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Abstract 

BioLaser: Establishing a High-Resolution Laser Ablation Tomography Platform for UK 

Bioimaging Research written by Peter Atkin 

High-resolution 3D tomographic imaging of botanical materials can provide enormous insight into 

questions regarding relationships between structure and function. The National Institute for 

Agricultural Botany (NIAB) sponsored this body of work to meet an unfilled imaging niche for a 

tomographic device capable of imaging a wide range of heterogeneous, opaque plant materials in 

volumes of (0.1 mm)3 to (2 mm)3 with a resolution of ~0.1 μm – 10 µm. Other requirements included 

automated high-throughput processing, high design flexibility, and quantifiable sectioning 

measurement. Whilst some technologies do exist with the potential to fill this niche, they suffer from 

one or more of the following issues: too time consuming; too labour intensive; unreliable for hard 

woody materials; inflexible; too expensive; lacking the type of imaging contrast required to generate 

useful data. 

In response to these requirements a novel proof-of-concept ultrafast laser ablation tomography 

system named “BioLaser” was proposed.  

A proof-of-concept BioLaser system has been built using an existing ultrafast laser platform as a base. 

Several interchangeable high-resolution microscopes are integrated, as well as a chromatic confocal 

probe topographic measurement device to facilitate layer removal measurement and to assist in 

automation. Bespoke software has also been developed, providing automation and functionality of 

the proof-of-concept BioLaser system. Precision alignment, calibration, and error budgeting was 

conducted to ensure system’s accuracy is in line with the given BioLaser criteria. 

Ultrafast ablation characterisation of a chosen heterogenous plant material, mature wheat seed 

endosperm, has been conducted for the first time to examine the influence of ultrafast laser 

parameters on the ablation mechanisms of botanical samples. Functional ablation thresholds of this 

heterogenous material have also been established. Further to this, ultrafast ablation parameters have 

been optimised based on the key tomographic sectioning parameters of material removal rate, 

exposed surface flatness, and exposed surface damage. Optimisation was conducted with the aid of 

JMP® statistical software. An average material removal rate of 1.97 x 105 µm3/s has been achieved 

using a 1030 nm wavelength, 280 fs pulse length laser, optimised to achieve a maximum surface 

variation of ±10 µm whilst exhibiting no measurable indication of chemical or thermal degradation of 

the exposed surface. This approximately doubles the maximum ultrafast volume ablation rate given 

in literature. 



iii 
 

Applications studies have also been successfully conducted to demonstrate the functionality of the 

proof-of-concept BioLaser system and optimised ultrafast ablation parameters across a range of 

relevant and challenging botanical samples. Some of the applications of BioLaser demonstrated 

include the automatic exposure and measurement of A-type starch granules in wheat seed 

endosperm, the high-resolution tomographic imaging of dried oat stems, and the successful tracking 

of vessels through green brachypodium node. 

This thesis lays the foundation for a high-resolution ultrafast laser ablation tomography platform for 

botanical research. 
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1. Introduction 

1.1. Purpose of Research  

Tomography is the construction of computer-generated 3D models through the compilation of 

multiple 2D section images of an object. High-resolution 3D tomographic images of botanical materials 

can provide enormous insight into questions regarding relationships between structure and function. 

However, whilst there are many tomographic imaging technologies available, few are low cost, 

flexible, or small enough to be used in a non-specialist lab, and those that are lack the necessary 

resolution and control required to deliver high-quality images at the micrometer scale. To solve this 

problem the National Institute of Agricultural Botany (NIAB) along with the Centre for Industrial 

Photonics (CIP) seek to develop a high-throughput, high-resolution tomography device with the 

potential to be low cost, a suitable “desktop” size, and capable of imagining opaque heterogeneous 

plant material. Additionally, the device must be flexible enough to allow for the integration of different 

imaging technologies, including both microscope and chemical imaging. The following overall criteria 

have been given for the proposed BioLaser system: 

• Automated sectioning and imaging; 

• Analysis volumes between (0.1 mm)3 and (2 mm)3; 

• Flexible, precise, and quantifiable slice thickness of between ~0.1 μm – 10µm; 

• Flexible design allowing for simple integration of a range of high-resolution imaging 

technologies; 

• Functions with heterogeneous, opaque plant material (ranging from dry to green); 

• ≤ ~£100,000 per machine; 

• “High-throughput” relative to existing technologies in this niche (definition application 

dependent). 

Analysis volumes between (0.1 mm)3 and (2 mm)3 and slice thickness of between ~0.1 μm and 10 μm 

have been chosen specifically to allow BioLaser to fill a specific niche in the tomographic imaging 

market (Figure 1). Whilst this niche may appear to be filled by a combination of X-ray CT and 

microtome technology, the inability of microtomes to function with hard materials and the high cost 

of X-ray CT technology means there is a definite niche for the proposed BioLaser system. X-ray CT is 

also limited with regard to the characteristics which it can image, with significant density variation 

between features being required. The requirement for opaque plant material is given because 3D 

imaging of internal structures for translucent or transparent plant material is already possible using 
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optical microscope technology and the appropriate software [1]–[3]. The overall motivation for this 

project is to design and build a novel proof-of-concept tomography system that fulfils all of these 

criteria. 

 

 

Figure 1: 3D imaging methods for material science. Non-destructive technologies represented by dashed lines.  

*Microtomy for soft materials only. Adapted from [4], [5].  

 

1.2. Research Questions and Objectives 

The desire to design and build a novel proof-of-concept tomography system to the required 

specifications led to ultrafast laser ablation being established as the best potential sectioning 

technology for the proposed BioLaser system. This led to the following research questions: 

• Is it possible for ultrafast laser ablation to precisely remove layers of heterogenous plant 

material? 

• If yes, can the ultrafast ablation parameters and optical setup be optimised to meet the 

BioLaser criteria and achieve the material removal rates, exposed surface flatness, and 

exposed surface quality required to make is a viable tomographic sectioning device?  

• How does this sectioning technology compare to existing technologies? 

• Do the optimised ultrafast ablation parameters allow for functional sectioning and imaging 

across a suitably wide range of appropriate botanical samples? 

To answer the aforementioned research questions, the following objectives were established: 
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• Objective 1: Design, build, and test proof-of-concept BioLaser system. 

o The proof-of-concept BioLaser system will be built using an existing ultrafast laser 

platform as a base. The integration of several high-resolution microscopes and a 

topographic measurement device, as well as the development of bespoke software, 

is required to achieve full functionality of the proof-of-concept BioLaser system. The 

system must then be fully aligned and tested to quantify its capabilities. 

• Objective 2: Characterise and optimise the ultrafast ablation of a heterogenous botanical 

sample. 

o Ultrafast ablation of a heterogenous plant material must be characterised to examine 

the influence of ablation mechanisms across a range of laser parameters and optical 

setups. Other factors unique to the ablation of heterogenous botanical samples will 

also be explored. Further to this, ultrafast ablation parameters must be optimised 

based on key sectioning parameters of material removal rate, exposed surface 

flatness, and exposed surface damage. 

• Objective 3: Demonstrate functionality of proof-of-concept BioLaser system. 

o Tomographic images of a range of appropriate botanical samples will be generated, 

with quantifiable measurements taken where possible. Particular attention should be 

focused upon sectioning and imaging samples which are either challenging for existing 

technologies, are a genuine area of research interest, or both. 

  

1.3. Thesis Synopsis 

This thesis is summarised as follows. 

Chapters 2 – 5: Literature Review 

• Chapter 2: Tomographic Sectioning Technology 

A wide range of tomographic sectioning and imaging technologies are available. This section 

reviews the advantages and disadvantages of existing destructive and non-destructive 

technologies for the proposed botanical imaging applications required of BioLaser.  

• Chapter 3: Competitors to BioLaser 

Existing laser ablation tomography systems are reviewed and assessed based on the requirements 

of the proposed BioLaser system. This section helps inform BioLaser design. 
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• Chapter 4: Metrology Methods 

The proposed BioLaser system requires both integrated topographic measurement and optical 

microscopy to function as required. This section reviews and selects the ideal technologies based 

on the BioLaser system criteria given in the introduction. 

• Chapter 5: Laser-Matter Interactions 

The proposed sectioning method of ultrafast ablation requires a detailed understanding of laser-

matter interaction to be fully understood. This section focusses primarily on laser-matter 

interactions between ultrafast lasers and dielectrics, with limited literature specifically regarding 

laser interaction with plant material being available. 

Chapters 6 – 7: System Development and Experimental Methodology 

• Chapter 6: BioLaser Setup and Qualification 

Following the extensive literature review, the proposed BioLaser system was designed, built, and 

qualified in comparison with the given BioLaser criteria. This chapter covers the integration of 

hardware and the development of appropriate software, followed by the alignment and 

calibration of the whole BioLaser system. Error budgeting is also conducted to qualify the system 

for BioLaser applications. 

• Chapter 7: Experimental Methodology 

The experimental methodology justifies the selection of mature wheat seed endosperm as the 

experimental substrate of choice and details the ultrafast ablation experiments conducted to 

establish the functionality of the proof-of-concept BioLaser system for sectioning and imaging 

botanical samples. The experimental methodologies primarily focus on the methods used to 

characterise the ultrafast ablation of mature wheat seed endosperm, followed by the methods 

used to optimise layer ablation of the same substrate based on material removal rate, exposed 

surface roughness, and exposed surface damage. A range of eight optical setups used for 

experiments are detailed, as well as the use of JPM software to optimise the data collection 

process itself. 
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Chapters 8 – 11: Ultrafast Ablation Experimental Results and BioLaser Application 

Studies 

• Chapter 8: Characterising Ultrafast Ablation of Mature Wheat Seed Endosperm 

This chapter establishes the characteristics of mature wheat seed endosperm during ultrafast 

ablation. These characteristics include its functional ablation threshold, the influence of repetition 

rate on ablation characteristics, and whether layer removal is possible with a heterogeneous plant 

material. This section lays the foundation for further layer ablation optimisation experiments. 

• Chapter 9: Optimisation Layer Ablation of Mature Wheat Seed Endosperm 

This chapter examines collected layer ablation data in three primary ways, these being: the 

comparison between optical setups using mean data; the analysis of linear trends within each 

optical setup using multivariate analysis; and the use of optimised surface response models to 

determine the optimum input parameters required to achieve the best material removal rate, 

exposed surface roughness, and exposed surface damage values for each optical setup. The 

optimal optical setup, along with its optimal input parameters, is then selected and assessed in 

comparison to its optimised surface response model.  

• Chapter 10: Application of BioLaser to Botanical Samples 

This chapter demonstrates the application of the fully optimised proof-of-concept BioLaser system 

across a range of relevant real-world botanical imaging and measurement applications within the 

defined imaging niche. For each application, the failures of existing tomographic imaging 

technologies are demonstrated, before the sample is imaged and/or measured using the BioLaser 

system. The resulting images or measurements are then illustrated, with the potential significance 

of these to botanical research explained. 

• Chapter 11: Conclusions and Future Work 

The main findings of the thesis are summarised and future work is suggested. 
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2. Tomographic Sectioning Technology 

When designing any tomographic imaging system, the most important task is to select the sectioning 

device. Tomographic technologies can be divided into two broad categories based on the sectioning 

device. These categories are non-destructive technologies (techniques that leave the sample 

undamaged) and destructive technologies (techniques that result in the destruction of the sample). 

For BioLaser, there is no sample preservation preference towards non-destructive technology as the 

samples being imaged are disposable.  

2.1. Non-destructive sectioning tomographic technology 

Non-destructive technologies include micro magnetic resonance imaging (MRI), positron emission 

tomography (PET), X-ray computer tomography (CT), and ultrasound tomography [6]–[10]. Each of 

these technologies is summarised in Table 1. Scanning confocal microscopes are sometimes 

considered a tomographic imaging device, but only with thin (< 200 μm), transparent samples [11], 

[12]. Transmission electron tomography (ET) is dismissed for the same reason [13], [14]. Optical 

coherence tomography (OCT) will only be discussed in the context of a topographic measurement 

device in section 4.1.2, as it lacks imaging depth resolution, and offers poor contrast within dense 

plant material.  

PET works by introducing a positron-emitting radionuclide tracer into a biological system and 

detecting gamma rays given off by positron-electron annihilation [10]. Whilst more commonly thought 

of as a medical technique, PET can also be used to image plants and has proven itself an important 

technique in Phloem mapping [15]. Certain tracers can also be used to measure metabolic activity in 

cells, making PET useful in the study of living plant material [16]. PET’s issues include its high cost 

(£150,000 - £900,000) and its poor maximum resolution, which struggles to achieve <1 mm voxel 

resolution [6], [10], [17].  

MRI uses strong magnetic fields to induce certain atomic nuclei (usually hydrogen) to emit radio 

frequencies [8]. These radio wave emissions are then detected, and the position of their source 

calculated. Like PET, MRI can image both physical features and metabolic function, with the latter 

usually referred to as fMRI [18]. Its reliance on hydrogen means that MRI works best for tissues 

containing water, making it an inappropriate technology for measuring desiccated plant material. It 

has been successfully used to image living plant roots, although at a lower resolution than an 

equivalent CT system [19]. The maximum resolution of an MRI system is system dependent, but 
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usually lies between 25 -  100 μm [7], [19]–[21]. It is worth noting that resolutions down to ~4 μm 

have been achieved using MRI by using a very specialised device for imaging individual cells, although 

this technology is unsuitable for imaging larger, multi-cellular samples [22]. MRI systems are expensive 

(£150,000 - £900,000), particularly for high resolution systems [6]. 

Table 1: Summary of non-destructive tomographic technologies 

 Resolution Relative scan 

Speed* 

Characteristic 

Measured 

Approx. 

Cost 

Additional Notes 

MRI 25 -  100 μm 

[7], [19]–[21] 

Minutes - 

Hours 

Nuclear magnetic 

resonance (radio 

waves emitted) 

£150,000 - 

£900,000 

[23], [24] 

Usually relies on 

presence of water 

in tissue to 

produce good data 

PET ~1 mm 

[10], [17] 

Minutes Gamma emissions 

from tracer positron-

electron annihilations 

£150,000 - 

£900,000 

(price based 

on similar CT 

and MRI 

systems) 

Positron-emitting 

radionuclide tracer 

required 

X-ray CT 1 - 50 µm1 Minutes Density/X-ray 

absorptivity 

£150,000 - 

£900,000 

[25] 

1 Sample 

resolution can be 

enhanced with 

additives 

Ultrasound 50 μm [6] 

 

10 – 20 μm2 

μm[26], [27] 

Seconds Acoustic reflectivity >£100,000 

[28] 

2 With 

“microbubbles” 

contrasting agent 

 

Imaging depth 

extremely material 

dependent  

 

Submergence in 

solution can 

damage/effect 

biological material 

*All speed measurements are approximations taken from Kherlopian et al, 2008 [6]. Whilst approximate and 

based on medical imaging only, comparing the speed of each technology within the same field offers the best 

comparison between their imaging speeds. 
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CT uses X-rays to penetrate tissue, and produces images based on detector measurements of the 

relative absorbance of the X-rays by internal structures and materials. X-ray absorption contrast, 

primarily a product of sample density variation, is vital to successful CT imaging [19].  By taking 

multiple images from a number of angles (by rotating the emitter and detector), 3D images of the 

sample can be reconstructed [9]. Like MRI, it has been used successfully to image plant material, such 

as roots in soil. The maximum resolution of a CT scan is extremely situation dependent, with values 

between 12 – 50 μm usually being the limit for most traditional CT systems, with higher resolution 

imaging being achievable with the addition of contrast-enhancing additives [6], [7], [19], [29]–[31]. 

However, micro-CT systems developed within the last few years are now capable of achieving 

resolutions as low as ~1 µm and have been successfully utilised to image plant material [32], [33]. 

These systems are with the same price range as MRI and PET. Increasing resolution is achieved by 

increasing focused and increasingly energetic incident X-ray radiation, which can cause damage to 

samples due to its ionising effects in some samples [17].  

High-resolution ultrasound tomographic imaging, also known as ultrasound CT, requires the sample 

to be placed in a solution to improve acoustic coupling, before focused acoustic signals are reflected 

off the sample. The position of shape of surface and subsurface features are reconstructed based on 

time of flight information and computer interpretation of the waveforms [26], [34]. This technique is 

usually limited to a maximum resolution of 50 μm, with some more specialist systems claiming 

resolutions down to 10 - 20 µm under ideal conditions and using “microbubble” contrasting agents 

[6], [26], [27]. High-resolution systems tend to be cheaper that the other devices discussed, but still 

cost in excess of £100,000 [28].  

2.2. Destructive Sectioning Tomographic Technology 

Destructive sectioning technologies include microtomy, focused ion beam (FIB), and laser ablation 

tomography (LAT) [5], [35]–[37]. These devices generate 3D tomographic imaging by repeatedly 

removing layers of material to expose a surface, which is then imaged, a process known as “serial 

sectioning”. The nature of physically exposing a surface means that destructive sectioning tomography 

is significantly more flexible (in terms of imaging) than non-destructive technologies, as any surface 

imaging device can be incorporated into the system. Desirable characteristics of a destructive 

tomographic sectioning device include a small minimum slice thickness (high slice resolution), a large 

material removal rate, a flat exposed surface, and a low propensity to cause damage to the exposed 

sample surface prior to imaging. A high slice resolution and a large material removal rate are 

contradictory, so a balance must be achieved based on application-specific requirements. Atom probe 
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tomography (APT) will not be considered due to its extremely small maximum sample volume (~10-

4 μm3) and its exceptionally slow material removal rate  (~10-8 μm3/s) [38], [39]. 

Table 2: Summary of destructive sectioning technologies for tomographic applications 

  Minimum slice 

thickness 

(Resolution) 

Max. Material 

Removal rate 

Approx. Cost Additional Notes 

Focused-Ion-

Beam 

~5 nm 

[37], [40] 

0.5 μm3/s 

(FIB) [37]  

 

30 μm3/s 

(Plasma-FIB) [5], 

[41] 

£300,000 - 

£1,000,000 

Requires high-vacuum to 

function 

 

Usually combined with 

SEM imaging 

Microtome <100 nm 

[42]–[44] 

>200 μm3/s * 

[37] 

£1000 - £5000 Very likely to encounter 

problems hard material 

e.g. desiccated or woody 

material 

 

Need to embed samples 

in paraffin or resin 

 

Simple to operate 

Laser-Ablation ~100 nm 

[37], [45] 

>105 µm3/s* 

(Nanosecond) 

 

~105 μm3/s 

[37], [45] 

(Ultrafast) 

~£10,000 

(Nanosecond) 

 

£50,000 - 

£100,000 

(Ultrafast) 

Nanosecond lasers can 

cause damage to 

exposed surface 

*at minimum slice thickness. Due to its capability to slice at almost any thickness, this value can be 

many orders of magnitude higher. 

