
the deposition of ceramic-filled resins. However, based on the absence of preceding
applications one can not directly conclude that those methods are unsuited for
ceramics. It does seem unlikely that two-photon systems can be used for ceram-
ics, due to the highly scattering nature of ceramic-filled resins. Viscous retention
recoating also seems inapplicable, since the brush or mesh may act as a filter for
the ceramic particles. Although preliminary studies show that CLIP technology
is compatible with ceramics [35], to the author’s knowledge no results have been
published yet.

Perhaps one of the most distinguishing aspects is the maximum build area. The
inverted U and curtain recoating methods are the only ones reported to have a build
area larger than the required 1 [m2]. However, no hard conclusions can be drawn on
the possibility to enlarge the build area of the recoating methods based on reported
build areas. For instance, air knives that span 1 [m] are used in the coating industry,
while the only application in vat photopolymerization merely spans 8 [mm] [27].
Due to the relationship of cross-sectional area with separation force, it seems un-
likely that constrained surface systems are suitable for the required large build areas.
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Recoating
method

Resin
me-
ter-
ing

Ceramic
appli-
ca-
tion

Contact Max.
build
area
[cm2]

Min.
layer
thick-
ness
[µm]

Max.
speed
[mm/s]

#
Depo-
sition
actua-
tors

#
xy-
Mo-
tion
DOF

Dip & scrape
recoating

Self-
metered

No Contact-
ful

625 [67] 150 [67] 100 [21] 0 1

Scrape from
tank

Self-
metered

Yes [22,
68]

Contact-
ful

3600 [69] 25 [22] 30 [70] 1 1

Deposit
& scrape
recoating

Self-
metered

Yes [23,
24]

Contact-
ful

Not
reported

10 [24] 3 [23] 1 2

Simultaneously
scraping &
irradiating

Self-
metered

No Contact-
ful

625 [25] 50 [25] 1 [26] 0 1

Air knife re-
coating

Self-
metered

Yes [27] Contact-
less

1 [27] 5 [27] 5 [27] 1 1

Inverted U re-
coating

Self-
metered

No Contact-
ful

11250 [71] 50 [67] 100 [21] 1 1

Viscous reten-
tion recoating

Self-
metered

No Contact-
ful

2500 [67] 50 [67] 30 [72] 0 1

Solid ground
curing

Self-
metered

No Contact-
ful

1750 [67] 60 [67] Not re-
ported

1

Slot recoating Pre-
metered

No,
FRP [31]

Contact-
ful

86 [73] 300 [31] 10 [73] 1 1

Curtain
recoating

Pre-
metered

No Contact-
less

14700 [74] 100 [21] 1500 [21] 1 1

Conventional
constrained
surface sys-
tems

Constr.
sur-
face

Yes [33] Contact-
ful /
-

210 [75] 25 [75] Not re-
ported

0 0
/
1

Continuously
irradiating
& elevating
systems

Constr.
sur-
face

No - 219 [76] - - 0 0

Tape casting
methods

Constr.
sur-
face

Yes [38–
40]

Contact-
ful

74 [41] 10 [38] 25 [38] 1 1

CNC accumu-
lation

Non-
recoating

No - Not
reported

- - - -

Irradiating
through an
air bubble

Non-
recoating

No - Not
reported

- - - -

Two-photon
vat pho-
topolymeriza-
tion

Non-
recoating

No - Not
reported

- - - -

Table 3.3: Recoating methods comparison.
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The smallest layer thickness reported is 5 [µm], which is achieved by air knife
recoating. This layer thickness is already in the order of the typical ceramic particle
size [27], so this represents a practical lower limit. However, the minimum achievable
layer thickness is not considered a predominant assessment criterion here. The build
rate is expressed in the maximum speed at which the recoater can move over the
vat surface, so it is not the flow rate. As Table 3.3 shows, the range of maximum
recoating speeds spans three orders and the curtain recoating method outperforms
any other method in this respect.

Unfortunately, hardly any data is available on the performance of the respective
recoating methods in terms of product quality aspects. That is, layer uniformities
and layer particle distributions are not reported in literature, even though the lack
of product quality is currently the main challenge in vat-photopolymerization-based
ceramic manufacturing. Quantification of the surface height deviations and the
length scales over which they occur would serve two purposes. It would allow
firstly for comparing the existing recoating methods and secondly for choosing a
sensible number of actuators and the achievable performance improvement in, e.g.,
a segmented blade concept. Hence, the way forward seems to be the quantification
of layer uniformities through measurements of actual surface height deviations for
the most promising recoating methods.
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de céramiques appliqué à la stéréolithographie,” The Canadian Journal of
Chemical Engineering, vol. 82, pp. 986–993, Aug. 2004.

[28] T. A. Almquist, “Rapid recoating of three-dimensional objects formed on a
cross-sectional basis,” May 1999. U.S. Patent 5902537A.

[29] D. T. Pham and C. Ji, “A study of recoating in stereolithography,” Proceedings
of the Institution of Mechanical Engineers, Part C: Journal of Mechanical
Engineering Science, vol. 217, pp. 105–117, Jan. 2003.

[30] F. B. Prinz, “JTEC/WTEC panel on rapid prototyping in Europe and Japan:
final report,” 1997.

[31] M. Haberer, G. Zak, C. B. Park, and B. Benhabib, “Design of a Slot-Coater-
Based Layered-Composites Manufacturing System,” Journal of Manufacturing
Science and Engineering, vol. 125, no. 3, pp. 564–576, 2003.



References 55

[32] P. M. Lambert, E. A. Campaigne III, and C. B. Williams, “Design Considera-
tions for Mask Projection Microstereolithography Systems,” in Proceedings of
the Solid Freeform Fabrication Symposium, pp. 111–130, 2013.

[33] Schwentenwein, “Lithography-based Ceramic Manufacturing: Layer-by-layer
to Dense and Precise Ceramic Parts,” in Proceedings of 3rd Fraunhofer Direct
Digital Manufacturing Conference, DDMC 2016, 2016.

[34] D. Dendukuri, D. C. Pregibon, J. Collins, T. A. Hatton, and P. S. Doyle,
“Continuous-flow lithography for high-throughput microparticle synthesis,” Na-
ture Materials, vol. 5, pp. 365–369, May 2006.

[35] J. R. Tumbleston, D. Shirvanyants, N. Ermoshkin, R. Janusziewicz, A. R.
Johnson, D. Kelly, K. Chen, R. Pinschmidt, J. P. Rolland, A. Ermoshkin, E. T.
Samulski, and J. M. DeSimone, “Continuous liquid interface production of 3d
objects,” Science, vol. 347, pp. 1349–1352, Mar. 2015.

[36] Carbon3D, “Carbon3d Website.” [Online]. Available:
http://www.carbon3d.com/. [Accessed: June 20 2017].

[37] R. E. Mistler and E. R. Twiname, Tape casting: theory and practice. Westerville,
OH: American Ceramic Society, 2000.

[38] X. Song, Y. Chen, T. W. Lee, S. Wu, and L. Cheng, “Ceramic fabrication using
Mask-Image-Projection-based Stereolithography integrated with tape-casting,”
Journal of Manufacturing Processes, vol. 20, pp. 456–464, Oct. 2015.

[39] T. Himmer, T. Nakagawa, and H. Noguchi, “Stereolithography of ceramics,” in
Proceedings of the Solid Freeform Fabrication Symposium, pp. 363–369, 1997.

[40] P. A. J. M. Kuijpers, “Additive manufacturing system for manufacturing a
three dimensional object,” July 23 2015. WO Patent 2015107066 A1.

[41] Admatec, “ADMAFLEX 130.” [Online]. Available: http://us10.campaign-
archive1.com/?u=d133b148284b0db1a4cb57441&id=30be518c00&e=5ab2ce4df9.
[Accessed: June 20 2017].

[42] Y. Chen, C. Zhou, and J. Lao, “A layerless additive manufacturing process
based on CNC accumulation,” Rapid Prototyping Journal, vol. 17, pp. 218–227,
Apr. 2011.

[43] H. Mao, C. Zhou, and Y. Chen, “LISA: Linear immersed sweeping accu-
mulation,” Journal of Manufacturing Processes, vol. 24, pp. 406–415, July
2016.

[44] H. H. Maalderink, “Method and system for layerwise production of a tangible
object,” June 4 2013. U.S. Patent 8454880.



56 References

[45] M. Faes, H. Valkenaers, F. Vogeler, J. Vleugels, and E. Ferraris, “Extrusion-
based 3d Printing of Ceramic Components,” Procedia CIRP, vol. 28, pp. 76–81,
2015.

[46] Y. Lu, A Study on Liquid Bridge Based Microstereolithography (LBMSL)
System. PhD thesis, University of Akron, Akron, OH, 2016.

[47] D. T. Pham and C. Ji, “Re-coating of SLA parts containing trapped volumes,”
in Proceedings of 17th National Conference on Manufacturing Research (NCMR
2001), (Cardi↵, UK), pp. 199–204, Professional Engineering Publishing, 2001.

[48] K. Renap and J. Kruth, “Recoating issues in stereolithography,” Rapid Proto-
typing Journal, vol. 1, pp. 4–16, Sept. 1995.

[49] W. S. Park, M. Y. Kim, H. G. Lee, H. S. Cho, and M.-C. Leu, “In-process layer
surface inspection of SLA products,” in Proceedings of Spie–the International
Society for Optical Engineering, V. 3517, International Society for Optical
Engineering (SPIE), 1998.

[50] H. Narahara, H. Suzuki, and M. Suga, “Detection of uneven flatness on liquid
surface,” in 16th IMEKO World Congress, 25–28 September 2000, Vienna,
Austria, 2000.

[51] A. Yoshikawa, H. Narahara, and H. Suzuki, “Research on the uneven measure-
ment on the liquid surface of photoresin in the stereolithography,” Journal of
the Japan Society for Precision Engineering, vol. 69, no. 10, pp. 1434–1438,
2003.

[52] H. Narahara, A. Yoshikawa, and H. Suzuki, “Measurement of Liquid Sur-
face Unevenness in Stereolithography,” JSME International Journal Series
C Mechanical Systems, Machine Elements and Manufacturing, vol. 47, no. 1,
pp. 129–135, 2004.

[53] X. Guangshen, M. Xunming, J. Jing, Q. Ronghua, and L. Shen, “Research
on Recoating Process in High-Resolution Stereolithography System,” in Pro-
ceedings of 2009 Second International Conference on Intelligent Computation
Technology and Automation, pp. 621–624, IEEE, 2009.

[54] Y. Wang, W. Zhao, Y. Ding, Z. He, and B. Lu, “A detection and control
method of resin liquid–level of stereolithography apparatus,” Rapid Prototyping
Journal, vol. 15, pp. 333–338, Sept. 2009.

[55] F. Liravi, S. Das, and C. Zhou, “Separation force analysis and prediction based
on cohesive element model for constrained-surface Stereolithography processes,”
Computer-Aided Design, vol. 69, pp. 134–142, Dec. 2015.



References 57

[56] Y.-M. Huang and C.-P. Jiang, “On-line force monitoring of platform ascending
rapid prototyping system,” Journal of Materials Processing Technology, vol. 159,
pp. 257–264, Jan. 2005.

[57] NASA, NASA Systems Engineering Handbook. 2007.

[58] S. Skogestad and I. Postlethwaite, Multivariable Feedback Control: Analysis
and design. New York: Wiley, 2nd ed., 2005.

[59] Z. U. Ihsan, “Projection Microstereolithography Apparatus,” Master’s thesis,
Aalto University, Espoo, Finland, 2016.

[60] K. Ikuta, S. Maruo, and S. Kojima, “New micro stereo lithography for freely
movable 3d micro structure-super IH process with submicron resolution,” in
Proceedings of the Eleventh Annual International Workshop on Micro Electro
Mechanical Systems, pp. 290–295, IEEE, 1998.

[61] F. Liravi, S. Das, and C. Zhou, “Separation Force Analysis based on Co-
hesive Delamination Model for Bottom-up Stereolithography Using Finite
Element Analysis,” in Proceedings of the Solid Freeform Fabrication Sympo-
sium, pp. 1432–1451, 2014.

[62] Y. Pan, C. Zhou, and Y. Chen, “Rapid manufacturing in minutes: the develop-
ment of a mask projection stereolithography process for high-speed fabrication,”
in ASME 2012 International Manufacturing Science and Engineering Confer-
ence, pp. 405–414, American Society of Mechanical Engineers, 2012.

[63] F. Liravi, “Dynamic force analysis for bottom-up projection-based Additive
Manufacturing using finite element analysis,” Master’s thesis, State University
of New York at Bu↵alo, New York, NY, 2014.

[64] S. Gruber, J. Stampfl, R. Felzmann, and S. Springer, “Lithographiebasierte
Fertigung keramischer Bauteile,” RTe Journal, vol. 8, 2011.

[65] Y. Pan, C. Zhou, and Y. Chen, “Fast Recoating Methods for the Projection-
based Stereolithography Process in Micro- and Macro-Scales,” in Proceedings
of the Solid Freeform Fabrication Symposium, 2012.

[66] R.-H. M. Schmidt, “Ultra-precision engineering in lithographic exposure equip-
ment for the semiconductor industry,” Philosophical Transactions of the Royal
Society A: Mathematical, Physical and Engineering Sciences, vol. 370, pp. 3950–
3972, Aug. 2012.

[67] C. K. Chua, K. F. Leong, and C. S. Lim, Rapid prototyping: principles and
applications. New Jersey: World Scientific, 2nd ed., 2003.



58 References

[68] R. C. Breneman, Phase Changes in Silica and Their Impact on Mechanical
Properties in 3-D Printed Investment Casting Molds. PhD thesis, University
of Michigan, Ann Arbor, MI, 2014.

[69] Hannover. Messe, “Die machen kurzen Prozess! - DDM Systems CPT6060.”
[Online]. Available: http://www.hannovermesse.de/de/news/die-machen-
kurzen-prozess.xhtml. [Accessed: June 20 2017].

[70] M. Conrad, “Experimental investigations and theoretical modeling of large
area maskless photopolymerization with grayscale exposure,” Master’s thesis,
Georgia Institute of Technology, Atlanta, GA, 2011.

[71] 3D. Systems, “ProX 950.” [Online]. Available: https://www.3dsystems.com/3d-
printers/prox-950. [Accessed: June 20 2017].

[72] B. P. Friedrich, “JTEC/WTEC Panel on rapid prototying in Europe and Japan:
final report–site reports,” 1996.

[73] M. E. Haberer, Fibre-resin mixing and layer formation subsystems for the
rapid manufacturing of short-fibre-reinforced parts. PhD thesis, University of
Toronto, Toronto, Canada, 2001.

[74] Materialise, “Technical Specifications for Stereolithography.” [On-
line]. Available: http://www.materialise.com/en/manufacturing/3d-printing-
technology/stereolithography. [Accessed: June 20 2017].

[75] Formlabs, “Desktop SLA 3d Printing Technical Specifications.” [Online].
Available: https://formlabs.com/3d-printers/tech-specs/. [Accessed: June 20
2017].

[76] Carbon, “M2 Printer.” [Online]. Available: http://www.carbon3d.com/. [Ac-
cessed: June 20 2017].



Chapter 4

A feasibility study on
process monitoring and
control in vat-
photopolymerization-based
ceramic manufacturing

Abstract
Vat photopolymerization is a prominent additive manufacturing technology for
the fabrication of near-net shape ceramic parts. To serve the high tech industry’s
needs, additive manufacturing equipment has to scale up to larger product sizes
and higher, repeatable product quality. This motivates the integration of more
process monitoring and control solutions into the equipment. Hence, this paper
reviews the state of the art in process modelling, sensing, actuation and control for
ceramic vat photopolymerization. The aim is to analyze the feasibility of real-time
control schemes for the vat photopolymerization process. A comparison of time
scales related to physical phenomena in vat photopolymerization, sampling rates of
sensors, and response times of actuators, shows that feasibility of real-time control
is governed by sensor sampling rates. With the current state of sensor technology,
real-time control is only feasible in mask projection systems. Alternatively, one can
resort to layer-to-layer control schemes.

This chapter has been published in Mechatronics, vol. 56, pp. 220–241, Dec. 2018.
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4.1 Introduction

Technical ceramics for high-performance applications can be fabricated through at
least seventy manufacturing techniques [1]. Most ceramic manufacturing techniques
process ceramics in powder form. An alternative for the powder processing route
is polymer-derived ceramics [2]. In polymer-derived ceramics, polymers acting
as a precursor are transformed into ceramic components upon heat treatment.
These so-called preceramic polymers can be shaped using virtually any of the
conventional polymer-forming techniques such as injection molding [2]. Recently,
additive manufacturing (AM) techniques are increasingly being used to fabricate
near-net shape three-dimensional ceramic parts [3–5]. According to ASTM/ISO
standards, these AM technologies can be classified into seven categories based
on commonality in machine architecture and material transformation physics [6].
All seven AM categories can be used to produce ceramics. One of the most
prominent process categories [7] is vat photopolymerization (VP), also widely
known as stereolithography [8].

Figure 4.1: Potential AM control strategy classification scheme, based on [9].

Like any manufacturing process, AM processes involve a complex, coupled ge-
ometry and material property transformation. The objective of any process is to
have a highly repeatable product quality at high flexibility and productivity [10].
AM is a highly flexible manufacturing technology as it poses few restrictions on the
geometric complexity. However, the current lack of repeatable product quality, pro-
ductivity and scalability, hinders the widespread adoption of AM. The advancement
of AM technology calls for a systems engineering approach to address these integral
challenges in the development of novel equipment concepts. For AM of ceramics
specifically, the main challenges are to increase the density of the monolithic part,
to increase the ceramic product sizes (large area) and wall thicknesses, and to avoid
crack formation [5].
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The need for modelling, sensing and control of AM processes is commonly
recognized as crucial to the advancement of AM technology [11]. Although control
systems have always been a fundamental part of any AM machine, the actual
manufacturing process, i.e., the material and geometry transformation, is often still
controlled in an open-loop fashion. In most AM equipment closed-loop control is
limited to individual machine functions such as motion control or process parameter
control, which only indirectly influence the actual process output [10]. The distur-
bances due to these process-independent machine state variables [12] are generally
considered small compared to process variables that directly a↵ect the quality of
the output [13]. Therefore, this paper focuses on control schemes that close the
loop on the actual process output.

This paper reviews the state of the art in process modelling, sensing, actuation
and control for vat-photopolymerization-based ceramic manufacturing. The aim
of this paper is to identify potential control strategies and analyze their feasibility.
The classification scheme for potential AM control strategies by NIST [9] shown in
Figure 4.1 allows for positioning novel control approaches in the AM landscape, both
for metal-based [14] and polymer-based [15] AM. The intended application area is
in AM using ceramic-filled resins, occasionally an excursion to pure (non-ceramic)
photopolymer resins is made when this is relevant for the discussion. The paper is
based on literature presented in open academic journals and conferences. The paper
focuses on real-time (in-situ continuous) control of the vat photopolymerization
process for AM of ceramics.

The outline of this paper is as follows. This paper starts with a description of the
ceramic vat photopolymerization system in Section 4.2. Subsequently, Section 4.3
gives an overview of relevant process models from literature followed by an overview
of actuators and sensors in Section 4.4. Section 4.5 then reviews current control
schemes in vat photopolymerization. Finally, Section 4.6 discusses the feasibility of
control strategies and the paper o↵ers concluding remarks in Section 4.7.

4.2 System description

Vat photopolymerization is a rather novel technology to perform the shaping step in
the complete process chain of polymer-derived ceramics. Hence, the vast expertise on
the other process steps in the polymer-to-ceramic conversion from polymer-derived
ceramics can be exploited [5]. On the other hand, vat photopolymerization of pure
photopolymer resins is a commonly applied process. An extensive knowledge base
of the vat photopolymerization process is available. However, given the demanding
processing requirements, vat photopolymerization of ceramic materials faces di↵erent
challenges than of pure polymeric materials.
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Figure 4.2: Ceramic vat photopolymerization process chain.

4.2.1 Process chain

The ceramic vat photopolymerization process encompasses a complete chain of
process steps [16,17] from product design and raw materials to the final product,
as depicted in Figure 4.2. The first step is to prepare the slurry by mixing ceramic
powder and photopolymer resin. In the second step, the slurry is fed into the
machine. Also the build plate, i.e., the substrate onto which the part will be
fabricated, is mounted. Next, the desired product geometry is uploaded to the
machine and the build process is set up. In the build step the so-called “green” part
is built through vat photopolymerization. The built product is still in a “green” state
in which the ceramic powder is held together by cured photopolymer binder [16].
After removing excess slurry from the machine, the green part is separated from
the build plate and removed from the machine. The part is cleaned and put into an
oven to pyrolize the binder in a debinding step at moderate temperature. Finally,
the ceramic particles are sintered at high temperature to obtain the final dense
ceramic product, with associated sintering shrinkages up to 20% [18].

4.2.2 Vat photopolymerization system description

Ceramic vat photopolymerization merely replaces conventional unfilled photopoly-
mer resins with ceramic-filled resins. However, as the ceramic filler has a significant
influence on the AM build process, purpose-built machines for ceramics have been
designed [7]. The main challenges due to the presence of ceramic filler arise from an
increased slurry viscosity, decreased resolution due to light scattering, and sensitivity
for defects during the thermal post-treatment [19]. Nevertheless, the concept of
the vat photopolymerization build process is essentially the same for ceramic-filled
and pure photopolymer resins: products are fabricated by selectively irradiating
and consequently solidifying layers of liquid photopolymer contained in a vat [6].
Figure 4.3 schematically depicts a typical vat photopolymerization system and its
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main subsystems.

Laser

Vat

Recoater

Resin

Elevator

Printed product

Controller

Figure 4.3: Vat photopolymerization system main subsystems.

For the vat photopolymerization system three processing steps can be distin-
guished [20]: preprocessing, recoating, and irradiation (or photopolymerization).
The function of the preprocessing step is to convert the desired part geometry into
a sequence of machine instructions stored in a build file, i.e., setpoint or reference
generation.

After the build file has been transferred to the machine, the actual build process
begins with recoating. The function of the recoating step is to apply a resin layer
of specified thickness across the build area. To this end, first an elevator containing
the build platform lowers by exactly one layer thickness. Then, a recoater device
typically moves one or multiple times over the vat to deposit and recoat photopoly-
mer resin.

Once a fresh layer of photopolymer material has been deposited, irradiation
can begin. The function of the irradiation step is to perform the actual material
transformation from the liquid to the solid phase through photopolymerization. To
this end a light source, typically in the UV range, selectively irradiates only those
parts of the vat surface that correspond to the current layer’s cross-section of the
product. The recoating and photopolymerization steps are repeated for each layer
until the product is finished.

Recently, novel photopolymerization processing concepts have been developed,
in which recoating and irradiation occur simultaneously [21, 22]. That is, parts are
photopolymerized during continuous platform movement. The printing speed is
either limited by resin curing or by resin flow, depending on the cross-sectional area
of the momentary slice [21]. At the time of writing, such continuous photopolymer-
ization concepts only work for particular polymer resins specifically developed for
continuous irradiation, without ceramic fillers.

Current ceramic vat photopolymerization systems lack repeatable part quality,
as exemplified by [23–25]. This motivates the integration of more process monitoring
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and control solutions into the AM machine. A closed-loop control scheme similar
to the one shown in Figure 4.1 can be envisioned for the photopolymerization step.
The desired process trajectories, i.e., the references or setpoints, are generated by
the preprocessor from the desired product geometry and properties. The process
controller computes machine inputs that are sent to the actuator, i.e., the laser. The
laser starts to irradiate the photopolymer and consequently the process, photopoly-
merization, takes place. The actuator and photopolymerization process together
form the plant, whose outputs are the realized process trajectories. These realized
trajectories may di↵er from the reference trajectories. To close the loop one or
more of the process outputs need to be measured by a sensor. Subtraction of the
measured trajectory from the reference trajectory (setpoint) provides for an error
signal that can be fed back to the process controller. Such a closed-loop control
scheme can be envisioned for both the photopolymerization and the recoating step.
The scope of this paper is to survey options to realize closed-loop control of the
photopolymerization process.

4.3 Process modelling

In essence, any manufacturing process involves a complex, coupled geometry and
material property transformation [10]. Physics-based process models that describe
this transformation are crucial to improve understanding of the process and ulti-
mately optimize and control the process for improved part quality [14]. A general
overview of photopolymerization process modelling is given in [6, 26]. An overview
of (semi-)empirical models rather than of physics-based process models is given
in [27,28].

A fundamental question of any process model is what the purpose of the model
is. The purposes of the models reported in literature vary from merely increasing
our understanding to planning and controlling the process. For in-situ continuous
control of the photopolymerization process, a model is desired that describes the
process dynamics under transient conditions. The model should only include those
physical phenomena that are considered as relevant to the model purpose [29]. This
review aims to give an overview of the phenomena reported in literature and their
respective modelling.

An important assumption in most photopolymerization process models is that
a perfectly flat layer of photopolymer resin or ceramic slurry has been deposited
in the recoating phase. Undoubtedly, the most simple model of recoating is the
addition of a perfectly flat layer.

Decomposing the photopolymerization model into two submodels for the actua-
tion or irradiation and for the cure process itself seems a sensible choice for model
modularity and was proposed in [30]. Figure 4.4 shows a high level block scheme of
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the irradiation and cure process model.

Irradiation
model

Photopolymerization
cure process model

resin properties
machine properties
process parameters

I(x,y,z)
cured geometry
physical properties

irradiance received by
each point in vat

build time, ...

boundary conditions

Figure 4.4: Block scheme of irradiation and photopolymerization model.

The model inputs are the process parameters, machine properties, resin proper-
ties, and boundary conditions. The cure model outputs can comprise a multitude
of outputs depending on the model purpose, but arguably the ideal outputs would
be the cured geometry, the physical properties, and performance indicators such
as build time. The output of the irradiation model is the irradiance I(x, y, z, t)
received by each point in the vat as a function of time; this enables the comparison
of di↵erent irradiation methods described in Section 4.4. Note however, that a
bilateral coupling can exist between the two submodels as indicated by the leftwards
arrow in Figure 4.4, which is the case for, e.g., photobleaching resins [31]; see
Section 4.3.1. In the following sections, first the modelling of irradiation and optical
phenomena is reviewed, followed by the modelling of the photopolymerization cure
process.

4.3.1 Irradiation phenomena

Perhaps the most fundamental property of the laser and optics system is the spatial
irradiation profile. In the laser and optics system one or more beams are generated,
conditioned, shaped, and positioned or steered across the resin surface. Of interest
is the resulting incident irradiance at any point in the resin I(x, y, z) (in a fixed
reference frame), i.e., the radiant power per unit area [W/m2]. The resultant
irradiance naturally depends on the irradiation method employed, the laser type,
the geometry and layout of the optical components, and optical phenomena resulting
from the interaction of light with matter.

Irradiation profile

Traditional vector scanning vat photopolymerization systems make use of a single
Gaussian laser beam [8]. Figure 4.5 (a) shows a Gaussian beam profile, which is
characterized by the 1/e2 half-width or radius W0 and the peak intensity I0 at the
beam center. The beam irradiance at a point (x,y) in the focal plane of the beam
is given by [6]:
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I(x, y, 0) = I0e
� 2x2

W2
0 e

� 2y2

W2
0 , I0 =

2PL

⇡W 2
0

(4.1)

where PL is the laser output power. An ideal Gaussian beam is assumed here, but
in reality the actual irradiation profile deviates from the theoretical one. Through
the use of optical elements other irradiation profiles such as a top-hat, a uniform
hat shaped profile, can be formed.

(a) beam profile (b) beam propagation

Figure 4.5: Gaussian beam.

Mask projection vat photopolymerization systems make use of a 2D array of
beams. In these systems the irradiation profile of the individual beams (pixels)
can be modelled in a similar fashion as in vector scanning vat photopolymerization
systems [32, 33]. The projection system usually consists of a light source, a Digital
Micromirror Device (DMD) and one or more lenses and mirrors. The irradiance
profile of a single pixel can be modelled by a Gaussian distribution approximation
of a point-spread function [32, 33], i.e., an expression similar to (4.1). Figure 4.6
shows a projection system, a top view of its individual pixels and the irradiation
profile of a single pixel [33]. As Figure 4.6 (b) shows, the irradiation profile exceeds
the boundaries of a single pixel. Hence, the light beam of a pixel will spread to
its neighboring pixels, a phenomenon termed cross-talk [32, 34]. The ratio of the
Gaussian beam width W0 and the pixel size gives a quantative measure of the
cross-talk between neighboring pixels.

The irradiation profile is an e↵ective metric for the light intensity received by
every point on the resin surface. This irradiation profile, however, is the result
of light transitting an optical path from the light source via optical components
to the photopolymer resin. More detailed models of the optical system can be
formulated such as an analytical optics-based model of the individual components
that form the light beam. Two approaches exist to modelling the optical system,
namely physical optics and geometrical optics [35]. The former treats light as a
wave, whereas the latter treats light as a collection of rays. Limaye developed such
a geometric irradiance model for mask projection micro-stereolithography systems
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(a) projection system (b) top view (c) single pixel

Figure 4.6: Mask projection system irradiation profile; (a) and (c) adopted from [33].

based on ray tracing [35]. Zyzalo later improved the Limaye model to make it
suitable for large parts [36].

Beam propagation

A Gaussian beam always diverges from or converges to a point along the beam
propagation axis [37]. Figure 4.5 (b) shows the variation of the Gaussian beam
half-width W (z) along the z-axis. The beam intensity decreases along the z-axis
and at a distance zR from the focal point, i.e., the Rayleigh range, the beam
half-width equals

p
2W0 and the maximum intensity equals 1

2I0. In traditional vat
photopolymerization systems, the machine is designed such that the focal point lies
on the resin surface [20]. Although any Gaussian beam exhibits beam propagation,
the only work known to the authors to explicitly include the e↵ect in modelling the
vat photopolymerization process is the model by Sager [37].

Attenuation & absorption

A fundamental phenomenon and challenge in vat photopolymerization is the at-
tenuation of light travelling through photopolymer resin. Attenuation is the loss
of radiant flux intensity due to either absorption or scattering. The result is that
the irradiance at the resin surface attenuates with the distance or depth travelled
through the resin. Attenuation due to absorption is described by the Beer-Lambert
law [38], which states that absorbance A is directly proportional to the path length
l and concentration [c] of the attenuating species:

A = "[c]l = log10

✓
I0
I

◆
(4.2)

where I0 is the ingoing light intensity, I is the exiting light intensity and " is the
extinction coe�cient or molar attenuation coe�cient. Rearranging the terms in
(4.2) and substituting l for z gives an expression for the irradiance as a function of
depth z [39]:
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I(z) = I0e
� ln(10)·"[c]z (4.3)

where the ln(10) term originates from the conversion from base-10 to base-e loga-
rithms. Note that di↵erent conventions as to whether absorbance is decadic (base-10)
or Napierian (base-e) is used, so the term ln(10) is sometimes omitted. In the
remainder of this paper the Napierian extinction coe�cient "0 = ln(10) · " is used.

In vat photopolymerization this expression is often written as a function of the
penetration depth Dp, which is defined as the depth z at which the irradiance has
decreased to a factor e�1

⇡ 0.37 [6, 8], see Figure 4.7:

I(x, y, z) = I0e
� z

Dp (4.4)

The penetration depth is related to the attenuation coe�cient and concentration
as follows [8]:

Dp =
1

"0[c]
=

1

ln(10) · "[c]
⇡

1

2.303 · "[c]
(4.5)

Figure 4.7: Beer-Lambert absorption.

Figure 4.7 illustrates the e↵ect of Beer-Lambert attenuation. For photopolymers,
the species of interest is the initiator so the extinction coe�cient and (instantaneous)
concentration of the photoinitiator is taken. In some resins additives are added such
as light absorbers [40]. In this case the material consists of multiple attenuating
species and then the absorbance A depends on the concentrations and extinction
coe�cients of the individual species:

A = l ·
NX

i=1

"i[ci] (4.6)

The preceding expressions for attenuation assume a uniform and constant molar
attenuation coe�cient and concentration along the path. During photopolymer-
ization however, the absorbance of the photoinitiator can change upon photolysis
and di↵usion of reactive species can take place [39]. In photobleaching resins, the
absorbance decreases during photopolymerization and as a result the irradiance is at-
tenuated less as time proceeds [41]. In non-photobleaching resins, the Beer-Lambert
law for uniform and constant species (4.3) su�ces [39]. To model the time-varying
absorbance in photobleaching resins, expressions for both the concentration [c] and
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intensity I as a function of depth z need to be composed [41, 42]. To this end, the
di↵erential form of the Beer-Lambert law is used [43]:

@I(z)

@z
= �"0[c](z)I(z) (4.7)

from which the Beer-Lambert law for uniform and constant absorbance (4.3) can
be derived.

Another approach to model the di↵erence in attenuation between cured and
uncured resin was proposed by Limaye in a “transient layer cure model” [35]. For the
resins used, the penetration depth of the cured part significantly di↵ered from the
penetration depth of uncured resin, i.e. the penetration depth of cured resin tended
to infinity. Hence a model was developed that takes into account this di↵erence in
penetration depths.

Scattering

As described earlier, attenuation of light intensity occurs due to either aborption
or scattering [31]. Scattering is an optical phenomenon in which the direction of
light (radiation) is changed due to non-uniformities in the medium it is transmitted
through as illustrated by Figure 4.8. It is beyond the scope of this work to give a
complete overview of all the modelling approaches to light scattering, but several
key publications are referred to. Sun & Zhang developed a Monte Carlo ray-tracing
technique to compute the spatial irradiance distribution and used this for a bilaterally
coupled kinetic photopolymerization model through the photoinitiator concentration
distribution [31, 44]. Scattering can ultimately result in a decrease in vertical
dimensions (cure depth) and an increase in lateral dimensions (broadening) [31].

Figure 4.8: Scattering due to ceramic particles, adopted from [31].

Liao gives an overview of modelling techniques of scattering in ceramic slurries
for vat photopolymerization [45]. Gri�th and Halloran developed an analytical ex-
pression for the e↵ective extinction coe�cient of ceramic slurries, which is equivalent
to penetration depth Dp [46]:

Dp =
3Q̃�n2

2hdin2
0

(4.8)
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where Q̃ is the scattering e�ciency, hdi is average particle size, �n = np � n0 is
the refractive index di↵erence between the ceramic particle np and resin n0, and Q̃
is a scattering e�ciency term. A di↵erent expression for the penetration depth of
ceramic slurries was developed by Tomeckova, Gentry and Halloran [7, 16, 47]

Refraction & optical self-focusing

Refraction is an optical phenomenon in which the direction of light is changed
due to a change in the medium it is transmitted through. Refraction can occur
for non-zero incident angles at the vat surface, where the medium changes from
air to resin, see Figure 4.9 (a). Sager developed a model for vector scanning vat
photopolymerization that takes into account non-zero incident angles and resulting
refraction, which changes the spatial irradiance distribution I(x, y, z).

(a) at surface (b) at interface

Figure 4.9: Refraction phenomena.

During photopolymerization the resin shrinks, the density increases and hence
the refractive index increases as well [8]. This is the case for refraction at the
interface, as shown in Figure 4.9 (b). Brulle et al. developed a Monte-Carlo model
to simulate refraction at the solid-liquid interface [48]. Another Monte-Carlo model
for the propagation of light in photopolymerization was developed by Schmocker [49].

Another e↵ect known in photopolymerization is the optical self-focusing e↵ect [8,
50]. The non-homogeneous spatial irradiance distribution causes a non-homogenous
spatial density and refractive index distribution. So in fact refraction could take
place at any portion of the resin that is being photopolymerized and this could
lead to an e↵ect called ‘self-focusing’. Jariwala developed an optical model of a
mask projection system (refer to Figure 4.26) to investigate the e↵ect of optical self-
focusing [50]. Jariwala concluded that the optical self-focusing e↵ect was negligible
for the shallow incident angles and small refractive index di↵erences for the used
system and resin.
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Beam positioning

The expression for the irradiance distribution (4.1) is for the situation of a stationary
beam. The ability to position the beam is essential to the system functionality and
therefore modelling beam movement more closely represents the actual process [51].
To this end, a fixed reference frame (x, y, z) is defined and the original reference
frame is named (x0, y0, z0) and is now positioned at (x, y) = (x0, y0) as shown in
Figure 4.10.

Figure 4.10: Gaussian beam profile in fixed reference frame.

The irradiance I(x, y, z) then becomes:

I(x, y, z) = I0e
� 2(x�x0)2

W2
0 · e

� 2(y�y0)2

W2
0 · e

� z
Dp (4.9)

The beam is positioned in the xy-plane by altering the values of the position
coordinates x0 and y0.

4.3.2 Photopolymerization cure process phenomena

As discussed at the beginning of Section 4.3, the output of the irradiation model is
the irradiance I(x, y, z) received by each point in the resin vat. Upon irradiation a
photoinitiated polymerization reaction takes place and the liquid resin is locally
solidified. The desired outputs of a photopolymerization cure process model would
be performance indicators such as the cured geometry, physical properties and build
time. Due to the many physical phenomena playing a role in the reaction, models
computing all these performance indicators are likely to require a high level of
complexity. Before going into detail on these phenomena, a simple and insightful
process model is described that enables computation of the cured shape geometry.

Exposure and the exposure threshold model

The extent of resin cure is governed by the amount of energy received rather than
the power. The exposure E is the time integral of irradiance I and has the units
of energy per unit of area [J/m2]. Simple integration over time of the spatially
distributed irradiance I(x, y, z) gives the exposure E(x, y, z). The most simple
cure process model for pure resins is the exposure threshold model developed by
Jacobs [8, 52]. Central to the exposure threshold model is the assumption that the
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resin transition from the liquid to the solid phase occurs at the gel point and that
the exposure threshold for the formation of gel is the critical exposure Ec.

The exposure threshold model simply states that every point in the vat for
which holds that E � Ec is solidified and all other points remain liquid. Assuming
a flat layer of resin with constant Beer-Lambert absorption and a laser beam with a
Gaussian irradiance distribution, the cured geometry can be easily calculated. This
can be done numerically for an arbitrary scan trajectory (x0(t), y0(t)) by integrating
the expression for a moving Gaussian beam (4.9):

E(x, y, z, t) =

Z

t

I(x, y, z, t)dt

=

Z

t

I0e
� 2(x�x0(t))2

W2
0

� 2(y�y0(t))2

W2
0

� z
Dp dt (4.10)

and subsequently comparing to the exposure threshold Ec. Jacobs however, derived
an analytical expression for the cured line shape of a line scan along the x-axis.
Figure 4.11 visualizes the exposure threshold model for a line scan with speed Vs

along the x-axis. Integration of x0(t) from�1 to1 gives a very good approximation
of the exposure received by every point in the yz-plane at any point along the
x-axis [6, 8]:

E(x, y, z) =

p
2PL

p
⇡VsW0| {z }
Emax

· e
� 2y2

W2
0| {z }

Gaussian
distribution

· e
� z

Dp| {z }
Beer-Lambert
absorption

(4.11)

where Emax is the maximum exposure, which is received on the x-axis at the surface.

Figure 4.11: Exposure threshold model for a line scan.

As the figure shows, the cured line shape can be obtained by determining the
locus of points at which E = Ec from (4.11); this yields a parabolic shape. All the
points inside the locus are solidified and all points outside the locus remain liquid.
The cured line shape is characterized by two dimensions, namely the cure depth Cd

and the linewidth Lw, which are both determined from the locus of points [52]:
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Cd = Dp ln
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Lw = W0

s
2Cd

Dp

(4.13)

By rewriting the expression (4.12) for laser scanning speed Vs, for a desired
cure depth and given resin parameters Dp, Ec and laser power PL, the required
scanning speed can be calculated [52]. Sager extended the exposure threshold model
to include the e↵ects of an incident angle, the resulting refraction and the varying
beam waist W (z) (see Figure 4.5 (b)), and solved it using numerical simulation [37].

The exposure threshold model only holds for non-ceramic resins. The e↵ects of
scattering on the cured part shape can be considerable. Figure 4.12 illustrates the
e↵ect of scattering on the cured line shape for a near top-hat irradiation profile [7,53].
Note that the cured linewidth can be several times wider than the incident beam
itself. Empirical expressions for the cure depth and linewidth of ceramic suspensions
were derived by Gentry, Tomeckova and Halloran [7, 16].

Figure 4.12: Cured line shape for di↵erent refractive index (RI) values, adopted
from [7].

Although the exposure threshold model is a simple model to determine the
geometric shape of the cured part and might prove useful for control purposes, it
is arguably an oversimplification of the actual photopolymerization process [54].
Figure 4.13 illustrates the complexity of the photopolymerization reaction and the
many physical phenomena that play a role. On the contrary, the simple exposure
threshold model assumes that exposure is additive and does not take any of these
phenomena into account except the phase transition from liquid to solid at the gel
point.

Photopolymerization cure process mechanism

Photopolymerization is a light-initiated chemical reaction in which small molecules
termed monomers are linked together or combined into larger macromolecules
termed polymers [55]. The photopolymer resin is generally formulated from monomer
and photoinitiator and possibly other fillers or additives, such as reactive diluents,
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EcE �

Figure 4.13: Photopolymerization complexity illustrated by the many physical
phenomena involved; image inspired by [54].

stabilizers and ceramic particles [6]. Two resin types commercially available are
acrylates on the one hand and epoxy and vinylether on the other. The accompany-
ing cure mechanisms are free-radical polymerization and cationic polymerization
respectively.

The first resins used in vat photopolymerization were acrylates and therefore
free-radical photopolymerization kinetics are characterized the most. Most vat
photopolymerization resins are acrylate-epoxy blends, so the cationic photopoly-
merization kinetics should be characterized as well [54]. The cure mechanism
described hereafter is free-radical polymerization, while the cationic polymerization
mechanism is similar, but more complex to model [56].

The cure mechanism in free-radical photopolymerization consists of a sequence
of four steps: radical formation, initiation, propagation and termination [8, 54,55].
Figure 4.14 shows the cure mechanism in chemical equations. The first step radical
formation is often categorized as part of the initiation step. In the radical formation
step, the photoinitiator I is dissociated with a rate constant kd upon absorption
of photons having energy hv. In the initiation step, the primary radicals R· react
with monomer M to produce the chain initiating radical P1· with a initiation rate
constant ki. During propagation, the chain initiating radical P1· grows due to the
successive addition of monomer. Each addition of a monomer molecule M increases
the polymeric radical Pn by one monomer molecule to Pn+1. The rate constant
for propagation is denoted by kp. Finally, the polymer chains stop growing in the
termination step with a rate constant kt due to combination or disproportionation.

The polymerization cure mechanism can be mechanistically modelled by setting
up conservation laws for mass and energy, using the kinetic rate constants. More
specifically, the species balance can be used to calculate the concentrations of
components such as the monomer, photoinitiator and polymeric radical. A number of
researchers have developed photopolymerization process models using this approach
for vat photopolymerization specifically [31,51,54,57,58] and for photopolymerization
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Figure 4.14: Free-radical photopolymerization cure mechanism.

in general [39, 59]. For example, Sun et al. [31] modelled the attenuation of light I,
photoinitiation, propagation and termination respectively as follows:

dI

dz
= �"0[PI]I (4.14)

d[PI]

dt
= Ri = ��"0[PI]I (4.15)

d[M ]

dt
= �Rp = �kp[P ·][M ] (4.16)

d[P ·]

dt
= Ri �Rt = �"0[PI]I � kt[P ·]2 (4.17)

where � is the quantum yield or e�ciency, the terms between brackets represent
concentrations, Ri, Rp, Rt are the rates of initiation, propagation and termination
respectively, and kp and kt are the rate constants for propagation and termination
respectively. Similar di↵erential equations are derived by, e.g., Tang [54].

Degree of (monomer) conversion

The extent of polymerization is quantified by the degree of monomer conversion,
also known as degree of cure, cure level and fractional conversion. Bartolo et al.
describe the relationship between the glass temperature Tg and degree of cure ↵ [26].
A plot of the degree of conversion ↵ as a function of exposure E typically shows a
sigmoidal curve [7, 26, 48], as shown in Figure 4.15.

After an induction period due to consumption of radicals by inhibitor such as
oxygen present in the resin, the viscosity rapidly increases up to the gel point. The
gel point is reached at the critical exposure Ec and represents the point of abrupt
transformation from viscous liquid to a gel. As the figure shows, the degree of
conversion reaches an asymptote lower than 100%. Rather than using an exposure
threshold to model whether the gel point has been reached, Tang proposes a degree
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100

Figure 4.15: Degree of conversion versus exposure; image adapted from [60].

of cure threshold [54]. The main advantage of the latter is that the polymerization
reaction and transient intensity e↵ects are taken into account, rather than assuming
that conversion simply increases with exposure independently of process dynamics.

Acrylate molecules have carbon-carbon double bonds that are converted into
two single bonds, often referred to as double bond conversion in literature [61]. The
degree of conversion can be calculated from the monomer concentration [M ] by
simply taking the fraction of reacted monomer to the initial monomer concentration
[M0] [39, 62]:

↵ =
[M0]� [M ]

[M0]
(4.18)

Apart from the (semi-)mechanistic models based on species balances, phe-
nomenological models were developed as well that calculate the degree of cure ↵
directly [26, 60]. The phenomenological models are given by the following equation:

d↵

dt
= kc(T )f(↵) (4.19)

where d↵

dt
is the reaction rate, f(↵) is a function of conversion and kc(T ) the

temperature-dependent rate constant. In its simplest form, the expression for f(↵)
is:

f(↵) = (1� ↵)n (4.20)

where the constant n corresponds to the reaction order. Moreover, the simplest
expression for kc(T ) is given by the Arrhenius law:

kc(T ) = k0e
�E

RTabs (4.21)
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where k0 is a pre-exponential factor, E is the activation energy, R the gas constant,
and Tabs the absolute temperature. Thus the expression for the reaction rate
becomes:

d↵

dt
= k0e

�E
RTabs · (1� ↵)n (4.22)

Variations of f(↵) are used in literature to represent so-called autocalytic process,
such as in the control-oriented process model by Yebi where f(↵) = ↵m(1�↵)n [63].

Oxygen inhibition

In free-radical polymerization, a typical degree of conversion plot over time shows
an induction period that is accountable to oxygen inhibition [48], see Figure 4.15. In
inhibition of the photopolymerization reaction, an inhibitor species such as oxygen
or an other intentionally added inhibitor reacts with the growing chain rather than
monomer and stops chain growth. The oxygen concentration dissolved in the resin
depends on the system configuration; in free-surface systems the resin is irradiated
at the resin surface and oxygen particularly inhibits at the surface where it is
absorbed from the air [7]. In constrained-surface systems the resin is irradiated
from the bottom and oxygen is replenished from the top as shown in Figure 4.16.
A method to remove oxygen from the resin is to purge the build chamber with
nitrogen [64]. The e↵ect of oxygen inhibition in ceramic suspensions was researched
by several researchers [65, 66]

Figure 4.16: Oxygen replenishment in a constrained-surface sytem; adopted
from [64].

To model oxygen inhibition, the cure mechanism in Figure 4.14 is expanded
with an inhibition reaction and the species balance for oxygen can be set up [39,58].
To this end, Altun extended the model by Tang [54] with oxygen inhibition [58].
Although oxygen inhibition is generally seen as a negative e↵ect, it is an essential
mechanism in constrained surface systems with continuous platform motion [21] to
prevent adherence to the window.

Heat transfer

Since the photopolymerization reaction is an exothermic process, heat is generated
during photopolymerization [8, 54]. Physical phenomena related to heat transfer
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such as heat storage and conduction are usually modelled by the heat equation.
The heat equation is derived from the conservation law for energy and is given
by [39,54,62]:

@⇢cpT

@t
= kr2T +�HpRp (4.23)

where ⇢ is density, cp specific heat, T temperature, and k is thermal conductivity.
Heat generation is modelled as the source term �HpRp, which is the product of
the heat of polymerization �Hp and rate of polymerization Rp (4.16). Some works
also include the heat by absorption of laser radiation [39,63].

The choice of thermal boundary conditions can have a significant influence as
exemplified by Yebi’s control scheme [63] outlined in Section 4.5.1. Tang included
natural heat convection at the free surface boundary [54]. Another important
consideration is the change in (material) constants due to temperature changes.
Although not explicitly evident from the formulas (4.14) to (4.17), the temperature
dependencies of the rate constants are often modelled using the Arrhenius law [39,54]
such as in (4.21). Other material “constants” such as density ⇢ are temperature
dependent as well.

Mass transfer

Mass transfer occurs when mass moves from one location to another. Two types of
mass transfer occur in vat photopolymerization, namely di↵usion and convection of
the chemical species. Di↵usion of reactive species is modelled by adding di↵usion
constants to the species balance equations (4.15) to (4.17). The equations then
become [39,40,54]:

d[PI]

dt
= DPIr

2[PI]� �"0[PI]I (4.24)

d[M ]

dt
= DMr

2[M ]� kp[P ·][M ] (4.25)

d[P ·]

dt
= DP ·r

2[P ·] + �"0[PI]I � kt[P ·]2 (4.26)

whereDPI , DM , andDP · are the di↵usion constants for the photoinitiator, monomer
and polymeric radicals respectively. Oxygen di↵usion was similarly modelled by
Altun [58]:

@[O2]

@t
= DOr

2[O2]�Rin (4.27)

where Rin is the inhibition rate. Convection is the bulk motion of fluid and can
be caused by shrinkage of the photopolymer; to model this e↵ect it should be
included in the mass balance equation [54]. Nakaga et al. studied the flow due to
photopolymerization shrinkage [67].
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Shrinkage & distortion

Resin shrinkage is the main reason for internal stresses and resulting part distortion
such as warpage and curl and defects such as cracks, especially for nonuniform
shrinkage [20]. In photopolymerization, shrinkage occurs due to two e↵ects: thermal
expansion and specific volumetric shrinkage. Thermal expansion occurs due to
temperature fluctuations caused by exothermic heat generation. Specific volumetric
shrinkage occurs due to carbon-carbon double bond conversion and the accompany-
ing decrease in average distance between groups; consequently density increases [8].
An important phenomenon is that shrinkage lags exposure [6, 8]. Flach & Charto↵
modelled this lag between specific volumetric shrinkage and monomomer conversion
for a line scan [68] as an extension to their process model [57]. Narahara et al. argue
that the resin first shrinks due to volumetric shrinkage proportional to reaction
extent, then expands thermally due to heat generation, and finally shrinks again
due to cooling [69].

Several researchers developed models to quantify volumetric shrinkage and/or
thermal expansion using finite element method (FEM) models [70–73]. Vatani et
al. used classical laminate theory rather than FEM to predict part distortion [74].
These simulation models can be used to limit distortion through process planning
optimization. Figure 4.17 shows a comparison by Jiang between FEM distortion
results and an actual built part [75].

(a) FEM results (b) actual built part

Figure 4.17: Comparison of FEM distortion results with actual built part; adopted
from [75].

Although most models are developed for pure photopolymer resins, a noteworthy
FEM model is developed in the work of Wu [25] for stress, crack and delamination
development in ceramic vat photopolymerization parts.

Mechanical property variation

Although fundamental to the applicability of functional parts, models of the final
part’s mechanical properties as a function of processing parameters are scarce.
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Already in the early days of vat photopolymerization, Jacobs developed an em-
pirical model for the elastic modulus as a function of exposure [8]. The so-called
photomodulus is defined as the Young’s modulus for parts in the green state and
serves as a measure for green part strength. The photomodulus as a function of
exposure is described by the following equation [8]:

Y

Ymax

= 1� e��( E
Ec

�1), � =
KpEc

Ymax

(4.28)

where Ymax is the maximum achievable modulus and � is a resin constant that is a
function of the photomodulus coe�cient Kp. Huang & Jiang use a slightly modified
version of the photomodulus model to include temperature dependency in their
FEM model [73].

To the author’s knowledge only two researchers have tried to model the mechan-
ical resin characteristics during photopolymerization with a visco-elastic material
model [56, 76]. The obtained material model can be used as an input for FEM
models [56] and can be linked to the reaction kinetics [77].

4.3.3 Comparison of existing process models

Models describing the phenomena outlined in the previous sections are compared
in Table 4.1. Note that this table is far from complete, since a plethora of other
models is available that describe photopolymerization and related phenomena.
An important model property is whether or not the model takes the presence of
ceramic fillers into account and the irradiation method employed in the system.
Concerning the curing mechanism, di↵erences exist between the models that do not
become evident from the table due to space limitations. Although all models that
contain a cure kinetics model describe a free radical curing mechanism, they do not
all explicitly model the four steps comprising the mechanism (radical formation,
initiation, propagation, termination). Moreover, it becomes evident from the table
that mask projection system models typically do not incorporate a cure kinetics
model, probably due to the computational load associated with simulating many
pixels at once.
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Model
#

Process model Ceramic
loaded?

Irradiation
method

Irradiation pro-
file

Beam prop-
agation

1 Exposure threshold model No Vector scanning Gaussian No
2 Analytical irradiance model No Vector scanning Gaussian Yes
3 Transient layer cure model No Mask projection Exact ray traced

pixels
Yes

4 Nonisothermal photopolymerization model No Vector scanning Gaussian No
5 Stereolithography simulation model No Vector scanning Gaussian No
6 SLA cure model No Vector scanning Gaussian & top-

hat
No

7 Deterministic photopolymerization model No Vector scanning Gaussian
8 Comprehensive free radical photopolymerization model No NA 1D No
9 1D UV curing process model No; GFRP NA 1D No
10 Ceramic µSL model Yes Vector scanning Gaussian; Monte

Carlo ray tracing
Yes

11 E↵ective Beer’s law model Yes Vector scanning Gaussian No
12 Predictive ceramic photopolymerization model Yes Vector scanning Gaussian No
13 General photocurable model of resin with microparticles Yes Vector scanning Gaussian No
14 Space-resolved photopolymerization model No Vector scanning Gaussian with

noise
No

15 Mathematical model for photopolymerization No Vector scanning Gaussian No
16 Photo-thermal-kinetic model No Vector scanning Gaussian No
17 STLG-FEM No Vector scanning Gaussian No
18 Semi-empirical material model No Mask projection Exact ray traced

pixels
Yes

19 Pixel based solidification model No Mask projection non-axisymmetric
Gaussian

No

20 Analytical model for scanning-projection based SL No Scanning mask
projection

Gaussian No

21 Di↵usion-limited photopolymerization model No Vector scanning Gaussian No
22 Thermal model of stepless rapid prototyping process No NA 1D No
23 Dynamic FEM model No Vector scanning &

mask projection
Gaussian No

24 Phenomenological FEM model No Vector scanning Gaussian No
25 Thermal deformation model No Vector scanning Gaussian No

Table 4.1: Comparison of existing photopolymerization process models.
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#

Attenuation Scattering Refraction Beam motion Curing
mechanism

DOC Oxygen
inhib.

1 Beer-Lambert No No Scanning at constant speed None No No
2 Beer-Lambert No At vat surface Scanning None No No
3 time-varying Beer-Lambert No No No (varying bitmaps) None No Not explicit
4 time-varying Beer-Lambert No No Stationary & scanning Free radical Yes No
5 time-varying Beer-Lambert No No Stationary Free radical Yes No
6 time-varying Beer-Lambert No No Scanning at constant speed Free radical Yes No
7 Beer-Lambert No No Scanning at constant speed Free radical Yes Yes
8 time-varying Beer-Lambert No No Stationary Free radical Yes Yes
9 Beer-Lambert No No Stationary Free radical Yes No
10 time-varying Beer-Lambert Mie theory No Stationary Free radical Yes No
11 Beer-Lambert Yes No Scanning at constant speed None No No
12 Beer-Lambert Yes No Scanning at constant speed None No No
13 Beer-Lambert Yes No Scanning at constant speed None No No
14 time-varying Beer-Lambert No At cure front Stationary Free radical No No
15 Beer-Lambert No No Stationary None Yes No
16 Beer-Lambert No No Stationary Free radical Yes No
17 Beer-Lambert No No Stationary Free radical +

thermal
Yes No

18 Beer-Lambert No No Stationary None No No
19 Beer-Lambert No No Stationary None No No
20 Beer-Lambert No No Scanning at constant speed None No No
21 time-varying Beer-Lambert No No Stationary Free radical Yes No
22 time-varying Beer-Lambert No No Stationary Free radical No No
23 time-varying Beer-Lambert No No Scanning at constant speed None No No
24 Beer-Lambert No No Scanning at constant speed None No No
25 time-varying Beer-Lambert No No Scanning at constant speed None Yes No

Table 4.1: Comparison of existing photopolymerization process models (cont.).
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Model
#

Heat transfer Mass transfer Shape formation Shrinkage Mechanical
property
variation

Spatial
dim.

Ref.

1 No No At exposure threshold No No 2D [52]
2 No No At exposure threshold No No 3D [37]
3 No Not explicit At exposure threshold No No 3D [35]
4 Polymerization heat No Yes Polymerization No 2D/3D [51,57,68]
5 Polymerization heat No No No No 3D [78]
6 Polymerization heat +

convection at surface
Monomer & radical
di↵usion

At conversion threshold No No 2D [54]

7 Polymerization heat Monomer, radical
& oxygen di↵usion

At conversion threshold No No 2D [58]

8 Polymerization heat +
laser absorption

Di↵usion of all
species

No No No 1D [39]

9 Polymerization heat No No No No 1D [63]
10 No No Yes No No 2D [31]
11 No No At exposure threshold No No 2D [46]
12 No No At exposure threshold No No 2D [47,53]
13 No No At exposure threshold No No [79]
14 No No Yes No No 2D [48]
15 No No Yes No No 2D [59]
16 Polymerization heat No No No No 2D [80]
17 Polymerization heat No No Polymerization No 2D [26]
18 No No At exposure threshold No No 2D [50]
19 No No At exposure threshold No No 3D [33]
20 No No At exposure threshold No No 2D [81]
21 Polymerization heat Initiator & radical

di↵usion
No No No 2D [40]

22 Polymerization heat +
laser absorption

No No No No 1D [82]

23 Polymerization heat No No Polymerization
+ thermal

E-modulus 3D [73,83]

24 No No Element birth Polymerization No 3D [71]
25 Polymerization heat No No No No 2D [62,72]

Table 4.1: Comparison of existing photopolymerization process models (cont.).
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4.4 Process sensing & actuation

Sensors and actuators are key components of any control system. Since there
is a duality between sensing and actuation, they are often treated as pairs in
control system analysis. Hence some sensor properties such as sensor placement
must be considered in tandem with actuator properties such as actuator placement
(colocation). In vat photopolymerization a similar duality exists as well for instance
in the spatial dimensionality of the sensor and the actuator.

4.4.1 Process actuation

The goal of the photopolymerization step is to transform the material from the
liquid to the solid phase by irradiating with the actuator, i.e., the light source. In
the following section, alternative initiation methods for the polymerization reaction
are surveyed. Subsequently, the methods to irradiate the layer are classified.

Initiation method

The way the polymerization reaction is initiated has a major influence on the
system architecture. Most polymerization reactions are thermal processes and
are often initiated by supplying heat. In photopolymerization, the polymerization
reaction is initiated by light exposure. Many other stimuli can be used to initiate
the polymerization reaction as well, such as electron beams, X-rays, gamma rays,
plasma, microwaves, pressure and addition of a catalyst [84, 85]. Initiation by
exposure to light forms a very elegant and powerful excitation approach [84] and is
most commonly used in the additive manufacturing context. Figure 4.18 shows the
initiation mechanisms for photopolymerization and thermal polymerization.

+

+

Figure 4.18: Polymerization initiation mechanisms.

Bartolo et al. developed a so-called stereo-thermal-lithography system that uses
both UV radiation and IR radiation to initiate a polymerization reaction in a resin
that contains both photoinitiators and thermal initiators [26, 86]. More recently,
an infrared stereolithography system was developed that uses solely IR radiation
to thermally initiate a polymerization reaction [60]. It is important to note that
photoinitiators can be thermally initiated as well at a high enough temperature, as
demonstrated by Tang [54].
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Irradiation method

The method by which the layers are irradiated by the light source, can be classified
according to a classification scheme adapted from [6] and shown in Table 4.2. The
irradiation methods can be distinguished by the geometry or spatial dimensionalcure
kinteics ity of the light source on the part scale and the number of irradiation
actuators that comprise this geometry. Furthermore, this geometry determines the
amount of motion degrees of freedom (DOF) required to irradiate a complete layer.
The total number of actuators and hence total number of input variables is the sum
of the number of irradiation actuators and motion actuators.

Irradiation
method

Vector scanning Mask pro-
jection

Scanning
mask pro-
jection

# Actuators 1 2 n-point
array

n⇥m point
array

n⇥m point
array

Geometry Point Points Line Area Area

Schematic il-
lustration
# Motion
DOF

2 2⇥ 2 1 0 2

Table 4.2: Irradiation methods classification scheme, adapted from [6].

Traditionally, a single laser point source scanned the resin surface to selectively
irradiate the photopolymer, referred to as vector scanning [6]. To this end, the
laser beam had to be positioned in two DOF in the horizontal xy-plane as shown in
Table 4.2. Hence a total of three variables needed to be controlled and synchronized.
To increase productivity, one or more lasers could be added to simultaneously
irradiate multiple portions of the resin surface. Continuing to add more beams,
one can use a 1D array or a line of n points. If the individual points are touching,
then the 1D array only has to be positioned in one DOF, e.g., along the x-axis as
illustrated in Table 4.2. Extending this 1D array or line to a 2D array or area of
n⇥m points, the array does not have to be positioned in the xy-plane at all. In these
so-called mask projection systems, an entire surface can be selectively irradiated
by, e.g., a Digital Micromirror Device (DMD) [6]. If the 2D array is positioned in
one [87] or two [88] DOF in the xy-plane again, as in scanning mask projection, the
build area can be increased or the resolution can be improved. Another mechatronic
concept to address the inherent trade-o↵ between build area and resolution, is to
use a projector whose magnification can be controlled through vertical motion [89].
Many other combinations can be made within the presented classification scheme,
such as, e.g., mask projection combined with vector scanning [90] or scanning mask
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projection using multiple projectors [34].