Microtomy, or mechanical sectioning, uses a sharp blade to remove layers of material. The minimum 

thickness of these slices is heavily dependent on the material and preparation, with ideal soft materials 

embedded in paraffin or resin capable of slice resolutions of <0.1 μm in some cases, although limits 

between 1 – 10 μm are more common [4], [42]–[44]. Preparation times for microtome samples can 

be significant and labour intensive, with prep times of ~24 hours common when setting in resin, 

although times vary depending on the particular microtome technology utilised.  Microtomes tend to 
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cause damage and leave artefacts on the exposed surface if not done correctly, or conducted upon 

non-ideal materials [36], [46]. Non-ideal materials include desiccated or woody plant tissue, which 

tend to splinter and chip during the sectioning process [47]. Samples with delicate internal structures 

are also unsuitable for microtomes, as they are liable to crushing. A high-precision microtome can be 

purchased relatively cheaply at between £1000 - £5000.  

FIB sectioning is capable of achieving a slice thickness down to ~5 nm [37], [40]. In most applications 

FIB serial sectioning uses Ga+ ions and is combined with a scanning electron microscope (SEM) for 

imaging, as both require high vacuums to function [48]. This requirement for high vacuum is 

problematic for biological applications as it causes outgassing of non-dry samples and also reduces 

the ease with which additional imaging technologies can be added. Furthermore, the need for a high 

vacuum means ablated material cannot be removed, leading to contaminations of the FIB column. 

The material removal rate of FIB systems is extremely limited, with Ga+ based systems limited to 

~0.5 μm3/s and more advanced Xe plasma-FIB  systems limited to ~30 μm3/s [5], [37], [41]. However, 

even considering the advanced Xe plasma-FIB system, the processing of a 1 mm3 sample volume would 

take over a year, making it unacceptably slow. FIB systems are also expensive, usually costing between 

£300,000 and £1,000,000. 

LAT uses a focused pulsed laser as the serial sectioning device. LAT systems are currently not 

commonly used, with no devices commercially available. A LAT system known as “LATscan” has been 

used in a research capacity, but has not been made commercially available [49]–[51]. This and other 

laser ablation tomography systems will be covered in more detail in section 3. Advantages of LAT 

systems include a high material removal rates, ~100 nm minimum slice thickness (stage dependent), 

and their flexibility due to lack of vacuum requirements [37], [45]. One major issue with the technique 

is thermal damage to the imaged surface, such as melting, due to thermalisation. Thermal damage of 

plant material, such as melting or cellulose degradation, by nanosecond pulsed lasers has been 

demonstrated in literature across a wide range of wavelengths (0.308 µm – 10.6 µm) [52], [53]. These 

thermalisation effects of plant material can be dramatically reduced or eliminated through the use of 

ultrafast lasers (see section 5) [54], [55]. The maximum material removal rate for an ultrafast laser is 

~105 μm3/s, meaning the processing of a 1 mm3 sample volume would take a reasonable 2.8 hours 

[37], [45]. Due to lack of commercial availability, LAT systems must be designed and built by the user 

from component parts, making their cost hard to quantify. The laser is the major cost, with 

nanosecond lasers costing ~£10,000 and femtosecond lasers usually costing >£50,000, although the 

cost of ultrafast lasers is falling year on year. 
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2.3. Sectioning Technology Summary 

Non-destructive technologies are too expensive and lack the resolution required for the intended 

application of BioLaser. They also lack the necessary flexibility, with most only measuring one 

characteristic of the sample material or the tracer. Their advantages with regard to BioLaser are their 

proven track record with plant material and their scan speed, which compares favourably with non-

destructive technologies, particularly for larger volume applications. However, this project will be 

focussing on small volume imaging (≤ 2 mm)3, limiting the imaging speed advantage of non-destructive 

tomographic technologies. Therefore, the choice is between destructive sectioning technologies.  

Of the three technologies discussed, FIB can be immediately dismissed due to its high cost, its 

requirement for a high vacuum, and its low material removal rate. The choice is between microtomy 

and laser ablation, with Table 2 highlighting the differences. Microtome technology offers a low cost, 

high availability, and simple solution to the challenge of sectioning. However, at high slice resolution 

microtomes offer a material removal rate in the order of two orders of magnitude lower than that of 

laser ablation. Sample preparation time for microtomy is also greater than that of laser ablation 

tomography. Microtomes also perform poorly with desiccated, delicate, or woody plant materials, 

which are an important part of the BioLaser criteria. Laser ablation sectioning offers high material 

removal rates, high slice resolution, and substrate flexibility. Any issues with surface damaged can be 

significantly reduced or even eliminated through the use of ultrafast lasers. It is the author’s 

conclusion that laser ablation tomography using an ultrafast sectioning laser is the only technology 

that satisfies the overall criteria given for BioLaser, making it the technology of choice for this project. 
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3. Competitors to BioLaser 

3.1. “LATscan” from Penn State University 

LATscan is currently the leading technology in the field of laser ablation tomography for biological 

material (Figure 2), and has recently become commercially available. Much has been written about 

this device, which has imaged samples ranging from root sections to entire house flies [49]–[51], [56]–

[58]. The device appears capable of imaging samples hundreds of millimetres3  in size, and producing 

impressive 3D models in “Avizo” (an “Amira” sister software) to a claimed maximum resolution of 

800 nm [59]. Little detail is given in literature regarding LATscan’s performance, meaning some 

performance factors will be estimated based on the laser type and approximate dimensions of the 

device. Other performance factors such as surface quality, which cannot be directly calculated, will 

also be discussed. The equations necessary for all the following calculations are given in Appendix 15. 

 

Figure 2: Diagram of LATscan device [60]  

The LATscan system uses a 355 nm nanosecond pulsed laser at a repetition rate of 25 – 40 kHz to 

ablate surfaces parallel to the direction of the beam, also known as cross cutting (see Figure 2) [51]. It 

uses a galvanometer scanner to scan the beam rapidly back and forth along a line at a speed of 1 m/s. 

This creates a laser “sheet”, which ablates layers of material before images are taken of each layer 

using a CCD camera [50].  Based on an approximate focal length of 150 mm, the wavelength of 355 nm, 

and a raw beam diameter of 5 mm, the minimum spot size for an ideal laser is calculated to be 

13.6 µm. The minimum spot size for the device given in literature is 20 µm, giving an approximate 

beam quality factor (M2) of 1.47. Based on these values, the Rayleigh length is calculated as 602 µm 

[61].  From the sectioning method described, which indicates no change in sample height in relation 

to the beam focus, the Rayleigh length can be used to calculate the sample surface deviation from flat. 

Assuming the high-powered beam is capable of ablating along its length and to the calculated edges 

of the beam, the “flat” sample surface would actually be subject to deviations based on the curvature 
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of the beam away from the focal point. These deviations are not accounted for when images or the 

surface is taken, meaning that the 3D images produced through compilation of these 2D images can 

be significantly distorted. As an example, the beam diameter at the extreme edges of a 5-mm tall 

sample can be calculated to be approximately 86 µm. Based on the focal spot diameter of 20 μm, this 

would give a sample surface height variation of 33 µm across the face of the 5-mm sample. This surface 

deviation is significant when considering-the-slice-thickness-for-the-device-is-usually-within-the-

range-of 1 – 10 µm. 

Whilst the calculated sample surface height gives an indication of the image distortion inherent to the 

LATscan system, there are other potential issues which cannot be addressed so quantitively. A high-

powered laser is used, with fluences far above the material ablation threshold. This high power, 

combined with the use of a laser in the nanosecond pulse regime, is likely to result in the accumulation 

of a significant amount of thermal energy. This energy is likely to cause further distortion of-the-

imaged-surface-due-to-issues-such-as-chemical-changes, melting,-or-even-burning [62]. Panzner et al 

(1998) demonstrated significant melting of a beech sample when cross-cut with a 308 nm excimer 

laser, a similar set-up to that used by the LATscan system (Figure 3) [53]. Whilst conducted at a 

significantly lower repetition rate, this would not contribute to an increase in melting effects, making 

it reasonable to assert that LATscan will damage small features in a similar way to that shown in Figure 

3. Literature on nanosecond ablation of plant material suggests that whilst carbonisation can be 

avoided for many materials by parameter optimisation, melting cannot [52], [53]. Thermal 

accumulation likely explains why research using the LATscan system primarily involves tough botanical 

samples, such as mature maize roots [63]–[65]. 

 

Figure 3: SEM image of laser cross-cut beech showing significant melting of xylem and Phloem vessels ~10 µm in diameter. 

XeCl excimer laser, 0.8 J/cm2, 20 Hz, 100 pulses. The melting is indicated by the expansion and rounding of the vessel walls, 

which should be significantly narrower relative to the open interior of the vessel.  Taken from Panzner et al [53]. 
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An additional issue with the LATscan is its basic CCD camera imaging device, which limits lateral 

imaging resolution, even if other laser-based errors are ignored. The combination of laser ablation-

based distortion and  basic imaging make resolutions down to 800 nm seem highly unlikely [59]. It is 

likely that images are likely subject to significant software reconstruction, with the actual resolution 

being significantly lower than that claimed. A UK-based version of the LATscan device is being built in 

Nottingham University, which may allow these assumptions to be assessed in the future. However, 

this should not directly impact the BioLaser project as the design and imaging criteria are for higher-

resolution imaging over a smaller area than those conducted on the LATscan system. Therefore, 

BioLaser and LATscan would simply occupy a different imaging niche, even in the LATscan system was 

shown to function without significant image reconstruction. 

3.2. “TriBeam” from University of California 

The TriBeam is a laser ablation tomography device that incorporates an ultrafast laser into a FIB/SEM 

imaging system [45], [66]–[68]. The TriBeam is not designed for tomography of biological material but 

is still relevant, as it is the first and only femtosecond LAT system ever reported. The system is 

essentially a FEI DualbeamTM with a focused femtosecond laser incorporated through the use of a 

feed-through port into the vacuum chamber (Figure 4). A five-axis positioning stage is used to position 

the sample orthogonally to the ablating laser and the other detectors in the system. The orthogonal 

orientation of the ablating laser gives the TriBeam an important advantage over LATscan, as it allows 

for ablation via a rastering motion that does not lead to the inherent warping of the imaged surface 

generated by parallel ablation. Through femtosecond laser ablation TriBeam has demonstrated axial 

slice thicknesses as low as 250 nm, with the use of the SEM giving super-resolution imaging down to 

approximately 3 nm [45]. The presence of an EDS detector also allows for elemental analysis or 

chemical characterisation of the material, which can also be incorporated into the 3D model. The 

material removal rate initially reported for TriBeam was 1.4 x 103 μm3/s, ~70 times slower than the 

laser ablation material removal rate stated in Table 2 [45]. Subsequent optimisation for metals 

increased maximum material removal rate to 4 x 104 μm3/s [68]. It is likely that the material removal 

rate stated could be improved further by optimising the laser parameters.   

Whilst an impressive device for imaging metal alloys and other hard materials, the TriBeam does have 

a few issues that make it unsuitable for the requirements of BioLaser. The biggest issue is cost, with a 

similar FIB/SEM system alone in the University of Cambridge CIP lab costing £1.2 million. The purchase 

and integration of the ultrafast laser and associated paraphernalia will add further cost to this device. 

Another issue is the use of a high vacuum, which as discussed in section 2.2 makes it unsuitable for 

use with wet samples due to outgassing. Furthermore, the high vacuum prevents the removal of 
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ablated debris via an air cross-flow, meaning that that system will quickly become fouled with use. 

This would be unacceptable for such an expensive system. 

 

Figure 4: Diagram of TriBeam device [66] 

Of particular interest is an earlier laser ablation tomography device put together by the same group, 

which has only been mentioned in a single four-page publication in 2011, and briefly in a 2015 

publication about TriBeam [37], [45]. This design was intended to image alloy composition and 

incorporated a femtosecond sectioning laser, a microscope for imaging, and even laser-induced 

breakdown spectroscopy (Figure 5). It also made use of a multi-axis stage, allowing for good design 

flexibility, as imaging devices can be added or removed with relative ease.  

 

Figure 5: Diagram of early LAT system built by the TriBeam group at the University of California [37] 

The system depicted in Figure 5 was abandoned in favour of building TriBeam due to the desire to 

image each layer to a near nanometre scale, which required SEM imaging [45]. However, based on the 
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requirements of the BioLaser system, the design shown in Figure 5 is a good starting point. The most 

significant issue is the lack of measurement system for the substrate surface, making finding the 

thickness of the removed layer an approximation, lending itself to unidentified distortions when 

ablating heterogeneous material. It is worth noting that whilst the LIBS system could have  potentially 

been used to form 2D/3D elemental mapping data, only individual measurements were reported from 

this device [37]. Furthermore, other papers by the same group suggest that the LIBS system was more 

likely used as a method of measuring ablated depth, using chemical “marker” layers at known depth 

intervals [45], [69]–[71]. This method of depth measurement is significantly less flexible than regular 

optical or physical distance measurement methods as it requires interpolation of depth data between 

intervals, and does not give topographic data of the sample surface. 

3.3. Zeiss “LaserFIB” System 

 

Figure 6: Schematic layout of  Zeiss “LaserFIB” femtosecond laser chamber [72]. 

The most recent and advanced system available for ultrafast laser sectioning and imaging is the Zeiss 

“LaserFIB” system, a FIB-SEM with integrated femtosecond laser processing capabilities released in 

2020 [72]. The system is functionally similar to the TriBeam system, with two notable improvements. 

The first improvement is that the LaserFIB has a dual chamber design allowing for sectioning and 

imaging to be conducted in different chambers, preventing contamination or fouling of precision 

imaging components (see Figure 6). The second improvement is in material removal rate, with 

maximum material removal rates of 2.8 x 105 µm3/s and 5.4 x 105 µm3/s reported for steel and silicon 

respectively. Whilst an impressive machine, the LaserFIB system is not a direct competitor to BioLaser 

owing to its high cost and unproven results with botanical samples.  
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3.4. Summary 

Reviewing existing LAT devices has provided useful design considerations for the BioLaser system. Two 

major design takeaways are the use of a multi-axis programmable stage, and ablation using a laser 

orthogonal to the imaged sample surface. The multi-axis stage allows for the sample to be moved 

between the ablating laser and various imaging or measurement devices. This simple feature would 

ensure the BioLaser system was flexible. The multi-axis stage can also act as the XY scanning stage 

required by the chromatic confocal probe to generate topographic measurements. An orthogonal 

ablating laser reduces the inherent warping present with a parallel ablating laser. It also allows for 

ablation of specific areas of larger samples, which a parallel ablating laser cannot achieve.  
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4. Metrology Methods 

4.1. Review of Topographic Measurement Technologies 

Based on the BioLaser criteria, accurate measurement of the exposed surface topography is required 

for each imaged layer. This is due to the need for precise and quantifiable removal of material layers 

from heterogeneous plant material. Sequential topographic measurement of each exposed surface 

will allow for the layer removal to be quantified across the whole surface, which is necessary for 

heterogeneous plant material that will likely ablate at varying rates. Accurate measurement of surface 

form and material removal thickness, combined with computer automation, can make laser ablation 

processing more controllable and efficient. Examples of how this increased efficiency and 

controllability can be achieved include: 

• Automatic ranging of a sample; 

• Automatic flattening of a sample prior to imaging; 

• Identifying areas of unsuccessful or insufficient ablation; 

• Determining the precise ablation area (useful for samples that vary in width e.g. plant stems); 

• Automatic determination of substrate ablation threshold. 

Topographic measurement can also improve the accuracy of the final tomographic model, by 

removing effects such as 2D and 3D warping. 2D warping is an effect that occurs when images of a 

surface are incorrectly assumed to be 2D. For example, a circular structure on a slope would appear 

as an ellipse in a 2D image. By superimposing the 2D image on a topographic measurement of the 

surface, the accuracy of the representation of the size and shape of structures will be increased. 3D 

warping occurs when the layer removal between sequential 2D images is incorrectly assumed to be 

uniform. For example, if an area of the sample ablated is less than the assumed ablation thickness, a 

feature spanning between the two images will be effectively elongated in a tomographic model that 

assumes uniform layer removal. This is particularly relevant for heterogenous material that may ablate 

at different rates. With the superimposing of 2D images of topographic measurements for each layer, 

this 3D warping effect can be eliminated. 

The considerations when selecting a topographic measurement technology include resolution (lateral 

and axial), area measurement speed, cost, measurement type (point-based, areal etc), and 

effectiveness with poorly reflective plant material. The criteria that can be quantified are listed below: 

• Lateral resolution of < 3 μm achievable; 

• Axial Resolution of < 50 nm – less than half the minimum slice thickness; 



19 
 

• Must cost less than £20,000 – less than 20% of the project budget. 

Many lateral resolution values in this section will be described as “diffraction limited”. As an 

approximation, any measurement technique where the resolution is described as diffraction limited 

has a lateral resolution of ~0.5 µm, although with sufficiently small wavelengths this can be reduced 

to ~200 nm. For a more detailed explanation of the diffraction limit, see Appendix 16.  

4.1.1. Digital Holographic Microscopy (DHM) 

Digital holographic microscopy records both light intensity and light phase when reflected from a 

surface, allowing a 3D image to be generated [73]. It is a non-contact measurement technique, which 

works as a mix between microscopy and interferometry, with microscopy elements giving the intensity 

data and phase elements giving height data. There are no complex lens configurations as computer 

algorithms reconstruct the image based on holographic theory. A basic DHM setup consists of a 

coherent illumination source, an interferometer, a digitizing camera, and a computer with the 

necessary software (Figure 7) [74]. Figure 8 demonstrates the path of light reflected from the object 

surface, through the objective, to the sensor plane. Data acquired by the sensor plane is then digitally 

processed using the appropriate algorithm, to reconstruct the surface topology. The reconstruction 

algorithms in question are based around Fourier transforms, with the use of fast-Fourier transforms 

(FFT) being ubiquitous when rapid computation is required [75]–[79]. These systems cost a minimum 

of ~£50,000 [80].  

By applying stitching algorithms or by using multiple wavelengths, current commercial DHM systems 

offer an axial field of view of up to 200 µm [81], [82]. Combined with a temporal resolution of up to 

10 kHz and 3D areal measurements, DHM is a promising candidate for rapid measurement of large 

surface areas. The axial resolution of DHM is extremely high with resolutions of <<0.1 µm, and 

sometimes <1 nm, being cited [73], [83], [84]. The lateral resolution of DHM is diffraction limited. 
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Figure 7: Schematic diagram of digital holographic microscope [85] 

DHM can be used in both reflective and transmissive mode, with reflective DHM clearly being the most 

applicable for this application. A significant advantage of DHM digital reconstruction is that it allows 

adjustable magnification, and also means that the magnification of the process can take place after 

the image has been captured [86]. Therefore, magnification speed is limited only be the processing 

power of the computer and not the moving or changing of mechanical components, making it a flexible 

measurement system. 

 

Figure 8: DHM diagram showing offset between sensor and reconstruction planes [86]  

The primary limitation of DHM for this application is that it is still unproven with biological materials. 