4.4.2 Process sensing

In-situ process measurements are a key enabler for the development of process
control schemes, improvement of our understanding of the process, and improvement
of process e�ciency and part quality [14,15]. The intended process control strategy
determines the requirements such as speed and resolution for the sensing technology
to be integrated into vat photopolymerization equipment.

The field of monitoring polymerization reactions in general is considerable, as
exemplified by [91–93]. Not all the monitoring techniques are relevant for vat
photopolymerization, since, e.g., in vat photopolymerization there are no forced flows
of polymer as opposed to polymerization reactors. Other polymerization reactions
that are more closely related to vat photopolymerization are photolithography,
coating and dental composite material reactions [94]. Scrutinizing literature on
process sensing and control of these related technologies may prove worthwhile [95].

The approach taken here is to analyze (photo-) polymerization monitoring and
characterization techniques and attempting to extract the measuring principles for
the development of in-line sensors to be integrated into vat photopolymerization
equipment. Even o✏ine, polymer characterization is a complex and challenging
field [91]. So although the majority of techniques reviewed here were originally
developed to study the photopolymerization process rather than to control the
process, some techniques might be applicable as in-line metrology.

The choice of process variable to be measured by the sensing technology, i.e.,
the measurand, naturally follows from the intended process control scheme. The
degree of (monomer) conversion is often considered a highly useful measurand for
monitoring and control [63,93] and hence is the focus of this section. Many di↵erent
sensing techniques exist to measure the degree of conversion, each with their own
advantages and disadvantages. The measuring principles governing these techniques
are explained in the following sections, followed by a comparison.

Spectroscopy

Spectroscopy is the field of study concerned with the interaction of electromagnetic
radiation and matter [96]. Two spectroscopic measurement techniques have been
widely used to monitor the change in concentration of chemical species and conse-
quently the degree of conversion during the photopolymerization reaction, namely
infrared (IR) spectroscopy [97] and Raman spectroscopy [98]. Both techniques
rely on measuring the vibrational energy of molecules, which consist of atoms
bound together by chemical bonds. Other spectroscopic techniques for monitoring
photopolymerization reactions include fluorescence spectroscopy [49] and surface
plasmon resonance spectroscopy [99]. IR spectroscopy has been used for kinetic
analysis of ceramic slurries [61, 100,101].
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Molecules can be considered as consisting of coupled harmonic oscillators where
the atoms are point masses and the bonds are springs [102]. Two of these oscillators
represent the carbon-carbon double bond, one in a stretching mode and the other
in a twisting mode. The vibrational energy of each functional group represented
by harmonic oscillators is a function of the concentration of said group and thus
spectroscopy can be used to monitor the photopolymerization reaction. As monomer
is consumed, double bond conversion takes place, which is perceptible in the
spectrum as a decrease of corresponding peaks. The degree of conversion ↵ can be
calculated at any time by taking the ratio of the current peak height or area A to
the initial peak height or area A0.

Figure 4.19: IR spectroscopy measuring principle.

The measuring principle governing IR spectroscopy is the absorption of light
in a medium, which can be quantified by the Beer-Lambert law [38]. The Beer-
Lambert law states that the absorbance A is directly proportional to the wavelength
� and sample concentration [c]. As monomer is consumed during the reaction,
the monomer concentration decreases and consequently the absorbance decreases.
Absorbance can be simply obtained by irradiating the medium with a known intensity
and measuring the outgoing intensity, see Figure 4.19. Two common methods to
measure absorbance are the transmittance (TR) and attenuated total reflection
(ATR) methods. In the transmittance method shown in the left of Figure 4.19, the
absorbance is measured by placing the IR source and detector in line, such as in
[103]. In the ATR method, a crystal with high index of refraction is used as is shown
in in the right of Figure 4.19. As the IR beam reaches the boundary, total internal
reflection occurs; a small amount of light penetrates the photopolymer medium in
the form of an evanescent wave with penetration depth dp and is partially absorbed
before being measured by the photodiode. Both the TR and ATR methods can be
embodied in a fiber optic probe for remote sensing [91].

The goal of IR spectroscopy is to measure the absorption for a range of wave-
lengths, which can be done in two ways. The first way is to physically split up the
radiation in its constituent wavelengths in what is called dispersive spectroscopy and
to measure the absorption for each individual wavelength monochromatically [102].
A second way is to radiate the sample with multiple wavelengths simultaneously in
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what is called Fourier Transform IR spectroscopy (FTIR). In FTIR, a Michelson
interferometer with a stationary and moving mirror is used as a multiplexer to
select a set of wavelenghts and the resulting time domain interferogram is Fourier
transformed to the frequency domain. Note that Figure 4.19 does not show the
interferometer, which can have considerable dimensions with respect to the sample.

Interferometry

Laser interferometric techniques that rely on refractive index changes upon poly-
merization have been employed by several researchers to monitor the photopoly-
merization process, using both Michelson [65,104–108] and Mach-Zehnder [109,110]
configurations. The goals of these systems range from monitoring shrinkage-induced
deformations [104, 108] to monitoring the degree of cure [107]. To the author’s
knowledge, the only work attempting to use interferometry for ceramic vat pho-
topolymerization is [65]. However, the experiments herein were not performed on
ceramic suspensions, but on unfilled resins.

Figure 4.20: Interferometry measuring principle, setup adopted from [105].

The measuring principle is based on detecting di↵erences in optical path lengths
(OPL) upon photopolymerization as illustrated in Figure 4.20. The optical path
length is the product of the refractive index n and the geometric length d. During
photopolymerization, the refractive index of the photopolymer will typically increase
and the geometric length or thickness will typically decrease due to shrinkage.
Consequently the total optical path length di↵erence will cause a periodic modulation
of the intensity of the reflected laser beam by interference of light as indicated in
Figure 4.20.

Jariwala developed an in-situ interferometric cure monitoring (ICM) system
based on Mach-Zehnder interferometry for measuring part dimensions in the setup
described in Section 4.5.2 and shown in Figure 4.26 [50]. Zhao improved the ICM
system by moving from an implicit model relating measured phase angle to cured
height empirically to a parameter estimation based method using an elaborated
optics model [111]. The ICM system potentially enables real-time, full-field part
shape measurements for the layerless process [112].
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Calorimetry

Calorimetry is the science of measuring heat transfer associated with chemical reac-
tions or physical changes and is a well-established method for the characterization of
polymerization reaction kinetics [91]. Photocalorimetry is simply calorimetry for the
study of light-induced processes, such as photopolymerization [113]. As described
in Section 4.3, in free radical polymerization reactions, carbon-carbon double bonds
(C=C) are converted into two single bonds. The amount of heat Qr generated
during this conversion can be calculated from the di↵erence between the bond energy
of the double bond and the two single bonds [113]. Hence, a simple expression for
the degree of cure ↵ can be derived for isothermal processes [26, 54,113]:

↵ =
Qr

Qtot

(4.29)

where Qtot is the known total reaction heat when all monomers are converted. Thus,
the measuring principle governing photocalorimetry for following cure reactions is
based on the measurement of generated exothermic heat.

The most widely used method to measure exothermic heat is Di↵erential Scanning
Calorimetry (DSC) [113]. “Di↵erential” means that the change of the di↵erence
in heat flow rate to the sample and the reference is measured, while “scanning”
means that they are subjected to a controlled temperature program [114]. Many
researchers have used photo-DSC for kinetic analysis of vat photopolymerization
reactions for pure resins [8, 54] and ceramic slurries [115]. Figure 4.21 shows the
measuring principle in power compensation DSC.

Figure 4.21: Di↵erential scanning calorimetry (DSC) measuring principle.

The measuring principle in heat flux DSC is to measure the di↵erence in
temperature �T between the sample and reference, whereas in power compensation
DSC the measuring principle is to measure the required compensation heat �Q,
while the temperature is kept (nearly) constant by a control system [114]. Although
the extraction of the power compensation DSC measuring principle for use as an
in-situ sensor for vat photopolymerization seems non-trivial, the measurement of
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released reaction heat by means of temperature measurement (i.e., thermometry)
seems more likely.

Thermometry

Photopolymerization is an exothermic process and therefore the usage of temperature
measurements, i.e., thermometry, to monitor the cure process seems a viable option.
Several researchers have attempted to monitor the cure reaction using a single-point
optical pyrometer [116] or an arrayed pyrometer in the form of an IR thermal
imaging camera [63,82,117]. The measuring principle of pyrometers is based on the
detection of infrared radiation from the object to be measured [118]. The usage of
thermocouple arrays is also reported in literature [75].

Dielectrometry

Dielectric analysis is an established method [119] to monitor thermoset cure reac-
tions and has been successfully applied to photoinitiated cure reactions [120–122].
The dielectric measuring principle is equivalent to that of an impedance measure-
ment [123] and works as follows. A sinusoidal voltage is applied across two electrodes
that are in contact with the photopolymer sample as shown in Figure 4.22. Dipoles
will try to orient with the electric field whilst charged ions will move towards the
electrode of opposite charge [120]. Two fundamental dielectric properties can be
derived from a measurement of the changes in amplitude and the phase shift of the
current response, namely the dielectric constant or permittivity "0 and the dielectric
loss factor "00. Since a strong correlation exists between the ionic mobility compo-
nent of the loss factor, which is described by the ion viscosity, and the mechanical
viscosity [120], dielectric analysis can be used as a cure monitoring technique.

Figure 4.22: Dielectrometry measuring principle, adopted from [123].

A typical implantable sensor geometry consisting of two interdigitated comb
electrodes rather than parallel plates is also shown in Figure 4.22. These sensors can
be used to irradiate the photopolymer sample on one side and subject the sample
to an electric field for measurement on the other as shown in Figure 4.22. The
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penetration depth of the fringe field into the sample is controlled by the electrode
line width and spacing. Hence spatial variations in the vertical direction can be
measured using di↵erent penetration depths [124]. The e↵ects of ceramic fillers on
the ion viscosity are discussed in [122].

Rheometry

Rheological methods to measure the change in mechanical properties upon curing
can be used to monitor photoinduced curing. To this end, traditonal rheometers are
typically augmented with a light source [125,126]. The combination of rheological
techniques with spectroscopic techniques allows for the simultaneous measurement
of both cure kinetics and mechanical properties [125,127]. Due to the fast curing of
photopolymers, the data acquisition rate for typical rheometers is too low, i.e., in
the order of 1 [Hz]. Hence, Schmidt incorporated high-performance data acquisition
on a photorheometer, running at 1000 [Hz] [107]. Abstracting such rheological
measurement techniques and incorporating them in a vat photopolymerization
machine for in-situ cure monitoring seems non-trivial. Rheological techniques using
particle tracking velocimetry seem more feasible.

Slopek developed such an in-situ monitoring system for free-radical photopoly-
merization based on particle tracking microrheology [125]. The measuring principle
is based on the tracking of the Brownian motion of micron-sized fluorescent silica
particles by video microscopy. The goal of the monitoring system was to monitor
the liquid-to-gel transition in real-time and to enable the monitoring of changes
in mechanical properties during photopolymerization [125]. Figure 4.23 shows the
experimental setup, which incorporated focus knobs to vertically shift the focal
plane to enable measurements throughout the sample depth of 120 [µm].

Figure 4.23: Microrheology experimental setup, adapted from [125,128]

Wave propagation techniques

Wave propagation techniques have been primarily used for cure monitoring of ther-
mosetting polymers [129], but have also been applied in photopolymerization [130].
The measuring principle is based on the change of wave propagation characteristics
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due to the change in mechanical properties upon polymerization. For example, in
ultrasonic cure monitoring an acoustic wave is transmitted by a transducer through a
polymer sample and received by a second transducer [131]. Figure 4.24 schematically
shows two acoustic cure monitoring configurations: a contactful configuration and a
contactless or air-coupled configuration [132]. The wave propagation velocity, also
known as speed of sound, can be obtained by measuring the “time of flight” and is
directly related to the resin storage modulus L0 and density ⇢ [132]. During polymer-
ization the wave propagation velocity typically increases. The longitudinal modulus
L, consisting of a storage L0 and loss L00 component, can be calculated from the
wave propagation velocity and these can be subsequently correlated to other elastic
moduli and the degree of cure ↵ [132]. Laser ultrasonic sources and sensors have
been used as alternative transducers for non-contact ultrasonic measurements [133].

Figure 4.24: Acoustic cure monitoring measuring principle.

Comparison of existing sensing technologies

Table 4.3 compares the sensing methods for measuring the degree of conversion,
whose measuring principles are described in the preceding sections. Most sensing
methods do not measure conversion directly, but derive it from the actual measurand.
The spatial dimensionality of the measured conversion di↵ers among the various
sensing methods. Most sensing methods do not measure spatial variations in the
xy-plane or along the z-axis, but average over the volume and hence are called point-
based methods. Some methods do measure spatial variations in the xy-plane by
using an arrayed sensor such as a CCD to capture a full field or area [50,99,117,125].
The only sensing methods reported to be able to measure spatial variations along
the z-axis are particle tracking microrheology [125] and dielectrometry [124]. Sensor
properties related to the spatial dimensionality not listed in the table are the spatial
measurement range and resolution. Another relevant sensor property is whether
the measurement is contactful or contactless.

For implementability in vat photopolymerization machines, the space the sensor
occupies and the ability to measure and actuate from the same side are relevant
properties. Figure 4.19 to 4.24 illustrate that most of the surveyed sensing methods
are only capable to measure a single photopolymer layer from one side, while
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irradiating it from the other. Note that although interferometric sensing methods
irradiate and measure from the same side, they do require a reflective background,
which complicates their suitability as a multi-layer sensor.

Both in IR spectroscopy [61, 100, 101] and in calorimetry [115], the e↵ect of
ceramic particles on the functioning of the sensor is insignificant. In dielectrom-
etry [122] and (parallel plate) rheometry [65], the ceramic filler has a significant
influence on the measured quantities, but does not impair the functioning of the
sensor. In interferometry, light scattering is expected to have a significant influence
on the functioning of the sensor. The e↵ect of ceramic fillers on thermometers and
wave propagation techniques is not reported.

Sensing
method

Measu-
rand

Derived
prop-
erty

Measuring
principle

Spatial
di-
men-
sion-
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ling
rate
[Hz]
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Spectro-
scopy

Aborption
spec-
trum

Conver-
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Vibrational
energy of
molecule
measure-
ment

Point 1 Contact-
ful

Insigni-
ficant
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Inter-
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Optical
path
length
change
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shrink-
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Insigni-
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[113,
114]
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100 Contact-
less/
-ful

Not re-
ported

[116–
118]

Dielectro-
metry

Permitti-
vity,
loss
factor

Ion vis-
cosity,
conver-
sion

Impedance
measure-
ment

Point 200 Contact-
ful

Insigni-
ficant

[119–
124]

Rheo-
metry

Viscosity Gel
point

Particle
tracking/
shear flow
torque

Point,
area

1000 Contact-
less/
-ful

Insigni-
ficant

[107,
125–
128]

Wave
propa-
gation
tech-
niques

Speed
of
sound

Longitu-
dinal
mod-
ulus,
conver-
sion

Time of
flight mea-
surement

Point 100 Contact-
less/
-ful

Not re-
ported

[129–
133]

Table 4.3: Comparison of existing sensing technologies.
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4.5 Process control

Consistent, repeatable part quality is a key requirement for enabling the application
of AM in series production. Variability in part quality can a↵ect both product yield
and productivity [7], i.e., productivity is determined both by cycle time and product
yield. Hence, the objective of a manufacturing process controller is to minimize
production variations for a target geometry and properties despite the presence of
material and process uncertainties [10]. Rejecting these disturbances is the purpose
of feedback control.

Although not the focus of this paper, setpoint generation can be considered a
control task as well. In vat photopolymerization, the desired process trajectories
are determined by the build style employed. The build style is typically a sequence
of scan patterns in vector scanning systems and a sequence of bitmaps in mask
projection systems. Many research has been conducted on build styles in non-ceramic
resins [6, 8, 20, 34, 35, 134]. The build styles appropriate for pure non-ceramic resins
may need to be modified for ceramic slurries [23]. Some research has been conducted
on build styles specifically for ceramic vat photopolymerization [24,135–137].

Yet another type of control loop that is not directly the focus of this paper, is
to monitor and control the input variables to ensure that the equipment is actually
delivering the commanded inputs [9]. In vat photopolymerization this implies
monitoring the irradiance distribution of the light source. Several researchers have
employed a camera such as a CCD or CMOS to monitor the irradiance distribution
on the vat surface [64, 138–141].

At the time of writing, only three control solutions are reported in literature
in which feedback control is applied to a vat photopolymerization cure process or
similar. In the first case the control objective is to minimize cure level deviations
with layer depth [63] and in the second case the objective is to control the cure
height in a bottom-up vat photopolymerization system [142]. In the third case a
controller is developed for a system with continuous platform motion [143]. These
three control schemes are outlined in the following sections.

4.5.1 Model-based control of a UV curing process

Yebi developed several model-based process control schemes for a layer-by-layer
UV curing process of thick resin-infused glass fiber composites [63]. This AM
technique is highly similar to vat photopolymerization in the vertical direction, but
energy is not patterned in the horizontal plane. A first control scheme for feedback
control in curing a single layer has been developed that partially compensates
for UV attenuation across layer depth. Since the cure rate is proportional to
temperature, the idea is to increase the cure rate by retaining heat at the bottom of
the layer where the irradiation intensity is the lowest [39,63]. Figure 4.25 illustrates
this compensation strategy and the feedback control scheme that incorporates a
temperature trajectory tracking controller, a temperature distribution observer and
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a cure level distribution observer.
A second control scheme for multi-layer parts is also proposed by Yebi termed

stepped-concurrent curing (SCC) in which new layers are added before previous
ones are completely cured. Robust process control is achieved through an o✏ine
optimization of the inter-layer hold times and UV intensity in the presence of
parameter uncertainty by minimizing the final cure level deviation. Finally, in a
cascaded control scheme, a high level loop generates a reference surface temperature
and optimizes the inter-layer hold times, and a low level loop tracks the generated
surface temperature trajectory using feedforward and feedback components.

(a) compensation strategy for UV at-
tenuation

(b) feedback control scheme

Figure 4.25: Model-based control strategies for a UV curing process, based on [63].

4.5.2 Evolutionary Cycle to Cycle control

Zhao et al. developed a process control scheme for a layerless micro vat photopoly-
merization process in which parts are fabricated on a stationary substrate [142,144].
The cured height of the microparts that are “grown” bottom-up, is controlled in a
scheme termed Evolutionary Cycle-to-Cycle (EC2C) control. EC2C is essentially
an online parameter estimation algorithm that does not require accurate or detailed
models [142]. The controller predicts the remaining exposure dose, calculates the
remaining exposure time of the bitmap and switches to the next bitmap if nec-
essary [144]. The actual cured height is measured by an interferometer, filtered
using a Kalman filter, and used in the calculation of the remaining exposure time.
Figure 4.26 shows the cure height control scheme and the used setup.

4.5.3 3D error based iterative learning control

Türeyen et al. developed a so-called 3D error based learning controller for a vat
photopolymerization system with continuous platform movement [143]. In this
control scheme, the actual light intensity on the resin surface is obtained by taking
an image of the resin surface with a CCD camera and calibrating to the light



96 Chapter 4. A feasibility study on process monitoring and control

z

Figure 4.26: Cure height control scheme, based on [142].

intensity obtained from a power meter. The obtained actual light intensity is used
as an input to a build simulation using a simple exposure threshold model. The
reference image is also used in the build simulation to obtain a reference geometry.
The algorithm then calculates the total error between the actual simulated geometry
and the reference simulated geometry for each layer by adding the error values of
all pixels in a layer. Based on the error, the (continuous) platform speed is then
increased when overexposed or decreased when underexposed. After simulating
all layers, the build simulation is repeated for several iterations. In essence the
algorithm developed by Türeyen et al. merely changes process parameters (platform
speed for each layer) through the iterative simulation of the build process and hence
the name iterative learning controller is probably not the most appropriate one.

4.5.4 Comparison of existing control schemes

The control schemes described in the previous sections are compared in Table 4.4.
Relevant control scheme properties include the control objective, controlled variables,
and controller type. Other relevant properties are the type of system that is
controlled, the amount of layers the controller addresses, the spatial dimensionality
of the controlled variables, and the type of sensor used.

4.6 Discussion on control strategy feasibility

To examine the feasibility of potential control strategies, the following sections
consider the first steps in the process of designing a control system.

4.6.1 Control objectives

The first step in control system design is to study the system and the control
objectives [145]. Typical control objectives include disturbance rejection and
command tracking, which can be expressed by bounds on the error [145]. The
existing photopolymerization control schemes in Table 4.4 essentially show two
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Control
scheme

System
type

Layers Control
objec-
tive

Control-
led
vari-
ables

Spatial
dimen-
sional-
ity

Control-
ler
type

Inputs Sensor Ref.

Stepped-
concur-
rent
layer-
ing and
curing
(SCC)

Layer-
by-
layer
UV
curing
of poly-
mer
com-
posites

Multi-
ple

Mini-
mizing
cure
level
devia-
tions

Tempera-
ture
distri-
bution

1D in z Tempera-
ture
trajec-
tory
tracker,
state
esti-
mator,
hybrid
con-
troller

Inter-
layer
hold
times,
LED
power

IR
cam-
era

[63]

Evolu-
tionary
Cy-
cle to
Cycle
(EC2C)

Mask
projec-
tion
µSL

Single Mini-
mizing
cure
height
devia-
tions

Cure
height

1D in z,
3D ca-
pability

State
estima-
tor

Bitmap
expo-
sure
times/
inten-
sity

Inter-
fero-
meter

[142,
144]

3D
error
based
ILC

Mask
projec-
tion
µSL

Conti-
nuous
plat-
form
mo-
tion

Mini-
mizing
pixel
curing
errors

Cured
geome-
try

3D Process
planner

Platform
speed

DSLR
cam-
era

[143]

Table 4.4: Comparison of existing photopolymerization control schemes.

types of control objectives: 1) minimizing spatial variations in degree of conversion,
and 2) minimizing dimensional errors. Yebi [63] argues that degree of conversion
and thermal gradients compromise the quality and mechanical performance of the
end product and hence accordingly formulates a control objective. The degree of
conversion is often measured in the characterization of polymerization reactions
and hence seems a straightforward variable to control [91, 93].

A di↵erent control objective could be to minimize shrinkage strains. This
objective is central to several build styles developed for vector scanning systems,
which have lead to significant accuracy improvements for pure resins [6, 8, 20].
Mitteramskogler et al. [24] showed that for ceramic-filled resins, minimizing shrinkage
strains from photopolymerization can prevent crack formation after debinding. Yet
another control objective could be to minimize the fraction of uncured resin, which
was also a key aspect in the build styles for vector scanning systems [6, 8, 20]. Bae
and Halloran [23] hypothesize that uncured resin in ceramic green parts could be
the cause for cracking due to thermally initiated polymerization during debinding.
Interestingly, the gaps in the “STAR-WEAVE” scanning pattern [8] intentionally
introduced for minimizing shrinkage strains, contradict the objective of minimizing
the fraction of uncured resin.
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4.6.2 Modelling

The second step in control system design is to model the system and disturbances.
Over the years, a significant amount of models have been developed to describe the
physical phenomena outlined in Section 4.3. Table 4.1, however, shows that the vast
majority of the models describe the photopolymerization of pure resins, rather than
of ceramic slurries. Moreover, at the time of writing only one photopolymerization
process model has been developed intended for control [63].

The cure mechanism represents the dynamics of the process to be controlled.
Both the mechanistic models consisting of a set of coupled di↵erential equations
and the phenomenological models consisting of a single equation, show that the
photopolymerization process has nonlinear dynamics. Moreover, the process is
irreversible as the degree of conversion can not decrease. The attenuation of
light with depth introduces a significant spatial distribution of the input. This
classification implies that control methods from classical control theory in the
frequency domain can not be applied, since they are typically based on sinusoidal
steady-state responses.

The currently available process models essentially serve two purposes for control
system design. On the one hand, they provide the control engineer with a description
of the input-output behaviour of the system for use in model based control system
design. On the other hand, they reveal the disturbances acting on the system, which
enables the determination of the impact of rejecting these disturbances on the final
product.

In modelling for control applications, an analysis of the time scales at which the
physical phenomena manifest themselves is relevant. It should be noted from the
outset that the photopolymerization process in vector scanning systems takes place
in di↵erent time scales than in mask projection systems. Jacobs outlined the time
scales relevant for vector scanning systems [6, 8]:

tt = O(10�12 [s]): photon layer transit time

tk = O(10�6 [s]): 1/e kinetic reaction time constant

te = O(10�5 - 10�3 [s]): characteristic exposure time

ts,o = O(10�1 - 100 [s]): measurable shrinkage onset

ts,c = O(100 - 101 [s]): shrinkage completion

td = O(101 - 102 [s]): total layer drawing time

The characteristic exposure time te, i.e., the time for the laser beam to traverse
the “zone of influence” that receives 99.99% of its total exposure, is larger than
the characteristic time for the kinetic reaction tk [8]. The implication for control is
that there is a window of opportunity in which the photopolymerization process
has already been initiated whilst still being irradiated. Hence, the laser power can
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potentially be adjusted according to a feedback control law if sensing, computation
and actuation is fast enough. Minimizing shrinkage strains would require a model
that - despite the evident time scale separation between polymerization and shrinkage
- is capable of accurately predicting shrinkage.

The time scale analysis in [8] did not include the time scales related to oxygen
inhibition, heat transfer and di↵usion of species. Since these phenomena influence
the reaction rates, their respective time scales are of interest as well.

In stationary mask projection systems, the characteristic exposure time te and
total layer drawing time td are equal. If mask projection systems would use the same
irradiance values to irradiate the entire surface as vector scanning do to irradiate
only a small region, the required total power of the light source would be many
orders higher. Hence, it can be easily seen that the irradiance values are orders
lower in mask projection systems, i.e., milliwatts [33, 146] rather than watts per
centimer squared [8]. To reach the same exposure level, the characteristic exposure
times te are in the order of seconds to tens of seconds in mask projection systems.
Consequently, the polymerization reaction in mask projection systems is generally
much slower than in vector scanning systems and thus the 1/e kinetic time constant
tk is higher. So the 1/e kinetic time constant described by Jacobs [8] O(10�6) [s]
may be several orders higher in mask projection systems and varies from O(10�6 -
10�4) [s] in general according to [55].

4.6.3 Input-output selection

The third step in control system design is to select the inputs and outputs, which
involves deciding on the number, place and type of the actuators and sensors [147].
The classification scheme presented in Table 4.2 indicates the number and place and
hence the spatial dimensionality of the actuators for di↵erent irradiation methods.
The same classification scheme can be applied to sensing methods. For real-time
feedback control, a match between the number of actuators and sensors seems
sensible. An example of how colocated actation and measurement can be achieved
using the same beam steering hardware in vector scanning systems is given in [148].

The controllability of the degree of conversion is limited due to the irreversible
nature of polymerization, that is, the degree of conversion can only increase. The
photopolymerization reaction continues after irradiation, a phenomenon termed dark
reaction [8,54]. Nonetheless, it has been shown that the reaction can be terminated
by immersing the part in acetone [149]. The observability of the degree of conversion
distribution from the temperature distribution was checked by Yebi [63].

Section 4.4.1 outlined several alternative stimuli to initiate the polymerization
reaction. The light source’s irradiance seems a logical choice for the input. Other
variables can be considered as input candidates as well, such as temperature. The
coupling between the cure rate and temperature implies that spatial distributions
of the degree of conversion can be compensated even further than in Yebi’s work
by actuating the temperature at the layer boundary. Other input candidates are
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the oxygen concentration [66] and the light source wavelength to have control over
penetration depth [150].

4.6.4 Potential control strategy feasibility

The fourth step in control system design is to select the control configuration, i.e.,
specifying the interconnections between the inputs and outputs. Suppose the input
is the irradiance and the output is the degree of conversion. In vector scanning
systems, a single-input single-output (SISO) control loop could be closed. In mask
projection systems, a set of SISO control loops for each pixel could be defined,
or a more complicated multiple-input multiple-output (MIMO) control loop that
includes interactions between neighboring pixels.

In evaluating the feasibility of real-time feedback control, a key aspect is to check
whether sensing, computation and actuation are fast enough to influence the process.
Figure 4.27 shows a comparison of the time scales at which the physical phenomena
take place, the sampling periods at which the sensing technologies measure, and
the time it takes for the actuators to respond.

With respect to vector scanning systems, the figure clearly shows that laser
diodes can be modulated fast enough [151] to influence the kinetic reaction, which
takes place at least three orders slower. The current sensing technologies, however,
are not fast enough for use in real-time feedback control schemes. This implies that
either the sampling rates need to be increased, or the process needs to be slowed
down by decreasing irradiance values.

With respect to mask projection systems, Figure 4.27 reveals that DMDs can
switch fast enough [152] to influence the kinetic reaction, since the polymerization
rate is limited by the photon flux [8]. Some sensing technologies are fast enough as
well to measure the process. Hence, real-time feedback control seems feasible for
mask projection systems.

An alternative to real-time control schemes would be to resort to layer-to-layer
control schemes. Rather than adjusting the irradiance during photopolymerization,
those portions that require a higher degree of conversion can be reirradiated after
the entire layer has been photopolymerized in a second corrective pass. Referring
to Figure 4.1, this type of control strategy can perhaps better be categorized as
in-situ defect or fault detection and handling.

4.7 Conclusion

The objective of this paper was to study the feasibility of real-time control strategies
for vat-photopolymerization-based ceramic manufacturing. To this end, the state of
the art in process control, modelling, actuation, and sensing is reviewed. A consid-
erable amount of process models have been developed, although the majority is not
completely applicable to ceramic slurries due to the presence of ceramic particles.
In-situ sensors for real-time monitoring and control currently are hardly available,
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Figure 4.27: Time scale comparison of process dynamics, sensing and actuation.

but the measuring principles known from polymer characterization techniques can
potentially be utilized in the development of new sensors. The ceramic particles,
however, again complicate the use of some of these measurement techniques. More-
over, the temporal and spatial resolutions at which these measurements currently
can be obtained, challenge the suitability for use in control loops. Fortunately,
actuator response times do not seem to form a limiting factor in the control loop.
Based on the literature review, it can be concluded that the field of closed-loop
process control for (ceramic) vat photopolymerization is almost completely open,
especially regarding the sensing aspect.
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Chapter 5

Real-time feedback
controlled conversion in vat-
photopolymerization-based
ceramic manufacturing: A
proof of principle

Abstract
Technical ceramics for high-performance applications can be additively manufac-
tured using vat photopolymerization technology. This technology faces two main
challenges: increasing ceramic product size and improving product quality. The
integration of process control strategies into AM equipment is expected to play
a key role in tackling these challenges. This work demonstrates the feasibility of
real-time and in-situ feedback control of the light-initiated polymerization reaction
that lies at the core of vat photopolymerization technology. To prove the principle,
a single-layer experimental setup was developed in which the degree of conversion
was measured by infrared spectroscopy. Experimental data obtained from this setup
was used to develop a control-oriented process model and identify its parameters.
A material perturbation was applied by adding an inhibitor and the case with
and without feedback control were compared. The results show that the feedback
controller successfully compensated for the material perturbation and reached the
same final conversion value as the unperturbed case. This result can be considered
a fundamental step towards additive manufacturing of defect-free ceramic parts
using in-line process control.