Samples of wheat seed endosperm sent to the manufacturer “LynceeTec” for DHM imaging failed to 

produce acceptable topographic images. The speed at which images can be processed can also be 

limiting, although investing in suitable computer hardware can help mitigate this issue. If these 

limitations can be overcome, DHM could become an excellent choice of areal topographic imaging 

technique due to its high lateral and axial resolution, areal 3D image capture without axial scanning, 

and flexible magnification. Furthermore, DHM is considered easy to integrate with laser processing 

platforms [86].  
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4.1.2. Optical Coherence Tomography (OCT) 

Optical coherence tomography (OCT) was developed for non-invasive, cross-sectional imaging of 

biological systems. It uses low-coherence interferometry to produce a depth profile image using 

optical scattering from internal tissue microstructures [87], [88]. As a minimum, OCT requires a low-

coherence monochromatic light source, a simple Michelson interferometer, a detector, and a 

computer with the necessary software [88], [89]. A diagram of a basic OCT setup is shown in Figure 9. 

The data collected by the OCT can be split into what is known as A-scan and B-scan data. The A-scan 

represents the depth resolved reflectivity profile of the sample at the focal spot of the incident beam 

at a specific lateral position [89]. When the low-coherence light beam is scanned laterally across a 

surface, the A-scans can be knitted together, forming a 2D or 3D B-scan depending on the scanning 

pattern. Scanning OCT systems can be set up in many different ways depending on their application, 

with B-scans that prioritise lateral rather than depth scanning being the most applicable for surface 

form measurement applications [88], [89]. 

 

Figure 9: Schematic diagram of generic fibre-optic OCT system [89] 

OCT systems can be split into two broad categories of time domain OCT (TD-OCT) and Fourier domain 

OCT (FD-OCT). TD-OCT mechanically changes the path length through axial scanning, giving it a large 

axial field of view. However, due to this need for mechanical movement TD-OCT is significantly slower 

than FD-OCT, and is more suited to high depth A-scans rather than large lateral B-scan. FD-OCT does 

not require axial scanning, and also has a higher signal dynamic range, at the expense of a smaller axial 

field of view [86], [89]. However, the axial field of view is only “limited” to between 1 – 10 mm, 

meaning it is not an issue for relatively flat surface form priority scanning [90]. FD-OCT can be further 
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split into swept source OCT (SS-OCT) and spectral domain OCT (SD-OCT) systems. SS-OCT uses 

tuneable lasers to sweep through wavelengths and detect the return signals using a single photodiode, 

whereas SD-OCT uses a broadband light source with the return signals being detected by a 

spectrometer [89], [91]. A significant feature of OCT is its sensitivity, with it being able to detect a 

reflection of as little as ~10−10 of the incident optical power [87]. This extremely high sensitivity to 

reflected signals makes OCT ideal for material with low reflectivity, as well as highly diffuse surfaces.  

A wheat seed endosperm sample was sent to Thorlabs  to confirm the suitability of OCT for plant 

material. An example of the topographic and tomographic data obtained is shown in Figure 10. OCT is 

also capable of extremely high temporal resolution, with SD-OCT and SS-OCT having demonstrated 

imaging rates of >100 kHz and 1 MHz respectively, giving OCT an impressive areal measurement speed 

for a point-based measurement system [86], [90], [92]. This high temporal resolution has allowed OCT 

to be used as part of an in-situ monitoring and feedback control system for laser machining platforms 

[93], [94]. It should be noted that whilst the imaging rates of OCT are often >100 kHz, the OCT system 

will be limited by the rate at which the computer can process the data.  

 

Figure 10: Optical coherence tomography image of 1 x 1 mm area of wheat seed endosperm (inset). Equipment used was a 

GAN220 system with OCT-LK2-BB objective. Lateral resolution ~4 μm, axial resolution ~3 μm. Image courtesy of Thorlabs. 

High-resolution commercial OCT systems usually have axial and lateral resolutions of 3 – 10 µm [87], 

[90], [95]. Some high-precision OCT in a high-tech research laboratory can have axial resolutions of 

≤1 µm, but this level of resolution has not yet been achieved by any commercial systems [96], [97]. 

This low axial resolution is the major limitation of OCT technology for this application. This makes OCT 

technology unsuitable, despite the positives of its high measurement speed, its large axial field of 
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view, and its proven record with rough and poorly reflective biological material. Commercial OCT 

systems are also expensive at approximately £40,000 - £60,000 per unit. 

 

4.1.3. Confocal Laser Scanning Microscopy (CLSM) 

Confocal laser scanning microscopy (CLSM) uses a laser source and a pair of pinholes to limit the depth 

of focus, allowing a precise focal plane to be imaged (Figure 11). By rastering the focal spot laterally 

over the surface whilst maintaining focus with autofocus technology, a CLSM is able to provide 

topographical data of microstructures and surface form [98]–[100]. Like OCT, CLSM can be set up to 

prioritise depth or lateral measurement. However, unlike OCT, CLSM does require axial scanning 

(either mechanical or digital) to image the full surface structure of an uneven sample. 

 

Figure 11: Schematic diagram of generic laser confocal microscope [101] 

The lateral resolution of CLSM is diffraction-limited, with the axial resolution varying depending 

primary on the size of the confocal aperture. Decreasing the size of the confocal aperture improves 

the quality and resolution of the image by filtering out more of the noise, although this is done at the 

expense of signal strength, meaning increased laser power is required [102]. Axial resolutions as low 

as 10 nm for CSLM are claimed in some papers, although this is over a measurement range of just 

500 nm, making it unsuitable for anything other than highly flat optical surfaces [99], [100]. A more 

realistic axial resolution for useable commercial available systems is ~100 nm [98], [102]. To test 

whether CSLM measurements were suitable for plant material, a wheat seed endosperm sample was 

sent to Windsor Scientific. An example of the topographic data obtained is shown in Figure 12. 

A traditional issue with CLSM is limited speed for area measurement due to low temporal resolution, 

with examples of “high” point-based CLSM temporal resolution given as values approach 1 Hz [99], 

[103], [104]. This is primarily limited by the speed of autofocus technology, as translation in the axial 

direction for focussing is required at each point. However, new technologies have made CLSM many 
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orders of magnitude faster by rastering rapidly across a plane using a “digital pinhole” generated using 

a micro-display [105]. By scanning planes at multiple z-heights, this technology negates the need for 

autofocus point measurement, and massively increased the speed of areal measurement. Many 

commercially available CLSMs use technology similar to this, each with their own subtle variations 

[106]–[108]. It should be noted that this digital pinhole technology significantly increases the expense 

of CLSM systems, with Windsor Scientific quoting £70,000 to £130,000 for such systems in 2017. 

CLSMs have many high axial and lateral resolution, proven measurement of biological and plant 

materials, and can generate simultaneous microscope images of a measured surface. However, 

mechanical CLSM systems are far too slow to be applicable for the BioLaser system. Whilst digital 

CLSM fulfils all the measurement and speed criteria for BioLaser, it is currently too expensive to be 

considered. 

 
 

Figure 12: Confocal laser scanning microscope image of wheat seed endosperm. Equipment used was a Sensofar S Neox 

Optical Profiler with x 20 magnification lens. Lateral resolution ~1 μm, axial resolution ~100 nm. Image courtesy of Windsor 

Scientific. 

4.1.4. Chromatic Confocal Probe Topography 

Chromatic confocal probe topography is a process that produces a 3D topographic surface 

measurement by rastering a chromatic confocal probe across a sample area. The topography system 

requires a confocal chromatic probe, a XY scanning stage, and appropriate software to process the 
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signal. The chromatic confocal probe is a point measurement system, which utilises multiple light 

wavelengths to produce multiple axial focal points. By illuminating a surface with these probes, and 

measuring the intensity of reflected radiation across the spectrum, the precise height of the surface 

relative to the probe can be measured (Figure 13) [109], [110]. 

Chromatic confocal probes boast high axial resolution in the order of nanometres, as well as lateral 

resolution of up to ~1.5 µm for commercially available probes [111], [112]. Chromatic confocal probes 

can also have a large axial field of view (FOV), with commercial probes offering ranges between 

100 µm and 25 mm [111], [113]. There is a clear trade-off between axial FOV and resolution, with 

resolution decreasing with an increasing FOV. The advantage of this flexible axial field of view is that 

axial scanning is not required during lateral scanning measurement, assuming the probe is selected 

correctly. 

 

Figure 13: Schematic diagram of chromatic confocal probe [112] 

Another advantage of chromatic confocal tomography is the high temporal resolution measurement, 

with commercial systems offering measurement frequency up to 70 kHz [114]. This high temporal 

resolution means that these point measurement probes can be used effectively as part of a fast-

scanning topography system. The technology has also been used on cells and other biological material, 

and claims to be effective with highly dispersive surfaces [109]–[111], [114]. This was proven 

topographic images of wheat seed endosperm samples sent to Photon Lines” and Armstrong Optical 

(Figure 14 and Figure 15). The chromatic confocal probes used to generate these images cost ~£8000, 

making them one of the most affordable technologies considered. 

Based on all the data available, chromatic confocal topography is an excellent potential surface form 

measurement technology for the BioLaser system. It has extremely high axial resolution, good lateral 

resolution, a flexible axial field of view, high temporal resolution, and is proven with biological 

material. The only concern is the lateral resolution, which is limited to ~1.5 µm, and may become 



26 
 

unsuitably poor if axial field-of-view trade-offs and non-ideal surface reflectivity are considered. 

However, if a suitable compromise can be reached, the additional advantages of low probe weight 

(~0.5 kg) and low probe cost make chromatic confocal topography a leading candidate for surface 

form measurement for this application. 

 

Figure 14: 2.5 x 2.5 mm chromatic confocal topographic measurement of wheat seed endosperm. Equipment used was a 

400 μm FOV probe with Crocodile 2S control unit. Lateral resolution ~3 μm, axial resolution ~10 nm. Image courtesy of 

Armstrong Optical. 

 

Figure 15: 2 x 2 mm chromatic confocal topographic image of wheat seed endosperm (red line is division between lobes). 

Equipment used was a CL2-MG210 probe with CCS-Prima controller. Lateral resolution ~1.7 μm, axial resolution ~25 nm. 

Image courtesy of Photon Lines. 
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4.1.5. White Light Interferometry  

White light interferometry (WLI) is referred to by many different names, including coherence scanning 

interferometry (CSI), vertical scanning interferometry (VSI), and low coherence interferometry (LCI). 

The operational principle of WLI is similar to that of TD-OCT, with a low coherence beam of light split 

into a surface incident beam and a reference beam with a path of a known length. By axially scanning 

the surface incident beam and measuring the interference as the focal plane moves, a topographic 

image of the surface can be generated [102]. The signal drop-off away from the focal point is described 

by an envelope function, with broader ranges of wavelengths producing more obvious focal points 

with steeper drop-offs [102], [115], [116]. The steeper the drop-off, the higher the axial resolution, all 

of which means that WLI is capable of axial resolutions in the region of tens of nanometres. When a 

WLI system is combined with a temporarily coherent laser, PSI (phase shift interferometry) can be 

used to achieve sub-nanometre axial resolution [102], [116], [117]. As with most optical topographic 

systems, the lateral resolution is approximately diffraction limited [118].  

There are many variations on the basic interferometer design, with Michelson-based designs typically 

used for magnifications from x1 to x5, and Mirau-based designs used for magnifications from x10 to 

x100 (Figure 16) [119]. Due to the resolution and scale of processing required for this application, the 

Mirau-based design is likely to be the most suitable.  

 

Figure 16: Basic schematic diagram of Mirau (left) and Michelson (right) interferometer designs [119] 

WLI is most commonly used with metals or other reflective materials, as these produce the best signal 

strength. However, some modern commercial WLIs claim to operate with materials with a surface 

reflectivity as low as 0.3%, meaning the technology should work with poorly reflective plant material 

[120]. This was shown to be correct, as a Veeco white-light interferometer was used to successfully 

generate a topographic measurement of a wheat seed endosperm sample. However, it is worth noting 

that this sample required significant post-processing to restore pixels which had failed to obtain data 

from the uneven surface (Figure 17).  
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Figure 17: 0.09 x 0.12 mm white light interferometer image of rough-cut wheat seed endosperm before (left) and after 

(right) data restore processing. Equipment used was a Veeco interferometer with Vision32 software at 50x magnification. 

WLI measurements are areal, with the area imaged with each scan dependent on the magnification 

and the lateral field of view. Axials scans usually take at least several seconds, making the temporal 

resolution extremely low at <1Hz. However, the areal nature of WLI imaging means that it can still be 

used to image areas quickly in comparison to other point or line scan techniques. There is a trade-off 

to be considered between measurement time, area measured, and measurement resolution. A 

limiting factor for WLI imaging speed is its requirement for intense illumination when imaging low-

reflectivity surfaces, which necessitates the use of a high magnification optic. Increasing the 

magnification of the optics decreases the measurement area, meaning that the imaging speed is 

actually a trade-off against both measurement resolution and intensity of illumination. This may limit 

the flexibility of a WLI system with regards to resolution, as measuring larger areas of plant material 

at a lower resolution may not be possible due to the intense illumination requirements. 

In many regards WLI is a promising technology for this application, with high axial and lateral 

resolution, areal 3D measurements, and its ability to image materials with low reflectivity. However, 

imaging tests have shown that WLI is not completely effective at imaging non-ideal plant material such 

as wheat seed endosperm. Furthermore, the measurement speed may be problematic if the area per 

measurement is limited due to the need for either high resolution or intense illumination. It should 

also be noted that WLI measurements can be highly sensitive to vibrations, which may make it difficult 

to use accurately on the BioLaser system without significant damping modifications [86]. The major 

problems however are size and cost, with high resolution interferometer devices often exceeding 

50 kg in weight and usually exceeding £100,000 in cost. This makes interferometer technology 

unsuitable for the proposed BioLaser system. 

4.1.6. Other Technologies 

This section lists a number of surface topography technologies that were initially considered, but 

quickly dismissed. To avoid unnecessary explanations of a technology that is clearly not applicable, 
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each technology will be quickly explained, before the reason for their dismissal is given. Technologies 

that can also serve as tomographic imaging devices, such as μ-CT and ultrasound, will not be described 

here as they have already been dismissed due to their expense. 

4.1.6.1. Machine Vision 

Machine vision refers to a broad range of technologies that use computer processing of optical images 

to generate roughness, waviness, or form measurements of a surface. High-resolution machine vision 

uses structured light illumination and computer processing of the image to measure the topology of 

a surface based on the deformation of the illuminating pattern [121], [122]. This technology was 

quickly dismissed due to its feature size measurement limit of ~50 µm for commercial systems [123]. 

Non-commercial systems can be made with microscope objectives to give acceptable axial and lateral 

resolutions of 0.1 µm and 1 µm respectively [124]. However, these systems are expensive, time 

consuming to build, require extremely small working distances, and have poor temporal resolution 

[125]. 

4.1.6.2. Atomic Force Microscopy 

Atomic force microscopy (AFM) uses a cantilever beam with a probe, which is scanned across the 

sample surface where the resultant forces between the sample and the probe tip cause deflection of 

the beam. The probe tip is usually in the region of several nanometres thick, and the process is capable 

of giving sub-nanometre axial and lateral resolution [126]–[128]. However, AFM was dismissed early 

on as a form measurement technique due the excessive measurement times, with impractically slow 

imaging speeds compared to other topographic imaging techniques [126], [129]. 

4.1.6.3. Near-Field Scanning Optical Microscopy (NSOM) 

Near-field scanning optical microscopy (NSOM) is a scanning probe technology similar to AFM, in that 

it scans extremely close to the sample surface (10 – 50 nm) and detects forces between the sample 

and the probe [130]. However, unlike AFM it is the small evanescent electric field which is detected, 

giving a lateral and axial resolution of 10 nm and 2 nm respectively [131]. NSOM was dismissed for 

excessive measurement times, which are unreasonable for anything above the micrometre scale. 

4.1.6.4. Scanning Electron Microscopy (SEM) 

In scanning electron microscopy (SEM), an electron beam is focused through a series of magnetic 

condenser lenses down to a spot size of <1 nm. When this beam impacts the surface, the system can 

detect both the elastically backscattered electrons or electrons emitted due to inelastic scattering 

[132], [133]. Despite very high lateral resolutions of ~5 nm, SEM was dismissed due to expense, the 

need for sample to be in a high vacuum, and the need to image samples from several angles to 

generate topographic surface data [132], [133]. 
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4.1.6.5. Laser Triangulation  

Laser triangulation technology calculates the distance from an object to the sensor by precisely 

measuring the angle of the diode laser beam reflected off the surface, with blue diode lasers being 

used most commonly for “precision” applications [134], [135]. As shown in Figure 18, the measured 

position of the reflected beam on a sensor, at a known position relative to the laser diode, can be used 

to calculate the distance of the sample surface via basic trigonometry. By rastering this laser beam 

across a surface (or by using multiple lasers) a 3D topographic image of a surface can be generated. 

This type of sensor is capable of axial resolutions of 30 nm, temporal resolutions of 100 kHz, and a 

large resolution-dependent axial field of view usually ranging from 1 – 1000 mm [134], [136]. However, 

triangulation-based technologies are severely limited in lateral resolution due to the large laser spot 

size. The maximum later resolution in commercially available sensors is ≥20 µm, which is unacceptable 

for this application [136]. 

 

Figure 18: Diagram of triangulation based distance measurement sensor [137]  

4.1.7. Topographic Measurement Summary  

Section 4 summarises the reviewed topographic measurement technologies based on the selection 

criteria. Of all the technologies deemed suitable for further investigation, successful topographic 

measurements were achieved by all three point-based technologies, with only areal DHM failing to 

generate data successfully. Areal WLI technology did manage to generate some topographic data but 

its requirement for significant data restoration, along with WLI’s high cost, high weight, vibrational 

sensitivity, and limited speed, make it unsuitable for the BioLaser application. Of the three applicable 

point-based measurement technologies, OCT lacks the necessary axial resolution and CLSM is too 

expensive. Chromatic confocal topography is therefore the best choice of topography measurement 

for the BioLaser system. Its only potential disadvantage is its low measurement speed in comparison 

to OCT and CLSM. However, based on the maximum sample volume of (2 mm)3, measurement speeds 
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of 0.01 – 0.25 mm2/s give a layer measurement time of 16 – 400 seconds, which is reasonable for this 

application. Furthermore, chromatic confocal probes are extremely flexible and will allow for lower 

resolution form measurement at greatly increased measurement speeds.  
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Table 3: Summary of reviewed topographic imaging technologies based on selection criteria detailed throughout section 4.1. 

Technology Max. Axial 
Resolution 

(µm) 

Max. Lateral 
Resolution 

 (µm) 

Measurement Speed 
(mm2/s) 

Proven/Potential* 

Costs (£) Notes 

Point Measurement Technologies 
Optical Coherence Tomography 

[86]–[97] 
3 3 1.5/5 40k – 60k Gives subsurface information to a max depth of ~2 mm (translucent samples). 

Requires no axial scanning. 