This chapter has been published in Additive Manufacturing, vol. 30, 100775, 2019.
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5.1 Introduction

Additive Manufacturing (AM) opens the door to enhanced product functionality and
performance [1], irrespective of the material used. Manufacturing near-net shape
parts from high-performance ceramic materials, however, is generally challenging [2].
Current applications of ceramic AM already include bone implants, waveguides, and
investment casting cores [3, 4], but these components are relatively small. Future
applications in the high-tech industry require build volumes to expand to around
one cubic meter. This expansion will enable the fabrication of large structural
machine components, such as exposure stages for the semiconductor industry [5].

The machine component designer has several options at hand to additively
produce ceramics, one of which is vat photopolymerization [2,4]. Vat photopolymer-
ization was initially developed to fabricate pure polymers [6] and later to produce
green bodies for polymer-derived ceramics [7]. To this end, a mixture of ceramic
particles and photopolymer resin is selectively cured in an AM machine, followed
by polymer burn-out and ceramic particle fusing in a furnace. From an equip-
ment perspective, nothing changes in the photopolymerization working principle
when unfilled photocurable resins are replaced by ceramic-filled slurries. From a
rheological or optical perspective, however, adding ceramic materials changes the
material properties. This property change makes ceramic slurries more di�cult
to process than pure polymers. Moreover, the formation of cracks or other de-
fects in the ceramic product can cause inadequate quality or even complete rejection.

Improving product quality and scaling up to large areas calls for advancements
in vat photopolymerization equipment and control architecture. To work towards
these advancements, one can view the AM machine as a mechatronic system and
pursue developments in process modelling, sensing, actuation and control action
computation as depicted in Figure 5.1. This approach can be followed for both the
major process steps: material supply through recoating [8] and material transforma-
tion through photopolymerization [9]. Both process steps need to transition from
open-loop to closed-loop control to minimize the sensitivity to equipment, material
and process variability [10, 11].

Closed-loop (feedback) control is hardly addressed in literature for both the ma-
jor process steps in vat photopolymerization. On the contrary, decades of work has
been published on photopolymerization or cure monitoring [12], which is the process
of observing, tracking, and analyzing information about the process to ensure that
the process is on-course in meeting performance objectives. Few researchers have at-
tempted to make the transition from using process measurements merely for process
monitoring to using them for automatic process control [13]. Yebi et al. developed
a model-based process control scheme for UV curing of glass fiber composites in
which a precomputed surface temperature trajectory was tracked [14–16]. Zhao and
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Figure 5.1: Mechatronic system view of an AM machine.

Rosen developed a bang-bang control scheme for a layerless photopolymerization
process in which the cured height of microparts was controlled [17,18].

Building upon these previous works, control strategies can be conceived for
both the recoating and the photopolymerization steps at di↵erent length and time
scales [9]. The applicability of control schemes for the recoating step depends on the
specific recoating method, whereas the applicability of photopolymerization control
schemes covers a wide area of photopolymerization methods. Since the underlying
material transformation principle is the same in all vat photopolymerization systems,
this work focuses on the photopolymerization step. Moreover, due to the common
working principle, this work is not only relevant for all AM technologies falling
into the category of vat photopolymerization, but for virtually any manufacturing
technology involving UV curing, including material jetting [1], UV coatings [19],
and dental fillings [20].

The works of Yebi et al. and Zhao and Rosen demonstrate that a paradigm shift
may be emerging [17] concerning the incorporation of real-time process monitoring
and closed-loop control systems into photopolymerization-based AM equipment.
The most challenging form of such closed-loop control is arguably real-time in-situ
continuous control of the actual material transformation process, i.e., the pho-
topolymerization reaction. Alternatively, ex-situ discrete control strategies can
be considered such as cycle-to-cycle [21], layer-to-layer, product, or batch control
strategies [22] which were already developed for other AM technologies.

Despite the pioneering works of Yebi et al. and Zhao and Rosen, the implemen-
tation of real-time closed-loop control systems in AM machines remains a major
challenge. On the one hand, Yebi et al. indirectly controlled a one-dimensional
(1D) degree of monomer conversion distribution throughout multiple layers by
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virtue of an estimate from a surface temperature measurement [14–16]. They argue
that minimizing degree of conversion and temperature gradients benefits final part
quality [16]. On the other hand, Zhao and Rosen controlled the cured height of
single-layer parts using an interferometer [17,18], thereby essentially controlling a
1D final part dimension instead of monomer conversion. They argue that the next
step is to control not only part geometry, but also part properties [18].

The realization of voxel-level control of material properties is an elemental
target [10] towards controlling both part geometry and final part properties. To
this end, the measurable and controllable process parameters need to be identified
that influence the final part properties [10]. The degree of monomer conversion is
commonly accepted as a well-measurable parameter for the progress of the pho-
topolymerization reaction [12,23] and even can be used to infer material property
evolution [24]. Moreover, the degree of conversion is measurable at the sub-voxel
scale, so the probing volume is so small that the volume can be considered homoge-
neous or zero-dimensional (0D) and spatial gradients can be neglected. Contrary
to the 1D situations in the works of Yebi et al. and Zhao and Rosen, this 0D
situation allows for demonstrating what can be achieved on the microscale by virtue
of feedback control when neglecting spatial e↵ects such as light attenuation. The
0D results may serve as a fundamental benchmark for future endeavors to control
spatially-distributed photopolymerization. Furthermore, directly measuring and
controlling the degree of conversion in-situ in an infrared spectrometer eliminates
the need for sensor validation, since it is considered a reliable technique to measure
conversion [12,23].

Although monitoring the photopolymerization step is a matured field, the sens-
ing aspect seems to be the most critical for real-time control feasibility, whereas the
actuation aspect by light fortunately seems to form no fundamental limitation [9].
Future machine integration poses stringent requirements on the sensing aspect.
Specifically, it is desired to measure many voxels spanning a large range at high
sampling rates, i.e., at high spatio-temporal resolution. Moreover, it is desired to
both actuate and measure multiple layers on the same side.

In this work, these challenging sensing requirements are relaxed and a single-
input-single-output (SISO) experimental setup is developed. The setup features
a single layer and a practically homogeneous UV irradiation field to represent the
process at the (sub-)voxel scale. By conducting proof-of-principle experiments on
the lab setup, this work aims to demonstrate the feasibility of real-time and in-situ
feedback control of monomer conversion in the photopolymerization reaction.

This paper is organized as follows. First, the experimental setup for photopoly-
merization control is described in Section 5.2. Sample preparation and the design
of the parameter identification and closed-loop control experiments are discussed as
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well. Second, a control-oriented process model is derived in Section 5.3. Third, the
experimental results are presented in Section 5.4 followed by a discussion on control
feasibility in a large-scale machine setting in Section 5.5 and concluding remarks in
Section 5.6.

5.2 Methods

The main working principle of vat photopolymerization is that a photocurable resin
is selectively cured through a UV light-initiated polymerization reaction [1, 25,26],
see Figure 5.2. In a highly oversimplified form, this polymerization reaction merely
converts an amount of liquid monomer M into a solid polymer P :

M ! P. (5.1)

Certainly, the actual polymerization reaction is much more involved [27, 28], but
this understanding su�ces here. The extent to which this polymerization reaction
has progressed, can be quantified by a metric termed the degree of conversion ↵:

↵(t) =
[P ](t)

[M ]0
=

[M ]0 � [M ](t)

[M ]0
= 1�

[M ](t)

[M ]0
, (5.2)

where [M ](t) and [P ](t) are the instantaneous monomer and polymer concentration
respectively and [M ]0 = [M ](0) the initial monomer concentration.

A control volume containing monomer or polymer can be considered homoge-
neous or infinitesimally small if the system boundary is drawn on the sub-voxel
or micrometer scale. A simple SISO system is obtained if this notion of a zero-
dimensional space is combined with the assumption that the polymerization reaction
has only one stationary input and one output, i.e., light intensity and degree of
conversion respectively.

5.2.1 Experimental setup layout

Since the degree of conversion is commonly accepted as a good measure for the
progress of the reaction [12, 23] and even can be used to infer material property
evolution [24], this variable is selected as the measured variable in the control
system. A multitude of measuring principles are used to measure conversion in
o✏ine polymer characterization equipment, including calorimetry, dielectrometry,
and spectroscopy [9, 12, 23]. However, measuring the degree of conversion online
and in-situ in the AM machine is challenging, let alone at high spatio-temporal
resolution.

These challenging requirements were relaxed in this preliminary study, but the
requirement for a high spatial resolution was retained to obtain a 0D SISO system.
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Figure 5.2: Main working principle of a vat photopolymerization system: liquid
monomer is converted into solid polymer through a light-initiated polymerization
reaction. Contrary to vector scanning systems, mask projection systems have a
stationary light source (actuator), which allows for a simple SISO system description.
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Figure 5.3: Embedded control system layout. The system was obtained by aug-
menting existing spectrometry equipment with an actuator, an embedded controller,
and an interfacing master PC.

Hence, a measuring technology with a small probing volume needed to be selected.
Fourier-transform infrared spectroscopy (FTIR) in attenuated total reflection (ATR)
mode was selected, due to its micrometer-sized probing volume and its direct rela-
tionship between the measured absorbance and monomer concentration. The FTIR
spectrometer (Thermo Scientific Nicolet 6700 with Smart Orbit ATR accessory)
served both as the sensor and as the plant in the control system, since samples had
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to be applied onto its measuring surface.

To complete the control system, the spectrometer was augmented with a 405 [nm]
UV LED actuator (Bivar UV5TZ-405-30) and an embedded controller (Raspberry Pi
3 Model B) with MATLAB/Simulink support. Control schemes were implemented
in MATLAB/Simulink on a master PC and an ethernet connection between the
PC and the embedded controller allowed for initiating experiments and logging
data. Figure 5.3 schematically shows the layout of the hence obtained embedded
control system. Real-time data communication functionality was added to the FTIR
spectrometer by self-developed software interfacing with Thermo OMNIC software
through the Dynamic Data Exchange (DDE) protocol.

5.2.2 Sample preparation & materials

Samples were prepared by depositing a droplet of material onto the ATR crystal,
placing a 300 [µm] thick steel spacer around it, and covering with a 1 [mm] thick
quartz window (Thorlabs). The protruding geometry of the ATR crystal makes an
impression in the sample as depicted in Figure 5.4. Since the protruding height is
200 [µm], the resulting layer thickness is approximately 100 [µm]. Note that of these
100 [µm] only the bottom few micrometers are probed in the FTIR measurements.
Although the UV LED does not yield a homogeneous irradiance field, the irradiance
is practically constant in the 3.5 [mm] diameter ATR crystal area and even more so
in the smaller (single-bounce) probing area. The UV light intensity was calibrated
using a UV power meter (Delta Ohm HD2302.0, LP471 detector). All experiments
were performed under lab conditions at 20 [�C] room temperature and purposely
performed without nitrogen flushing the sample chamber beforehand, to better
match actual 3D printing conditions. Moreover, oxygen replenishment was already
reduced due to the covering quartz glass.

The specific choice of materials is insignificant in demonstrating the functionality
of feedback controlled photopolymerization. Arguably, even a pure photopolymer
resin su�ces to prove the principle for ceramic slurries, since the working principle
of vat photopolymerization is exactly the same both with and without ceramic fillers.
After initial tests with pure resins, an acrylate-based silica ceramic slurry (Formlabs
GmbH, Berlin) was selected for this study.

5.2.3 Identification and application of uncertainties

Uncertainties in AM equipment, input materials, and processes ultimately lead to
uncertainty in final parts [10]. Reducing sensitivity to these uncertainties is one of
the main drivers behind applying feedback control. According to control theory,
two types of uncertainty can be discerned [29]. On the one hand, signal uncertainty
concerns uncertainty in the value of the input, output or measurement signals. On
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Figure 5.4: Schematic layout of the ATR-FTIR experimental setup.

the other hand, model uncertainty concerns neglected or unmodelled dynamics and
parametric uncertainty. Figure 5.5 shows each of these di↵erent types of uncertainty
in a block scheme of the cure process.

In this block scheme, the main process input variable evidently is the light in-
tensity. The choice of the process output variable(s) to be used for feedback control
is less evident, but the most promising output candidate seems to be the degree of
conversion. This measurable process output can be considered merely a secondary
output, since on a higher abstraction level the di�cult-to-measure or unmeasurable
primary output is product quality and the primary input is the product geometry
and its properties. In control systems terminology, this problem can be considered
an indirect or inferential control problem [13,29].

Besides input and output disturbances, potential uncertainties could be identified
for each parameter and variable by developing and analyzing models of the (vat)
photopolymerization process. However, the purpose of this work would be lost if
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Figure 5.5: Potential uncertainties (in red) in vat photopolymerization.

this approach would be followed. Therefore, a literature screening [18, 25, 26] on
possible error sources was performed, resulting in the following shortlist:

Input uncertainties:
light source power/intensity variations;
light source intensity profile shape variations;
light source positioning errors.

Exogenous signal uncertainties:
layer thickness deviations (poor recoating);
oxygen level fluctuations (inhibition);
temperature fluctuations.

Resin parametric uncertainties:
deviating resin/slurry properties;
spatial composition variations (poor mixing);

Unmodelled dynamics:
non-constant light transmission/photobleaching;
oversimplified reaction mechanism kinetics;
post-processing (cleaning) steps;
scattering due to ceramic particles;
shrinkage.

Assessing the potential performance gain that can be obtained by transitioning
from open-loop to closed-loop control, would require a model of the magnitude, the
occurrence probability, and the dynamics of these uncertainties. Little is known
from literature about the significance of these individual uncertainties. However,
the system can be subjected to intentionally applied disturbances for proof-of-
principle demonstration purposes. From the uncertainties shortlist given above, it
was established that it is possible to apply:

1. an artificial input disturbance by adding a signal;
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2. a material composition disturbance by:

adding an inhibitor to the mixture;

pre-curing to a non-zero initial state;

purging with nitrogen or oxygen;

varying the photoinitiator concentration;

3. a thermal disturbance by cooling or heating the sample.

Among these artificial disturbances, the first is a signal uncertainty that was easily
digitally applied in the control software. Therefore, initial tests were carried out
with a significant input bias disturbance and these already yielded positive results.
The second and third disturbances are model uncertainties that needed to be
physically applied. The choice was made to add a 4-methoxyphenol inhibitor
(MEHQ, Sigma-Aldrich) to the slurry, since this disturbance represents a poorly
mixed or deteriorated material, which is presumably more likely to occur in the 3D
printer than a significant input bias.

5.2.4 Experimental procedure

Since the main goal of this paper is to demonstrate the feasibility of closed-loop
controlled conversion through proof-of-principle experiments, the following three
situations are compared:

1. a nominal reference situation (non-disturbed);

2. a disturbed open-loop situation (controller is o↵);

3. a disturbed closed-loop situation (controller is on).

Figure 5.6 illustrates these three situations with block schemes. First, a series of
parameter identification experiments was conducted to obtain a process model relat-
ing the input I(t) to the output ↵(t) under nominal conditions. Subsequently, the
process model thus obtained was used to generate feedforward input and reference
trajectories IFF (t) and ↵ref (t) for use in the closed-loop control experiments under
disturbed conditions.

Parameter identification was carried out by performing step-response experi-
ments under nominal conditions, in which a step change in the input signal I(t)
of 5 [%] = 1.9 [ Wm2 ] was applied for 90 [s] and the change in the output ↵(t) was
recorded [13]. Typically, stationary mask projection photopolymerization systems
merely turn on the light source for a certain period, which in fact can be considered
a step-response experiment in itself. In Section 5.3 a di↵erential equation model
is developed, whose analytical solution is fitted to the experimental data through
least squares parameter estimation.
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Figure 5.6: Experimental procedure visualized by block schemes of the parameter
identification and subsequent open- and closed-loop control experiments. The
nominal conditions are indicated in blue; the material composition disturbance and
consequent parameteric uncertainty are indicated in red.

Open- and closed-loop control experiments were carried out under disturbed
conditions by dissolving 0.5 [wt%] of inhibitor into the slurry, applying a feedforward
step input IFF (t) of 5 [%] = 1.9 [ Wm2 ] for 60 [s], and turning the controller o↵ or on
respectively. To this end, the control schemes shown in Figure 5.6 were implemented
in MATLAB/Simulink.

5.3 Control-oriented process modelling

Many models to describe the photopolymerization process have been developed;
refer to the books by Bartólo [25] and Odian [27] for a general overview of (vat)
photopolymerization process modelling and a previous work by the present au-
thors [9] for an overview of relevant phenomena and process models. However, very
few models such as those reported in the works by Yebi [16] and Zhao [18] have
been developed with the goal to use them for control purposes. Therefore, a simple,
control-oriented model is developed in this section. To obtain the desired SISO
model, the assumption is made that light intensity gradients in the vertical direction
can be neglected within the probing volume.
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5.3.1 Photopolymerization kinetics modelling

Two modelling approaches are typically pursued in photopolymerization kinetic
modelling [25]: mechanistic or phenomenological modelling. Mechanistic models
are typically set up by determining the reaction mechanisms, formulating species
balances and expressions for the reaction rate constants. A typical example is the
model for free radical photopolymerization by Odian [27], which is obtained by
setting up species balances for the monomer, radical chains and photoinitiator, and
applying a steady-state radical concentration assumption to simplify to a single
di↵erential equation:

d[M ]

dt
= �kp[M ]

✓
�Ia
kt

◆1/2

, (5.3)

where kp and kt are the propagation and termination reaction constants respectively,
� the quantum yield for initiation and Ia the absorbed light intensity. The degree
of conversion ↵ can be calculated by combining (5.3) with (5.2). In contrast,
phenomenological models try to capture the complete polymerization reaction in
one di↵erential equation and directly compute the degree of conversion ↵. A typical
example is given by:

d↵

dt
= k(T )Ib(1� ↵)n, (5.4)

where k(T ) is the reaction rate constant as function of temperature, I is the light
intensity and n is the reaction order. The exponent b can have a value between 0.5
and 1 [25], so the dependence of the polymerization rate �

d[M ]
dt

on the input light
intensity is a square-root dependence, a linear dependence or something in between.
Note that for b = 0.5 [-] and n = 1 [-], combining (5.2) and (5.3) gives (5.4). Mech-
anistic modelling approaches often lead to models having many parameters [25],
whereas phenomenological models generally result in fewer parameters and hence
seem more suitable for control.

This work proposes the following control-oriented model based on the notion that
photopolymerization is represented by the simple chemical reaction given by (5.1).
Chemical kinetics theory [30] says that the rate of reaction v can be given by:

v = k[M ]n, (5.5)

where k is the rate constant and n the reaction order. If the volume does not
change during the reaction, the rate of reaction v can be replaced by the change in
concentration d[c]

dt
multiplied with the inverse of the stoichiometric coe�cient 1

⌫i
.

This gives the following model:

d[M ](t)

dt
= �k(I)[M ]n(t), (5.6)
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where k(I) is the rate constant as function of light intensity. The rate constant is
defined in the same way as in (5.4), but the temperature dependence is neglected:

k(I) = cIb(t), (5.7)

where c is a constant representative for the reaction rate. Obviously the term ‘rate
constant’ for k from kinetics theory stricly is not correct in this case, since k is not
a constant. Substituting (5.7) in (5.6) and combining with (5.2) gives the proposed
model:

d[M ](t)

dt
= �cIb(t)[M ]n(t), (5.8)

↵(t) = 1�
[M ](t)

[M ]0
, (5.9)

with the initial condition [M ](0) = [M ]0 and the physical constraint that energy
can only be added by irradiation:

I(t) � 0. (5.10)

Equation (5.3) is retrieved for b = 0.5 [-] and by taking k(I) = kp
q

�I

kt
. Another

physical constraint is that the monomer concentration [M ] is nonnegative.

In control systems terminology, the input variable u(t) to the system is the light
intensity I(t), the internal state variable x(t) is the monomer concentration [M ](t),
and the output variable y(t) is the degree of conversion ↵(t). Using these naming
conventions, the model can be rewritten as a state and output equation:

dx(t)

dt
= �c · ub(t) · xn(t), (5.11)

y(t) = 1�
x(t)

x0
, (5.12)

with the initial condition x(0) = x0 and the input constraint:

u(t) � 0. (5.13)

Note that (5.11) and (5.12) can also be combined to a single ordinary di↵erential
equation in terms of y by eliminating x. The model (5.3) suggests a first-order
reaction, but second-order reactions are reported in literature as well [27], so
n 2 {1, 2} is considered in this paper. Note that the reaction order in chemical
kinetics is di↵erent from the system order in control systems theory; the former
refers to the sum of the exponents n of the reaction rate, whereas the latter refers
to the number of states, i.e., the dimension of the state vector x(t), which in this
case is one.
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5.3.2 Analytical solutions for parameter estimation

The ordinary di↵erential equations (5.8) and (5.11) have analytical solutions for a
constant input light intensity I(t) and a given reaction order n, which can be used
to write explicit solutions for the conversion ↵(t). The existence of these solutions
is the reason to use step-response experiments for parameter identification. In these
experiments, the following input uFF (t) is applied:

uFF (t) =

8
><

>:

0, t < tstep
Istep, tstep  t < tend
0, t � tend

(5.14)

where tstep is the instant the light turns on, tend the instant the light turns o↵, and
Istep is the feedforward intensity.

The first step-response experiments showed a noticeable delay between the
instant the light was turned on and the instant the process started to respond. This
time-delay behaviour is well known for free radical photopolymerization [26,31] and
is attributable to the consumption of inhibitors before the chain reaction can rapidly
speed up. This high-order system behaviour can be approximated with a pure time
delay in the input [13]. To model this behaviour, the feedforward input (5.14) is
delayed by ⌧d such that uFF,d(t) = uFF (t � ⌧d) and set to zero once the light is
turned o↵ at tend:

uFF,d(t) =

8
><

>:

0, t < tstep + ⌧d
Istep, tstep + ⌧d  t < tend
0, t � tend.

(5.15)

Note that this time-delayed feedforward input uFF,d(t) is only applied in simulations
with the model (5.8) or (5.11), whereas the non-delayed input uFF (t) is applied in
physical experiments.

The analytical solution to (5.8) with the input (5.15) for a first-order reaction,
i.e., n = 1 [-], is well known [13] and using this solution with (5.9) gives:

↵(t) =

8
><

>:

0, t < tstep + ⌧d

1� e�cI
b
step(t�(tstep+⌧d)), tstep + ⌧d  t < tend

↵end, t � tend.

(5.16)

where ⌧d is a time delay and ↵end = 1� e�cI
b
step(tend�(tstep+⌧d)). In control systems

terminology, this is the solution for a first-order system with time delay [13].
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Similarly, the analytical solution to (5.8) with the input (5.15) for a second-order
reaction, i.e., n = 2 [-], can be derived and using this solution with (5.9) gives:

↵(t) =

8
><

>:

0, t < tstep + ⌧d
1� 1

1+[M ]0cIb
step(t�(tstep+⌧d))

, tstep + ⌧d  t < tend

↵end, t � tend

(5.17)

where ↵end = 1� 1
1+[M ]0cIb

step(tend�(tstep+⌧d))
.

The model (5.8), (5.9) assumes that all monomer M can be converted into
polymer, which implies that ↵ 2 [0, 1]. However, in practice the degree of
conversion reaches an asymptote ↵1 < 1 [4], so the degree of conversion as
defined by (5.9) and the analytical solutions (5.16) and (5.17) should be considered
a normalized degree of conversion. The measured absolute degree of conversion ↵m

can be obtained by introducing a degree of conversion asymptote ↵1:

↵m(t) = ↵1↵(t). (5.18)

5.3.3 Sensor modelling

The FTIR spectrometer does not directly output the desired degree of conversion
↵m(t) sensor signal, so post-processing is required to compute ↵m(t) from the
absorbance spectra A(ṽ, ti) as function of the wavenumber ṽ 2 [400, 4000] [cm�1]
and time instance ti. A typical way to do this is to calculate the baseline-corrected
areas under the reference peak Aref and the carbon-carbon double bond C=C peak
AC=C [32, 33]. This way, the peak area ratio rpA(t) can be calculated:

rpA(t) =
AC=C(t)

Aref (t)
. (5.19)

The degree of conversion can be computed from (5.19) by dividing it by the
initial peak area ratio rpA,0 [33]:

↵m(t) = 1�
rpA(t)

rpA,0
, t > 20[s], (5.20)

where rpA,0 was determined by averaging rpA(t) in the range t 2 [0, 20] [s]. This
initialization time was chosen such that ten samples were used to calculate rpA,0,
each having a sampling time Ts = 2.0 [s]. Note that the degree of conversion was
only available online after the 20 [s] initialization period.

IR absorbance spectra of the Formlabs silica material showed that a practically
constant peak in the 1750 [cm�1] region could be used as the reference peak, which
is associated to C=O stretching [32]. Moreover, the spectra showed that the peak
AC=C in the 1635 [cm�1] region could be used to quantify the carbon-carbon double
bond (C=C) or monomer concentration [M ].
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5.3.4 Feedback controller design

A first step in the feedback controller design process is to choose the type of con-
troller to be used. A choice could best be made based on the specific control problem
at hand. To this end, one could attempt to classify the control problem according to
characteristics such as the degree of nonlinearity and the dynamic character of the
process behaviour [13]. The control-oriented model given by (5.11) and (5.12) can
be classified as a low-order nonlinear SISO system that is either linear (b = 1 [-])
or nonlinear (b 6= 1 [-]) in the input with input constraints. If the reaction order
n = 1 [-] and b = 1 [-], the system is termed a bilinear system [34,35]; if n = 2 [-] the
system belongs to a class of nonlinear systems that may be feedback linearizable [36].
It can be concluded that the system dynamics at hand are simple, but nonlinear.

The nonlinear system dynamics suggest that a special-purpose controller may
be more e↵ective than a classical controller. The control schemes previously devel-
oped by Yebi et al. [14–16] can be considered more advanced than classical, but
cannot be applied here due to the di↵erence in control objectives and due to the
spatially-distributed (1D) and multi-layer nature of their control problem. More-
over, the goal of this work is not to optimize a feedback controller for stability and
performance, but to demonstrate disturbance rejection through a proof-of-principle
experiment. Thus, a logical starting point is the most commonly used classical
feedback controller: the proportional-integral-derivative (PID) controller [13, 37],
which was also proposed by Zhao and Rosen as a substitute to their simple binary
on-o↵ controller [18,21]. Moreover, classical control strategies serve as a benchmark
for more advanced control strategies. Due to the rather noisy output signal, the
choice was made to omit the derivative action and use a proportional-integral (PI)
controller to prevent noise amplification.

A PI controller typically has the form [13,37]:

uFB(t) = Kc


e(t) +

1

⌧I

Z
t

0
e(t)dt

�
, (5.21)

where Kc is the proportional gain, e(t) the error, and ⌧I the integral time. The
error signal is defined as the di↵erence between the reference r(t) = ↵ref (t) and the
measured output y(t) = ↵m(t):

e(t) = ↵ref (t)� ↵m(t). (5.22)

Referring to Figure 5.6, the input to the PI controller is the error e(t) and the
output from the controller is the light intensity uFB(t) = IFB(t). Consequently,
the total light intensity I(t) applied to the cure process equals the sum of (5.14)
and (5.21):

I(t) = IFF (t) + IFB(t). (5.23)
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The working principle of the PI controller can be interpreted as follows. If
there is a positive error e(t) between the reference ↵ref (t) and the actual output
conversion ↵m(t), i.e., the cure process is not quick enough, then the proportional
action of the controller will apply a positive feedback input uFB(t) to increase the
reaction rate and vice versa if there is a negative error the proportional action will
apply a negative feedback. Additionally, if the time integral of the error e(t) is
positive even if the error is momentarily small, the integral action will increase the
reaction rate and vice versa decrease if the time integral is negative.

After choosing the PI controller type, the next step was to find suitable controller
parameters Kc and ⌧I . To this end, a common controller tuning approach based
on an approximate model was applied [13]. The approach consists of fitting an
approximate model to the process reaction curve y(t) and using the obtained
parameters in specific formulas that give recommended controller parameter values.
The most commonly applied approximate model is a first-order system with time
delay of the form:

⌧
dy(t)

dt
= �y(t) +Ku(t� ⌧d), (5.24)

where ⌧ is the e↵ective time constant, K the steady-state gain, and ⌧d the e↵ective
time delay. The response y(t) of the first-order system (5.24) to a step input u(t) is
equal to the response of the first-order reaction (5.16) with ⌧ = (cIb

step
)�1. Note

that although the process responses are equal, the underlying system dynamics
di↵er from each other. Having fit the approximate model to the process response,
the controller parameters were obtained from the Integral Time-weighted Absolute
Error (ITAE) tuning rule for set-point changes [13]:

Kc =
0.586

K

✓
⌧

⌧d

◆0.916

,

⌧I =
⌧

1.03� 0.165
�
⌧d
⌧

� . (5.25)

5.4 Results

5.4.1 Parameter identification under nominal conditions

Step response experiments were performed by applying a step input, recording the
absorbance spectra, and computing the degree of conversion. Figure 5.7 shows the
resulting time evolution of the IR absorbance spectrum in the spectral range of
interest. As expected, the figure shows that the baseline-corrected area remains
practically constant under the reference C=O peak in the 1750 [cm�1] region,
whereas the area decreases significantly under the C=C peaks in the 1635 [cm�1]
region.
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Figure 5.7: IR absorbance spectrum of the Formlabs silica slurry at three di↵erent
times upon UV curing. The baselines and division line between the peaks are
indicated by the dotted lines. Over the course of the cure process, the baseline-
corrected reference peak (1750 [cm�1] region) remains constant and the C=C peak
(1635 [cm�1] region) decreases.

From these absorbance spectra, the ratio rpA was computed between the double
bond and reference peak areas to determine the degree of conversion ↵m(t). Fig-
ure 5.8 shows the time evolution of the peak area ratio rpA(t) and the estimated
initial peak area ratio rpA,0. The figure shows a steep decrease in the peak area ratio
approximately twelve seconds after the light had been turned on. To determine
the conversion online, the initial peak area ratio was determined before the light
was turned on. This functionality was implemented in the Simulink control scheme
by taking the average of the peak area ratios between t = 0 [s] and t = 20 [s] and
storing in memory for the remainder of the experiment.

Once the initial peak area ratio had been determined, the degree of conversion
was computed at each time step and made available for real-time feedback control. A
typical resulting degree of conversion measurement is shown in Figure 5.9 along with
first- and second-order reaction model fits. Among the two, only the second-order
reaction model shows an acceptable fit for the intended purpose, so the model
parameter n = 2 for this material.

This model fitting procedure was performed for ten equally spaced input levels
Istep from 10 [%] to 100 [%] and an additional level at 5 [%] with three replications
per level in a randomized sequence. Figure 5.10 shows the resulting identified
reaction rate k as a function of normalized light intensity I, along with a square
root function fit. The experimental data is in accordance with the well-known
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Figure 5.8: Peak area ratio of the Formlabs silica slurry during UV curing. The
samples between 0 and 20 [s] are used to determine the initial peak area ratio (blue).
Twelve seconds after irradiation starts, the response shows a steep decrease.

Resin b [-] n [-] c [s�1] ⌧d [s] ↵1 [-]
Formlabs silica 0.5 2 1.3±0.2 12±0.6 0.77±0.01

Table 5.1: Summary of identified model parameter means ± standard deviations.

square-root dependency [27], so the model parameter b = 0.5 [-] for this material.
Note that the higher the input, the closer the time constant ⌧ = e�1

k(I) approaches
the temporal resolution or sampling time Ts, which may explain the seemingly
inreasing variance with intensity.

To approximate the variance at a single level, a repeatability experiment was
performed with ten replications at Istep = 5 [%]. Table 5.1 shows the parameters
identified from this data and their respective standard deviations. The second-order
reaction model was fully parameterized at this point and was subsequenlty used to
generate a nominal reference trajectory ↵ref (t) to be followed by the output ↵m(t).

5.4.2 Open- & closed-loop control under disturbed condi-
tions

Once the parameter identification procedure under nominal, non-disturbed con-
ditions had been completed, the open- and closed-loop control experiments were
performed under disturbed conditions. Firstly, the controller parameters were
obtained by filling in the identified first-order model parameters in the tuning
rule (5.25). Table 5.2 gives the resulting model and controller parameters. Secondly,
the silica slurry with inhibitor was used and the feedback controller was either turned
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Figure 5.9: Degree of conversion determined from IR absorbance spectra during UV
curing. First- and second-order reaction model fits were fitted to the experimental
data; the second-order reaction model shows an acceptable goodness of fit.

Parameter K [-] ⌧ [s] ⌧d [s] Kc [-] ⌧I [s]
Value 13.9 3.44 2 0.069 3.68

Table 5.2: First-order approximate model and PI controller parameters.

o↵ or on. Figures 5.11 and 5.12 show the measured degree of conversion ↵m(t)
and the inputs u(t) respectively for the three di↵erent cases: (1) the non-disturbed
reference situation, (2) the disturbed open-loop situation, and (3) the disturbed
closed-loop situation.

Comparing the open-loop case with the reference case, the open-loop response
in Figure 5.11 shows an increasing error over time with respect to the reference. On
the contrary, the closed-loop case shows that the feedback controller attempts to
minimize this error through significant corrective action as evident from Figure 5.12.
If the final reference conversion value is considered a minimal threshold for su�cient
curing, then it is not met in the open-loop case, but it is in the closed-loop case.
Hence the material composition disturbance is successfully compensated for and
the principle of real-time feedback control is proven in this experimental setting.

5.5 Discussion

The experimental results in Section 5.4 clearly demonstrate that a feedback controller
was successful in compensating for an intentionally applied material disturbance in
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Figure 5.10: Identified reaction rates k as a function of light intensity I. Results
conform to the well-known square-root dependency, whose fit to the experimental
data is given by the solid line.

a dedicated lab setup. Notwithstanding these promising results, several comments
have to be made regarding the experimental results and the limitations of the
present experimental setup. The sensing requirements also need to be revisited to
draw conclusions on the feasibility of the in-situ real-time control approach in a
large-scale machine setting.

5.5.1 Parameter identification experiments

The lab-scale identification experiments in Figure 5.9 show that the second-order
reaction model provides a good fit, since the error falls within the measured signal’s
noise level. Although e↵ective for the majority of the polymerization reaction, the
control-oriented model is not capable of accurately describing the reaction kinetics
during the initial inhibition period or the final dark polymerization period. Many
physical phenomena were excluded from this (over-)simplified model, such as spatial
variations due to light absorption, photoinitiator depletion, oxygen inhibition, and
heat and mass transfer [9]. Nevertheless, the second-order reaction model is consid-
ered acceptable for the purpose of this paper since it is merely used to generate the
reference trajectory for the feedback control experiments.

The results also show a rather significant variability in the identified reaction rate
constant and time delay. This parameter variability can be considered representative
of the total process variability, which is a↵ected by uncertainties in the actuator, the
sensor, the data processing and communication, the embedded controller, and the
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Figure 5.11: Degree of conversion vs. time for the reference, open-, and closed-loop
controlled case. The open-loop case shows a reduced level of curing with respect
to the reference. On the contrary, the closed-loop case meets the desired final
conversion level.

photopolymer itself. However, it is di�cult to draw conclusions on how much each
source of variability contributes to the total variability and to what extent these
uncertainties are encountered in real-life industrial AM machines. In the setup,
significant variability may result from the manual deposition of material and the
free support of the covering glass on the spacer. These factors may lead to layer
thickness deviations and hence to reaction rate variability due to light intensity
variations when one assumes Beer-Lambert-like absorption [27].

5.5.2 Control experiments

The ultimate control objective is to reduce variability in final product quality and
compensate for disturbances, but product quality is not easily or directly measurable.
Firstly, product quality needs to be defined and quantified by metrics [11]. Secondly,
the di�culty of measurability implies that product quality needs to be inferred from
measurable quantities such as the degree of conversion. Therefore, the question
arises what the relationship is between the degree of conversion and the mechanical
properties, which ultimately express product quality. Moreover, the question arises
what shape the reference conversion trajectory ↵ref (t) should have such that the
desired mechanical properties are obtained. To the author’s knowledge, it is still an
open research question whether the complete time evolution of the reaction ↵ref (t)
should be closely tracked, or merely the final degree of conversion value ↵(tend)
should be met.

Recent literature reports significant sensitivity of mechanical properties to dif-
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Figure 5.12: Total input vs. time for the reference, open-, and closed-loop controlled
case. The closed-loop case shows significant corrective action to compensate for the
presence of inhibitor in the slurry.

ferences in conversion levels [24, 38, 39]. This sensitivity implies that if the final
reference conversion value is considered a minimal threshold, then the open-loop
controlled case in Figure 5.11 would have led to product defects in contrast to
the closed-loop case. In other words, the closed-loop case clearly outperforms the
open-loop case. However, the opportunities and benefits are yet to be explored
in terms of implementing the closed-loop controller in a real AM machine. The
material composition disturbance applied in the experiment was for demonstration
purposes of the closed-loop control principle, and not intended to be representative
for the typical disturbances encountered in an industrial AM setting.

Further performance improvements may be gained by exploiting the poten-
tially fast actuation capabilities of UV light. This work merely applies a constant
feedforward step input, which actually is representative for the curing of a single
layer in digital mask projection systems. Note that the point of interest at the
bottom of the layer receives multiple step inputs of decreasing intensity from suc-
cessive layers. Di↵erent input profiles during the curing of each layer may yield
better mechanical properties such as the initially lower intensities in soft-start
photopolymerization [40].

5.5.3 Limitations of the experimental setup

A persistent issue faced by researchers is that light intensities need to be reduced
to match the reaction and measurement timescales in in-situ photopolymer char-
acterization [41]. Moreover, the achievable control system performance is heavily
influenced by the sensor’s measurement rate, which is rather limited in the present
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setup. Particularly, a key metric for achievable control system performance is the
ratio of the process dynamics time constant to the sampling time: ⌧

Ts
. In the system

at hand, the reaction time constant is inversely proportional to the nominal light
intensity ⌧ / I�1

FF
.

An acceptable ratio ⌧

Ts
was achieved by choosing a su�cently low nominal

input intensity, which is consistent with common practice [41]. The hence achieved
measurement time was Ts = 2.0 [s]. This rather low value was due to (1) the
FTIR spectrometer settings and (2) the overhead in the self-developed software
interface between the FTIR spectrometer and MATLAB/Simulink. Note that the
spectrometer was not designed for real-time control experiments and hence did not
natively support real-time data output.

As a result of the low nominal light intensity, the achieved reaction rate time
constant ⌧ = 8 [s] and exposure time of texp = 60 [s] are much larger than in typical
mask projection systems, where exposure times range from one to ten seconds
per layer. Options to increase the sampling rate are under investigation to allow
for increased UV light intensities and, hence, a closer match to actual printing
conditions.

5.5.4 Implications of the control approach in a large-scale
machine setting

Several steps have to be taken before the present work’s real-time control approach
can be implemented in real, large-scale AM machines. Figure 5.13 suggests a
sequence of steps from 0D sub-voxel control as demonstrated in this work to full 3D
product control. Firstly, the vertical dimension needs to be considered to scale up
to a single homogeneous layer or 1D voxel. Therefore, a 1D depth-resolved degree
of conversion measurement ↵(z) or a layer-averaged degree of conversion value ↵
needs to be available, as opposed to a 0D point measurement.

Secondly, the lateral dimensions need to be considered to scale up to a 2D array
of 1D voxels in the xy-plane. Implementation of the present control approach in a
real AM machine is most easily envisioned in stationary digital mask projection
systems, where each pixel of the projection system is associated to a surface voxel as
depicted in Figure 5.2. Zhao and Rosen have already shown that scaling up laterally
in mask projection systems is a matter of using an array detector [17]. In the most
simple case, the closed-loop control system presented here can be implemented as
multiple parallel SISO systems. Each surface voxel can then be considered a SISO
system having its own boundary light intensity input modulated by the projector
system, its own layer-averaged degree of conversion measurement, and its own feed-
back controller. In a more involved case, a multiple-input-multiple-output (MIMO)
control strategy could be implemented to address cross-talk between neighbouring
pixels.
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Figure 5.13: Proposed roadmap from single 0D sub-voxel control to full 3D product
control.

Thirdly, the single-layer scope needs to be extended to multiple layers. In
the most simple case, the single-layer controller in this paper could be reset for
each new layer, without considering the e↵ect of UV exposure of the current layer
on previously cured layers. Alternatively, the exposure of a layer to subsequent
doses can be compensated for in the process planning phase when determining
the feedforward step input. More performance may be gained by utilizing a 3D
full-field measurement ↵(x, y, z) of the degree of conversion and applying model-
based control techniques such as those by Yebi et al. [14]. Additionally, multi-level
control architectures can be envisioned where real-time in-situ continuous control is
combined with discrete layer-to-layer or product control [22]. However, even though
the control problem can be extended to a full 3D field, the UV light input remains
a 2D input field at the boundary (surface) of the layer.

Lastly, light sources moving in the xy-plane need to be addressed to enable
implementation of the real-time control approach in vector scanning or scanning
mask projection systems [42]. Control strategies for metal-based processes such as
melt-pool area or temperature control [11] may be applied to the analogous control
problem for photopolymerization-based processes.

The aforementioned scaling-up procedure requires a 3D full-field degree of
conversion sensor, having a high spatio-temporal resolution, a range spanning a
considerable build volume, and being capable of measuring and actuating on the
same side, e.g., in a reflective mode. Such a sensor is not yet available and the
feasibility of implementing an FTIR spectrometer into the vat photopolymerization
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machine is arguable. Light scattering due to the presence of ceramic particles
in the resin [4, 43] may further complicate the applicability of such optical cure
monitoring techniques. However, the presented control approach will also work
for other measuring technologies, as long as they provide representative sensing
signals for the degree of cure. Moreover, plans have been reported of implementing
a Raman spectrometer into a vat photopolymerization machine [44]. If real-time
degree of cure sensing for continuous control ultimately proves to be impractical
in the AM machine, alternative discrete control strategies [22] may be considered.
For instance, an in-situ calibration method can be conceived that determines the
key material properties o✏ine, but in the machine through parameter identification
techniques such as those presented in this work rather than current tedious working
curve procedures [26, 45].

5.6 Conclusions

This work demonstrated closed-loop control feasibility of monomer conversion in
(ceramic) vat photopolymerization through proof-of-principle experiments. The
experiments showed that a feedback controller was successful in compensating for a
material perturbation in a small-scale setup. Moreover, a simple control-oriented
process model proved to be well capable of describing the photopolymerization
system behaviour under lab conditions. These promising results can be considered
a fundamental step towards real-time in-situ control of the polymerization reaction
that lies at the core of vat photopolymerization technology. Ultimately, such in-line
process control strategies are expected to play a key role in the industrialization of
vat photopolymerization based AM, as well as in other AM technologies.
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Chapter 6

Design & realization of an
optical measuring instrument
for photopolymer conversion

Abstract
Additive Manufacturing o↵ers unique capabilities compared to traditional manufac-
turing, but faces several challenges that need to be overcome before reaching its
full potential. The challenge for product quality can be addressed by developing
in-process monitoring and closed-loop control systems aimed at minimizing the
sensitivity to uncertainty in equipment, materials, and processes. Therefore, an
optical measuring instrument has been developed to determine the degree of con-
version of acrylic resins used in vat photopolymerization in real time. This work
describes the design, realization and testing of the instrument, and demonstrates its
operation in characterizing the cure kinetics of several commercial photopolymers.
The instrument’s conceptual design is based on the same measuring principle used
in general-purpose NIR spectro(photo)meters, but at a specific wavelength range
such that a simpler and cost-e↵ective instrument is obtained suitable for high-speed
in-line metrology. Although several design modifications were required to make the
prototype function properly, the experimental results ultimately provide a proof of
concept of in-line photometric metrology for vat photopolymerization.
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6.1 Introduction

Additive Manufacturing (AM) is considered a key enabling technology in what may
turn out a revolution in the way products are developed and manufactured [1–4]. The
reason is that AM o↵ers unique capabilities compared to traditional manufacturing
technologies such as high design flexibility, geometric “complexity for free,” and
customizable material properties [3, 4]. However, AM technologies face several
challenges and barriers [3, 5] that need to be overcome in order to fully unlock the
unique capabilities envisioned for AM. These challenges include relatively poor
dimensional accuracy, low fabrication speeds, and insu�cient consistency and
repeatability in material properties and part quality [3, 5].

The inconsistencies in part quality originate from uncertainties in AM equipment,
input materials, and AM processes, which ultimately lead to uncertainties in
final parts [6]. Process monitoring and control systems aim to minimize the
sensitivity to these uncertainties [7] and form indispensable tools for manufacturing
quality management [8]. Hence, the integration of process monitoring and control
technologies in AM systems is considered critical in addressing the major challenges
faced by AM [3,5, 6, 9].

Several types of control strategies have already been reported in generic AM
literature [10], but most strategies are still in a research phase [11]. In photopolymer-
based AM, the state of the art is that a few researchers have attempted to measure
and control the photopolymerization reaction in closed loop [12–15]. Yet, the current
open-loop control methods require attention as well, especially the methods used
to determine the build process inputs, parameters, and settings. Currently, the
photopolymers used in AM are typically characterized by a “working curve” from
which two parameters can be derived: the UV light penetration depth Dp and
critical exposure Ec [4, 16, 17]. Figure 6.1 shows the so-called WINDOWPANE
procedure in which a diagnostic part is built and measured to obtain a working curve.
The obtained resin parameters are then used to determine the required UV exposure
for a given layer thickness. Although derivatives of this procedure are widely used,
the procedure involves several ex-situ steps performed by the operator. Moreover,
an ill-defined multiplication factor is used to calculate the required exposure from
the critical exposure Ec, approximately ranging from 2 to 50 [16]. As a result,
trial and error approaches are frequently encountered in the AM community when
attempting to find appropriate build settings [17].

For AM to become a successful manufacturing technology, the production costs,
time, and number of defects need to be drastically reduced [5]. These reductions call
for technological breakthroughs that are enabled by fundamental research on in-situ
diagnostics and real-time process control of AM processes [5]. This demand implies
that photopolymer-based AM processes need to develop towards in-line-metrology-
based alternatives to working curve procedures and real-time in-situ control of the
UV curing reaction, as it lies at the heart of the AM process.
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Figure 6.1: Visualization of the WINDOWPANE procedure that was originally
developed at 3D Systems [16]. Derivatives of such procedures are still widely used to
determine the build settings for photopolymer-based AM processes from the working
curve. The required exposure is obtained by multiplying the critical exposure Ec

with a rather poorly defined factor, which leaves room for the frequently encountered
trial and error approach [17].

Recent work [18] has shown that it is technically feasible to measure and control
the UV curing reaction through real-time in-situ feedback control of the photopoly-
mer’s degree of conversion [18, 19]. To this end, a general-purpose spectroscopic
measuring instrument was used as a sensor. However, such “sensors” are not easily
integrated into real AM machines as they are either too slow, occupy too much
space, do not provide real-time outputs, or are prohibitively expensive and, hence,
less expensive versions of current sensing techniques need to be developed [20].

In an attempt to meet these needs, an optical instrument has been purposely
built for measuring the degree of photopolymer conversion based on a measuring
principle that was extracted from the previously used general-purpose spectrometer.
This work describes the design, realization, and testing of the instrument and
demonstrates its use as an in-situ photopolymer characterization device that can be
integrated into next generation [20] AM machines. To this end, Sections 6.2 and 6.3
describe the system-level and module-level design by discussing the requirements
and design considerations that have led to the final instrument design. Subsequently,
Section 6.4 describes several system tests, unanticipated issues and the implementa-
tion of several design changes required to make the instrument function properly.
Finally, Section 6.5 demonstrates the instrument’s operational performance and
Section 6.6 provides a discussion and concluding remarks.
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6.2 System-level instrument design

The International Vocabulary of Metrology (VIM) [21] defines a measuring instru-
ment as a “device used for making measurements, alone or in conjunction with one
or more supplementary devices” and a measuring system as a “set of one or more
measuring instruments and often other devices, including any reagent and supply,
assembled and adapted to give information used to generate measured quantity
values.” A sensor is defined as merely an “element of a measuring system that is
directly a↵ected by a phenomenon, body, or substance.” This work presents the
development of a novel measuring instrument or system for in-situ characterization
of the degree of conversion, which requires the incorporation of more functionality
other than sensing alone.

6.2.1 System-level design requirements

The definition of the desired system functionality and e↵ectiveness is the starting
point of the system development process along with the identification of user needs
and requirements [22, 23]. A measuring instrument capable of determining the
degree of cure of (photo-)polymers with high precision [24] finds many applications,
such as polymer characterization, process monitoring, and process control [25].
The present instrument is specifically targeted at process control applications [7,
26] for photopolymerization-based AM processes such as stereolithography [4,16].
The AM process in itself can be considered to be analogous [11] to the systems
development process frequently described by the V-model [22, 23]. In this V-model
hierarchy, a control strategy can be conceived at each abstraction level.

Two process control applications are of particular interest to this study. Firstly,
the instrument may serve as an experimental setup for the development of real-time
control systems for UV curing [18] aimed at future AM machine implementation.
Secondly, the instrument may serve as an o✏ine photopolymer characterization tool
for in-situ determination of the build settings aimed at substitution of current ex-situ
working curve approaches [16,27] as shown in Figure 6.1. These two applications
further determine the requirements for the measuring instrument.

In both applications, the main functional requirement is the ability to measure
the degree of conversion, which is a quantity for the extent to which the liquid
resin has polymerized to a solid. The reader is referred to Fraden’s work [28] for
a comprehensive overview of general sensor characteristics that should typically
be outlined in the requirements of any sensor application. Similarly, Hergeth’s
work [29] provides an outline of specific issues that have to be addressed in designing
an online polymer cure sensor application. Recent literature on metal [9, 30] and
polymer [6] AM provides additional measurement considerations that are specific
to in-situ process monitoring and metrology for AM.
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Figure 6.2: The primary system-level requirements for future integration of the
measuring instrument into a vat photopolymerization machine.

The first application imposes the most challenging requirements [18, 19] since it
needs to be compatible with the AM machine’s architecture to be implementable.
Figure 6.2 visualizes the primary system-level requirements, which include:

R1. The measuring instrument must be compatible with the AM equipment and
control system architecture.

R2. The instrument should facilitate spatially-resolved measurements in the xy-
plane and along the z-axis, i.e., full-field and depth-resolved sensing respec-
tively. The sensing strategy to obtain 1D, 2D, or 3D spatial measurements
should match the actuation strategy to irradiate layers with UV light.

R3. The spatial range should span the complete xy-plane build area in a Eule-
rian reference frame modality [31] or the smaller zone of influence [16] in a
Lagrangian modality, and one or more layers across the z-axis.

R4. The sensor’s spatial resolution should be greater than or equal to the actuator’s
resolution.

R5. The sensor should be contactless to avoid sensor contamination or fouling and
to preclude the need for a separation mechanism [32].

R6. The measuring instrument must have access to the current layer without
obstructing the UV light path and should facilitate measurement and actuation
from the same side.

R7. The temporal resolution or sampling rate should match the photopolymeriza-
tion reaction timescale [19] under actual AM process conditions [29, 33].
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To summarize, the proposed real-time control application requires a 3D full-field
measuring instrument, having high spatio-temporal resolution, spanning a consider-
able build volume, and having access to multiple layers from one side. A prototype
measuring instrument has been developed with these requirements in mind, but
actual implementation into an AM machine is left for future work.

The second application provides more design freedom because the requirement
is relaxed regarding the need to physically implement the measuring instrument
into the AM machine. If the instrument is placed oustide the machine, however,
special care must be taken to ensure that the photopolymerization conditions during
o✏ine characterization are as close as possible to the conditions during actual
printing. Figure 6.3 shows a potential embodiment where the measuring instrument
stands alone, e.g., directly next to the AM machine. Alternatively, the measuring
instrument could be placed inside the machine, e.g., in the corner of the build
volume.

3D printerresin X

build settings

FFI expt

Printed
product

Photopolymer
characterization

instrument

resin

resin

finished part

UV power
synchronization

Calibrated
power meter

Figure 6.3: A potential embodiment in which the measuring instrument serves as a
stand-alone, o✏ine photopolymer characterization device for in-situ first-time-right
determination of the build settings.

Depending on the placement in- or outside the machine, the measuring instru-
ment requires the incorporation of additional functionality besides measuring. If
placed outside the machine, the additionally required functionality is to supply
raw material and to convert or transform the material, which are both important
subfunctions of AM in general [34] and vat photopolymerization-based AM [4,35] in
particular. In other words, the measuring instrument requires a means for preparing
a photopolymer sample (recoating) and for actuating through UV light. Moreover,
the instrument requires a means for adjusting or synchronizing the UV irradiance
level to the level in the target AM machine, preferably using a calibrated optical
power meter [17]. If placed inside the machine, part of that additional functionality
may not be necessary due to the higher level of machine integration. However, the
choice was made to develop a stand-alone device favoring system modularity over
system integration.
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6.2.2 The photometric measuring principle

Having established the system-level requirements, the second phase in the system
development process involves identifying, exploring, and synthesizing concepts [23].
This concept exploration phase starts with analyzing predecessor systems and
existing technologies meeting the same needs. A vast body of knowledge is available
on existing instrumental methods for chemical analysis in general [36] and of cure
or polymerization monitoring techniques in particular [25, 29, 37]. These techniques
are partly relevant for UV light-initiated reactions [38] and only a subset intends to
measure the chemical degree of conversion.

Previous work by the present authors [19] attempted to extract and compare the
measuring principles from that subset of photopolymerization monitoring techniques.
Among these techniques, the optical ones o↵er the major advantages that they can
have contactless embodiments (R5), can be scaled up from point-wise measurements
to full-field measurements (R2&R3), and that optical signals can be easily converted
to the electrical domain (R7) [39]. Thus, the optical measurement techniques
such as interferometry [40] and spectroscopy [41] meet the majority of the system-
level requirements stated in Section 6.2.1. Moreover, optical techniques bring the
advantage that the same beam steering hardware can be used for actuation and for
measurement (R6) as demonstrated by the colocated or coaxial melt pool control
modalities in metal AM [42]. Thus, the sensor’s spatial resolution can be tailored
to the actuator’s resolution (R4). In conclusion, optical measurement techniques
seemed to best meet the application requirements.

Among the optical measurement techniques, infrared (IR) absorption spec-
troscopy was found to be the most viable option to base the instrument on for
several reasons. Firstly, spectroscopic absorbance measurement results can be
directly related to the concentration of the polymer under test according to the
Beer-Lambert law [36,43]. Secondly, the complexity of spectroscopic instruments
can be comparatively low and the measurement rate can be inherently high as
a result of this direct or short measuring chain. Contrarily, interferometric cure
monitoring instruments [40, 44] rely on more complex signal processing techniques
that extract phase di↵erences from the measured light intensity, thus leading to a
longer measuring chain. Thirdly, spectroscopic methods have been applied to online
cure process monitoring for several decades, so it is a well-established technology
field [29,43,45]. Lastly, the spectroscopic measuring principle lends itself well for
developing a purpose-built measuring instrument.

Figure 6.4 shows the measuring principle used in general-purpose molecular
absorption spectrometry and how this measuring principle is transferred to the
purpose-built measuring instrument developed in this work. General-purpose
spectro(photo)meters are based on the measurement of the absorbance A or trans-
mittance T of a sample having a concentration [c] and path length l [36]:

A = log10

✓
1

T

◆
= log10

✓
I0
I

◆
= " · [c] · l, (6.1)
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where "(�) is the wavelength-dependent molar extinction coe�cient, and I0 and I
are the in- and outgoing light intensity respectively.
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Figure 6.4: The measuring principle used in general-purpose spectro(photo)meters
is transferred to a purpose-built photometer. Using two fixed-wavelength light
beams circumvents the necessity to spectrally resolve the photopolymer sample’s
absorbance. Note that the electronics are left out for simplicity. Top part of figure
adapted from [46].

In a spectro(photo)meter, the sample’s absorption spectrum A(�) is obtained by
spectrally resolving the absorbance, e.g., through wavelength scanning or through
multi-channel measurement using a dispersive element [47]. Peaks in the obtained
absorption spectrum can be assigned to functional groups in the sample’s chemical
structure [43]. Hence, the polymerization reaction can be monitored over time by
repeatedly measuring the absorption spectrum and computing the concentration
using the Beer-Lambert law (6.1). Finally, the concentration [c](t) can be used to
compute the sought-after degree of conversion ↵(t), which is simply defined as [48]:

↵(t) =
[c]0 � [c](t)

[c]0
= 1�

A(�m, t)

A0(�m)
, (6.2)
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where [c]0 is the initial concentration and A0(�m) and A(�m, t) are the initial and
momentary absorbance respectively at the primary measurement wavelength �m.
To compensate for losses and improve the instrument’s selectivity, a secondary ab-
sorbance measurement A(�r) is typically used at a di↵erent reference wavelength �r

and ratiometrically [28] introduced into (6.2), which gives [48]:

↵(t) = 1�

A(�m,t)
A(�r,t)

A0(�m)
A0(�r)

. (6.3)

In a photometer, the same measuring principle is used as in a spectrophotometer,
but without the need for spectrally resolving the absorbance. Only the relevant parts
of the absorption spectrum are measured by using two fixed-wavelength light beams
of appropriate wavelength as shown in Figure 6.4. Hence, purpose-built photometers
provide a simpler, cost-e↵ective alternative to general-purpose spectro(photo)meters
with inherently higher signal-to-noise ratios [36].

Although photometers are commercially available for the process industry [49],
no such photometer is suitable for the present target application. Nevertheless,
one previous attempt has been reported in which a photometer was developed
for a similar cure monitoring application in the context of UV-cured polymer
coatings [50, 51]. However, that photometer was not developed in accordance
with the system-level design requirements that follow from the real-time control
applications as outlined in Section 6.2.1.

6.2.3 Optical sampling configuration

The interaction method with the sample is a high-level design choice that has to be
made in all spectroscopic applications. Figure 6.5 shows three common sampling
methods or configurations used in spectroscopy [45, 47]. Each sampling method has
been embodied into various fiber-optic probes for in-line applications [25, 47].

Among these sampling methods, the transmission configuration gives the high-
est signal-to-noise ratio for a proper sample thickness and does not distort the
spectra [45]. Measuring in transmission also allows for direct quantification of
the concentration through the Beer-Lambert equation (6.1) if the absorbance is in
the linear domain [45], i.e., the absorbance is small enough to prevent deviations
originating from interactions with the absorbing species or from instrumental limi-
tations. The sample cell, container, cuvette or holder [36,47] determines the path
length l in this equation and the transversal sample dimensions. The reflection
configuration has several variants, including di↵use reflection, specular reflection
and attenuated total internal reflection (ATR) [36,45] shown in Figure 6.5 (b). The
transflection configuration [51] is a compound of transmission and reflection at the
sample-substrate interface.

As seen in Figure 6.5, the sample is either sandwiched between two optically
transmissive plates, or deposited onto a (non-)transmissive substrate. In the latter
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Figure 6.5: Common sampling methods used in spectroscopy [45].

case, the sensor may be contactless and thus appropriate for in-line applications.
However, pre-existing results of the transflection concept [51] showed a considerable
measurement uncertainty. Moreover, the individual contributions of transmission
and reflection are indistinguishable in the transflection configuration, whereas in
transmission the absorptive index contribution is known to be major and the
refractive index contribution minor [45]. Hence, the transmission configuration
was chosen to maximize this absorptive index contribution and to ensure that
the information carried by the degree of cure signal can be directly related to a
well-defined resin-layer thickness. Furthermore, the transmission configuration can
be used in the future as a benchmark for reflection configurations.

6.2.4 Optical measurement system architecture

Based on the anticipated performance and cost characteristics [36], the photometric
measuring principle seemed a feasible approach to meet the system-level design
requirements. Hence, this approach was selected for the definition of the preferred
concept, i.e., the third phase in the system development process [23]. Figure
6.6 schematically shows the system architecture developed in this phase from a
functional and physical perspective.

The proposed system architecture embodies the photometric measuring principle
shown in the top of Figure 6.4 in threefold. The first light path provides the actuation
signal to initiate the photopolymerization reaction, having UV wavelength �a. Thus,
a detector is not necessarily required in this light path, but it was incorporated to
enable the estimation of the UV light penetration depth Dp. The second light path
provides the primary measurement signal, having IR wavelength �m. The third
light path provides the reference measurement signal, having IR wavelength �r.
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Figure 6.6: Schematic system architecture overview of the photometric measuring instrument consisting of three light
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Each light path consists of a light source, a detector, and a number of optical
elements, i.e., the basic components of any optical sensor [46]. The light source
and detector fulfill the functions of transducing electrical energy to and from the
optical domain respectively. The optical elements fulfill various functions, including
directing or guiding the light, manipulating the beam shapes, and limiting or
selecting the wavelength ranges [46].