Chromatic Confocal Topography 
[109]–[114] 

< 0.1 1 0.01/0.25 8k – 20k Also gives reflectivity information. 
Requires no axial scanning. 

Confocal Laser Scanning Microscopy 
[98]–[108] 

0.1 0.5 0.1/1 70k – 130k Also gives high-resolution surface image. 
May or may not require axial scanning (depends on model). 

Laser Triangulation Sensor [134]–
[136] 

<0.1 20 -/10 < 5k Requires no axial scanning. 

Atomic Force Microscopy [126]–
[129] 

<< 0.1 << 0.1 -/10-5 15k – 75k Can measure individual molecules. 

Near-Field Scanning Optical 
Microscopy [130], [131] 

<< 0.1 << 0.1 -/10-6 15k – 75k Can measure individual molecules. 

Scanning Electron Microscope [132], 
[133] 

N/A << 0.1 N/A 100k+ Large machine. Requires vacuum chamber. Limited to 2D imaging unless image 
from multiple angles, making “measurement speed” impossible to determine. 

Areal Measurement Technologies 

Digital Holographic Microscopy 
[73]–[86], [138]–[140] 

<0.1 0.5 -/10 50k+ Tests indicate it struggles to image plant material (wheat seed endosperm). 

White Light Interferometry  [102], 
[115]–[117], [119], [120] 

 

<<0.1 0.5 -/0.5** 100k+ Requires axial scanning in VSI mode. 
Requires no axial scanning in PSI mode (limited axial range). 
Commercial white light interferometers can usually operate in both VSI and PSI 
mode and are sensitive to vibration. 
Sometimes unreliable with plant material imaging. 

Machine Vision [121]–[125] 
 

5 50 -/ 103+  Variable 
 

Software can 
be very 

expensive 

Some specialist, purpose-built machine vision technology has been able to 
achieve lateral and axial resolutions down to ~ 1 µm and 0.1 µm respectively. 
However, these systems are very expensive to make, heavily application 
specific, and have extremely small working distances. 

Ultrasound (Acoustic Microscopy) 
[26], [28], [34] 

10 20 -/102 ~100k Requires sample to be in a solution. 
Gives some subsurface information. 

Micro Computed Tomography [6], 
[7], [19], [141] 

10 10 N/A 150k – 900k Capable of non-destructive 3D scanning 
High-resolution systems tend to be very large 

*Potential at necessary lateral resolution or highest possible resolution (for systems resolutions worse than necessary resolution). The speed of all these techniques are 
resolution dependent. 

** Difficult to predict accurately due to influence of both resolution and illumination requirement on the measurement speed.



33 
 

4.2. Optical Microscopy 

Based on the BioLaser criteria for flexible integration of high-resolution imaging technologies, it is 

necessary to review optical microscopy technologies that may be used to image plant material. In this 

project optical microscopy refers to any optical process used to gain a depiction of a surface or surface 

volume based on its physical characteristics, as opposed to chemical imaging, which images based on 

the elemental or molecular make-up of the sample. This differentiation is only necessary for the 

improved structure of this report, with both optical microscopy and chemical imaging hardware 

having significant overlap in practice. 

Categorising microscope technologies into definite groups is challenging, as demonstrated in Figure 

19, which maps the relationship between a range of high resolution and super-resolution microscopy 

technologies. Whilst the resolution of basic conventional and confocal microscopy are both 

diffraction-limited to ≥ 200 nm, many innovative technologies can generate “super-resolution” images 

i.e. images with resolutions below the diffraction limit (< 200 nm)  [130], [142], [143].  

 

Figure 19: Map of different approaches to high-resolution and super-resolution microscopy, adapted from Garini et al [130]. 

Microscopy techniques within the red boundary are high-resolution (≥ 200 nm), whilst techniques within the green 

boundary are super-resolution (< 200 nm). Explanation of all acronyms is beyond the scope of the project, but see Garini et 

al [130] for more details if required. 

It is worth stating that for the prototype BioLaser system that widefield microscopy is the primary 

optical microscope technology that will be incorporated. This is because the prototype BioLaser is 

meant to act as a flexible proof-of-concept, to which more advanced optical microscopy systems can 

be added in the future. It is therefore unnecessary to add complex or niche optical microscopy 

technologies at this early stage. Therefore, this section will only cover the basics of conventional 

widefield microscopy, as well as the discussing the use of fluorescence when imaging plant material.  
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4.2.1. Conventional Microscopy 

Conventional (or “Widefield”) microscopy refers to any microscope that uses the traditional 

microscope setup of an objective lens, a tube lens, and an eyepiece or CCD for data acquisition [6]. It 

is a simple and fast areal imaging technique, that collects light reflected from the specimen being 

illuminated [144]. The system is highly flexible and can use a range of light sources, from broadband 

sources to any monochromatic light source required. This flexibility allows it to be combined with a 

variety of high-resolution and super-resolution imaging techniques (Figure 19). The technology is also 

widely available, cheap, and increasingly simple to integrate, with modern USB microscopes being 

“plug and play” and available for between £50 - £1000 [145], [146]. 

The maximum resolution of a conventional microscope is diffraction limited, with lens aberrations also 

contributing to spatial resolution limitations. The resolution of basic conventional microscopy can be 

improved through the use of deconvolution methods, which use digital image reconstruction in post-

processing. These deconvolution methods usually use noise models, such as the Gaussian or Poisson 

model, to predict the actual resolved image from the unresolved data obtained [147]. Whilst limited 

to images that are only slightly unresolved, deconvolution is still a useful technique for improving 

image resolution without the need for additional hardware (Figure 20). Post-processing methods like 

this are widely available in both open source and commercial software (see section 6.2.5). 

Conventional microscopy will serve as the primary imaging device for BioLaser and will allow for 

relatively simply image acquisition and the generation of usable tomographic models. This basic set-

up will allow the advantages and limitations of the BioLaser system to be assessed, particularly with 

regard to ultrafast sectioning. The future integration of more advanced imaging systems, such as non-

linear and interference methods, is only feasible once the ultrafast sectioning and chromatic confocal 

topographic measurement technology have been proven and optimised. 

 

Figure 20: Example of post-processing deconvolution on 3D image of a telomeres in a nucleus imaged using conventional 

microscopy and fluorescent labelling [147]. 
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4.2.2. Fluorescence Microscopy  

Basic fluorescence microscopy employs identical hardware to conventional microscopy but uses 

fluorescence and phosphorescence to image features of a sample. The use of fluorescence, both 

endogenous and exogenous in origin, is ubiquitous in high-resolution and super-resolution microscopy 

of biological material [130], [142], [148], [149]. Fluorescence microscopy works by using an 

illumination wavelength that will make a feature of interest fluoresce, increasing the contrast between 

a feature of interest and the surrounding material [142], [150]. Through the use of a widefield 

microscope with appropriately coloured illumination, these features of interest can then be optically 

imaged and located to resolutions below the diffraction limit. 

Examples of endogenous fluorescent labels, or “fluorophores”, in plant imaging include the membrane 

associated enzyme NAD(P)H oxidase, pterins, flavins, and also some nucleotides, DNA, RNA, and other 

proteins under suitable conditions [144], [151]. Another common fluorophore in plant material is 

chlorophyll, which can be made to fluoresce when excited with radiation between  675–680 nm [151], 

[152]. Whilst endogenous fluorophores can be used to image plant material, the use of exogenous 

labels is more common, with endogenous fluorophores often viewed as a nuisance for reducing the 

contrast between the exogenously labelled features of interest and the background plant material 

[144]. However, new techniques can differentiate between endogenous and exogenous labels using 

intensity decay shape, making it possible to image both simultaneously with suitable software [153].  

Exogenous fluorescent labels (also referred to as dyes, probes, and markers) come in a huge variety 

of different forms. The broad categories for fluorescent labels include genetically encoded protein 

probes, inorganic quantum dot probes, reversible photoactivatable fluorophores (photoswitchers), 

and irreversible photoactivatable fluorophores (photocaged fluorophores) [142]. It is also possible to 

use fluorescent probes to “turn on” endogenous fluorophores present in RNA [154].  In each of these 

categories there is a wide range of different labels for all applications, which are selected based on 

the imaging technique, the desired feature, and the composition of the background plant material. 

The use of exogenous fluorescent labels allows for plant material features, that are impossible to view 

with conventional or endogenous fluorescence microscopy, to be highlighted and imaged [148], [149]. 

This is of great importance for botanical research, which often needs to view specific features or 

proteins with no autofluorescence or colour discernible from the surroundings. The selection and 

incorporation of exogenous fluorescence labels in a sample is beyond the scope of this report, as any 

samples with fluorescent labels will be provided by an external group. It is simply worth noting that 

the incorporation of fluorescence labels, particularly genetically encoded proteins, could dramatically 

improve the range and quality of imaging data that could be generated by the proposed BioLaser 

system. 
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4.2.3. Microscopy Summary 

Despite the wide range of technologies available, the incorporation of a basic digital widefield 

microscope into the prototype BioLaser system is a certainty. The low cost, ease of integration, and 

flexibility make a USB microscope ideal for this project. 

Due to the mature nature of conventional microscope technology, there are no real research 

questions that can be derived from the investigation of microscope imaging directly. However, the 

incorporation of this technology is necessary for the success of other aspects of the BioLaser system, 

as well as the system as a whole. The incorporation of a variety digital microscopes will help 

demonstrate the flexibility of the system, allow for rapid assessment of ultrafast ablation quality, and 

provide a range of high-resolution 2D images that can be compiled into 3D models. 
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5. Laser-Matter Interaction 

5.1. Advantages of Ultrafast Ablation 

A laser is described as “ultrafast” when it has a pulse width of below ~10 ps [155], [156], although 

many prefer to define it as a pulse that is shorter than both the electron relaxation time and lattice 

heating time of the ablated material [157], [158]. Unlike with longer pulse-length ablation, which relies 

on thermal processes to remove material, ultrafast ablation is initiated by non-linear absorption of 

photons, which causes ablation via primarily non-thermal mechanisms. Because of these non-thermal 

ablation mechanisms, ultrafast lasers allow precision micro-processing down to a sub-micron scale, 

with minimal damage to the surrounding material (Figure 21). Ultrafast ablation also allows for simple 

material characterisation, with the ultrafast ablation threshold of a material being a well-defined, as 

other cumulative thermal effects present in non-ultrafast ablation can be ignored  [62]. 

 

Figure 21: Effect-of-long-and-short-pulses-on-laser-matter interaction  [158] 

5.2.  Ultrafast Laser-Matter Interaction with Dielectrics 

Plant material can be considered a dielectric material, with its dielectric properties varying based on 

material composition [159], [160]. For this reason, an understanding of ultrafast laser-matter 

interaction with dielectrics is necessary for this project. 

Whilst an ultrafast pulse may last less than a picosecond, the process of material excitation and 

ablation extend into timescales many orders of magnitude greater (Figure 22). Unlike non-ultrashort 

pulses, the laser pulse, ablation, and intermediate process are all temporally separated, allowing them 

to be studied separately [161]–[163]. The processes discussed in this review include: 
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• Absorption of ultrafast pulses; 

• Energy transfer from electron to lattice; 

• Thermal and nonthermal melting; 

• Coulomb explosion; 

• Ablation plumes. 

Additional considerations for ultrafast ablation include incubation effects, self-focusing, plasma-

defocussing, and plasma shielding; the Mott transition will also be touched upon [162], [164]–[166]. 

 

Figure 22: Typical timescales of ultrafast ablation processes based on material type and incident irradiation intensity. Figure 

taken from Rethfeld et al, 2017 [161]. 

5.2.1. Absorption of Ultrafast Pulsed 

5.2.1.1. Photoionisation 

In dielectrics with band gaps larger than the photon energy, nonlinear photoionisation is necessary to 

excite electrons from the valence band to the conduction band [161], [167]. When subject to an 

ultrafast pulse of sufficient intensity, the density of incident photons is so great that non-linear 

ionisation of the substrate can occur [168], [169]. Non-linear field ionisation consists of either or both 

multiphoton ionisation and tunnelling ionisation (see Figure 23), with the Keldysh parameter (γ) 

(Equation 1) being useful for predicting which is most functionally dominant [170], [171]. 
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𝛾 = 𝜔
√2𝑚𝑈𝐼

𝑒𝐸𝐿
 

 

Equation 1 

In this equation, ω is the laser frequency (inverse of wavelength), 𝑚 is the mass of an electron, 𝑒 is 

the electron charge, 𝐸𝐿 is the electric laser field amplitude, and 𝑈𝐼  is the ionisation energy (or band 

gap energy). As indicated by Equation 1, low frequency and higher intensity radiation likely leads to 

the tunnelling ionisations regime dominating, whilst high frequency and lower intensity radiation 

likely favours the multiphoton ionisation regime. The Keldysh parameter can be considered as a ratio 

between the band gap energy of the substrate and the “ponderomotive” energy of an electron 

oscillating in an electric field [161]. The Keldysh parameter is often defined as the borderline between 

multiphoton and tunnelling ionisation [172]. A low ponderomotive energy and a large band gap 

favours multi-photon ionisation, whilst high ponderomotive energy and a small band gap favours 

tunnelling ionisation (Figure 23). 

 

Figure 23: Diagram of two non-linear field ionisation regimes [86] 

5.2.1.2. Intraband Absorption and Impact Ionisation 

Intraband absorption is the absorption of laser radiation by free electrons in the conduction band via 

the inverse bremsstrahlung effect [173]. In dielectric materials, intraband absorption serves to further 

excite electrons that have already been promoted to the conduction band via photoionisation, which 

when first promoted have low kinetic energy [164]. The high kinetic energy electrons generated by 

intraband absorption can then lead to impact ionisation, where a highly excited electron impacts and 

ionises an atom in the substrate lattice. Once conduction band electron densities and energies are 

sufficiently large, avalanche ionisation can be initiated [167]–[169]. It is suggested in several papers 

that avalanche ionisation becomes the dominant ionisation regime for high intensity irradiation when 

a pulse exceeds 100 fs in length [171], [174], [175]. 
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Figure 24: Schematic diagram of intraband absorption via the inverse bremsstrahlung effect and impact (collisional) 

ionisation. Adapted from [173] 

5.2.1.3. Overall Ionisation Rate 

The overall ionisation rate is calculated based on all of the ionisation phenomena discussed above. 

The most basic equation for the rate of ionisation is given as [161]: 

𝜕𝑛𝑒

𝜕𝑡
=  �̇�𝑝𝑖(𝐸𝐿) + 𝛿𝑖𝑚𝑝(𝐸𝐿)𝑛𝑒 

 

Equation 2 

Where �̇�𝑝𝑖 is the photoionisation rate, 𝛿𝑖𝑚𝑝 is the probability of impact ionisation, and 𝑛𝑒 is the 

number of free electrons. This equation assumes that the impact ionisation rate is solely dependent 

on free electron density and ignores the influence of intraband absorption, an assumption upon which 

many papers have cast doubt (particularly for the sub-picosecond regime) [176]–[178]. An improved 

ionisation rate equation is given below: 

𝜕𝑛𝑒

𝜕𝑡
=  �̇�𝑝𝑖(𝐸𝐿) + 𝛿𝑖𝑚𝑝𝑛𝑘 

 

Equation 3 

Where 𝑛𝑘 is the number of free electrons with energies above the critical energy required for impact 

ionisation and 𝛿𝑖𝑚𝑝 is the probability that an electron with energy above this critical value will cause 

impact ionisation. 𝑛𝑘 is calculated using the “Multiple Rate Equation” (MRE), which introduces virtual 

energy intermediate energy levels for electrons which have already been excited to the conduction 

band via photoionisation [161]. These intermediate energy levels are a product of excitation through 

intraband absorption events (which have their own intensity dependent probability), with a specific 

number of events required to excite a conduction band electron to the critical energy required for 

ionisation. Whilst more complex to calculate, Equation 3 has been demonstrated to be superior to 

Equation 2 with regard to modelling ultrafast ablation of dielectrics [179]. The result of these 

calculations is summarised in Figure 25, which indicates the dominant ionisation mechanisms for 

dielectrics as a function of laser parameters.   
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Figure 25: Plot indicating dominant ionisation regimes as a function of Intensity and pulse width. Dashed lines indicate what 

approximate percentage of ionisation events are as a result of impact ionisation. tMRE  indicates the transition point between 

photoionisation and avalanche ionisation dominant regimes based on the multiple rate equation. Plot taken from Rethfeld, 

2006 [180]. Copyright (2006) the American Physical Society. 

5.2.2. Electron-Lattice Energy Transfer 

After excitation of electrons via the processes described in the previous section, energy is transferred 

to the lattice by electron-phonon collisions. The timescale for electron-electron collisions and 

electron-phonon collisions are both in the order of femtoseconds. However, the momentum transfer 

from an electron to an ion generates negligible energy transfer due to the mass ratio of 𝑚𝑒 𝑚𝑖𝑜𝑛⁄ <

1/2000, meaning that the timescale for electron-phonon energy transfer is considered to be in the 

order of picoseconds [161]. The electron relaxation time is dependent on the characteristic electron-

cooling time, characteristic lattice-heating time, and the electron phonon coupling strength. The basic 

equations for these values are given below: 

𝜏𝑒 = 𝑐𝑒 𝛼⁄  

 

Equation 4 

𝜏𝑖 = 𝑐𝑖 𝛼⁄  Equation 5 

𝜏𝑟𝑒𝑙𝑎𝑥 =
𝑐𝑒𝑐𝑖

(𝑐𝑒 + 𝑐𝑖)𝛼
 

 

Equation 6 

Where 𝛼 is the electron-phonon coupling strength, 𝜏𝑟𝑒𝑙𝑎𝑥 is the electron relaxation time, 𝜏𝑒 is the 

electron cooling time, 𝜏𝑖 is the lattice heating time, and 𝑐𝑒 and 𝑐𝑖 are the thermal capacity of the 

electrons and lattice respectively. In dielectrics the electron-phonon coupling strength is not constant 
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as it depends on the density of free electrons, which vary spatially and temporally during an ultrashort 

pulse. This makes the traditional two-temperature model (TTM) often used for metals largely invalid 

without significant additions such as time-dependent coupling strength [161], [173]. The subsequent 

conduction of this thermal energy from the surface to the bulk takes place over several picoseconds 

after electron-lattice energy transfer to the surface. As with electron lattice heat transfer, the process 

is electron density dependent and is thus difficult to model in dielectric materials [161], [173]. 

5.2.3. Thermal and Nonthermal Melting 

Thermal melting in ultrafast ablation occurs when sufficient energy has been conducted into the 

lattice via electron-phonon collisions. Heterogeneous melting refers to a melt pool that nucleates at 

the surface and propagates into the bulk, with its propagation speed being the speed of sound in the 

substrate material. This makes heterogeneous melting a slow process in the context of ultrafast 

ablation speed, taking place after the electron relaxation times with propagation speeds in the order 

of 1 nm/ps [161]. Homogeneous melting refers to melting that occurs when a bulk lattice is 

superheated to approximately 1.5 times its melting point, before rapidly and uniformly melting. The 

homogenous melting process can take less than 1 ps after the necessary bulk thermalisation has 

occurred [181]. Homogeneous melting can contribute to material ablation under ultrafast conditions, 

as the superheated bulk melt can quickly vaporise. However, under a well optimised ultrafast ablation 

regime, heterogeneous and homogeneous thermal melting effects should be negligible.  