Apart from these optics-specific functions, the system has to incorporate sensor-
generic functions. Such functions typically include signal conditioning, signal
processing, and communication through interfaces [28,52]. Moreover, the system
has to incorporate functions for data acquisition and manipulation to facilitate
implementation of control logic, i.e., the capabilities of an embedded control com-
puter [53].

Based on the aforementioned functions, the system was decomposed into four
subsystems or modules as indicated in Figure 6.6. The Control module is connected
to the Source module and Detector module through an electrical interface, whereas
the Probe module is connected to the same modules through an optical interface.
The advantage of this purely optical interface is that flexibility is obtained in
terms of the physical probe design to facilitate future machine integration. Fiber
optics provide the desired flexibility [54] through optical connector interfaces [55].
Therefore, a fiber-optic approach was pursued in the instrument’s optical design.

Figure 6.7 shows the layout of the instrument’s fiber-optic design incorporating
the three light paths sketched in Figure 6.6. The first light path is generated by an
actuator UV laser diode, guided by a single-mode (SM) fiber to an optical enclosure
and launched into free space by a UV collimator lens. The UV beam is then reflected
by a dichroic mirror, passed through and partially absorbed by the sample to initiate
the polymerization reaction, reflected by a second dichroic mirror, filtered by an
IR filter, focused by a UV focus lens into a multi-mode (MM) fiber, and directed
to a UV detector. The second and third light paths are generated by a main and
reference IR laser diode, combined in a wavelength division multiplexer (WDM),
guided to the enclosure and launched into free space by an IR collimator lens. The
IR beam passes through the first dichroic mirror, interacts with the sample, and
passes through the second dichroic mirror and a UV filter. The transmitted IR
beam is then coupled into an MM fiber and guided to a 50:50 splitter with two
functionally equivalent output arms. In each output arm, the beam is launched
into free space through a collimator, filtered by a bandpass filter, and directed
onto an IR detector. This optical design is the result of comparing several optical
configurations while evaluating several design considerations, which are discussed
in the remainder of this section.
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6.3 Module-level design

Each module in Figure 6.6 and 6.7 was further detailed in the advanced development
and detailed engineering design stages, i.e., the fourth and fifth phase respectively
in the system development process [23]. The following sections describe their most
important design considerations.

6.3.1 Source module design

The Source module consists of three individual laser sources and supporting hard-
ware. Each source was chosen in accordance with requirements that follow from the
UV curing application characteristics. These requirements include the center wave-
length and linewidth, the optical power, laser intensity noise level, cost, availability
and more [56].

The photopolymer’s absorption spectrum determines the requirements on the
source’s emission spectrum, i.e., the center wavelength �c and linewidth �� as
illustrated in Figure 6.4. This absorption spectrum depends on the specific polymer
chemistry. In vat photopolymerization, the mostly used UV-curable polymers
are acrylates or epoxides with acrylate contents [4, 57]. Therefore, the measuring
instrument was specifically designed for acrylate-based chemistries, which follow a
free-radical polymerization reaction mechanism [4,58].

UV-curable resin formulations typically consist of monomers, photoinitiators,
and additives [57]. Carbon-carbon double bonds (C=C) are common reactive
functional groups in vinyl monomers, which is a family of chemistries to which
the acrylate monomers belong [16]. These double bonds break open and link
with other molecules during the radical polymerization reaction. The double-bond
concentration can be determined from the photopolymer’s absorption spectrum,
which lies at the core of the measuring principle outlined in Section 6.2.2.

Main light source selection

A number of wavelength bands in the IR range are associated to the carbon-
carbon double bond, so multiple options exist for the photometer’s main center
wavelength �m. On the one hand, the mid-infrared (MIR) region of the IR spectrum
has been assigned to fundamental vibrations [25], such as C=C stretching near the
wavenumber ⌫̃ = 1637 [cm�1] [59–61], which corresponds to the wavelength � =
6109 [nm]. On the other hand, the near-infrared (NIR) region has been assigned to
overtones and combinations [25], such as the first overtone of CH stretching [60,62,63]
near ⌫̃ = 6165 [cm�1], which corresponds to � = 1622 [nm].

In choosing the main wavelength �m, the first step was to narrow down the
solution space to the MIR or the NIR region. Choosing for the NIR region brings
several advantages over the MIR region, including a su�cient sensitivity, signal-
to-noise ratio and time resolution for in-line cure monitoring purposes [64, 65].
Moreover, fiber-optic components are widely available for the NIR region [65] and
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larger scattering/absorption ratios promote the application of di↵use-reflection
techniques [25], which facilitates machine integration and contactless arrangements
respectively. However, the NIR optical path lengths need to be larger than MIR path
lengths to reach similar absorption levels [25], and band assignment and calibration
procedures can be more involved [47,62]. Nonetheless, recent developments in multi-
channel InGaAs detectors may provide a viable route towards scaling up to full-field
degree of conversion measurements through NIR hyperspectral imaging [66]. Thus,
the NIR region was chosen due to a better match to the application requirements.

NIR absorption spectra of acrylates typically show several peaks, o↵ering sev-
eral options for �m. The most prevalent peaks are the peaks near 1620 [nm] and
2100 [nm] [60, 62, 67]. These peaks are associated to the first overtone of stretching
vibrations of C�H groups next to double bonds and combinations of CH vibra-
tions [62]. The 1620 [nm] peak is said to be a combination of two C�H stretch
vibrations from the first CH overtone near 1665 [nm] and has overtones at 1109 [nm]
and 847 [nm] [62,68]. Since the 1620 [nm] peak it is not a combination of C�H with
another type of vibration (like the 2100 [nm] peak), it is termed the first CH over-
tone. Figure 6.8 shows these four peaks in a typical NIR absorption spectrum of an
acrylate-based commercial 3D printing resin (NextDent SG, NextDent, Soesterberg,
The Netherlands) before and after UV curing from 800 to 2200 [nm].

Figure 6.8: NIR absorption spectra of a commercial 3D printing resin (NextDent SG)
before and after curing. Spectra were obtained using a UV-VIS-NIR spectrophotome-
ter (UV-3600, Shimadzu, Kyoto, Japan) in transmission mode at 1 [nm] resolution,
1 [mm] path length, and using horizontal baseline correction for comparability.

Thus, at least four options present themselves for �m in the wavelength range
from 800 to 2200 [nm]. Three criteria were considered in selecting �m from these
options. Firstly, the absorbance should be as high as possible for a su�cient
signal range since the absorbance level is already 10-100 times lower than in
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the MIR range [25]. Due to the larger required energy levels for overtones and
combinations, it holds that the smaller the wavelength, the lower the absorption
level [25]. Secondly, the absorption peak should have little overlap with other peaks
to be well distinguishable, i.e., high selectivity [21]. Thirdly, a light source should
be available with appropriate optical properties, most importantly wavelength and
linewidth.

To evaluate these three criteria, Figure 6.8 shows clearly distinguishable peaks
at 1622 [nm] and 2110 [nm] which decrease upon UV curing, but the overtone peaks
at 1109 [nm] and 847 [nm] are hardly visible. Moreover, the peak at 2110 [nm] lies
in the shoulder of other peaks, so shows too much overlap. In addition, 1622 [nm]
lies in or near the L-band in optical communication systems [69], so light sources of
appropriate wavelength and linewidth are available. Thus, the 1622 [nm] peak best
met the selection criteria, so was the wavelength �m of choice.

Apart from the main wavelength �m, the choice of linewidth �� determines
which part of the polymer’s absorption spectrum is probed. Monochromatic emission
spectra can be described by a Gaussian function where the linewidth �� is defined
as the full width at half maximum (FWHM) [70], as depicted in Figure 6.4. A
narrow emission peak can be interpreted as analogous to the peak height processing
method in spectroscopy, whereas a broad emission peak can be interpreted as the
peak area method.

The choice between a narrow or broad linewidth was made by performing a
trade-o↵ analysis between the measurement signal’s sensitivity and range on the
one hand and the nonlinearity due to peak shifting upon curing on the other. If
the source’s emission spectrum is broad with respect to the sample’s absorption
spectrum, a relatively low portion of the energy is absorbed by the sample, which
may cause deviations from Beer-Lambert’s law [71]. Consequently, the optical power
reduction is relatively small, so the measurement signal is insensitive and has a
small response range compared to a narrowband source. However, if the spectrum is
broad it is practically una↵ected by variability in absorption peak locations between
materials, which are in the order of 0.3 [nm] [60], or shifts upon curing, which are
in the order of 1 [nm] [60] for the materials considered. A narrowband source was
favored over a broadband source in the trade-o↵ analysis, because the signal range
was already expected to be relatively small for the target path length. That is, the
NIR absorption levels are relatively low for path lengths in the order of the layer
thicknesses [72] found in photopolymer-based AM, i.e., 10 to 100 [mm].

Distributed Feedback (DFB) laser diodes have particularly narrow linewidths
up to 10�5 [nm] [70] and a few laser diodes were commercially available in the
1622 [nm] wavelength range. Therefore, a 1622 [nm] laser diode (DFB-1622-003)
was acquired (Sacher Lasertechnik GmbH, Marburg, Germany) as the main light
source. This laser has a maximum spectral width specification of �⌫ = 10 [MHz],
which corresponds to a linewidth of �� = 9 · 10�5 [nm]. To drive this laser diode, a
low-noise current controller (LDC201CU), temperature controller (TED200C), and
mount (LM14S2) were acquired (Thorlabs GmbH, Bergkirchen, Germany).
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Reference light source selection

Contrary to the widely accepted choice of main wavelength �m = 1622 [nm], there
is little consensus among acrylate NIR spectroscopists about the choice of reference
wavelength �r. The question is whether a reference measurement is required in the
first place. Some researchers argue that the use of a reference measurement is not an
absolute requirement [60], unless the resin layer thickness varies significantly upon
curing [73]. The latter can be true for acrylate resins as they can exhibit 5-20 [%]
shrinkage [4] depending on their composition. A number of other factors can a↵ect
the measurement, including polymer refractive index changes [74], thermal e↵ects,
and sample-related optical errors such as back reflection and scattering [75]. These
factors may result in random or systematic errors, which both can be compensated
for by properly using an internal reference standard [36].

A number of options have been proposed by NIR spectroscopists for the internal
reference. Agarwal used the 1725 [nm] peak [76], while Gerasimov and Snavely
used the total area under the 1639-1818 [nm] peaks [68]. However, measuring
this total area would require a broadband emission spectrum with a steep roll-o↵
near 1639 [nm], which could not be easily created with commercially available
optical components. Stansbury and Dickens studied the use of an aromatic peak at
2163 [nm], but found that it cannot be generally recommended [60] and it is not
generally present in every acrylate. Rather than using a spectroscopic reference
peak, Fong and Rueggeberg both used a thickness measurement to normalize
the measurement [77, 78]. However, such a thickness referencing method is only
capable of compensating for errors that lead to thickness deviations. Finally,
Bach investigated reference wavelengths in the 900-1000 [nm] region, at 1550 [nm],
and a referencing method involving a linear extrapolation of the spectrum at two
wavelengths 1530 and 1570 [nm] to the point below the peak at 1620 [nm] [51].
Although the latter method may have worked well for resin formulations for UV-
cured coatings, the referencing method was found less suitable for 3D printing
resins.

On forehand, Bach outlined several requirements for the referencing method [51]:
the reference source must have a wavelength �r close enough to �m to assume a
linear spectrum between them, have a similar optical power, be cost-e↵ective and
available. However, an important consideration was overlooked in outlining these
requirements. That is, internal reference peaks are typically assigned to functional
groups that do not participate in the chemical reaction and thus have constant
concentration [36]. For example, the C=O peak height or area around 1730 [cm�1]
is typically used as the internal reference in MIR spectroscopy [59,79]. Thus, the
measuring instrument’s reference wavelength �r should ideally coincide with a peak
related to such a functional group.

Two approaches were attempted in the search for a suitable reference peak.
The first approach entailed searching for overtones or combination peaks that
correspond to reference peaks commonly used in MIR spectroscopy. For instance,
the commonly used C=O carbonyl group at 1720 [cm�1] has second overtones near
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1900 and 1960 [nm] [62]. Moreover, the NH amide peaks near 1537 and 3350 [cm�1]
in urethane dimethacrylates [60, 80] have a first overtone near 1470 [nm]. However,
this first approach was hampered by severe overlap [62] with other peaks such
as water or hydroxyl (OH) groups near 1450 [nm], which generally should be
avoided [62].

The second approach involved adding a substance to the sample, rather than
using a major constituent of the resin formulation such as C=O. The idea was to
add a substance that does not participate in the reaction, determine which peaks
remained constant with respect to this susbtance upon curing, and select the most
suitable peak as the reference wavelength �r. Alternatively, the absorption peak
location of that substance itself could be chosen as �r and the substance could
always be added to the formulation by resin manufacturers if it were economically
feasible. To select a reference substance, inspiration was drawn from wavelength
calibration standards [81,82], which commonly use rare-earth metals. The rare-earth
metals Erbium and Ytterbium were found to be most suitable since they showed
the least overlap with acrylate absorption specta and both have also been used for
synthesizing luminescent materials [83, 84]. However, this approach was abandoned
due to an insu�cient solubility of the rare-earth metals in the photopolymer
matrix (Erbium(III) acetylacetonate hydrate, Ytterbium(III) acetate tetrahydrate,
Ytterbium(III) acetylacetonate; Alfa Aesar and Sigma-Aldrich).

After two unsuccessful attempts of selecting a reference wavelength related
to a functional group, the choice was made to select a reference source with a
wavelength �r close to the main wavelength �m. Note that their emission spectra
should not overlap to prevent interaction. Choosing �r as close to �m has several
advantages, such as a reduction of chromatic aberrations [56]. A �r greater than
but close to �m would not be a suitable choice, since the complete region from
1639-1818 [nm] is associated to CH stretching [62]. A �r smaller than �m would be
better according to the NIR absorption spectra shown in Figure 6.8. For instance,
1600 [nm] would be a suitable candidate, but due to availability reasons a 1550 [nm]
DFB laser diode source (S3FC1550) was acquired (Thorlabs) with integrated current
and temperature control and a linewidth of approximately 0.1 [nm]. This wavelength
is widely used in optical communication systems [69] and thus fiber-optic components
are readily available for 1550 [nm].

Combining the main and reference signals

A major advantage of using fiber-optic components is the ability to combine multiple
optical signals into one signal carried by a single fiber, i.e., multiplexing. Figure 6.7
shows the combination of the main �m and reference �r optical signals into a single
signal �m + �r by a WDM (WD1525A, Thorlabs). Once the two optical signals
are launched into free space by a collimator lens, the resulting light beams have
the same shape and size if the respective wavelengths are su�ciently close. As a
result, the main and reference beams both probe the same material volume, which
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is favored over the case where the two beams are physically separated.
As a consequence of multiplexing, the optical signals need to be demultiplexed

or separated again in time or space after interacting with the sample. Separating in
time allows for using a single detector as in Figure 6.9 (a), whereas separating in
space requires two detectors as in Figure 6.9 (b). In the single-detector case, the
main and reference signal are alternately turned on and o↵ electronically in the
driver [85] or mechanically using a chopper and demodulated using a dual-phase
lock-in amplifier [36, 51,86].
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Figure 6.9: Methods to multiplex and demultiplex the optical signals in time using
a single detector, or in space using a dual detector.

In the dual-detector case, both light sources are simply continuously on. Al-
though the single-detector method typically enhances the signal-to-noise ratio [36],
the modulation frequency introduces a limit to the sampling frequency and increases
system complexity and cost. That is, commercially available optical choppers have
maximum modulation frequencies typically in the order of 10 [kHz]. However, the
e↵ective measurement bandwidth may be lower because the transmitted intensity
has a finite rise and fall time.

To meet requirement (R7), the sampling rate needs to be higher than the
reciprocal of the photopolymerization reaction timescale. Exposure times range
from 1 to 10 [s] in mask projection [4] actuation topologies, so a sampling rate
of at least 10 to 100 [Hz] is required to have 100 samples over the course of the
reaction. Though, a higher sampling rate will increase the achievable closed-loop
control performance. In vector scanning topologies [4], the exposure times range
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from 10�5 [s] to 10�3 [s], so sampling rates exceeding 1 [MHz] are required. The
response times of photodiodes do not prevent a fundamental limit, as they can have
response times in the ultrafast [GHz] range if the detector area is made su�ciently
small [87]. The caveat is that the frequency-dependent signal-to-noise ratio needs
to be taken into account as well. Thus, the dual-detector method was chosen to
avoid the 10 [kHz] sampling rate limit such that the instrument can potentially be
used at sampling rates suitable for vector scanning topologies.

Actuator light source selection

The center wavelength and linewidth are less critical design parameters for the
actuator UV source than for the main and reference IR sources. The reason is that
UV curable resin formulations contain photoinitiators that have a rather broad
absorption band and typical UV sources for AM have center wavelengths ranging
from 355-405 [nm] [57]. On the contrary, the light source response time is a critical
design parameter for su�ciently fast actuation in the target control system, but
fortunately laser diodes have response times down to 10�12 [s] [19]. Moreover,
a fiber-optic coupling was desired to interface with the Probe module. These
requirements were met by a 405 [nm] laser diode (LP405-SF10, Thorlabs) driven by
a current and temperature controller (CLD1011LP, Thorlabs).

6.3.2 Probe module design

The Probe module receives three optical signals from the Source module through
two SM fibers, see Figure 6.7. These three signals interact with the photopolymer
sample and leave the Probe module again through two MM fibers. The conceptual
choice for a transmission configuration largely determines the physical layout of the
measuring instrument. A transmission photometer essentially has the same physical
layout as radiation densitometers [88] and sensitometers [89], which measure optical
density as well. These devices have a form factor in which either the source or
detector is mounted to a swing arm such that it can be swung clear of the other for
ease of cleaning or placing the sample.

Microvolume spectrophotometers [90,91] also feature such a swing arm, but hold
liquid samples in place by the surface tension between two opposing surfaces [92],
forming a liquid bridge [93, 94]. This form factor carried a risk of separation issues
once cured [93] and was considered too complex for a first prototype. Instead, it was
decided to build the photometer primarily from standard optical cage components
for versatility during the prototyping phase. Only the sample holder was custom-
made rather than purchased o↵-the-shelf, because the demountable holders are
labour-intensive and the non-demountable holders are inseparable after UV curing
such as most cuvettes. The custom design was based on clamping two quartz slides
and a spacer, i.e., a known e↵ective method to prepare a photopolymer sample [95].

Figure 6.10 (a) shows a front view of the Probe module realized from 30 [mm]
cage components (Thorlabs). The main and reference IR light paths enter the
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Probe module in an SM fiber (SMF-28) and are launched into free space by an
IR collimator lens (CFC-2X-C). This lens produces a collimated IR beam with
an approximate 1/e2 beam diameter of 380 [mm], which gives an indication of
the measuring instrument’s spatial resolution. The IR beam transmits through
two identical longpass dichroic mirrors (DMLP1500) having a 1500 [nm] cut-on
wavelength and through the sample. Part of the UV beam transmits through the
second dichroic mirror and is blocked by a longpass filter (FELH1500), which also
has a 1500 [nm] cut-on wavelength and is placed under a small angle to reduce
back-reflections. The IR beam is finally coupled into an MM fiber (M42L01) by an
IR focus lens (F230FC-1550) mounted to a tip-tilt manipulator (KAD11F). Note
that both the IR fibers are mounted to a translator (SPT1T/M) with a lateral o↵set
of 1 [mm] from the center optical axis to compensate for the lateral displacement [96]
induced by the dichroic mirrors.
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Figure 6.10: CAD drawings of the Probe module’s physical layout, which is built
primarily from 30 [mm] cage-compatible components.
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The UV light path is mostly the same as the IR light path, with the essential
di↵erence that the UV beam is expanded and reduced again. After being launched
into free space from an SM fiber (SMF28) by a collimator lens (F671FC-405), the
UV beam is expanded and shaped into a flat-top beam profile [70] by an engineered
di↵user (ED1-C20) and a bi-convex lens (LB1757-A) spaced 30 [mm] apart. This
gives an approximately uniform UV irradiation field having a 10 [mm] diameter.
The UV beam is reflected by the dichroic mirrors and transmitted through the
sample. A UV bandpass filter (FBH405-10) blocks unwanted IR light and a plano-
convex focus (LA1134-A) and collimator (LA1024-A) lens act as a Galilean beam
reducer [96] in order to couple the UV light into the MM fiber (M42L01) with a
focus lens (F671FC-405).

Figure 6.10 (b) shows the placement of the optical components shown in (a) inside
an optical enclosure, which has a hinging door for access and is mounted to an optical
table. The optical components are mounted to a U-bracket onto which a kinematic
base is installed. The kinematic base shown in Figure 6.10 (c) acts as a high-precision
mechanical interface between the sample holder and the measuring instrument [97]
through three parallel cylinder pairs forming V-grooves [24]. Together with three
steel balls and magnets in the bottom quartz ring, it forms a demountable ball-groove
quasi-kinematic coupling by virtue of an exact-constraint design [98,99].

The bottom quartz ring features a 25.4 [mm] diameter quartz window (WG41010-
C) glued to an aluminum ring. A spacer ring is placed on top of the bottom quartz
ring that has a 100 [mm] steel spacer in the middle. After depositing a droplet onto
the bottom quartz window, the top quartz ring is positioned on top of the spacer
ring and placed between three retention pins on the bottom quartz ring. Finally,
the preload ring is screwed to the bayonet mount on the bottom quartz ring and the
resulting axial travel causes three spring plungers to compress and apply a preload
force to the top quartz ring. The resin layer thickness is well-defined through this
preload force and the spacer design featuring three inward-pointing flaps.

6.3.3 Detector module design

After interacting with the resin sample, the optical signals need to be demultiplexed
and converted to the electrical domain by photodetectors as described in Section 6.3.1.
Using a second WDM perhaps would have been the most elegant way to demultiplex
or separate the main and reference IR signal as shown in Figure 6.9 (b). However,
no WDM was commercially available with MM fibers at the desired wavelengths.
For the same reason, it was not possible to build a WDM with an optical circulator
and a fiber bragg grating (FBG).

A straightforward alternative to this fiber-optic approach was to separate in free
space. To this end, the main and reference IR signals are first divided into two nearly
identical arms using a MM 50:50 splitter (TM50R5F1B). Both arms launch the light
into free space using a fiber-optic collimator (F230FC-1550) and direct the light
onto an indium gallium arsenide (InGaAs) photodiode detector (PDA20CS2). The
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desired wavelength separation is achieved by the main bandpass filter (FB1620-12)
and reference bandpass filter (FB1550-12), each having a bandwidth of 12 [nm] and
placed under an angle between the collimator and the detector.

This free-space configuration required a detector active area large enough to
cover the complete IR beam, but small enough to obtain an acceptable response time
and noise level [46,100]. The selected InGaAs photodiode meets these requirements,
as well as the required optical power and wavelength range. Similar requirements
apply to the UV detector, which led to the selection of a silicon-based photodiode
detector (PDA36A2) that was directly coupled to the MM fiber output.

6.3.4 Control module design

Once converted to the electrical domain, the detector signals are fed into the Control
module. This module consists of an embedded control computer (Baseline Education
real-time target machine, Speedgoat GmbH, Köniz, Switzerland), an analog and
digital I/O module (IO397, Speedgoat), and electrical wiring. This control computer
was selected for its compliance to the application’s real-time requirements and its
versatility as a development platform for control systems. That is, the maximum
sampling rate is 20 [kHz], which is su�cient for mask projection topologies.

Figure 6.11 shows how the control computer is used in an embedded con-
trol scheme capable of feedback control. The control computer interfaces with a
Master PC on which control schemes are developed in MATLAB/Simulink. The
Master PC deploys the control schemes to the real-time target, initiates experi-
ments, and stores experimental data. During experiments, the control computer
communicates the control input to the UV laser actuator through an analog voltage.
The UV laser initiates the photopolymerization reaction (the plant) and the NIR
photometer measures the extent of the reaction (the sensor). Figure 6.12 shows the
graphical user interface (GUI) that was developed in MATLAB to provide access to
the experimental parameters, initiate experiments, and organize experimental data.
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Figure 6.11: Embedded control scheme implemented in the NIR photometer setup.
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Figure 6.12: MATLAB graphical user interface for the NIR photometer setup.

6.3.5 Summary of design specifications

Table 6.1 gives an overview of the most important design specifications per module.

Module Description Parameter Value Unit

Source

center wavelength main IR laser �m 1622 [nm]
center wavelength reference IR laser �r 1550 [nm]
center wavelength actuator UV laser �a 405 [nm]
linewidth main IR laser ��m 9 · 10�5 [nm]
linewidth reference IR laser ��r 0.1 [nm]
linewidth actuator UV laser ��a 0.7 [nm]
max. optical power main IR laser Pm 4.75 [mW]
max. optical power reference IR laser Pr 2 [mW]
max. optical power actuator UV laser Pa 10 [mW]

Probe

beam diameter IR beams DIR 0.4 [mm]
beam diameter UV beam DUV 10 [mm]
incidence angle IR beams ✓i,IR 0 [�]
incidence angle UV beam ✓i,UV 0 [�]
diameter resin sample Dresin 10 [mm]
layer thickness resin sample dlayer 0.1 [mm]

Detector

center wavelength main bandpass filter �f,m 1550± 2.4 [nm]
center wavelength reference bandpass filter �f,r 1620± 2.4 [nm]
bandwidth main bandpass filter ��f,m 12± 2.4 [nm]
bandwidth reference bandpass filter ��f,r 12± 2.4 [nm]

Control

max. sampling frequency fs 20 [kHz]
ADC resolution nbit 16 [bit]
full-scale input voltage range VFS,in ±10.24 [V]
full-scale output voltage range VFS,out ±10.8 [V]

Table 6.1: Summary of system design specifications.
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6.4 System testing and resulting design changes

The final phase in the system development process is concerned with integrating,
testing, and evaluating the total system with the final aim of demonstrating its
operational performance [23]. To this end, the NIR photometer was realized
according to the initial design, as depicted in Figure 6.13.

(a) NIR photometer setup on an optical table (b) front view of enclosure internals

Figure 6.13: Photographs of the initially realized NIR photometer setup.

After integrating the modules and components constituting the NIR photometer
setup, the individual system functions were tested and verified to work as expected.
Subsequently, initial tests were performed to test the instrument’s measurement
functionality during photopolymerization. Unfortunately, the initial results showed
highly unexpected behaviour. Several countermeasures had to be taken to bring
the system up to a working state while debugging the system. Regrettably, after
solving one problem, another problem surfaced, as is common in debugging and
system integration [101]. The following sections describe the testing procedure,
several unforeseen problems, and the resulting changes to the instrument’s design
that were necessary to make the instrument function properly.

6.4.1 Experimental testing procedure

The system test plan consisted of functional component verification and system-
level tests. At first, the optical power losses were compared to specifications for
each fiber-optic component. The system-level tests simply consisted of turning
on the UV light and measuring the photopolymer’s response, i.e., a step response
experiment. All initial test were performed with a sampling rate fs = 100 [Hz].
Two acrylate-based 3D printing resins were used during testing, i.e., a normal resin
(Sparkmaker LCD-T, WOW Innovation Technology Co., LTD., Shenzhen) and a
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ceramic-filled resin (Formlabs Ceramic, Formlabs GmbH, Berlin) whose ceramic
particles were left to sediment to use only its acrylic resin component.

Photopolymer resin samples were prepared and cleaned according to the pro-
cedure depicted in Figure 6.14. A pipette was used to deposit a droplet of resin
onto the quartz substrate and the covering quartz window was put on top. This
deposition method sometimes led to air bubble entrapment, which was mitigated
by holding the sample in a vertical position and tapping it so the bubbles moved to
the edges of the sample. After UV curing, the quartz plates were separated and
cleaned with acetone.
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Figure 6.14: Sample preparation and cleaning procedure for the NIR photometer.

6.4.2 Initial test results

Before discussing the initial test results, the reader should have an idea of the
expected measurement results. To this end, Figure 6.15 (a) and (b) show simplified
absorbance A(�) and transmittance T (�) spectra before and after curing, and the
resulting time evolution of optical power P (t) from beginning to end. Recall that
the absorbance, transmittance, and optical power in a medium are related through
the Beer-Lambert law (6.1), where the irradiances I and I0 are replaced by the
powers P and P0 respectively [36]:
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, A = log10
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◆
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Spectro(photo)meters determine the absorbance and transmittance from optical
power measurements of the ingoing beam P0 and the outgoing beam P for each
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wavelength in the spectral range, whereas the photometer only measures at two
wavelengths. Photopolymer absorbance and transmittance spectra typically show
a baseline shift upon curing [45], which manifests itself as an overall increase in
absorbance and a reduction in transmittance and optical power as indicated in
Figure 6.15.
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Figure 6.15: Expected spectroscopic measurement results in case of an idealized
photocurable material containing a single absorption peak.

By normalizing the transmittance spectrum T (�) to the reference transmit-
tance Treference, one can determine the relative peak or valley height as depicted
in Figure 6.15 (c) and, in turn, the degree of conversion. Thus, the relative or
normalized degree of conversion [18] ↵norm can be determined from the ratio of the
main to the reference optical power Pmain/Preference and the initial and asymptotic
powers [102]:

↵norm(t) =

Pmain(t)
Preference(t)

�
Pmain,0

Preference,0

Pmain,1
Preference,1

�
Pmain,0

Preference,0

, (6.5)

where the subscripts 0 and 1 refer to the initial value and the asymptotic value
at t = 0 and t = 1 respectively. Note that in practice not all monomer groups
are converted into polymer [103], which manifests itself as a degree of conversion
asymptote for ↵ (6.2) which is lower than 100 [%] and, thus, ↵norm (6.5) is a relative
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conversion that does range between 0 and 100 [%]. Figure 6.15 (d) schematically
shows the expected optical signal time responses upon UV curing. Note that the
reference signal is expected to decrease and both the main signal and ratio of the
two are expected to increase.

Figure 6.16 shows the results of an initial test with photopolymer resin in
the original configuration. The main and reference IR detector outputs are shown
normalized to their initial values, which are proportional to the optical powers Pmain

and Preference respectively. A large dip in both the main and reference signals
is clearly visible, in contrast to the expectations. When comparing the expected
signals in Figure 6.15 (d) with the actual results in Figure 6.16, it becomes evident
that the instrument did not function as expected. However, the main signal is
higher than the reference signal after the large dip, as expected. Note that the main
signal shows erratic noise probably accountable to unintentional external feedback
into the laser [70], which was later reduced by coupling the main laser’s output
fiber to a Faraday isolator (IO-H-1550APC, Thorlabs).
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main/reference

Figure 6.16: Initial test results showing the normalized main and reference IR
detector outputs versus time upon UV curing of Formlabs Silica. An unexpected,
large dip is evident.