Nonthermal melting occurs when a material is excited by a high intensity femtosecond laser pulse. It 

is a term used to describe lattice movement due to potential energy forces imparted on lattice ions, 

caused by excitation of a considerable fraction of the electron-hole pairs or “excitons” [161], [164]. 

The primary difference between thermal and nonthermal melting is that the latter is a result of energy 

transfer from highly thermalized electrons to other elections and not thermalisation of the lattice 

[182], [183]. The process of electron-electron energy thermalisation in the order of tens of 

femtoseconds, meaning nonthermal melting is orders of magnitude faster than thermal processes. 

Nonthermal melting leads to the generation of an overcritical fluid in the picosecond regime, and is 

therefore a mechanism that can contributes to the ablation process. 

5.2.4. Coulomb Explosion  

Coulomb explosion is a non-thermal process where emission of high-energy electrons from a surface 

leads to the accumulation of excessive positive change within the superficial layer, causing 

disintegration of the layer due to repulsive effects [173], [184], [185]. The process leads to ejection of 

material and is widely considered a dominant mechanism for ablation in a well optimised “gentle”  

ultrafast regime with fluence values close to the ablation threshold  [161], [166], [173], [184], [185]. 
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As fluences and repetition rate are increased, the Coulomb explosion ablative mechanism can come 

to be dominated by thermal ablation mechanisms [173]. Literature suggests a maximum ablative 

depth of 25 nm/pulse for pure coulomb explosion ablation, with thermally dominant ablation leading 

to an order of magnitude increase in ablation depth [185], [186]. 

5.2.5. Ablation Plumes  

Understanding of material ejection mechanisms and ejection plumes is an aspect of ultrafast laser 

ablation of particular practical importance. It is often assumed that plasma plumes are the only ejecta 

from an ultrafast ablation event, with these high-velocity ejected cloud of ions and electrons rapidly 

dissipating in <<1 µs [187], [188]. However, the reality is much more complex with a variety of particle 

sizes being ejected at a wide range of ejection velocities via a range of ejection mechanisms [173], 

[189]. Several papers suggest ultrafast material ejection via thermal processes can be split into 

approximately four groups based on volume energy density (or effective temperature) within the 

substrate [189]–[191]. These groups are described below in order of energy density and increasing 

ejection speed: 

• Swelling and Spallation – No “ablation” occurs but phase change and mechanical relaxation 

can lead to some material ejection. Rapid heterogeneous melting. Ejection speed ~0 – 

200 m/s. Approx. Size: 0.1 – 1+ µm. 

• Nanocluster Ejection – Phase explosion (homogenous bubble formation) leads to the ejection 

of nanoclusters. This is the dominant mechanism in metals close to ablation threshold [173], 

[192]. Nanocluster ejection can result from both homogeneous melting and nonthermal 

melting generating an overcritical. Ejection speed 200 – 1000 m/s. Approx. Size: 10 – 100 nm. 

• Fragmentation – Functionally similar to nanocluster ejection, but caused by critical phase 

separation i.e. spontaneous decomposition into liquid and gas [193], [194]. This generates 

higher velocity ejecta. Ejection speed 1 – 8 km/s. Approx. size: 1 – 10 nm. 

• Atomisation – Plasma formation. Ejection speed 8 – 50 km/s. Approx. size: atomic. 

Some literature suggests that, for metals, nanocluster ejection is the dominant ablation mechanism 

when ultrafast laser fluence is close to the ablation threshold [192]. Whilst this has not been confirmed 

for dielectrics, a study on the mass distribution of ultrafast ablated dielectric materials indicates that 

most of the material ejected is in the form of nanoparticles [195]. It is important to note that at a 

suitably high laser intensity, all four of these ablation mechanisms are likely happening at once, with 

the laser parameters primarily dictating which the dominant regime is. It is also worth noting that 

Coulomb explosion is a separate, non-thermal, ablation regime which dominates under ultrafast 

fluences close to the ablation threshold.  
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The ejection velocities of spallation and nanoclusters (and to some extent fragmentation) lead to 

ejection plumes which take significantly longer to dissipate than those of plasma plumes. These 

dissipation times may result in shielding effects at high laser repetition rates. An example of a long-

lasting ejection plume is given in Figure 26, with a femtosecond pulse incident on a dielectric material 

generating an ejection plume still present after 100 µs. An additional issue with ultrafast ablation 

plumes is their direction, with femtosecond laser plumes being significantly narrower and peaked in 

the direction normal to the sample surface when compared to nanosecond laser ablation (see Figure 

26) [196], [197]. This more directional plume is more likely to interfere with future pulses incident 

orthogonal to the substrate. 

 

Figure 26: Ejection plume from BaTiO3 100 µs after an incident pulse from a) a nanosecond regime laser at a peak intensity 

of 108 W/cm2, and b) a femtosecond regime laser at peak intensity of 1013 W/cm2. Images approximate 50 x 30 mm. Taken 

from Millon et al, 2003 [197]. 

5.2.6. Additional Ultrafast Phenomena 

5.2.6.1. Incubation Effects 

Incubation effects refer to phenomena which cause the ablation threshold of a material to be reduced 

for multi-shot ablation in comparison to single shot ablation. Ashkenasi et al (1999) investigated 

incubation effects in dielectrics and found a 40% reduction in ablation threshold when comparing 

single and 10 pulse ablation of Silicon oxide [198]. A multi-shot saturation threshold is eventually 
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reached, beyond which no further reduction in ablation threshold is measured. In the case of 

dielectrics such as Yttrium lithium fluoride and Silicon dioxide, this saturation threshold is reached 

after ~10 and ~80 pulses respectively [198]. In dielectrics this is attributed to changes in optical 

properties (see section 5.2.6.2) and defect accumulation in the lattice [164], [173]. With regard to 

material characterisation for the BioLaser project, only multi-shot ablation with be considered, as 

single shot ablation is irrelevant to the serial sectioning process. 

5.2.6.2. Mott Transition 

The Mott Transition is a phenomenon in dielectrics and semi-conductors in which increasing free 

electron density results in an increasing strong metallic like absorption of electromagnetic radiation 

[161], [166]. This effect can lead to rapidly increasing ablation at increasing pulse lengths. 

5.2.6.3. Plasma Defocussing, Self-Focussing, and Plasma Shielding 

Plasma defocussing refers to the effect whereby the plasma generated by high-intensity material 

radiation causes the focused laser beam to be defocused, due to the reduced refractive index of the 

plasma compared with the ambient air. Self-focussing refers to the opposite effect, where the higher 

refractive index of the dialectic material causes a lens-like effect in the material, focussing the laser to 

a point within the sample [164], [199]. These two effects limit the certainty with which we can define 

the focal point of a laser when ablating a sample, and in combination can lead to “filamentation” 

effects that penetrate deep into the sample [200]. Plasma shielding is a phenomenon that describes 

plasma generated by a laser pulse absorbing a percentage of the energy from a subsequent laser pulse 

via the inverse-Bremsstrahlung  effect, reducing the laser intensity on the sample surface [201].  

5.3. Ultrafast Ablation of Plant Material 

Literature discussing ultrafast laser ablation of plant material is limited, with most living tissue ablation 

being focused on medical research into ablation of materials such as bone or corneal tissue [157], 

[202]–[204]. Some papers investigate ultrafast laser processing of hardwood, but these are limited in 

their scope. Théberge et al (2002) correlated the moisture content of a sample to the charge of 

nanoclusters ejected and also suggested that the smoothness of ejected cellulose nanoclusters was 

an indicator of some degree of sample melting [55]. Naderi et al (1999) simply concluded that less 

visible damage was caused than with traditional wood machining techniques [54]. A more recent 

paper by Jakob et al (2017) used ultrafast laser ablation as an alternative to FIB processing [205]. 

However, the primary focus of this paper was for characterisation of local mechanical properties, with 

very limited information on the ablation process. Nearly all papers that discuss ultrafast ablation of 

plant material are primarily focused on generating plasmas for elemental or chemical analysis, with 

little mention given to the substrate surface left behind. It can be concluded that research into 
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precision ablation of plant material is severely limited. It is therefore the opinion of the author that 

there is great scope for research into characterising the ultrafast ablation of plant materials 

throughout this project. 
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6. BioLaser Setup and Qualification 

6.1. BioLaser Hardware 

6.1.1. Proof-of-Concept BioLaser Summary  

The basic design for the proof-of-concept BioLaser system is described in Figure 27. The proof-of-

concept design includes an ultrafast ablating laser incident orthogonal to the sample through a focus 

lens, a chromatic confocal probe for topographic and slice thickness measurement, and a digital 

microscope. The laser focussing lens, chromatic confocal probe, and digital microscope will be 

attached to a single computer-controlled Z stage, whilst the sample will be placed on a computer 

controlled XY stage. An optional 3-axis goniometer can be added, giving a total of 6-axis motion 

control. The primary movement axes for this proof-of-concept system are the linear XYZ axes, which 

will allow for computer-controlled movement of the sample between each component during each 

stage of the tomographic imaging process.  

 

Figure 27: Schematic diagram of proof-of-concept BioLaser design including an ultrafast laser for sectioning, a chromatic 

confocal probe for layer removal measurement and topographic imaging, and a digital microscope for high-resolution 

imaging. The sample is moved, both between technologies and for beam rastering, using an XY stage. A separate Z stage 

controls the height of the laser focussing optic, spectrometer acquisition lens, chromatic confocal probe, and digital 

microscope, relative to the sample. 

Motorised stages will also allow for the necessary ablation and topography-measurement movement 

paths to be performed. The basic step-by step function of this proof-of-concept device is to: 

1. Ablate an area of the sample using a focused ultrafast laser; 
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2. Generate a topographic measurement of the exposed surface using a chromatic confocal 

probe; 

3. Acquire a microscope image of the exposed surface; 

4. Repeat steps 1 – 3. 

The data collected during each of these steps will be processed and visualised in the appropriate 

tomographic software. The modular nature of the design means that individual components or steps 

can be developed and optimised individually. The modular design also allows for flexible interchanging 

of microscope or chemical imaging technologies, depending on what is required. 

 

6.1.2. Femtosecond Platform 

The Femtosecond platform utilises an ultrafast Satsuma laser built by Amplitude Systèmes. The laser 

has a pulse duration range of 280 fs, a wavelength of 1030 nm, and a beam quality factor (M2) of 1.1. 

The laser optical path consists of a mechanical shutter, a X2.8 beam expander, four mirrors (model: 

PF10-03-P01), a DA10-800 attenuators, and a dichroic mirror (model: MLP1190L). The dichroic mirror 

is present to allow light reflected back through the focussing optic to be viewed by a CMOS camera, 

which is used to allow the focal point to be found iteratively using a live view of the spot size reflected 

through the focusing optic.  

The two focussing optics used for this setup are the Comar 12 OI 09 and the Comar 25 OP 05, which 

have  focal lengths of 12.7 mm and 25 mm respectively. The Comar 12 OI 09 focal spot has a diameter 

of 3.66 μm and a Rayleigh length of 9.31 μm, based on the measured raw beam diameter of 5 mm 

(see Appendix 15 for equations). The Comar 25 OP 05 focal spot has a diameter of 7.21 μm and a 

Rayleigh length of 36.06 μm. The Satsuma laser is controlled by software provided by the 

manufacturer Amplitude Systèmes. 

The linear movement of the platform is controlled by Aerotech stages, with X and Y motions controlled 

by two Aerotech ABL1000-050-E1 linear stages and Z motion controlled by a separate Aerotech 

ATS100-100 linear stage. Part of the optical path is attached to this Z-stage, with the focussing optic 

and several mirrors moving relative to the stationary XY stages (Figure 28). All stages are controlled 

by Aerotech A3200 software. Two Thorlabs GNL20 goniometers allow for manual adjustment of pitch 

and roll, with an additional rotational stage included for adjusting yaw. This device is attached to the 

surface of the Aerotech XY stage, giving an additional 3 axes of manual control on top of the three 

computer-controlled linear axes. The entire system is mounted atop a laser table supported by four 

RL-2000 series Newport Lablegs. 
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Diagram 1 Diagram 2 

  

Figure 28: Schematic Diagrams of Femtosecond Platform. 

 

6.1.3. Picosecond Platform 

The Picosecond platform utilises a Talisker Ultra 355-4 Industrial Picosecond Laser system built by 

Coherent. The laser has a pulse duration of 10 ps, and three wavelengths (355 nm, 532 nm, and 

1064 nm), with beam quality factors (M2) of <1.1, <1.1, and ~1.2 respectively. The laser optical path 

consists of mechanical shutter, a QiOptic 2x – 8x motorised beam expander, an Altechna Watt Pilot 

motorised attenuator, six mirrors (model: PF10-03-P01 for 532 nm and 1064 nm, BB1-E01 for 355 nm), 

a dichroic mirror (model depends on application and wavelength), and an application-specific 

focussing optic. Due to variable beam expansion on the Picosecond platform, raw beam diameter, 

laser spot size, and Rayleigh length will all vary between applications. These will therefore be subject 

to ongoing calculation as required. The Talisker laser is controlled by software provided by the 

manufacturer Coherent. 

The linear movement of the platform is controlled by Aerotech stages, with X and Y motions controlled 

by an Aerotech ABL9000 Two-Axis Air-Bearing Direct-Drive Linear Stage and Z motion controlled by an 

Aerotech AirLift115 Air-Bearing Lift Stage. Unlike the Femtosecond platform, the Picosecond platform 

Z stage is used to move the entire XY stage setup from below, with the entire optical path fixed in 

place.  An additional MPS50SL-050 Mechanical-Bearing Screw-Driven Linear Stage is available to 

control the Z position of a mounted microscope. The Picosecond platform Aerotech ACS-100LP and an 

ADRS-150 rotational stages which are used to control the pitch and roll of the sample, giving the 

system 5-axis computer control. All stages are controlled by Aerotech A3200 software. The entire 

system is mounted atop a granite laser table supported by four BiAir membrane air springs. 
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Diagram 1 

 

Diagram 2 

 

Figure 29: Schematic diagrams of Picosecond platform. 

6.1.4. Purchased Hardware 

6.1.4.1. Micro-Epsilon Chromatic Confocal Probe 

The chromatic confocal probe chosen for the proof-of-concept BioLaser system was a Micro-Epsilon 

IFS2405-0.3 Confocal displacement sensor with an IFC2421 single-channel controller (Figure 30). The 
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probe has an axial FOV of 0.3 mm, an axial resolution of 10 nm, a lateral resolution of 3 µm, and a 

focal distance of 6 mm. This device was chosen over the competition due to its low cost (£8,326), its 

good max measurement rate for a commercial system (6.5 kHz), and its ethernet connection, which is 

approximately twice as fast as the USB 2.0 connection used for the majority of other devices. 

Furthermore, at 154 mm in length, 27 mm in diameter, and 140 g in weight, the probe is small and 

light enough to be attached to both the Femtosecond and Picosecond platforms. This device also has 

a large .Net/C# compatible data acquisition library (MEDAQLib) available for free, and is compatible 

with both software and hardware triggering. Micro-Epsilon also offered the best customer support of 

the companies contacted. 

 

Figure 30: Micro-Epsilon IFS2405-0.3 Confocal displacement sensor with an IFC2421 single-channel controller 

6.1.4.2. Widefield Microscopes 

A collection of three different Dino-Lite USB microscopes will be used for imaging (see Table 4). This 

range of microscopes allows application-specific imaging and also serves to demonstrate the flexibility 

of the BioLaser system. Utilising microscopes from a single manufacturer allows for all microscopes to 

be connected and controlled using the same DLL, which makes changing imaging devices as simple as 

unplugging one and plugging in another. An additional high-resolution Optem Fusion microscope is 

available on the Picosecond platform. 

Table 4: List of available Dino-Lite microscope specifications and applications. 

Name Magnification  Sensor Resolution Application Status 

AM-413T5 x500 1280 x 1024 Basic colour imaging Already owned 

AM-7515MT8A x700 – x900 2592 x 1994 High-resolution 

colour imaging 

Purchased 

AM4115T-GFBW x20 - x220 1280 x 1024 Florescent imaging Purchased 
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6.1.4.3. Purex FumeCube 

In order to prevent ablated material from re-settling on the surface of a sample, dispersing randomly 

and covering optics, or causing damage to the linear stages, a 230V Purex FumeCube was used for 

extraction. This device was bought for ~£500 and was used either alone or in conjunction with air-line 

flow across the sample surface, depending on what was appropriate for the sample in question. Its 

highly flexible intake tube and light weight design allowed it to be used on both the Femtosecond and 

Picosecond platform as necessary. 

6.1.4.4. 3XS WI4000 Viz Computer 

Generating and analysing tomographic models based on the data collected requires a significant 

amount of processing power. Initial analysis of tomographic software was conducted with Quad-Core 

i7-4770K CPU, which functioned but was slow and prone to crashing even with a small data set of 120 

images at a resolution of 1280 x 1024 pixels. To solve this issue a 3XS WI4000 Viz Computer with an 8-

core Intel Core i9 9900K CPU was purchased at the cost of £2,958. This system, combined with the 

Amira tomographic software, will allow for high-quality renderings and analysis of tomographic 

models. 

6.1.5. Final Proof-of-Concept BioLaser System 

The final proof-of-concept BioLaser system was built using the existing Femtosecond laser platform 

and the additional purchased hardware (see Figure 31). It is worth noting that whilst experiments were 

conducted on both the Femtosecond and Picosecond Platforms, the full proof-of-concept system was 

only achieved on the Femtosecond platform due to issues with Picosecond laser reliability. The final 

design offers a base upon which the following BioLaser criteria can be satisfied: 

• Automated sectioning and imaging; 

• Analysis volumes between (0.1 mm)3 and (2 mm)3; 

• Flexible, precise, and quantifiable slice thickness of between ~0.1 μm – 10 µm; 

• Flexible design allowing for simple integration of a range of high-resolution imaging 

technologies. 

It is also reasonable to state that the proposed system can be built on a budget of ~£100,000, although 

for the majority of the hardware already available within the Centre for Industrial Photonics an exact 

value is difficult to calculate. 
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Figure 31: Schematic diagram (top), hardware connection diagram (middle), and Solidworks rendering (bottom) of proof-of-

concept BioLaser system based on Femtosecond platform. 
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6.2. BioLaser Software Development 

It is important to state that this is not a software development-focused PhD, and all software was 

developed with the aim of making a functional tool. Therefore, software optimisation beyond the 

required functionality was not conducted. 

The chosen programming language for the BioLaser system was C# in a .NET framework. C# is an 

object-orientated programming language which is considered a modernised hybrid of C and C++, with 

C# adopting the best features from each. An object-orientated programming language was chosen in 

order to reduce complexity and increase flexibility in a system that will require the continued addition 

and removal of different technologies as the system is developed and different experiments are 

conducted. The .Net framework further reduces the complexity of C# by taking care of some abstract 

tasks, such as memory management. In order to programme in this format, the integrated 

development environment “Visual Studio” was used. 

Table 5: Table illustrating methods of communication between BioLaser components. 

Hardware 
Components 

Associated 
Software 

C# Compatible 
DLL or SDK 

(Visual Studio) 

G-Code 
Compatible 

(A3200 Software) 

Global Variable 
Communication between 
A3200 and C# Software 

A3200 
Control Unit 

A3200 
Software 

Aerotech DLL Yes Yes 

Satsuma 
Laser Control 

Unit 

Satsuma 
software 

- - - 

Mechanical 
Shutter 
(Laser 

ON/OFF) 

A3200 
Software 

Aerotech DLL Yes Yes 

IF2421 CCP 
Sensor Unit  

IFD2421 Tool MEDAQLib DLL 
 

- Yes 

Dino-Lite 
USB 

Microscopes 

DinoCapture 
2.0 

Dino-Lite SDK 
 

- Yes 

During the early stages of BioLaser development, G-code was the primary programming language for 

the BioLaser system. G-code was used to control the X, Y, and Z stages, as well as a mechanical shutter 

used for Laser On/Off control via A3200 software. This allowed for simple processes, such as areal 

laser ablation, to be automated. As components were added, the use of global variables allowed 

A3200 software to communicate with C# software, in a “Two-Master” architecture. As development 

continued the need for A3200 software was removed, as the BioLaser system was made controllable 

from a single C# graphical user interface (GUI). A detailed explanation of the software architecture 

development is given in the following section. In order to successfully develop the BioLaser system, all 
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components purchased were compatible with C# in a .NET framework, via dynamic link libraries (DLLs) 

or software development kits (SDKs). The relevant communication pathways of all BioLaser 

components are summarised in Table 5. It is important to note that, in the absence of an available 

DLL, control of the Satsuma laser using BioLaser software will be limited to On/Off control via an 

external mechanical shutter. Laser parameter setting will therefore be controlled via its associated 

software throughout this project. 

6.2.1. Software Architecture 

6.2.1.1. Two-Master Software Architecture 

During the early development of the proof-of-concept BioLaser system, a two-master software 

architecture was employed (see Figure 32). This “two-master” system, as opposed to a more 

conventional “master-slave” approach, used the G-code controlled A3200 software as the master for 

input of stage movement parameters and real-time stage movement, with the C# software being 

master for component set-up and data acquisition. The C# software provides the GUI and is used to 

control the chromatic confocal probe and USB microscope, each through the appropriate DLLs. The 

laser has no DLL, and is therefore set up separately using the associated laser software. The two 

masters communicate with one another through a shared memory space, with global variables being 

accessible by both A3200 and C# software. During real time processing, the shared memory space is 

interrogated at regular intervals for any changes in these global variables. This background worker is 

code that executes an action without interfering with the execution of the main code. 

A two-master software architecture was utilised for BioLaser development for two primary reasons, 

one purely practical, and one based on the need for flexibility during development. The practical 

reason was to avoid having to re-interface the A3200 software in C#, as the A3200 software is well 

established and robust software for controlling the Aerotech stages. With regard to flexibility, the 

compartmentalisation of ablation and data acquisition code provided by this architecture allowed for 

easy integration (or removal) of components with basic functionality, without the need for complete 

re-interfacing each time.  
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Figure 32: “Two-Master” software architecture used during development of the BioLaser system.  

* indicates that this component requires controlling via its associated software, as no DLL is available. 

An issue with this two-master software architecture is that whilst useful for basic functions, more 

advanced control and automation quickly becomes complicated and confusing due to the amount of 

data being passed between the C# and A3200 software. This makes advanced functions in this 

architecture non-robust and inflexible. Another issue with this two-master architecture is 

synchronisation. A single programme clock from one of the master softwares must be used for 

reference, which can lead to synchronisation errors due to signal delays from between the masters. 

This issue can be easily mitigated for a digital microscope imaging by coding in a trigger pause period. 

However, the need for synchronisation between the A3200 and C# software for chromatic confocal 

topography cannot be avoided, as significant numbers of rapid individual measurements by the CCP 

must be triggered, and then paired with the correct XYZ stage position values. Perfect synchronisation 

is not possible with this architecture as software triggers lead to sub-millisecond delays, which can 

lead to reductions in precision and the need for time-consuming interpolation processing. 

6.2.1.2. Integrated Software Architecture 

In order to facilitate the development of more advanced functions, and to avoid issues associated with 

synchronisation, an integrated software architecture was also developed (see Figure 33). In this 

architecture, C# master code is used to control all stage movement and set up, and control all 

components (excluding laser parameter laser setup). A3200 software is only present to facilitate the 

initial start-up of the stage, as developing a robust start up code in C# would be time consuming whilst 

offering no real value to the project.  
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An important aspect of this architecture is that it provides a good platform for topographic 

measurement based on a position synchronised output (PSO) trigger (see section 6.2.3). It is worth 

noting that it would be possible to implement a PSO using a two-master software architecture 

approach. However, the integrated software architecture approach makes this implementation 

significantly easier to automate and more user friendly. Another useful aspect of this integrated 

software architecture is that it allows for easier and more robust implementation of “advanced” 

functions, as all data and components are controlled from a single location. This allows processes such 

as automatic flattening and CCP assisted automatic imaging can be implemented (see section 6.2.4), 

processes which would be excessively complicated in the two-master system. 

Throughout this project, software based upon both the two-master and integrated architecture was 

utilised, with the integrated software architecture becoming increasingly prevalent as the system 

hardware design solidified and flexibility became less important to the project.  

 

Figure 33: Integrated software architecture for proof-of-concept BioLaser system.  

*indicates that this component requires controlling via its associated software, as no DLL is available. 

6.2.2. Two-Master Tomographic Imaging Software 

Basic tomographic imaging for BioLaser consists of sequentially ablating and imaging a sample. In 

order to do this automatically code was written using two-master software architecture. This software 

allowed for early laser ablation tomography experiments to be conducted, and could be used to 

integrate all three Dino-Lite microscopes available. During set-up the C# software was used to set up 

a vast array of microscope imaging parameters using a GUI developed using the Dino-Lite SDK (see 
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Figure 34). During setup A3200 G-code was used to set the stage motion controls using the following 

variables: 

• YDistance – Overall dimension of square ablation area (mm) 

• ProcessSpeed – Stage speed during laser ablation (mm/s) 

• RasterStep – Distance between ablation lines (mm) 

• Repeat1 – Number of raster cycle repetitions to ablate full square (YDistance/RasterStep*2) 

• Repeat2 – Number of layers to be ablated 

• DeltaZ – Z step between ablated layers i.e. slice resolution (mm) 

• StartPosZ – Absolute Z starting position of focused laser (mm) 

• StartPosX, StartPosY– Absolute X and Y coordinates of focused laser (mm) 

• DinoPosX, DinoPosY – Absolute X and Y coordinates for microscope (mm) 

• OffsetZ – Z offset between laser focal point and microscope (mm) 

• InterchangeSpeed – Speed of travel between laser and microscope 

• SafetyZ – Safety Z offset to ensure no stage crashes when moving between components 

Prior to starting the tomographic imaging process the “Save Picture as Jpeg when triggered by 

Aerotech” button in the C# GUI must be activated. This button enables the software to continuously 

interrogate the shared memory space for a global variable, which triggers imaging when set to 1 and 

continues interrogation when set to zero. The tomographic imaging process is initiated by the 

activation of the A3200 G-code. From here the code executes a repeating cycle of layer ablation and 

imaging as illustrated in Figure 35, based on the G-code given in Appendix 14.1. Once complete, the 

data saved for post-processing consisted of a list of numbered Jpeg images saved in ascending 

numerical order. These images can be easily post-processed into tomographic images using ImageJ or 

Amira software. 

Two-master architecture software was also developed to allow for multiple images to be taken when 

ablating a sample with dimensions exceeding those of the microscope FOV. This software was based 

upon the single image software, but with an additional two global variables to count the number of 

total number of images per layer and the number of per row respectively. Based on the area being 

ablated and the microscope FOV, multiple images would be taken ensuring a 10% overlap between 

images. 

Once complete, the images saved for post-processing consisted of a list of files numbered in ascending 

order, each containing the sample number of Jpeg files numbered in ascending order. Post-processing 

of this data involved the stitching of images from each file into a single image. This stitched image 

could either function as a single high-resolution image, or could be stacked with other stitched images 
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into a single large tomographic image. It is worth noting that this two-master tomographic imaging 

software remained the only software capable of ablating and imaging areas exceeding the microscope 

FOV throughout the project. Whilst useful for applications which require a high-resolution imaging 

over a wide area, the need for multiple images per layer can usually be avoided by selecting a 

microscope with a sufficiently large FOV. Avoiding multiple images per layer eliminates the need for 

2D image stitching, massively reducing the time and effort required in post-processing. For this reason, 

the majority of imaging was conducted using the single image per layer code. 

 

Figure 34: Graphical user interface (GUI) for tomographic imaging using two-master software architecture. 

 

Figure 35: Diagram of process executed by two-master tomographic imaging software. 



60 
 

6.2.3. Topographic Measurement Software 

6.2.3.1. Introduction 

Topographic measurement using a CCP consists of taking multiple point height measurements, each 

at a known XY position, across a predetermined measurement area. These XYZ measurements are 

then saved as .csv data, before being post-processed to generate a surface plot. For the development 

of this topographic measurement software, integrated software architecture was utilised. This 

architecture negated the need for synchronisation between two different software, and thus allowed 

for the more robust and user-friendly generation of topographic data.  

The synchronisation of CCP measurements triggering with the acquisition of stage position data is an 

essential component of topographic measurement. Whilst this can be achieved by moving the stage 

to a known point and pausing to take a measurement, utilising this method to generate an entire 

surface measurement would be unacceptably slow. In an attempt to accelerate the topographic 

measurement process, George Kokkinos (another in the research group) generated data by setting a 

constant CCP sample frequency and taking stage measurements at regular intervals. In Kokkinos’s 

implementation, XY values were assigned to each CCP Z value via interpolation based on stage and 

CCP measurement time stamps. Whilst basically functional, this method suffered from long post-

processing times due to the need for interpolation in inaccuracies due to poor synchronisation, 

particularly in areas of high stage acceleration. In order to improve synchronisation and make the 

BioLaser topographic measurement software fit for purpose, development of a position synchronised 

output CCP topographic measurement software was necessary. 

6.2.3.2. Position Synchronised Output 

Position synchronised output uses hardware within the A3200 controller to generate pulses based on 

the position of the stage. Pulses are generated at pre-programmed positions or according to distance-

based feedback from the stage encoders. These pulses can be used to trigger events, such as point 

measurements with the CCP, ensuring triggering takes place at stage positions directly traceable to 

the stage encoders. This makes PSO a highly precise and robust method of rapidly triggering 

measurement at specified positions. 

A block diagram of the PSO hardware present in the A3200 controller is given in Figure 36. Each 

component was configured via C# software in order to generate a trigger pulse from the encoder 

channel input. The PSOTACK block defines the input signal (i.e. the specific encoder/encoders) that 

will be used to generate distance-based PSO firing events. The PSODISTANCE block configures the PSO 

for distance-based firing and specifies the distance between firing events. The PSOPULSE block 

specifies the parameters of the output trigger pulse (on time, total time, number of cycles), and the 
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PSOOUTPUT block selects the PSO signal to be routed to the TTL output and sent to trigger the CCP 

via a coaxial cable. The PSOWINDOW block was not used in this project.  

 

Figure 36: Block diagram for A3200 controller PSO hardware. 

For the purposes of this project, single-axis tracking was used to generate a distance-based PSO firing 

event. The maximum PSO encoder input data rate for single-axis tracking is 16.6 MHz for the A3200 

Npaq controller. However, for reliable function the PSOTRACK parameters should be set such that the 

encoder input data rate is far below this frequency even at maximum stage velocity. 

Three parameters can be used to control the scaling from stage velocity/distance to counter 

frequency/number of counts, namely the primary encoder multiplier (MXR), the emulated quadrature 

divider (EQD) and the internal PSOTRACK scale parameter (a second divider).  

The ratio of stage distance to distance in counts can be calculated to be 50,000 counts/mm, based on 

values given in the Aerotech A3200 configuration manager. These values can then be used to calculate 

the counts between trigger pulses based on the required measurement resolution (see Equation 7). 

 
𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 (𝐶𝑜𝑢𝑛𝑡𝑠) =  

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑚𝑚)  × 𝑀𝑋𝑅 (
𝑝𝑢𝑙𝑠𝑒𝑠

𝑚𝑚
)

𝐸𝑄𝐷 (
𝑝𝑢𝑙𝑠𝑒𝑠
𝑐𝑜𝑢𝑛𝑡

)
 Equation 7 

 

To trigger a single CCP measurement, a single TTL pulse is required via the coaxial cable from the 

A3200 controller to the IF2421 CCP Sensor unit terminal box. The maximum measurement frequency 

for TTL input triggering of the IF2421 is 6.5 kHz. Therefore, PSOPULSE was programmed to generate a 

single pulse when triggered, with an “on time” of 100 µs and total time of 200 µs. This allows of robust 

triggering up to 5 kHz, which in reality is beyond what is necessary for this proof-of-concept BioLaser 

system. 

6.2.3.3. Stage Data Acquisition 

As well as triggering CCP measurements, it is also necessary to acquire the equivalent X, Y and Z stage 

position data for each PSO pulse. Whilst the pulse is triggered by the pre-programmed distances in 
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the X axis, positional variations in the Y and Z stages and the X stage start position are not monitored 

by the PSO. To account for this, the A3200 controller is programmed to record encoder positions of 

all axes at each PSO firing event. The value of each stage controller is transferred to the A3200 drive 

array, which following the termination of the scan is transferred to the C# software via global doubles 

task variables. 

6.2.3.4. Topographic Measurement 

The GUI shown in Figure 37 allows for programming of the CCP PSO based on four inputs. The “Total 

X Distance (mm)” and “Total Y Distance (mm)” inputs allow the user to define the desired 

measurement area, whilst the “Scan Speed (mm/s)” parameter defined the speed of stage movement. 

The “Raster Step Size (mm)” parameter defines both the step between measurement lines and the 

distance between CCP point measurements in the X-axis. This ensures equal resolution in both the X 

and Y direction. The raster pattern generated by these values is detailed in Figure 37. An initial offset 

and the addition of two raster step lengths to the total X distance ensure the X-axis PSO trigger 

measures all of the desired area. Though the overshoots mean data must be cropped in post-

processing, it is preferable to the unpredictable drift that would occur when resetting the PSO for each 

line.  

Prior to running the topographic measurement scan, the software has to connect to the A3200 

controller (“Connect” button), the parameters must be loaded (“Set Parameter” button), and the CCP 

TTL input trigger must be enabled (“Enable CCP Trigger” button). When enabling the CCP TTL input 

trigger, it is important to set it based on the PSO pulse it will receive. In this case the IF2421 CCP Sensor 

unit is set to trigger and save one measurement on the leading edge of each pulse, with a high trigger 

level set to avoid erroneous measurements due to encoder noise.  

The “Run Scan” button initiates code that initiates and defines the PSO trigger, initiates and defines 

the stage data acquisition setup, runs the topographic measurement scan, turns of the PSO, turns off 

stage data acquisition, and saves stage data stage positional data into arrays within the C# software. 

The full code flow diagram for this process is given in Appendix 14.3.1. 

The “Export Coords” button calls the CCP Z data from the IF2421 Sensor unit, and saves it alongside 

the stage X, Y, and Z data as a .csv file. The data in this format is then manually taken for post-

processing to generate surface plots. 
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Figure 37: The GUI used to generate topographic measurements using the CCP PSO software (left) and the raster pattern for 

PSO firing based on GUI inputs (right). The red circles correspond to a PSO-triggered firing event. 

6.2.3.5. Data Processing 

The .csv file generated is used to generate a surface plot using Matlab. In this plot, the stage and CCP 

Z values are inverted to accurately represent the surface being measured, before being added 

together. Adding these values together is not essential for individual surface plots, but is necessary to 

compare multiple surface plots from several ablated layers at differing stage Z positions. The stage X 

values are also inverted to ensure the topographic surface plot aligns correctly with the microscope 

FOV, based on the CCP scan origin point being aligned with the bottom left of this FOV. Stage Y values 

remain unchanged. The basic surface plot code is given in Appendix 14.4.1. It is worth noting that 

(unless specified otherwise) all surface plots displayed in this report are generated using raw CCP PSO 

data, with no filtering or filling applied.  

6.2.4. Integrated BioLaser Software 

The Integrated BioLaser Software GUI displayed in Figure 39 is a combination of the software 

developed based on the integrated software architecture. It is split into four functional sections 

named “Set-Up and Flattening”, “Microscope Controls”, “Automatic Ablation and Imaging”, and 

“Automatic Ablation, Imaging, and Topography”. Whilst the “Microscope Controls” section is a simple 

control panel based on a Dino-Lite Microscope SDK, the others are specifically developed for the 

BioLaser system and are described briefly below. This integrated BioLaser software is only suitable for 

imaging samples with an area up to the mounted microscope field of view. 

6.2.4.1. Set-Up and Flattening 

Prior to activating the set-up and flattening software, the A3200 software is used to start up the stage 

and bring the sample to the microscope focal point. Following this initial set-up, the A3200 software 
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is not required, with the C# software connecting to the stage upon activation of the GUI. The purpose 

of this section is to ensure all components are enabled and to aid the tomographic imaging process by 

flattening the sample prior to imaging. The set-up and flattening software is used to connect to the 

microscope, connect to the IF2421 CCP Sensor unit and set up TTL input parameters, go to the CCP 

from the microscope based on the calibrated distance, set topographic measurement parameters, run 

topographic scan, flatten the sample based on the data gathered from the topographic scan, before 

returning to the centre of the microscope focal range. The code flow diagram for this overall section 

and for the “Flatten Sample” sample button are given in Appendices 14.3.2 and 14.3.3 respectively, 

with the topographic scan code being identical to that described in section 6.2.3. In short, the flatten 

sample function uses the CCP PSO topographic measurement to determine the surface dimensions of 

the sample, such as its extreme X dimensions, Y dimensions and Z dimensions. These values are used 

to calculate laser ablation parameters necessary to efficiently flatten the sample, before these 

parameters are used to execute said ablation process, before returning to the microscope focal range. 

An example of this flattening process is illustrated in Figure 38. Ultimately the set-up and flattening 

section is purely a functional aid to the imaging process rather than an essential component of the 

BioLaser system. It does however demonstrate the potential of the integrated CCP PSO hardware and 

software to increase the efficiency and functionality of the BioLaser system. 