6.4.3 Mitigating UV light field issues

The debugging and troubleshooting process [101,104] started once the first system
tests yielded unexpected results. Unfortunately, debugging of (N)IR optical systems
is complicated by the fact that the light is invisible to the human eye and cameras
of suitable spectral sensitivity are expensive [101]. A fluorescent disk (VRC2SM1,
Thorlabs) was used to visualize the NIR spot alignment, but it was found unsuitable
for debugging purposes due to its slow-fading behaviour and low intensity.
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Fortunately, the fiber-optic instrument design allowed to easily couple a visible
red light source (� = 635 [nm], S1FC635, Thorlabs) into the measurement probe
instead of the NIR light. The visible red light aided in visualizing the optical
phenomenon that caused the large dip in the initial test results. Moreover, the UV
detector components were removed from the setup to narrow down the cause and
the outgoing optical fiber was connected to the Silicon detector.

Figure 6.17 (a) shows the result of a transmission measurement using the 635 [nm]
light source, which again exhibits a large dip. Figure 6.17 (b) shows the modified
optical layout at this stage in debugging. As a result of omission of the UV detection
path, it was possible to move the receiving fiber upwards. When the receiving fiber
was shifted upward and brought closer to the sample, the dip would become less
deep. The receiving fiber was ruled out by placing the detector directly under the
sample, but was found not to be the cause. To visualize what was happening, a
piece of sheet metal was placed above the detector having a white protective film.
Figure 6.17 (c)–(e) show snapshots taken from a video of UV curing, which was
recorded with a mobile phone.

Initially, three red dots are visible in Figure 6.17 (c), two of which are so-called
ghost reflections originating from the dichroic mirror. Note that this e↵ect is much
less pronounced at the NIR wavelengths, i.e., the reflectance of the dichroic mirror
is 71 [%] at 635 [nm] as opposed to 4 [%] at 1550 [nm]. Shortly after the UV light
has turned on, the beam size has severely increased as seen in Figure 6.17 (d). Upon
further curing, three red dots are discernable again in Figure 6.17 (e) although their
spot sizes are larger than before curing.

These results indicate that the resin layer acts as a lens and severely diverges
the measurement beam during curing. However, as the resin cures further, the lens
e↵ect is reduced again. This e↵ect may be attributable to an inhomogeneity of an
optical property, which reduces once fully cured. As the 1/e2 beam diameter [70] of
the receiving focus lens is only 0.9 [mm], a large portion of the transmitted light falls
outside of the area probed by the fiber. Hence, the measurement beam divergence
explains the large dip in the measured signals upon UV curing.

Ultimately, the UV light field was found to be the major cause of the beam
divergence. It is suspected that the engineered di↵user was the root cause for the
lens e↵ect in the resin layer. Engineered di↵users are known to lead to high-contrast
fine-scale granular patterns, but nominally uniform light fields when irradiated
by coherent light [105]. This phenomenon is referred to as speckle and is caused
by interference of wavefronts at rough interfaces, e.g., on di↵usively reflecting
surfaces. Interestingly, speckle also leads to so-called modal noise in MM fibers [105].
During initial component tests, it was already noticed that MM fibers introduced a
significant amount of noise to the detected signal.

The hypothesis is that the UV speckle pattern caused the polymerization reaction
to initiate at one point on the resin surface, and to initially remain una↵ected at a
point directly next to it. As the polymerization reaction continues, reactive species
di↵use from points that are irradiated to points that are not. As a result, it is
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Figure 6.17: Visualization of the beam divergence issue caused by the engineered
di↵user in the UV light path. The graph in (a) shows the transmission of a visible
red (635 [nm]) beam during UV curing of LCD-T resin. Photographs (c)–(e) show
snapshots of the transmitted beam going through phases of collimation, severe
divergence and collimation again. More than one red dot is visible as a result of
ghost reflections originating from the dichroic mirror.

hypothesized that either the cured part of the resin layer instantaneously takes on
the microstructural shape of the engineered di↵user, or the local refractive index
changes cause a diverging lens e↵ect. In either case the e↵ect vanishes partly,
possibly because the degree of cure distribution becomes more homogeneous due to
transport of reactive species. Figure 6.18 illustrates this hypothesis.

Speckle can be suppressed in several ways; a common method is to temporally
average by moving the di↵user, e.g., by rotating it [105, 107, 108]. Jariwala and
Zhao reported a significant improvement by rotating the di↵user in a similar UV
curing setup using an interferometric measuring principle [107, 109]. However,
their motivation was not to reduce a beam divergence issue nor did they report
such an issue, but they did notice a di↵erent irradiance profile at di↵erent di↵user
rotation angles. The quickest solution to the problem was to use an alternative
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Figure 6.18: Possible explanation for the beam divergence issue. The engineered
di↵user’s surface structure causes a speckle pattern in the UV irradiance field I(x, y),
which causes inhomogeneous cure in the resin layer. As a result, the resin becomes
a diverging lens. The SEM image and irradiance plot (as a function of scatter angle
instead of position) are courtesy of Thorlabs [106].

UV light source that was readily available in the lab, i.e., a spot UV curing system
(CS410-EC, Thorlabs, � = 365 [nm]). Fortunately, the beam divergence problem
was (temporarily) solved by using this alternative UV light source.

6.4.4 Overcoming optical interference issues

Once the beam divergence problem had been solved, another problem emerged.
That is, the measurement results in Figure 6.19 (a) showed a sinusoidal shape with
a decreasing frequency over time, also known as a chirp or sweep signal. Upon
close examination, a small sinusoidal component can be seen in Figure 6.16 as
well, especially visible in the ratio of the main and reference signals. This e↵ect
became more pronounced once the beam divergence issue had been eliminated in
the modified layout seen in Figure 6.19 (b).

The measured sinusoidal signals highly resemble the signals reported by re-
searchers working on interferometric cure monitoring setups [40,44,110,111]. There-
fore, the conclusion was drawn that the signals were the result of an optical inter-
ference phenomenon [96] and the instrument was now more of an interferometer
than a photometer. Although the interferometric signals looked rather clean, the
goal was to build a photometer so it was attempted to eliminate the interference.
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Figure 6.19: Test results (a) obtained with the alternative UV light source seen
in (b). Optical interference in the resin layer is the cause of the sinusoidally shaped
signals whose instantaneous frequency decreases over time.

Optical interference can be described by the wave theory of the electromagnetic
nature of light [96]. Interference occurs when two or more light waves or wavefronts
overlap in space and results in an irradiance that deviates from the sum of the
component irradiances [96]. Suppose two harmonic planar wavefronts E1 and E2 of
the same frequency overlap and their electric field is described by:

Ei(x, t) = E0i sin[!t+ �i(x, ")], �i = �(kx+ "i), i = 1, 2 (6.6)

where x is position, t time, ! the angular temporal frequency, � the spatial phase,
k the wavenumber or spatial frequency, and " the initial phase angle. The resultant
field E follows from the linear superposition of the waves E = E1 + E2. The
irradiance I is proportional to the square of the electric field:

I / E2
0 = E2

01 + E2
02 + 2E01E02 cos(�)| {z }

interference term

, � = �2 � �1, (6.7)

where � is the phase di↵erence. Clearly, the resultant irradiance I is not just the
sum of the individual component irradiances I1 and I2, but is also dependent on
the phase di↵erence � in the interference term. The phase di↵erence is a function
of the wavelength and the di↵erence in optical path lengths:

� =
2⇡

�0
⇤, ⇤ = n(x1 � x2), (6.8)

where �0 is the wavelength and ⇤ the optical path di↵erence, which is the product
of the refractive index n and di↵erence in the travelled distances x1 and x2. The
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results in Figure 6.19 (a) can be interpreted as follows. Among other e↵ects, the
photopolymer’s refractive index typically increases upon UV curing [112], which leads
to an increase in optical path length as per (6.8). Reflections in the photopolymer
sample lead to multiple waves overlapping and interfering with one another. As
a result, the irradiance varies as a function of time since �(n(↵(t))), which can be
modelled [40] as:

I(t) = Io + Ia sin(�(t) + �0), (6.9)

where Io(�) and Ia(�) are the wavelength-dependent o↵set and interference am-
plitude irradiances respectively, and �0(�) the wavelength-dependent initial phase.
Hence, the main and reference chirp signals show a di↵erent instantaneous fre-
quency and initial phase, since the two signals were obtained at di↵erent wave-
lengths �0 = �m and �0 = �r in (6.8).

Observe that the interference amplitude Ia notably changes as the polymerization
reaction progresses in Figure 6.19 (a). Less notably, the o↵set amplitude Io changes
over time if the photopolymer’s absorbance changes, i.e., the desired photometric
e↵ect. Thus, if one would want to use the interferometric e↵ect to measure the degree
of conversion, it would be advisable to use a wavelength that does not correspond to
a peak in the absorption spectrum, such as the reference wavelength �r. In this case,
the degree of conversion can be determined by extracting the phase di↵erence from
the measured irradiance I(t). A seemingly simple method to do so is counting the
number of (half) oscillations by determining the local minima and maxima [44,107].
Moreover, the referencing method would have to be reconsidered.

Having built up a basic understanding of the interference phenomenon, the
options were examined to eliminate the phenomenon. Literature suggests the
following measures to eliminate or reduce interference [101,113,114]:

applying anti-reflection coatings;
tilting windows;
using non-collimated, incoherent beams;
adding strategic beam dumps;
roughening at least one face of the sample;
depositing the sample in a wedge shape;
placing the sample inside an integrating sphere;
using polarized light and tilting the sample to Brewster’s angle [96];
modulating the phase or frequency.

Some of these measures had already been taken into account in the instrument’s
design, such as the use of anti-reflection coatings and tilting planar objects such as
filters. A more thorough analysis was needed to select a suitable countermeasure.

Figure 6.20 shines some light on the interference e↵ect in thin films as a result
of reflections at interfaces. Figure 6.20 (a) visualizes the interference between
the light waves reflected at the top and the bottom of the film in a simplified
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representation. Figure 6.20 (b) shows a more realistic representation of single-film
interference, by showing the many reflected and transmitted field components Er

and Et respectively [96]. Note, however, that at each interface the electromagnetic
field energy is divided into a reflected part and a transmitted part, governed by the
amplitude reflection r and transmission t coe�cients in the Fresnel equations [96].
As a result, the intensity of each reflection decreases and becomes insignificant after
several reflections. Anti-reflection coatings help to reduce the reflectance, but are
typically designed for glass-air interfaces.
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Figure 6.20: Light waves in thin-film interference. Images adopted from [96,101].

Interference may occur both in reflection and in transmission sampling config-
urations, where the detector is placed at the top or at the bottom of the sample
respectively as in Figure 6.5. If the thin films in Figures 6.20 (a) and (b) represent
a non-shrinking homogeneous photopolymer layer in air, then the optical path
di↵erence varies as the photopolymer cures over time according to:

⇤(t) = 2dlayer
q
n2
polymer

(↵(t))� n2
air

sin2(✓i), (6.10)

where the factor 2 stems from dual layer passage, npolymer is the photopolymer’s
refractive index as function of the degree of conversion ↵(t), dlayer is the layer
thickness, nair the refractive index of air, and ✓i is the incident angle. In reality, the
degree of conversion and refractive index are a function of depth z into the layer, so

the optical path di↵erence is a function of 2
R
dlayer

0 npolymer(z)dz. Moreover, in this
case the straight ray approximation does not hold anymore and the resin layer acts
as a gradient index (GRIN) lens [115, 116]. Note too, that in this case the angle
of the transmitted ray with respect to the surface normal may deviate from the
incident angle, contrary to the case of a homogeneous plane-parallel plate which is
known to laterally displace a beam without changing its direction [96].

In the NIR photometer, the photopolymer sample is sandwiched between two
quartz plates and hence represents a three-layer stack as in Figure 6.20 (c). As
the figure shows, multiple beams interfere as each beam is split into a reflected
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and transmitted part at each interface. Jariwala and Zhao assumed that such a
photopolymer sample can be modelled as four-layer stack consisting of two quartz
plates, a cured, and an uncured layer [44, 107]. In either case, the quartz plates act
as an optical cavity or etalon [96] leading to multiple beam interference.

Having built up a deeper understanding of the interference phenomenon through
the foregoing analysis, a solution was conceived to eliminate the interference. To
this end, a ray tracing model was developed in MATLAB as depicted in Figure 6.21.
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Figure 6.21: Design changes in the optical layout to circumvent interference e↵ects
as a result of overlapping reflected beams. Images where generated by a ray tracing
model implemented in MATLAB.

The model incorporates the laws of reflection and refraction [96] and uses the
geometry, wavelengths and refractive indices representative for those used in the
Probe module design. The original design is displayed in Figure 6.21 (a), having a
0.1 [mm] layer and a zero degree angle of incidence (AOI). The primary IR beam is
depicted in red; all reflected beams are depicted in orange and considered parasitic
such as the dichroic mirror’s ghost reflections seen in Figure 6.17. Note that many
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higher-order reflections were omitted for clarity and that there is a certain symmetry
in the reflected and transmitted parasitic beams at the top and bottom of the sample
respectively.

The key to the solution of the interference problem at hand was found in
preventing reflected beams from overlapping with the main transmitted beam.
If overlap is unavoidable, one of the alternative measures may be used as listed
above. To this end, the design parameters included the sample angle ✓sample, the
sample layer thickness dlayer, the substrate thickness dsubstrate, and the beam
diameter dbeam as indicated in Figure 6.21 (d). Merely rotating the sample was
not enough to eliminate interference, as seen in Figure 6.21 (b) and (c). The
reason is that no matter the rotation angle ✓sample, the beams reflected at the top
quartz-resin interface and the bottom resin-quartz interface overlap due to the ratio
of the beam diameter dbeam to the resin layer thickness dlayer. Since dbeam is larger
than dlayer, overlap is insurmountable in the original layout. Thus, in the modified
layout, the sample both had to be tilted with respect to the measurement beam
and its layer thickness was increased to 1.0 [mm] as seen in Figure 6.21 (e) and
(f). Finally, the measurement beam was rotated with respect to the vertical gravity
vector g so the resin sample was kept level in order to avoid gravity-driven fluid
flows.

The modified Probe module design is shown in Figure 6.22. Unfortunately, the
custom-made sample holder’s geometry was unsuitable for a 45 [�] angle of incidence,
so the sample holder had to be redesigned as in Figure 6.22 (c). A drop-in cage
mount with internal threads (QRC1A, Thorlabs) was used for this purpose and
an 18⇥ 25⇥ 1 [mm] (inner ⇥ outer diameter ⇥ thickness) steel shim was used as
the spacer.
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Figure 6.22: Modifications of the Probe module design to avoid optical interference
within the resin layer (optical fibers omitted).
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6.4.5 Coping with IR beam divergence issues

The design changes outlined above turned out to be e↵ective in reducing the
interference issues. However, a new problem emerged again during tests with the
latest modified design. Figure 6.23 shows measurement results obtained in the
modified layout. Again, an unexpected reduction of the optical power is observed
in both the main and reference signal.
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mainreference
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Figure 6.23: Test results obtained with a 1 [mm] thick LCD-T sample and a 45 [�]
measurement beam angle of incidence. Both the main and reference signal eventually
decline, indicating optical signal loss.

In an attempt to find the source of the problem, the visible red light source was
again coupled into the optical fiber instead of the NIR light. Figure 6.24 shows
several photographs taken during and after UV curing. A piece of sheet metal
with white protective film was placed under and above the sample, normal to the
measurement beam and normal to the reflected beam respectively. The measurement
beam again showed significant divergence, both in the main transmitted spot and
in the reflected spot. At 45 [�] incidence the transmitted beam had the shape of
a crescent moon after UV curing, while at normal incidence it was still round as
seen in Figure 6.24 (a) and (c) respectively. The transmitted beam divergence
half-angle ✓div was estimated to be approximately 20 [�] after UV curing.

A speckle pattern can be observed in the normally-incident transmitted beam in
Figure 6.24 (c), but is less distinguishable at 45 [�] in (a). Therefore, a CCD camera
was placed at the top of the sample, normal to the reflected beams. The top of the
captured CCD image in Figure 6.24 (b) shows the first reflection at the air-quartz
interface, which still has a round shape as it does not interact with the resin sample.
Moreover, the bottom of the image shows a high-contrast, crescent-moon-shaped
speckle pattern. The speckle pattern may originate from the relatively rough surface
at the bottom of the photopolymer sample. That is, during sample cleaning it was
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(c) after UV curing, 0 [°] AOI (b) CCD image of reflections(c) after UV curing, 45 [°] AOI 
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Figure 6.24: Visualization of the divergence of a visible red (635 [nm]) beam upon
UV curing at 1.0 [mm] layer thickness and under 45 [�] incidence except for (c).
Photographs (d)–(f) show how the transmitted beam shape evolves from a circular
spot to a crescent moon shape. The white arrows indicate the beam’s direction.

observed that the top surface had a much smoother appearance than the bottom
surface, based on observations of ambient light reflections at varying sample tilt
angles.

Figure 6.24 (d)–(f) show snapshots from a video of UV curing taken from the
same angle as Figure 6.24 (a) and enlarged as indicated by the dashed border.
The beam profile is initially round and collimated, but becomes curved and non-
collimated as UV curing progresses. Contrary to the previous beam divergence
issue in Figure 6.17, the transmitted beam does not return to a collimated state.
The cause of the diverging lens e↵ect seen in Figure 6.24 has not been established
yet. Nevertheless, it may be attributed to a refractive gradient index throughout
the resin layer [115,116], whose e↵ect is more pronounced in the modified design
than the original design due to the tenfold increase in layer thickness.

The choice was made to search for a solution to the beam divergence issue that
can cope with it, rather than for the cause(s). This choice was motivated by the
desire for robustness of the measuring instrument to sample inhomogeneities. A
common solution to divergence issues in spectroscopy is to use a so-called integrating
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sphere to collect the transmitted light [71], which is a sphere whose internal surface
is covered with a di↵use white reflective coating to spread the incoming light over its
entire surface. The integrating sphere is less susceptible to optical power fluctuations
as a result of several optical phenomena, including beam deflection, di↵raction,
refraction, and scattering [71]. Note that this may as well be a solution to the
divergent beam issue caused by the di↵user. Thus, an integrating sphere was
acquired (IS200, Thorlabs) and incorporated into the setup.

Figure 6.25 shows the final Probe module layout in which the transmitted light
is collected by the acquired integrating sphere. It was attempted to maximize
the sphere’s acceptance cone, by placing the sample as close to the sphere as
possible. Nonetheless, the maximum allowable half-beam divergence angle was
approximately 20 [�], leaving little to no margin with respect to the previously
identified divergence angle. Attempts to directly couple the light into a MM fiber
proved unsuccessful due to the relatively low numerical aperture of the used fiber
and the relatively low irradiance level as a result of spreading the light over the
sphere’s entire surface. Therefore, both InGaAs detectors were mounted directly to
the ports of the integrating sphere as shown in Figure 6.25.

(a) cross-sectional CAD drawing of final Probe module layout (b) photograph
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Figure 6.25: Modifications of the Probe module design to collect the transmitted
beam with an integrating sphere instead of a fiber-optic collimator lens.

The bandpass filters were placed directly in front of the detectors. Initial tests
in this configuration showed reduced wavelength separation performance, likely due
to the wide range of incidence angles of the light irradiating the filters. As the
bandpass filters are designed for near-to-normal incidence [47], the shape of the
transmission spectrum becomes distorted at large angles of incidence. To improve
the wavelength separation performance, a 2 [mm] diameter aperture ring was placed
in front of the filters as shown in Figure 6.25 (a). The resulting crosstalk of the
main to reference was reduced from 14 [%] to 3 [%] and of the reference to main
from 36 [%] to 10 [%]. If the crosstalk is constant for the operating conditions in
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UV curing, the pure main and reference signals can be retrieved from the measured
signals through a simple transformation matrix.

6.4.6 Summary of design changes

Table 6.2 summarizes the most important changes to the original design.

Module Description Parameter Value Unit
Source UV light source halogen lamp Thorlabs CS410-EC -

Probe

beam diameter UV beam DUV 40 (estimate) [mm]
incidence angle IR beams ✓i,IR 45 [�]
diameter resin sample Dresin 18 [mm]
layer thickness resin sample dlayer 1.0 [mm]
IR beam collection optics integrating sphere Thorlabs IS200 -

Detector outgoing fibers MM fibers/splitter omitted -

Table 6.2: Summary of changes to the original design.

6.5 Experimental evaluation of the final design

After addressing the issues described above, the instrument seemed to function
properly as the measured signals showed no more signs of optical signal loss.
Figure 6.26 shows a comparison of measurement results from the present NIR
photometer to literature results from a commercial NIR spectrophotometer [117].
The NIR photometer results were obtained with LCD-T resin at a layer thickness of
1.0 [mm] and 45 [�] incidence, whereas the NIR spectrometer results from literature
were obtained with a 2-phenoxyethyl methacrylate resin at 0.5 [mm] and normal
incidence [117].

Both the graphs in Figure 6.26 show a distinctive shape in which the slope
or polymerization rate increases approximately halfway along the polymerization
reaction. This change in polymerization rate is known as autoacceleration and
the gel or Trommsdor↵ e↵ect [58]. The e↵ect may be less pronounced in other
resin formulations, which show a degree of conversion time evolution that more
closely resembles a first-order system response. Since autoacceleration is considered
the normal behaviour for most polymerizations [58], the conclusion can be drawn
that the instrument functions properly at least in a qualitative sense based on the
results in Figure 6.26. The reference signal in Figure 6.26 (a) shows an increase
in contrast to the expected decrease for typical baseline shifts resulting from an
overall absorbance spectrum increase. This deviation from expectation is partly
attributable to the crosstalk between the main and reference signal. Note that the
NIR spectrometer results in Figure 6.26 (b) were obtained from the absorbance
peak area at 1622 [nm], without the use of a reference [117].

More experiments were performed to demonstrate that the instrument also
works with other acrylic materials. To this end, the following commercially available
materials were used in addition to Sparkmaker LCD-T:
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(a) NIR photometric results (b) NIR spectrophotometric literature results
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Figure 6.26: Comparison of UV curing results obtained with the final NIR photome-
ter layout and LCD-T resin (a) to results obtained with an NIR spectrometer and
methacrylic resin (b) from literature [117]. The results show a similar shape, which
indicates that the cure kinetics are similar and the instrument functions properly.

FunToDo Industrial Blend (Fun To Do, Alkmaar, The Netherlands);
NextDent SG (NextDent, Soesterberg, The Netherlands);
NextDent C&B MFH (NextDent, Soesterberg, The Netherlands);
NextDent Ortho Rigid (NextDent, Soesterberg, The Netherlands);
Formlabs Clear (Formlabs GmbH, Berlin).

Although the exact formulations are proprietary [77], each of these materials
is based on acrylate monomers according to their respective material safety data
sheets. Moreover, it was confirmed that each material contained an absorption peak
that reduced in height upon UV curing at 1622 [nm] by measuring NIR absorption
spectra before and after curing using a UV-VIS-NIR spectrophotometer (UV-3600,
Shimadzu, Kyoto, Japan).

Figure 6.27 shows the measurement results for the variety of commercial pho-
topolymer resins listed above. Due to time constraints only three replications were
performed per resin. Nevertheless, the figure clearly shows that the instrument
functions properly for each resin. Moreover, the figure shows that the NIR pho-
tometer can be used to determine the photopolymerization reaction time scale, as
the UV exposure time had to be adjusted for each resin. Among the tested resins,
the FunToDo Industrial Blend was the most reactive and the Formlabs Clear was
the least reactive. The latter may be explained by the fact that a 365 [nm] light
source was used for a resin designed for 405 [nm], i.e., the photoinitiator component
of the Formlabs resin may be insensitive to 365 [nm] radiation. Although the final
degree of conversion di↵ered per material, the cure state was verified to be past the
gel point as each sample was 1.0 [mm] thick after UV curing, which indicates that
the cure front had reached the bottom of the sample.
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Figure 6.27: NIR photometric UV curing results for a variety of commercially
available acrylic photopolymers. The results are indicative of the photopolymer’s
reactivity; note that the bottom-right graph for Formlabs Clear has a di↵erent
timescale. Although the results seem to indicate di↵erences between resins in the
final conversion level, such a conclusion can not be drawn from these results due to
di↵erences in chemical composition and initial monomer concentration. The slope
at the end of UV exposure indicates that only the FunToDo resin was fully cured.
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6.5.1 High-speed results under high-power UV irradiation

Due to the relatively low UV irradiance level and thick layer, the timescales in
Figure 6.27 are rather large in comparison to typical exposure times in photopolymer-
based AM. Thus, a high-power UV source was installed in the setup to demonstrate
the high-speed measurement capabilities of the NIR photometer. To this end, the
maximum power output of a 150 [W] high-pressure mercury lamp (bluepoint 4, Dr
Hönle AG, Gräfelfing, Germany) was led to the sample by means of an 8 [mm]
diameter light guide placed at a 50 [mm] distance from the sample.

Figure 6.28 shows a measurement result obtained with this high-power UV source,
LCD-T resin, and the maximum sampling rate of fs = 20 [kHz]. The figure shows
that the resin instantaneously cures and reaches a through-cure at approximately
5 [s]. The figure also shows a good signal-to-noise ratio, even at the highest sampling
frequency the control computer allows. A first-order response [7, 18] was fitted
to the data using a least-square curve fit algorithm in MATLAB to estimate [7]
the reaction timescale ⌧ = 2.3 [s]. The obtained ratio of reaction timescale ⌧ to
sampling time Ts =

1
fs

= 5 · 10�5 [s] was thus ⌧

Ts
= 4.6 · 104 [-].
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Figure 6.28: High-power UV curing results obtained with the final NIR photometer
layout and LCD-T resin. The UV curing reaction shows a first-order reaction
timescale of ⌧ = 2.3 [s] and asymptotic behaviour indicating a full through-cure.

The results show that the reaction timescale is in the 1 to 10 [s] exposure
time range used in mask projection-based vat photopolymerization, while the
measurement speed is more than high enough for real-time control. Thus, the
sampling rate limitation found in previous work [18] has been greatly improved and
it is no longer needed to reduce the light intensity to match the reaction timescale
to the measurement timescale and make unprovable assumptions on the reciprocity
between the light intensity and the cure kinetics [33]. Note that the reaction
timescale is expected to be shorter for a tenfold smaller layer, which decreases ⌧

Ts
.
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The high-speed, high-power experiment was repeated ten times to obtain an
indication of the measuring instrument’s repeatability. The results in Figure 6.29
show a good match for the first three seconds of the UV curing reaction. From
there on, noticeable di↵erences emerge and the final conversion level shows an
8 [%] variation. The maximum final ratio Pmain,1/Preference,1 among all ten
experiments was estimated to equal 1.33 [-] and (6.5) was used to calculate the
degree of conversion. Based on this estimation, one could conclude that the resin
was not completely cured in the low-power experiment in the top-left of Figure 6.27.

UV
light
on

UV
light
off

Figure 6.29: Ten replications of the high-power UV curing experiment with the
final NIR photometer layout and LCD-T resin. The results give an indication of
the measuring instrument’s repeatability.

Although the NIR photometer showed well-reproducible results for the LCD-
T material, not all low- and high-power experiments were successful. During
some measurements, both the main and reference signal showed a sudden drop in
intensity, as seen in Figure 6.30 (a) which was obtained with FunToDo resin. After
three seconds the intensity suddenly drops and shows an oscillation, perhaps as a
result of optical interference. Such sudden drops were visible in nearly all “failed”
experiments, but the subsequent behaviour di↵ered from oscillations to smoother
behaviour as if the intensity had just experienced a sudden vertical o↵set.

A visual inspection of the cured sample gave a good indication of whether the
experiment was successful or not, since optical impurities were visible in nearly any
case in which the measurement results showed remarkable artefacts. Figure 6.30 (b)
shows a photograph of a case of sample detachment from the quartz glass plates,
which happened quite often at high UV powers. In some of these cases, it was
observed that a small amount of uncured resin was still present between bottom
quartz plate and the spacer. This small amount of uncured resin may have con-
tributed to the failure mechanism, but it may as well be a result of the combined
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e↵ects of chemical shrinkage and thermal expansion due to the exothermic reaction
heat and absorption of UV radiation.

Figure 6.30 (c) shows two other failure mechanisms, i.e., sample cracking and
air bubble entrapment. Although sample cracking only occurred in FunToDo resin
samples, the entrapment of air bubbles occurred quite often as a result of the pipette
deposition method. It is detrimental if the air bubble is located in the measurement
path, but otherwise it is less of a problem except for the potential influence it has
on di↵usion of and inhibition by oxygen. Interestingly, after an experiment had
finished, it was easier to separate the quartz plates from one another with a razor
blade if the samples were fully (over)cured, than if they were cured just beyond
the gel point. Since the photopolymer layer acts as an adhesive bond between the
quartz plates, it was di�cult to separate them in the latter case and often led to a
fractured quartz plate. In the former case, especially the FunToDo resin sample
became brittle once fully (over)cured. These observations confirm the need for a
photopolymer characterization device, as the AM machine operator wants to know
when the photopolymer has been underexposed, overexposed or optimally exposed
in terms of resulting mechanical properties.

UV
light
on

UV
light
off

main

reference

main/reference

(a) measurement artefacts in case of mechanical sample failure (c) cracked sample &
entrapped air bubbles

(b) detached sample

Figure 6.30: Mechanical sample failures that have occurred with the highly-reactive
FunToDo Industrial Blend. The results in (a) show several measurement artefacts
of a high-power experiment. Common to nearly all failed experiments is a sudden
drop in intensity as seen near t = 3 [s]. The photograph in (b) shows a failure
mechanism where the sample has become detached from the quartz plates and the
photograph in (c) shows a sample that both has cracks and entrapped air bubbles.
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6.6 Discussion & conclusion

This work describes the design and realization of a custom-made NIR photometer
for acrylic photopolymers. The photometer was realized to ultimately test the
generally valid hypothesis [36] that photometers provide a simpler, cost-e↵ective
alternative to general-purpose spectrophotometers. To this end, the experimental
results in Section 6.5 successfully demonstrate that the NIR photometer functions
properly after implementing several design changes. These design changes were
required to solve several issues that were primarily related to the sampling optics.

Nevertheless, the results of this work can be considered to provide a proof of
concept for a prototype instrument capable of repeatably measuring the degree
of photopolymer conversion in situ and in real time at a maximum sampling rate
of 20 [kHz], limited by the control computer. In light of the long-term goals, the
prototype provides evidence that NIR photometry is a feasible route towards future
in-line metrology applications in photopolymer-based AM machines. Still, several
development steps have to be taken before the present NIR photometer can be used
as a photopolymer characterization device to be implemented into or installed next
to the machine as envisioned in Figure 6.3.