 

Figure 38: CCP PSO topographic measurements taken before (top) and after (bottom) the use of the “flatten sample” 

function on a dried grass stem. The dips at the edge of the bottom measurement are as a result of the sample widening 

beneath the ablated surface and not the result of erroneous ablation. A low-pass filter has been applied to this data to 

allow for the improvement in surface form to be illustrated. The Z-distance between the crude and flattened sample has 

been artificially increased to aid illustration. 
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6.2.4.2. Automatic Ablation and Imaging 

The automatic ablation and imaging section is simply the integrated software architecture version of 

the tomographic imaging software described in section 6.2.2, with the stage motion now being 

controlled by C# software negating the need for synchronisation and global variable communication. 

The code flow diagram for this software is given in Appendix 14.3.4. 

6.2.4.3. Automatic Ablation, Imaging, and Topography 

Automatic imaging (CCP as a guide) 

The CCP-assisted tomographic imaging function uses CCP PSO topographic measurements to increase 

the efficiency of ablation by determining the precise ablation area, similar to the flatten sample 

function covered in section 6.2.4.1, with a default topographic lateral resolution of 20 µm. This is 

particularly useful for samples such as stems that change in thickness along their length, as the code 

will determine the precise area to be ablated prior to each layer removal. It also ensures images 

remain in focus. The code flow diagrams for the CCP-assisted tomographic measurement are included 

in Appendix 14.3.5 and 14.3.6. 

Automatic Imaging (Full Topographic Measurement) 

Automatic imaging with full topographic measurement is almost identical to automatic imaging with 

CCP as a guide, with the only differences being a higher default lateral resolution of 5 µm and the 

automatic saving of the topographic data to a .csv file. The purpose of this function is primarily to 

generate data that allows quantitative examination of layer removal across a sample. The code flow 

diagrams for the automatic imaging with full topographic measurement are included in Appendix 

14.3.5 and 14.3.6, with the aforementioned increased resolution and .csv topographic data saving 

being the only change. 
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Figure 39: GUI for full BioLaser system using integrated software architecture, with all components are controlled entirely using C# code in Visual Studio software. The GUI is split into four 

functional area: “Set-up and Flattening”, “Microscope Controls”, “Automatic Ablation and Imaging”, and “Automatic Ablation, Imaging, and Topography”. 
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6.2.5. Tomographic Data Analysis Tools 

It is important to consider how tomographic data will be processed and presented once it has been 

collected. The field of imaging software tools is vast, with many specialist reconstruction algorithms, 

image post-processing approaches, image analysis techniques, and statistical analysis methods 

available in both commercial and open-source software. Whilst reviewing all of these in detail is 

unnecessary for this project, an understanding of what software is available is important for the 

development of the BioLaser system. This section will include what should be considered when 

selecting tomographic imaging software for biological applications as well as selecting the most 

BioLaser appropriate software currently available. 

6.2.5.1. Basic Tomographic Software Considerations  

An initial consideration for bioimaging software is whether it is quantitative analysis or qualitative  

visualisation that of most importance [206]. All software provides some degree of visualisation, with 

quantitative analysis being more advanced. The relative importance of each method depends on what 

the user requires, with better visualisation allowing for greater efficacy of human interpretation of 

complex features, and quantitative analysis dramatically increasing the speed at which point sources 

or simple features can be identified and counted [207].  

Quantitative analysis and qualitative visualisation are aided significantly by post-processing of the 

sample images. Methods such as segmentation, tracking, feature extraction, deconvolution, and 

modelling have all been successfully used in literature and are often available as part of a bioimaging 

toolkit [206], [208], [209]. Post-processing methods such as feature extraction are usually achieved 

through parameter-based techniques, such colour thresholding or watershed processing. However, 

recent advances in machine learning have had significant success for quantitative bioimaging 

applications, and are likely to become increasingly important in the near future [210]–[212]. 

An important consideration when generating tomographic images is the method of 3D visualisation. 

The most basic method is to simply stack the images vertically and generating either a full 3D rendering 

or an orthoslice image [213]. Improved visualisation of densely stacked tomographs can be achieved 

by image slicing techniques giving 2D data across a plane different to the imaging plane (Figure 40). 

Another visualisation method is to control pixel transparency to generate translucent structures. A 

further consideration for visualising tomographic data is the method interpolating between layers, 

with the best method varying primarily based on computer processing power available. Methods 

range from rapid “nearest neighbour” interpolation, which produce blocky images, and the much 

slower “bicubic” interpolation, which produces impressive smooth images [213], [214].  
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Figure 40: Tomographic image showing image slices. Along with an angled image slice, through a Caenorhabditis elegans 

embryo [213]. 

Bioimaging libraries and toolkits are available to cover a range of functionalities including instrument 

control, file format readers and writers, database connectors, image processing and analysis 

algorithms, machine-learning algorithms, statistical analysis, and report generation [206]. 

Commercially available tomographic software usually has custom made libraries and toolkits built in, 

whereas open-source tomographic software usually relies on open-source image analysis libraries. For 

example, BioImageXD, Vaa3D, and Icy are based on the open-source Visualization Toolkit (VTK) and 

the Insight Toolkit (ITK) [206]. VTK and ITK (along with OpenCV and VIGRA) are C++ based 

multidimensional Image analysis libraries. VTK and ITK are commonly use as complementary libraries, 

with VDK’s main focus being on visualising 2D/3D images and geometrical meshes, and ITK focusing 

on data processing with a large collection of image analysis algorithms. Other image analysis libraries 

include the Java-based ImgLib and the R-based EBImage. 

When dealing with extremely large datasets, which is often be the case with tomographic imaging, 

distributed parallel computation platforms may be required to process the data. Some image analysis 

libraries have add-ons which help perform this task, such as ParaView which is an opensource addition 

to VDK that allows large datasets to be analysed using distributed memory computing [215].  

6.2.5.2. Selection of Tomographic Imaging Software 

BioLaser Requirements 

In order to demonstrate the real-world capabilities of the BioLaser system, software that will allow 

the data generated to be efficiently and comprehensively analysed is essential. Discussion with our 

partners at NIAB indicate that they desire high-throughput, quantitative, and automatic or semi-
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automatic analysis of samples processed. Table 6 lists features that are of specific interest to the 

BioLaser system, with the features in each sub section listed order of increasing complexity. Beyond 

the features listed in Table 6, additional factors which must be taken into account when considering 

software include cost, robustness, availability of technical support, and availability of third-party 

support (add-ons, forums, examples). 

Table 6: Required software features for BioLaser tomographic software 

Software Selection 

The following software were originally considered but quickly dismissed after initial investigation: 

• Reconstruct – out of date (2005) 

• BioImageXD – no technical support and very limited third party support 

• Icy – more technical support and limited third party support 

• 3D Slicer – medical focus only. Limited crossover to BioLaser applications in terms of pre-

processing or quantitative analysis. 

All software considered was run using a Quad-Core i7-4770K processor and tested using a set of 120 

sequential oat stem images that were stacked to generate a (600 μm)3 tomographic model. For the 

software considered, open-source software was simply downloaded, whilst commercial software was 

assessed based on free trials offered by commercial suppliers. Based on detailed investigation using 

the criteria listed in Table 6, Table 7 assesses the BioLaser specific applicability of available software. 

Visualisation 

3D rendering 

Flexible ortho-slice rendering 

3D region of interest (ROI) extraction 

Image projection options (e.g. max. intensity project, min. intensity projection, av. intensity 
projection) 

Superimposing multiple images per slice (e.g. microscope image & 2D raman map) 

Image Processing 

Basic image enhancement (e.g. contrast, brightness, thresholding) 

Manual segmentation 

Automatic/semi-automatic segmentation (e.g. local thresholding, watershed segmentation) 

Quantitative Analysis 

Length, area and volume measurement of image/section of image 

Automatic feature counting/measurement (2D) 

Automatic feature counting/measurement (3D) 
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Table 7: Assessment of software considered for BioLaser tomographic system 

Software Considered Availability Cost Required Features Available Additional Pro’s and Con’s 
Vaa3D Open source - • 3D rendering 

• Flexible ortho-slice rendering 

• 3D region of interest (ROI) extraction 

• Image projection options (e.g. max. intensity project, min. intensity 
projection, av. intensity projection) 

• Basic image enhancement (e.g. contrast, brightness, thresholding) 

• Length, area and volume measurement of image/section of image 

• Automatic feature counting/measurement (2D) 

✓ 3D visualisation is quick and easy 
X 2D automatic feature counting and measurement 

is technically available, but very limited 
X Image processing fairly limited 
X No “undo” button 
X Tendency to crash made it frustrating to work with 
X Setting pixel size difficult 

ImageJ Open source - • 3D rendering 

• Flexible ortho-slice rendering 

• 3D region of interest (ROI) extraction 

• Image projection options (e.g. max. intensity project, min. intensity 
projection, av. intensity projection) 

• Basic image enhancement (e.g. contrast, brightness, thresholding) 

• Length, area and volume measurement of image/section of image 

• Automatic feature counting/measurement (2D) 

✓ 3D visualisation is quick and easy 
✓ Huge third party support 
✓ Robust (rarely crashes) 
X 2D automatic feature counting and measurement 

is technically available, but very limited 
X Image processing fairly limited 

BioImageXD Commercial £950 + VAT • 3D rendering 

• Flexible ortho-slice rendering 

• 3D region of interest (ROI) extraction 

• Image projection options (e.g. max. intensity project, min. intensity 
projection, av. intensity projection) 

• Basic image enhancement (e.g. contrast, brightness, thresholding) 

• Length, area and volume measurement of image/section of image 

• Automatic feature counting/measurement (2D) 

• Manual segmentation 

✓ Very easy pixel sizing 
✓ Easy-to-use and effective edge detection tool for 

segmentation 
✓ Has undo button for all features 
✓ Good support from a technical team 
X Prone to crashing with large data sets 
X Significant manual input required to generate each 

tomographic image (low throughput) 

Amira (with XImagePAQ 
Extension) 

Commercial £7750 +VAT • 3D rendering 

• Flexible ortho-slice rendering 

• 3D region of interest (ROI) extraction 

• Image projection options (e.g. max. intensity project, min. intensity 
projection, av. intensity projection) 

• Superimposing multiple images per slice (e.g. microscope image & 2D Raman 
map) 

• Incorporation of Heightfield data for 2D images 

• Basic image enhancement (e.g. contrast, brightness, thresholding). 

• Manual segmentation 

• Automatic/semi-automatic segmentation (e.g. local thresholding, watershed 
segmentation). 

• Length, area and volume measurement of image/section of image 

• Automatic feature counting/measurement (2D) 

• Automatic feature counting/measurement (3D) 

✓ Includes all required software features 
✓ Excellent range of support in the form of freely 

available training videos, manuals, and one year of 
unlimited technical support 

✓ All image processing and segmentation features 
give previews, allowing for simple fine tuning of 
parameters 

✓ Huge range of image processing capabilities 
✓ Allows user to generate processing and analysis 

“recipes” for rapid and consistent analysis of 
multiple sample data sets (high throughput) 

✓ Customisable (Python, C++) and with bridge to 
MATLAB 

✓ Robust (rarely crashes) 
X Expensive 
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Summary 

Of the software discussed, only Amira fulfils all the requirements of BioLaser tomographic software. 

It is the author’s view that its capabilities justify its expense and will allow the BioLaser system to 

generate unique tomographic data sets necessary for application studies. In particular, Amira will 

allow for quantitative comparison between basic 2D image-stacking tomographs and tomographs 

which incorporate topographic data into each layer. The advanced image processing options are also 

essential for generating quantitative data from images of plant material. Simple quantitative analyses, 

which rely heavily on binarized images and clear structures, do not work well with the complex 

structures and colour gradients present within botanical samples. The “recipe” function also allows 

for high throughput and automatic processing for a particular set of samples, helping to ensure rapid 

and consistent analysis. 

In practice, early-stage tomographic renderings will be generated using free and functional ImageJ 

software, with Amira being used for more advanced analysis and renderings. 

6.2.6. Topographic Data Processing 

Topographic data processing was conducted using code developed in MATLAB, which read and 

displayed XYZ coordinate data from .csv files. Code developed allowed for processing and plotting of 

basic surface topography data, multiple layer sequential topography data, sequential topography layer 

subtraction, and topographic measurement with microscope image overlay. The MATLAB code is given 

in Appendix 14.4. This code serves as the topographic data processing toolbox used throughout this 

project. 
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6.3. Error Budgeting, Alignment and Calibration 

6.3.1. Error Budgets 

Error budgets for precision machines are often highly involved and complex process, which use a suite 

of computer software and sensors to take into account thermal errors, load-induced errors, positional 

uncertainty, and geometric errors [216], [217]. However, for the purpose of this project it is 

unnecessary to generate a full error budget for the Femtosecond and Picosecond platforms. The 

priority is to ensure that this proof-of-concept system is suitable as a functional tool for the precision 

ablation, topographic measurement, and imaging tasks required of it. Furthermore, error budgeting 

will give an indication of the system limitations and thus inform experimental design on both 

platforms.  

For the purposes of assessing the limitations of the Femtosecond and Picosecond platforms, 

geometric error budgets and uncertainty budget were conducted. Thermal errors were ignored due 

to there being minimal heat generation during either ultrafast ablation or the movement of a linear 

stage. Furthermore, thermal errors were mitigated by allowing a one -hour warm up period for the 

system prior to experiments. Load-induced errors were ignored due to the negligible weight of loaded 

samples (<50 g) in comparison to the stage weight (~6.5 kg) at which the system was calibrated. 

6.3.2. Geometric Error Budgets 

A geometric error budget quantifies motion errors generated by imperfections in the stage geometry, 

such as straightness, angle, positional, and orthogonal errors. The overall X, Y, and Z values generated 

by a geometric error budget indicate the maximum geometry-induced error for each axis across the 

entire working volume. Geometric errors can be mitigated for absolute point to absolute point 

movement by relative positional calibration. However, this is not the case for some specific BioLaser 

processes such as areal ablation or measurement, meaning a geometric error budget is an important 

guide for maximum achievable process precision. 

It is important to note that geometric errors are based on the full working volume of the platform and 

are therefore not directly applicable when assessing the geometric error inherent to smaller scale 

areal measurements or ablation processes. To account for this, approximate “practical” geometric 

errors were calculated based on the ratio of maximum functional length to maximum working length 

for each axis, using the following equations (nomenclature in Appendix 17.2): 

 
𝐸𝑥𝑝 = 𝐸𝑥(𝑥)

𝐿𝑥𝑝

𝐿𝑥𝑡
+  𝐸𝑥(𝑦)

𝐿𝑦𝑝

𝐿𝑦𝑡
+ 𝐸𝑥(𝑧)

𝐿𝑧𝑝

𝐿𝑧𝑡
 

 

Equation 8 
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𝐸𝑦𝑝 = 𝐸𝑦(𝑥)

𝐿𝑥𝑝

𝐿𝑥𝑡
+  𝐸𝑦(𝑦)

𝐿𝑦𝑝

𝐿𝑦𝑡
+  𝐸𝑦(𝑧)

𝐿𝑧𝑝

𝐿𝑧𝑡
 

 

Equation 9 

 

 
𝐸𝑧𝑝 = 𝐸𝑧(𝑥)

𝐿𝑥𝑝

𝐿𝑥𝑡
+  𝐸𝑧(𝑦)

𝐿𝑦𝑝

𝐿𝑦𝑡
+  𝐸𝑧(𝑧)

𝐿𝑧𝑝

𝐿𝑧𝑡
 

 

Equation 10 

 

6.3.2.1. Femtosecond Platform 

Table 8 gives the total maximum geometric errors of the Femtosecond platform as 5.79 µm, 7.01 µm, 

and 8.53 µm for the X, Y, and Z axes respectively. The most significant contributor to these errors is 

the Z stage, which has rotational errors an order of magnitude greater than those of the X and Y stages. 

These errors are based on a platform working volume of (200 x 200 x 50) mm. 

Based on the maximum ablation volume of 2 x 2 x 2 mm, a practical geometric error of 179 nm, 

227 nm, and 282 nm can be calculated for X, Y, and Z respectively (using Equation 8, Equation 9, and 

Equation 10). For the maximum areal measurement or layer ablation of 5 x 5 mm, with a stationary Z 

stage meaning all Z stage errors can be ignored, a practical geometric error of 44 nm, 44 nm, and 

49 nm can be calculated. Based on these calculations, geometric error can be considered a negligible 

influence on areal measurement, areal ablation, or volume ablation at the scale necessary for the 

BioLaser system. 

Issues caused by the full machining volume geometric error apply when moving large distances 

between different BioLaser components. However, these errors can be mitigated by regular positional 

calibration of the system. In the case of BioLaser experiments, the relative position of the laser focal 

point and microscope, and microscope and CCP, is calibrated at the beginning of every experimental 

run. This form of position calibration ensures that geometric error has negligible impact on relative 

positional accuracy, leaving stage uncertainty as the primary positional error to consider [217]. 
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Table 8: Geometric error budget for Femtosecond platform X, Y, and Z stages. 

 

1. Maximum error based on angular motion error is calculated using the following equation: 𝑀𝑎𝑥 𝑒𝑟𝑟𝑜𝑟 =
𝑜𝑓𝑓𝑠𝑒𝑡 ×  tan (𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑚𝑜𝑡𝑖𝑜𝑛 𝑒𝑟𝑟𝑜𝑟). 

2. “Maximum offset” for a particular axis refers to the offset parallel to the axis in the rotational plane, not the 
offset in the direction of the axis. For example, when selecting the X offset for Yaw (Z rotational plane) in the 
X stage, the maximum offset is based on the maximum offset in the Y direction, as this is what generates the 
largest X error. 

3. The distance between linear guideways for the X and Y stage is 0.4 m, making the maximum offset 0.2 m. 
4. Offset values for the Z stage are based on the maximum distance from centre of the Z stage column to 

furthest component (0.15 m in X axis, 0.1 m in Yaxis). Offset values, and therefore geometric error, will be 
greater for components mounted further from the centre of the Z stage column. 

5. The motion range of X, Y, and Z stages are 0.2 m, 0.2 m, and 0.05 m respectively. Maximum motion offset is 
half of these values, based on the maximum distance from the centre of this range (standard procedure in 
geometric error budgets) 

6. Perfect orthogonality between mounted linear axes assumed. 
7. Warping in solid objects is considered negligible. 
8. Expected motion error values taken from Aerotech stage design specifications. These are type-B 

uncertainties. 