Design changes
First of all, the design changes should be reconsidered and the cause of the beam
divergence issue should be further investigated. Improving the UV light field
uniformity has the highest priority, followed by decreasing the sample thickness.
To decrease the sample thickness back to the AM-relevant layer thicknesses of
0.1 [mm] or less, the IR measurement beam diameter has to be reduced in order
to prevent reintroduction of interference, e.g., by using a beam reducer [70]. The
45 [�] incidence angle is of no concern to the instrument’s conceptual design, except
for a design modification in the custom-made sample holder.

Moreover, the sample cell and the preparation and cleaning procedure should be
reassessed such that air bubble entrapments, detachments, and cleaning e↵ort can
be reduced, possibly through disposable sample cells. A pipette tip comes to mind
that has a flat part, such that the already disposable tip becomes the sample cell
itself. It is already common to use injection-molded acrylic cuvettes as disposable
samples cells in spectroscopy, so it may prove worthwhile to injection mold a cuvette
that has a resin inlet tip on one side and an air outlet port on the other for use
with a suction device such as a pipette. A disposable sample cell does not have to
be cleaned, leading to a reduction of waste, processing time, and variability in layer
thickness. Moreover, it is expected that the sample diameter can be significantly
reduced, since it is currently much larger than necessary; a single voxel measuring
approximately 50⇥ 50⇥ 50 [mm3] is expected to su�ce.

Unfortunately, the use of the integrating sphere severely reduced the photome-
ter’s signal level and the resulting signal-to-noise ratio, despite the elimination of
modal noise from the MM fibers. A considerable amount of light may be lost due
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to absorption in the lens tubes that house the detectors and bandpass filters, the
input port to the integrating sphere, and the sphere’s walls. Other options may be
conceived to collect the divergent light and guide it to the InGaAs detectors. If
the integrating sphere is retained, either the wavelength separation performance of
the bandpass filters should be improved to reduce the crosstalk, or its consistency
should be established.

Reference wavelength selection
Secondly, the choice of reference wavelength should be further investigated. Promis-
ing results were already obtained in the reference wavelength selection approach
where rare-earth metals were added to the photopolymer as a reference standard.
The solubility of the rare-earth metals in the polymer matrix may be improved
upon further development. Alternatively, a suitable reference peak in the NIR range
may be selected through coupled MIR and NIR spectroscopy, e.g., by looking for a
consistency between the absorbance of the carbonyl peak at 1720 [cm�1] and the
absorbance of peaks in the NIR range.

Interestingly, the measurement results show rather minor changes in the reference
signal except for the crosstalk for the specific materials and conditions used; such a
near-constant reference signal was already observed by Bach for some resins [51].
Thus, one may draw the conclusion that the reference signal is not required for some
materials, which is beneficial to the instrument’s cost and complexity. However, if
one would want to resolve the degree of conversion in space by performing point IR
beam or sample scanning, it may be advisable to maintain the reference signal.

Validation
Thirdly, the measurement results obtained from the NIR photometer have to
be validated with respect to NIR spectrophotometer measurements to provide
quantitative evidence that both instruments measure the same degree of conversion.
The NIR photometry measuring principle was already validated by Bach [51] for a
transflection sampling configuration by comparing NIR photometer measurements to
NIR spectrophotometer and FTIR-ATR measurements in the MIR range. However,
Bach reported [51] a conversion resolution of merely ±20 [%] to ±10 [%] so the results
had a relatively high uncertainty. Although Bach’s transflection configuration has
the supposed advantage of being air-coupled at the top side as seen in Figure 6.31,
it also has the disadvantage of having a material-dependent probing volume. That
is, the so-called information depth depends on the absorption characteristics of the
resin as per the Beer-Lambert law [50,51]. An accurate quantitative validation of the
present NIR transmission photometer requires a comparison to NIR transmission
spectrometer measurements. In this validation, special attention should be paid
to the sampling method to ensure that both instruments probe the same volume.
Ideally, both instruments would use the same probe.
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Figure 6.31: Transflection photometer concept developed by Bach [51].

System-level requirements and achieved performance
Fourthly, the achieved measurement performance needs to be established and evalu-
ated against the original system-level requirements. Owing to a lack of time, these
invaluable verification and validation activities [23] could not be performed anymore
within the project. After optimizing the instrument’s settings and validating with
an NIR spectrometer, its performance should be identified in terms of generic sensor
characteristics such as accuracy and precision, resolution, measurement rate and
signal-to-noise ratio [28], as well as specific aspects to the on-line cure sensor appli-
cation [29]. Moreover, a wider range of acrylic materials should be tested, including
dyed resins, opaque resins, and resins with (ceramic) fillers. The signal-to-noise ratio
is expected to deteriorate for these opaque resins. Once established, the performance
of the NIR photometer can be compared to other measuring instruments for the
degree of conversion [19], although this comparison may be complicated by a lack
of information on their performance.

Measuring principle and conceptual instrument design
Fifthly, the instrument’s measuring principle and conceptual design should be
reassessed. To facilitate measurement and actuation from the same side, a reflection
or transflection measurement configuration may be investigated. Bach already
investigated a transflection concept [51] in which the IR beam is normally incident
to the photopolymer layer and whose Lambertian reflectance is measured with a
pinhole mirror, see Figure 6.31. As pointed out by Bach, the reflections at the
top and the bottom of the photopolymer layer cannot be discriminated in this
particular configuration. However, the photopolymer’s top-surface reflection can
be well discriminated from the bottom-surface reflection in the 45 [�] incidence
configuration in the present work, as demonstrated in Figure 6.24.

Therefore, an interesting future direction is to investigate a transflection concept
using a non-normally incident measurement beam. After establishing its performance
with a highly-reflective metal substrate and with and without a covering glass, the
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question is whether the signal intensity remains su�ciently high with a poorly-
reflective cured-photopolymer substrate, which emulates the conditions during
layer-based AM. If the results are positive, the next question is whether it also
works with the films typically used to reduce separation forces in constrained-
surface, bottom-up vat photopolymerization systems [118]. Alternatively, an ATR
configuration [61] can be investigated where the resin is illuminated through the
ATR crystal [119]. If successful, NIR photometry can be successfully applied for
in-situ process monitoring and real-time closed-loop control [18] inside actual vat
photopolymerization machines. Moreover, sample preparation functionality could be
fulfilled by the recoating system, saving time and reducing human error. Otherwise,
an automatic sample loader may o↵er a solution.

Another interesting direction is to further investigate the interferometric mea-
suring principle, embracing the interference phenomenon rather than eliminating
it. To the author’s knowledge, no reports have been published of interferometric
cure monitoring with multiple photopolymer layers, although several works have
been published on single-layer UV cure monitoring [40, 44, 110, 111]. Since the
interferometric signals in Figure 6.19 look rather clean, interferometry might also
work in multi-layer stacks. However, one may expect that the amplitude of the
interference contribution Ia in equation (6.9) reduces in the multi-layer case, as the
reflectance is lower due to the small refractive index di↵erence between cured and
uncured photopolymer in comparison to (un)cured photopolymer and quartz glass.
It is reasonable to think that the higher the interference amplitude Ia, the better
the phase can be determined from the signal. Nevertheless, the same development
steps can be taken as outlined above for the NIR photometer transflection concept.

Coupling cure kinetics to mechanical properties
Sixthly, a relationship has to be established between the layer-scale degree of con-
version, which in the future may be measured inside the AM machine by an NIR
photometer, and the part-scale material properties [33, 120–122], which are less
easily measured inside the AM machine. The NIR photometer may already be used
to determine the polymerization kinetics and the characteristic time scale. If one has
no information about the required exposure for a given acrylic photopolymer, the
NIR photometer may be used to determine at which time the degree of conversion
has approximately reached the gel point, i.e., the transition from the liquid to the
solid state [16]. To this end, the photopolymer has to be fully cured while measuring
the transmitted NIR power. Subsequently, the normalized degree of conversion can
be obtained from (6.5). This approach either relies on knowledge of the conversion
at the gel point, which may vary at least between 12 and 60 [%] from resin to
resin [123], or on a certain threshold for the degree of conversion, e.g., 80 [%] of the
final conversion level. Otherwise the gel point might be determined from the NIR
photometer’s reference signal if a shrinkage e↵ect is present, as the gel point is said
to correlate well with the onset of shrinkage [123]. In either case, the resin has to
be cured beyond the gel point to build up mechanical strength [16].
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In-situ sensor-based alternatives for working curve approaches
Finally, a strategy has to be devised to determine the build settings for the vat
photopolymerization-based AM process. Although the NIR photometer may be
used to determine the critical exposure Ec at the gel point [16] as outlined above,
the UV penetration depth Dp also needs to be determined in order to substitute the
current ex-situ caliper-based working curve approaches with an in-situ sensor-based
approach. To this end, the UV transmittance could be measured in a similar
way as the NIR photometer measures the NIR transmittance by comparing the
transmittance of an empty sample cell to a filled one. However, this method only
gives one measurement point on the exponentially decaying transmittance versus
path length T (l) curve as per the Beer-Lambert law (6.1) and is prone to errors
due to di↵erences in reflectances with and without a sample. Although measuring
the time-resolved UV-VIS spectrum simultaneous to the NIR spectrum [124] would
give even more information, it may be too costly or complex.

Therefore, it may be interesting to use a staircase- or wedge-shaped sample that
has di↵erent layer thicknesses to provide several path lengths l. In one embodiment,
a dual-channel photometer can be used (one for NIR and one for UV) whose
measurement beams are scanned over the di↵erent stairsteps and whose signals are
multiplexed. In another embodiment, both measurement beams can be split into
multiple beams and detected by multiple channels, one for each stairstep. To the
best of the author’s knowledge, such a concept for depth-resolved, simultaneous
NIR and UV transmission photometry has not been reported yet.
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[15] E. B. Türeyen, Y. Karpat, and M. Çakmakcı, “Development of an iterative
learning controller for polymer based micro-stereolithography prototyping
systems,” in 2016 American Control Conference (ACC), pp. 852–857, IEEE,
2016.

[16] P. Jacobs, Rapid Prototyping & Manufacturing: Fundamentals of Stereolithog-
raphy. Dearborn, MI: Society of Manufacturing Engineers, 1st ed., 1992.

[17] J. Bennett, “Measuring UV curing parameters of commercial photopolymers
used in additive manufacturing,” Additive Manufacturing, vol. 18, pp. 203–212,
Dec. 2017.

[18] T. Hafkamp, G. van Baars, B. de Jager, and P. Etman, “Real-time feedback
controlled conversion in vat photopolymerization of ceramics: A proof of
principle,” Additive Manufacturing, vol. 30, pp. 1–11, 2019.

[19] T. Hafkamp, G. van Baars, B. de Jager, and P. Etman, “A feasibility study
on process monitoring and control in vat photopolymerization of ceramics,”
Mechatronics, vol. 56, pp. 220–241, Dec. 2018.

[20] K. Barton, D. Bristow, D. Hoelzle, and S. Mishra, “Mechatronics advances for
the next generation of AM process control,” Mechatronics, vol. 64, pp. 1–5,
Dec. 2019.

[21] Bureau International des Poids et Mesures (BIPM), International vocabulary
of metrology – Basic and general concepts and associated terms (VIM). 3rd ed.,
2012. JCGM 200:2012.

[22] B. S. Blanchard and J. E. Byler, System Engineering Management. Hoboken,
NJ: John Wiley & Sons, Ltd, 5th ed., 2016.

[23] A. Kossiako↵, ed., Systems engineering: principles and practice. No. 67 in
Wiley series in systems engineering and management, Hoboken, NJ: Wiley-
Interscience, 2nd ed., 2011.

[24] R. K. Leach and S. T. Smith, eds., Basics of precision engineering. Boca
Raton, FL: CRC Press Taylor & Francis Group, 1st ed., 2018.

[25] W. F. Reed and A. M. Alb, eds., Monitoring polymerization reactions: from
fundamentals to applications. Hoboken, NJ: John Wiley & Sons, Inc, 1st ed.,
2014.

[26] D. E. Seborg, T. F. Edgar, D. A. Mellichamp, and F. Doyle, Process dynamics
and control. Hoboken, N.J: John Wiley & Sons, Inc, 3rd ed., 2011.

[27] J. Bennett, “Measuring UV curing parameters of commercial photopolymers
used in additive manufacturing,” Additive Manufacturing, vol. 18, pp. 203–212,
Dec. 2017.



References 197

[28] J. Fraden, Handbook of modern sensors: physics, designs, and applications.
Cham Heidelberg New York Dordrecht London: Springer, 5th ed., 2016.

[29] W.-D. Hergeth, “On-line Monitoring of Polymerization and Cure,” Sensors
Update, vol. 5, no. 1, pp. 191–242, 1999.

[30] S. K. Everton, M. Hirsch, P. Stravroulakis, R. K. Leach, and A. T. Clare,
“Review of in-situ process monitoring and in-situ metrology for metal additive
manufacturing,” Materials & Design, vol. 95, pp. 431–445, Apr. 2016.

[31] T. G. Spears and S. A. Gold, “In-process sensing in selective laser melting
(SLM) additive manufacturing,” Integrating Materials and Manufacturing
Innovation, vol. 5, pp. 1–25, Dec. 2016.

[32] H. Ye, A. Venketeswaran, S. Das, and C. Zhou, “Investigation of separa-
tion force for constrained-surface stereolithography process from mechanics
perspective,” Rapid Prototyping Journal, vol. 23, pp. 696–710, June 2017.

[33] C. I. Fiedler-Higgins, L. M. Cox, F. W. DelRio, and J. P. Killgore, “Monitoring
Fast, Voxel-Scale Cure Kinetics via Sample-Coupled-Resonance Photorheol-
ogy,” Small Methods, vol. 3, no. 2, pp. 1–6, 2019.

[34] C. B. Williams, F. Mistree, and D. W. Rosen, “A functional classification
framework for the conceptual design of additive manufacturing technologies,”
Journal of Mechanical Design, vol. 133, no. 12, pp. 1–11, 2011.

[35] P. M. Lambert, E. A. Campaigne III, and C. B. Williams, “Design Considera-
tions for Mask Projection Microstereolithography Systems,” in Proceedings of
the Solid Freeform Fabrication Symposium, pp. 111–130, 2013.

[36] D. A. Skoog, F. J. Holler, and S. R. Crouch, Principles of instrumental
analysis. Boston, MA: Cengage Learning, 7th ed., 2017.
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Chapter 7

Conclusions and future
research directions

As Additive Manufacturing (AM) technologies are maturing, the underlying control
systems are becoming increasingly important in safeguarding product quality and
enabling the realization of their full potential. In light of these developments,
this thesis presents advancements in closed-loop control systems for photopolymer-
based AM by addressing the necessary steps in the control system development
cycle. In following this cycle for both major process steps, i.e., recoating and
photopolymerization, it is hypothesized that final product quality may improve as
a result of integrating closed-loop control systems into AM machine architectures.
Several research objectives were defined to investigate the hypothesis; this chapter
outlines the main conclusions regarding these objectives and provides directions for
future research.

7.1 Conclusions

The main conclusions are outlined below in accordance with the research objectives
(i) to (v) and the main research objective, as formulated in Chapter 1.

(i) Formulation of a classification scheme for AM control strategies
A tool is proposed in Chapter 2 for identifying potential control strategies by draw-
ing inspiration from literature examples of AM control strategies. The result is an
“AM V-model” classification scheme that decomposes the AM process both spatially
and temporally into seven hierarchical levels ranging from low-level machine control
to high-level product or batch control. Despite the wide use of low-level machine
controllers, higher-level process and product controllers have not found industrial
application yet, let alone researched by academia. Moreover, no unified hierarchical
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framework has been proposed yet to control final product quality by combining
multiple control levels, for instance by cascading machine, process, and product
controllers.

(ii) Trade-o↵ analysis between recoating actuation methods
A categorization of recoating methods is presented in Chapter 3, along with sev-
eral sensing and control methods. It was found that most recoating methods
are controlled in open loop on the process level in the AM V-model, which may
be attributed to the unavailability of feedback signals that are representative of
deposited layer quality. The system designer was found to have at least sixteen
options to fulfill the recoating function and these options were compared in terms
of, among others, maximum build area, minimum layer thickness, and maximum
recoater speed. Based on these reported specifications, the system designer may
choose a recoating method. However, this choice is complicated by the fact that
hardly any data is available on the actual performance of the recoating methods in
terms of layer uniformity or final product quality.

(iii) Feasibility analysis of real-time controlled photopolymerization
A vast body of literature is reviewed in Chapter 4 in terms of (1) process models,
(2) actuators, (3) sensors, and (4) controllers in order to assess (5) the feasibility of
real-time photopolymerization control schemes.

Firstly, a comparison is made among process models to show which models take
which physical phenomena into account. It was found that only one out of many
models had been developed for control purposes and that there is a need to develop
other control-oriented models for implementation in real-time control systems.

Secondly, several mechatronic concepts are identified from existing VP equipment
to actuate the polymerization reaction with UV light. Fortunately, their response
times do not seem to form a limiting factor for control and the characteristic
exposure times were found to range from O(10�5) [s] for vector scanning systems to
O(10) [s] for digital mask projection systems. A scanning mask projection concept
is expected to be capable of combining large-area, high-throughput UV exposure
with a characteristic exposure time suitable for control.

Thirdly, several measuring principles are evaluated for suitability as real-time
in-line metrology for the degree of conversion. Unfortunately, suitable sensors
are hardly available for in-situ photopolymer characterization, which reveals the
need for developing new sensor modalities that meet the application’s spatial and
temporal resolution requirements. Due to the duality in sensing and actuation, the
optical measuring principles are of special interest.

Fourthly, only three closed-loop control strategies were found for photopoly-
merization, which aimed at either minimizing spatial conversion variations or
dimensional errors. Therefore, it was established that the literature lacked both ex-
perimental and theoretical proof that the photopolymerization process may benefit
from real-time control of conversion.
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Finally, the feasibility of real-time photopolymerization control is evaluated
by checking whether sensor sampling rates and actuator response times are fast
enough compared to the time constants of relevant physical process phenomena.
The conclusions are that real-time control seems feasible only for mask projection
systems and that feasibility is currently governed by sensor sampling rates and
AM machine compatibility.

(iv) Proof of principle of real-time controlled photopolymerization
Experimental proof is provided in Chapter 5 to demonstrate that real-time feedback
control of conversion is actually feasible for mask projection systems. After relaxing
several sensing requirements, an existing spectroscopic measuring instrument was
selected and augmented with a UV-LED-based actuator, an embedded controller,
and interfacing software to obtain an experimental setup capable of closed-loop
control. A single-input-single-output (SISO) system was obtained by actuating a
single resin layer at the top and measuring the surface conversion at the bottom.

The setup was used to develop a simple control-oriented model, which was
found to be capable of describing the photopolymerization process to an acceptable
extent. Moreover, a real-time feedback controller demonstrated to be capable of
rejecting a material disturbance and of reaching the same final cure level as with the
undisturbed material. Thus, the conclusion is that real-time and in-situ feedback
control of photopolymer conversion is principally feasible under small-scale lab
conditions.

Chapter 5 finally proposes a roadmap to translate the small-scale lab conditions
under relaxed requirements to large-scale AM machine factory conditions. Par-
ticularly, the requirements for machine implementability and a su�ciently high
sampling rate were relaxed to provide the small-scale proof of principle. The UV
light intensity had to be reduced to obtain an acceptable ratio of the sampling
rate to the reaction time constant resulting in exposure times of 60 [s], which is a
factor of ten higher than the typical exposure times in mask-projection-based vat
photopolymerization. The achieved sampling rate was only 0.5 [Hz] and was mainly
limited by overhead in the instrument’s software, as it did not natively support
real-time outputs.

(v) Instrumentation development for photopolymer conversion
A proof of concept is presented in Chapter 6 for a new optical measuring instru-
ment. The instrument is capable of determining the degree of conversion in acrylic
photopolymers and is expected to overcome several limitations of existing instrumen-
tation. The purpose-built instrument is based on molecular absorption photometry
in a narrow NIR wavelength range and is hypothesized to provide a simpler, cost-
e↵ective alternative to general-purpose, wide-range spectro(photo)meters as the one
used in Chapter 5. Experimental results demonstrate that the realized instrument
functions properly after adapting its design to solve several unforeseen issues related
to the optical probe and the sample cell. Based on these issues, one can conclude
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that attention should be paid to the details of the sample and probe design to
accommodate the interactions of the multiphysical UV curing process.

Nonetheless, the NIR photometer was expected to outperform NIR spectro-
photometers due to its reduced complexity. Although further research is required to
establish its actual performance, the conclusion can be drawn that NIR transmission
photometry is a viable concept to measure the degree of conversion of acrylate-based
resins in a repeatable manner and at high measurement speeds. This conclusion is
supported by NIR photometric results obtained with a variety of commercial resins,
which indicates its potential for implementing the instrument into, or installing
it next to, photopolymer-based AM equipment. Owing to the simple and direct
measuring principle, the required signal processing is kept to a minimum and, thus,
implementation into an embedded control system should be rather straightforward.

The NIR photometer demonstrated to be capable of measuring at a 20 [kHz]
sampling rate while maintaining a proper signal-to-noise ratio. Hence, the sampling
rate was 4 · 104 times higher than the 0.5 [Hz] sampling rate achieved in Chapter 5.
Its sampling rate was limited by the control computer and it is expected that it
can be increased to the [MHz] range if measurement noise remains manageable,
since ultrafast photodetectors are available with bandwidths in the [GHz] range [1].
Hence, it seems that the main barriers for AM machine implementation can be
overcome, especially the sampling rate limitation.

However, machine implementation remains a challenge if one wants to measure
and control the photopolymer reaction in situ and in real time inside the AM
machine. The transmission measuring principle is not expected to work for AM
applications where tens of thousands of layers are stacked, but a transflection
sampling configuration may provide a means to measure and actuate from the same
side. Nevertheless, the transmission configuration is expected to work in an o✏ine
application where the sensor is placed in the corner of the machine to determine the
build settings from a cure kinetics measurement. The transmission configuration is
also expected to work for a stack of at least ten 0.1 [mm] layers, as the NIR pho-
tometer demonstrated to be well capable of measuring a single 1.0 [mm] thick layer
and the additional losses due to interfacial reflections are relatively small due to the
small refractive index di↵erence between cured and uncured polymer. In conclusion,
NIR photometry is expected to be suitable for future machine implementation upon
further development, operating at high speeds and providing in-situ measurements
for control of the UV curing process that lies at the core of photopolymer-based AM.

(Main objective) Improving product quality through closed-loop control

Each research outcome above contributes to the main objective of investigating
closed-loop control system architectures for photopolymer-based AM. Generally
speaking, it was found di�cult to assess their potential to improve final product
quality, since little is known in the literature about the magnitude and impact
of the uncertainties in the AM equipment, material and process. This conclusion
holds both for recoating and for photopolymerization. Nonetheless, several po-



7.2. Directions for future research 209

tential uncertainties have been identified in Chapter 5 that may adversely a↵ect
photopolymerization and, hence, the final product quality.

The lifetime definition of UV LED sources gives an idea of the magnitude of
input disturbances that can be expected in UV curing practice. According to the
IESNA LM-80-20 standard [2], their end-of-life is defined as the operating time at
which their light intensity has reduced to 80 [%] of the original value. Moreover, a
case has been reported [3] where an aircraft coating was insu�ciently cured due to
an estimated 20 [%] reduction in UV energy as a result of a too long extension cord.
Thus, a 20 [%] UV power reduction seems a realistic estimate of the magnitude of
static input disturbances encountered in UV curing practice and apparently leads
to quality issues.

Since a chain is as strong as its weakest link, insu�cient curing of just one out of
thousands of layers may lead to AM part failure. Experimental results (not reported
in this thesis) have demonstrated [4] that a resin layer can be su�ciently cured even
in the presence of a 50 [%] static input disturbance by virtue of the feedback control
scheme presented in Chapter 5. Thus, the main conclusion is that performance
indeed can be gained by using closed-loop control on the individual-layer scale as
opposed to the open-loop control. Although quantification of the actually achievable
performance gain is left for future work, closed-loop control of UV curing may prove
indispensable to the long-term goal of zero-defect AM.

7.2 Directions for future research

Based on the research results presented in this thesis, one could say that Tech-
nology Readiness Level (TRL) 1 to 4 have been covered [5] regarding closed-loop
photopolymerization control. That is, fundamental research has been carried out
to formulate the basic technology concept (TRL 1 & 2) [6] and research has been
conducted to prove feasibility in a lab environment (TRL 3 & 4) [5]. Evidently,
several steps have to be taken before the technology reaches the highest TRL level 9,
such that it is ready for implementation into AM machines on the shop floor. The
remainder of this chapter gives several recommendations and suggestions for future
research on closed-loop control for AM.

Closing the feedback loop in recoating
This thesis focused primarily on the photopolymerization step, as the underlying
material transformation principle is the same, no matter the actuation strategy.
In the recoating step, the actuation strategy principally di↵ers between the re-
coating methods outlined in Chapter 3. As a result, it is less straightforward to
develop closed-loop control strategies that are applicable to more than one recoating
method. Moreover, the control problem may di↵er from one machine architecture
to another in the sense of the conceptual machine design choices seen in Figure 1.2.
Although not explicitly mentioned in this figure, the light engine type, irradiation
orientation, and surface constrainedness are in principle three independent choices.
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These conceptual design choices may have implications for the control requirements,
e.g., the mechanics in constrained-surface systems call for a separation force con-
trol scheme that is irrelevant for free-surface systems. Although at the time of
writing there seems to be a shift among AM equipment manufacturers towards
constrained-surface machine architectures in which the build platform continuously
moves, the build areas of these continuous systems have not reached those of
conventional systems in which recoating and UV curing are alternated and which
tend to have a free surface. Therefore, it is suggested to go through the control
system development cycle and close the feedback loop for blade-based recoating
systems, using recently developed CFD models [7, 8]. In continuous systems, sepa-
ration force control [9] may be combined with platform speed and UV power control.

Exploring how the wealth of control theory can be applied to AM

AM presents a practically unexplored but interesting control problem to the well-
established field of control systems technology. By definition, any 3D printing
process is a distributed parameter or infinite-dimensional system [10], i.e., a system
having spatial dependency. In this framework, laser-based AM is a boundary input
control problem at the top or bottom of the layer [11,12]. Thus, the AM control
problem can be considered a multiple-input-infinite-dimensional-output (MI1O)
problem, i.e., one of the most challenging control problems. When considering
multiple layer stacks, it can be formulated as a hybrid control problem switching
between continuous dynamics at each discrete layer addition event [11, 12].

To make the control problem even more challenging, AM processes are multi-
physical [13, 14], with widespread length and time scales and high spatio-temporal
resolution. The AM V-model classification scheme may provide guidance in man-
aging this complexity through hierarchical control, but it is still an open research
question how to best combine low-, mid-, and high-level control schemes. Based on
current insight, it is the author’s opinion that future development e↵orts should first
focus on an in-situ sensor-based alternative to ex-situ working curve approaches
and subsequently on real-time closed-loop control.

Repeating the control system development cycle for single-layer curing

Several steps in the control system development cycle require further research, as
this work has only gone through it once. First of all, it is recommended to reperform
the closed-loop experiments with the MIR spectrometer from Chapter 5, but using
the NIR photometer setup from Chapter 6. An important di↵erence between the
two setups is the sampling method. The former setup only probes a few micrometers
at the bottom of the layer and is considered 0D, whereas the latter probes the
complete layer and is considered 1D. The question is whether the simple feedback
controller used on the 0D micrometer scale can also be used on the 1D layer scale
as the photopolymerization dynamics may become more complex as a result of
spatial variations. The roadmap proposed in Chapter 5 may serve as a guideline in
progressing from the 0D point scale to the full 3D product scale.
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Investigating other feedback control strategies on the single-layer scale
Secondly, the feedback control strategy requires reconsideration. To this end, the
control objectives need to be formulated and translated into specifications of the
required performance in terms of the degree of conversion trajectory, preferably in
discussion with experts in photopolymer chemistry. If it is merely desired to reach
a degree of conversion target at the end of the UV curing period, one could consider
using a simple bang-bang or on/o↵ controller [15]. If it is desired to track a degree
of conversion trajectory as close as possible throughout UV curing, a PID type or
model-based controller may be used. If it is desired to reach a certain degree of
conversion level after UV exposures and during the dark polymerization period, a
model-predictive controller may prove useful [11,12]. In these control strategies, the
unmeasurable material properties are only indirectly controlled, so the coupling to
the measurable degree of conversion needs to be established to safeguard product
quality.

Exploiting the UV actuation capabilities in feedforward control
Thirdly, the UV actuation capabilities may provide a means to improve the cured
material properties. Most vat photopolymerization systems only turn the light on
and o↵, or scan the resin’s surface once or more with a UV laser. In essence, this is
just a simple step input, while the equipment is typically capable of modulating the
UV light intensity over time. Literature already provides evidence that soft-start [16]
and pulsed [17] irradiation strategies can improve the material properties, so the
feedforward UV input requires further research.

Considering closed-loop control in other UV curing applications
UV curing finds many other industrial applications than AM, such as adhesives,
coatings [18–20], composite panels [11], and dental fillings [21]. Thus, the closed-
loop control strategy may be applied in these application areas as well. Recent
developments in NIR cameras and array detectors indicate that it is feasible to
use NIR hyperspectral imaging for in-line monitoring of UV-cured coatings [22].
Such sensors may provide the measurement signals required for feedback control,
although in some cases the UV light is not patterned as in AM, which presents an
actuation challenge.

Material jetting is an example photopolymer-based AM process in which the
UV light is not patterned. Although the scope of the present thesis is limited to the
vat photopolymerization AM process category, the presented control approaches
may be applied in material jetting as well. Vat photopolymerization and material
jetting processes di↵erentiate themselves in the patterning of energy or material
respectively. In this respect, material jetting processes may provide more spatial ac-
tuation freedom in recoating, but less in UV curing. On the one hand, the increased
actuation freedom in recoating may allow for closed-loop control of the deposited
layer’s flatness as already demonstrated by Guo et al. [23] for ink-jet-based AM.
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On the other hand, the reduced actuation freedom in UV curing may make it less
e↵ective to use the presented closed-loop photopolymerization control approaches.

Developing a testbed for integrated modelling, metrology and control
An intermediate step towards TRL level 9 may be the development of a photo-
polymer-based version of the Additive Manufacturing Metrology Testbed (AMMT)
for metal-based AM developed at the National Institute of Standards and Technol-
ogy (NIST) [24,25]. Such a testbed allows to assess in-situ process metrology such as
NIR photometry and relate in-process measurements to pre-process measurements
of resin properties and post-process measurements of final product quality [26].
The integral approach of process modelling, metrology, and control may prove the
principle of first-time right printing for photopolymer-based AM, as was recently
demonstrated for metal-based AM [27]. Moreover, it may enable the automated qual-
ification of part quality [24], also known as the “certify-as-you-build” paradigm [6].
A metrology testbed provides the open control architecture required for these devel-
opments and may cause a shift towards opening up the black-box, closed control
architectures frequently found in commercial AM equipment [28,29].
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