Axis of motion Feature   Expected motion error          Maximum offset (m)            Maximum Error (µm)

Arc Second µm X Y Z X Y Z 

X Yaw (rot. Z axis) 0.500 0.200 0.100 0.485 0.242 0.000

Pitch (rot. Y axis) 0.500 0.100 0.100 0.242 0.000 0.242

Roll (rot. X axis) 0.500 0.100 0.200 0.000 0.250 0.500

Straightness Z 0.250 0.250

Straightness Y 0.250 0.250

Positioning X 0.300 0.300

Max error 1.027 0.742 0.992

Sum of squares 0.384 0.184 0.371

Root Sum Square 0.620 0.429 0.609

Y Yaw (rot. Z axis) 0.500 0.100 0.200 0.242 0.485 0.000

Pitch (rot. Y axis) 0.500 0.100 0.200 0.242 0.000 0.485

Roll (rot. X axis) 0.500 0.100 0.100 0.000 0.242 0.242

Straightness Z 0.250 0.250

Positioning Y 0.300 0.300

Staightness X 0.250 0.250

Max error 0.735 1.027 0.977

Sum of squares 0.180 0.384 0.356

Root Sun Square 0.424 0.620 0.597

Z Yaw (rot. Z axis) 5.000 0.100 0.150 2.424 3.636 0.000

Pitch (rot. Y axis) 5.000 0.025 0.150 0.606 0.000 3.636

Roll (rot. X axis) 5.000 0.025 0.100 0.000 0.606 2.424

Positioning Z 0.500 0.500

Straightness Y 1.000 1.000

Staightness X 1.000 1.000

Max error 4.030 5.242 6.560

Sum of squares 7.243 14.588 19.347

Root Sum Square 2.691 3.819 4.399

Total Maximum Error (µm) 5.792 7.012 8.530

Total Sum of Squares (µm) 7.807 15.156 20.075

Total Root Sum Square (µm) 2.794 3.893 4.481
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6.3.2.2. Picosecond Platform 

Table 9 gives the total maximum geometric errors of the Picosecond platform as 3.87 µm, 3.54 µm, 

and 2.20 µm for the X, Y, and Z axes respectively. These values are calculated based on X, Y, and Z 

stages only and ignore the error contribution of the rotary A and B stages. A geometric error budget 

of the A and B rotational stages revealed they would cause additional maximum geometric errors in 

the X, Y, and Z axes of 19.94 µm, 18.00 µm, and 20.91 µm respectively (see Appendix 17.3). These 

geometric errors, along with the uncertainty budget, informed the decision to manually level sample 

blocks using a levelling press and avoiding the use of the rotational stages completely. The linear D 

stage was not factored into calculations as it was only used for moving the microscope to a single point 

making its geometric error irrelevant following calibration. The influence of the D stage will be 

considered further in the uncertainty budget. 

 The Picosecond platform geometric errors are for a working volume of 50 x 150 x 100 mm. Based on 

a maximum ablation volume of 2 x 2 x 2 mm, a practical geometric error of 124 nm, 103 nm, and 

55 nm can be calculated for X, Y, and Z axes respectively. For the maximum areal measurement or 

layer ablation of 5 x 5 mm, with a stationary Z stage, a practical geometric error of 279 nm, 214 nm, 

and 89 nm can be calculated. Based on these calculations, geometric error can be considered a 

negligible influence on areal and volume ablation at the scale required for ablation experiments on 

the platform. It is worth noting that the volume geometric errors are smaller for the Picosecond 

platform than the Femtosecond platform, whilst the areal geometric errors are larger for the 

Picosecond platform. This is due to the geometric error contributions of the Picosecond platform XY 

stages being much greater than those of the Femtosecond platform XY stages.  
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Table 9: Geometric Error Budget for Picosecond platform X, Y, and Z stages. 

 

1. Maximum error based on angular motion error is calculated using the following equation: 𝑀𝑎𝑥 𝑒𝑟𝑟𝑜𝑟 =
𝑜𝑓𝑓𝑠𝑒𝑡 ×  tan (𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑚𝑜𝑡𝑖𝑜𝑛 𝑒𝑟𝑟𝑜𝑟). 

2. “Maximum offset” for a particular axis refers to the offset parallel to the axis in the rotational plane, not the 
offset in the direction of the axis. For example, when selecting the X offset for Yaw (Z rotational plane) in the 
X stage, the maximum offset is based on the maximum offset in the Y direction, as this is what generates the 
largest X error. 

3. The distance between linear guideways for the X stage is 0.45 m and Y stage is 0.15 m, making the maximum 
offset 0.225 m and 0.075 m respectively. 

4. Offset values for Z axis of motion are based on the maximum motion offsets of the X and Y stages, as the X 
and Y stages are mounted atop the Z stage and will dictate the maximum offset from the centre of the Z axis.  

5. The motion range of X, Y, and Z stages are 0.05 m, 0.15 m, and 0.1 m respectively. Maximum motion offset is 
half of these values, based on the maximum distance from the centre of this range (standard procedure in 
geometric error budgets). 

6. Perfect orthogonality between mounted linear axes assumed. 
7. Warping in solid objects is considered negligible. 
8. Expected motion error values taken from Aerotech stage design specifications. These are type-B 

uncertainties. 

 

Axis of motion Feature   Expected motion error          Maximum offset (m)            Maximum Error (µm)

Arc Second µm X Y Z X Y Z 

X Yaw (rot. Z axis) 1.000 0.225 0.075 1.091 0.364 0.000

Pitch (rot. Y axis) 1.000 0.250 0.075 1.212 0.000 0.364

Roll (rot. X axis) 1.000 0.250 0.023 0.000 1.250 0.113

Straightness Z 0.250 0.250

Straightness Y 0.250 0.250

Positioning X 0.250 0.250

Max error 2.553 1.864 0.726

Sum of squares 2.721 1.757 0.207

Root Sum Square 1.650 1.326 0.455

Y Yaw (rot. Z axis) 0.500 0.025 0.075 0.061 0.182 0.000

Pitch (rot. Y axis) 0.500 0.160 0.075 0.388 0.000 0.182

Roll (rot. X axis) 0.500 0.160 0.025 0.000 0.388 0.061

Straightness Z 0.250 0.250

Positioning Y 0.250 0.250

Staightness X 0.250 0.250

Max error 0.698 0.820 0.492

Sum of squares 0.217 0.246 0.099

Root Sun Square 0.465 0.496 0.315

Z Yaw (rot. Z axis) 1.000 0.025 0.075 0.121 0.364 0.000

Pitch (rot. Y axis) 1.000 0.050 0.075 0.242 0.000 0.364

Roll (rot. X axis) 1.000 0.050 0.025 0.000 0.242 0.121

Positioning Z 0.500 0.500

Straightness Y 0.250 0.250

Staightness X 0.250 0.250

Max error 0.614 0.856 0.985

Sum of squares 0.136 0.253 0.397

Root Sum Square 0.369 0.503 0.630

Total Maximum Error (µm) 3.865 3.539 2.203

Total Sum of Squares (µm) 3.074 2.257 0.703

Total Root Sum Square (µm) 1.753 1.502 0.839
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6.3.3. Uncertainty Budgets  

An uncertainty budget examines the relative positioning error when moving to a defined point. Unlike 

geometric error, the level of uncertainty is inherent to the system and cannot be mitigated by regular 

calibration. The uncertainty budget of each stage is calculated based on the resolution, accuracy, and 

repeatability values given by the stage manufacturer. The standard uncertainty for each type-B source 

of uncertainty is calculated using Equation 11, with the combined standard uncertainty calculated 

using Equation 12: 

 𝑈𝑖 =  
𝑎𝑖  ×  𝑐𝑖  

𝐷
 

 

Equation 11 

 
𝑢𝑐 = √∑ 𝑈𝑖

2

𝑛

𝑖=1

 

 

Equation 12 

 

Where 𝑈𝑖  is standard uncertainty, 𝑎𝑖  is the uncertainty value, 𝑐𝑖 is the sensitivity coefficient, 𝐷 is the 

divisor, and 𝑢𝑐 is the combined standard uncertainty. The divisor is used to account for how different 

probability distributions contribute to the standard uncertainty, whilst the sensitivity coefficient 

defines the relationship between the calculated uncertainty value and the values used to calculate it 

[217]. In the case of simple linear length measurements with uniform units, the sensitivity coefficient 

is always 1. The combined standard uncertainty is multiplied by a coverage factor of 2 (k = 2) to give 

the “Expanded Uncertainty”, giving an uncertainty value with 95.5% confidence by assuming infinite 

degrees of freedom in a system [218]. 

6.3.3.1. Femtosecond Platform 

The X, Y, and Z stage uncertainty budgets for the Femtosecond platform are show in Table 10. The 

expanded uncertainty of the X and Y stages is calculated to be 1.16 µm. This suggests the potential for 

some non-negligible raster overlap error. However, for areal ablation experiments it is reasonable to 

assume that these errors will average out. The calculated expanded uncertainty for the Z stage of 

0.83 µm must be considered in comparison to the optical setup depth of focus for Femtosecond 

platform ablation experiments. This Z uncertainty is also useful for informing maximum practical layer 

resolution for the proof-of-concept BioLaser system on the Femtosecond platform. Based on this 

value, the minimum attempted slice resolution for tomographic imaging was 1 µm, as resolutions less 

than this would likely be dominated by stage uncertainty. Whilst useful in their own right, this stage 
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uncertainly budget also serves as the base upon which further BioLaser component-based uncertainty 

can be added. 

Table 10: Uncertainty budgets for Femtosecond platform X, Y, and Z stages. 

 

6.3.3.2. Picosecond Platform 

The X-, Y-, Z-, and D-stage uncertainty budgets for the Picosecond platform are show in Table 11. The 

uncertainty budgets for rotational stages A and B are given in Appendix 17.3. The uncertainty 

contribution of these rotational stages dwarfs that of the linear stages and again demonstrates why 

they are not used during precision ablation experiments. The expanded uncertainty of the X and Y 

stages is calculated to be 0.35 µm. This suggests the potential for some non-negligible raster overlap 

error, particularly for optical set-ups with small focal spot sizes and thus small raster steps. However, 

for areal ablation experiments it is reasonable to assume that these errors will average out. The D 

stage is a linear Z stage used to move the Optem Fusion microscope into position prior to imaging. 

This D-stage movement was ostensibly necessary to prevent contact between Optem Fusion 

microscope and the rotational B stage during laser ablation. This stage was included in the uncertainty 

budget to account for Z uncertainties that occur as a result of using the microscope to find focus. The 

expanded uncertainties for the Z and D stage are calculated to be 0.83 µm and 2.29 µm respectively, 

giving a combined Z axis uncertainty of 3.12 µm. This combined uncertainty was significant, 

particularly when considering optical set-ups with a depth of focus of ~2 µm. These calculated 

uncertainties strongly informed the experimental methodology for Picosecond platform ablation 

experiments. In particular, it was decided to avoid the use of the D stage when using the Optem Fusion 

microscope to determine the precise focal point prior to ablation experiments. To achieve this, the 

sample was mounted upon a tall solid block, raising it level to the top of the rotational B stage and 

negating the need for the D-stage movement, and thus limit uncertainty to 0.83 µm. 

Uncertainty Budget for X & Y Stages

Source of Uncertainty Size of Uncertainty (µm) Probability Distribution Divisor Sensitivity coefficent Standard Uncertainty (µm) 

Repeatability 0.05 Normal (k=1) 1 1 0.0500

Accuracy 1 Rectangular √3 1 0.5774

Resolution 0.0025 Rectangular √3 1 0.0014

Combined Standard Uncertainty (µm) 0.5795

Expanded Uncertainty  (µm) 1.1590

Uncertainty Budget for Z Stage

Source of Uncertainty Size of Uncertainty (µm) Probability Distribution Divisor Sensitivity coefficent Standard Uncertainty (µm) 

Repeatability 0.3 Normal (k=1) 1 1 0.3000

Accuracy 0.5 Rectangular √3 1 0.2887

Resolution 0.0025 Rectangular √3 1 0.0014

Combined Standard Uncertainty (µm) 0.4163

Expanded Uncertainty  (µm) 0.8327
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Table 11: Uncertainty budgets for Picosecond platform X, Y, Z, and D stages. 

 

6.3.4. Alignment and Calibration of Femtosecond Platform 

6.3.4.1. Laser Alignment 

The laser alignment process is a standard procedure covered in Appendix 17.4.1. 

6.3.4.2. Microscope Calibration 

To ensure the microscope is orthogonal to the XY stage, it is mounted on a manual pitch and roll stage, 

which is subsequently mounted to the Z stage. Orthogonal alignment is achieved by setting the 

microscope to its highest magnification, focussing it upon a flat silicon sample, and adjusting the Z-

mounted pitch and roll stage until there is no visible change in sharpness or focus across the silicon 

surface. Precision orthogonal adjustment should be conducted after the calibrated chromatic confocal 

probe is used to ensure the silicon wafer itself is perfectly flat to the XY stage.  

Magnification calibration is conducted as defined by the microscope OEM, with the lateral field of 

view determined using the reticules provided.  

6.3.4.3. Chromatic Confocal Probe Topography Calibration 

The chromatic confocal probe is mounted vertically, orthogonal to the XY stage, using the mount 

provided. As a point measurement system, precision orthogonal mounting is unnecessary and the 

mounting can be done by eye. 

Uncertainty Budget for X and Y Stages

Source of Uncertainty Size of Uncertainty (µm) Probability Distribution Divisor Sensitivity coefficent Standard Uncertainty (µm) 

Repeatability 0.1 Normal (k=1) 1 1 0.1000

Accuracy 0.25 Rectangular √3 1 0.1443

Resolution 0.0025 Rectangular √3 1 0.0014

Combined Standard Uncertainty (µm) 0.1756

Expanded Uncertainty  (µm) 0.3512

Uncertainty Budget for Z Stage

Source of Uncertainty Size of Uncertainty (µm) Probability Distribution Divisor Sensitivity coefficent Standard Uncertainty (µm) 

Repeatability 0.3 Normal (k=1) 1 1 0.3000

Accuracy 0.5 Rectangular √3 1 0.2887

Resolution 0.05 Rectangular √3 1 0.0289

Combined Standard Uncertainty (µm) 0.4173

Expanded Uncertainty  (µm) 0.8347

Uncertainty Budget for D Stage

Source of Uncertainty Size of Uncertainty (µm) Probability Distribution Divisor Sensitivity coefficent Standard Uncertainty (µm) 

Repeatability 0.75 Normal (k=1) 1 1 0.7500

Accuracy 1.5 Rectangular √3 1 0.8660

Resolution 0.1 Rectangular √3 1 0.0577

Combined Standard Uncertainty (µm) 1.1471

Expanded Uncertainty  (µm) 2.2942
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Z Calibration 

Chromatic confocal probe Z calibration was conducted using a Veeco VDS-9.0QS calibration artefact 

with a step height of 8.445 µm. 80 pairs of top and bottom height measurements were taken across 

the step. Each pair of top and bottom measurements were taken 30 microns apart in the Y-direction, 

whilst being identically positioned in the X-direction. To negate the influence of Z-stage error during 

calibration, the Z stage was static throughout testing. Therefore, the uncertainty calculated should be 

the product of the chromatic confocal probe measurement error and any geometric errors across the 

200 x 30 µm effective measurement area. As the uncertainty is determined statistical treatment of 

repeated measurement, this is considered a type A uncertainty. Standard uncertainty for a type A 

uncertainty is calculated using the following equation [218]: 

 

𝑢𝐶𝐶𝑃 =
√ 1

𝑛 − 1
∑ (𝐻𝐷 − 𝐻𝑎𝑣)2𝑛

𝑖=1

√𝑛
 

 

 

Equation 13 

 

𝑢𝐶𝐶𝑃 is the standard uncertainty of the height measurement, 𝑛 is the number of measurements, 𝐻𝐷is 

the size of the error, and  𝐻𝑎𝑣 is the average error. The uncertainty budget for the mounted confocal 

probe is given in Appendix 17.1. The expanded uncertainty is calculated to be 5.5 nm, ~1.1 nm of 

which can be considered the product of geometric error. This value is negligible in comparison to the 

type-B uncertainty calculated for the Z stage of ±0.83 µm. The nature of the CCP mounting means that 

any positional errors in the Z stage will be accounted for by the CCP measurement, as the BioLaser 

software adds the Z-stage position and CCP measurement to generate Z data, making the calculated 

Z uncertainty of 5.5 nm an accurate value. Additional error will occur in the form of geometric error 

in the X and Y stages, which was previously calculated to be a maximum 49 µm over a 5 x 5 mm area. 

These values allow the required Z-measurement accuracy of <100 nm to be confidently asserted for 

the BioLaser CCP topography system. Whilst this Z-measurement accuracy would allow for the 

specified quantifiable layer removal down to ~100 µm, the layer removal resolution of this proof-of-

concept system is still realistically limited to a minimum of ~1 µm by the measured Z-stage uncertainty 

of ±0.83 µm. 

Areal Measurement Calibration 

Early calibration of areal topography measurements revealed a clear directional offset between data 

collected during stage movement in the positive and negative X direction. This error was initially 

thought to be a direction dependent tilt error in the X stage with the stage pitching towards the 

direction of travel about the centre of the X axis stage. Based on this assumption, Matlab code was 

written to remove alternate rows of data. This compromise halved the Y-axis resolution but gave 
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unidirectional X-stage data without any directional measurement error (see Figure 41). However, 

calculations revealed that for the size of error observed an effective pitch error of 30.5 arc seconds 

about the centre of the X-axis would be required, an error much greater than the 0.5 arc seconds given 

by the stage supplier. Further observation of the topographic measurements in Figure 41 reveal small 

artefacts at the extremes of the measured X values.  

 

Figure 41: CCP topographic images of a 200 µm square ablated into wheat seed endosperm, with a) including all raw CCP 

data, b) only including data in the +X stage direction, and c) only including data in the –X stage direction. Comparison of 

images b and c show a clear direction offset of approximately 35 µm. Measurement parameters: lateral resolution 2.5 µm, 

scan speed 0.5 mm/s, X length 250 µm, Y length 250 µm. 

Furthermore, erroneous slopes were observed when measuring a vertical step at right angles to the 

direction of stage travel (see Figure 42). These two observations led to a number of explanations being 

explored, such as a combination of PSO trigger delay and an angled CCP probe, before averaging was 

determined to be the issue. The delay in coming to this conclusion was primarily due to the code 

written to control the CCP explicitly setting averaging to zero, using the method given in the Micro-

Epsilon CCP manual. After a back and forth with Micro-Epsilon, it was determined that the sensor 

was reverting back to its default setting of a 16-point moving average prior to measurements taking 

place. After internal investigation within Micro-Epsilon, this was found to happen because the 

“TriggerMoment” variable was set before the “TriggerCount” variable in the code. This issue was not 

covered in the manual, which has subsequently been changed to highlight the issue. 

Following the correction of the averaging issue, areal measurement of an ablated wheat seed sample 

was conducted at a range of resolutions and scan speeds (see Figure 43). Some artefacts exist at the 

extreme edges of the measurement as a result of grid measurement structure detailed in section 

6.2.3.4.. These artefacts are minor, particularly at low speeds, and are only an issue when displaying 

the data as a height map with interpolation. There is a slight but noticeable decrease in measurement 

lateral precision with increasing scan speed, primarily seen as increases in edge artefacts and a 

noticeable “waviness” in the beam path. Both of these can be attributed to increasing chromatic 

confocal probe mount “wobble” at higher speeds and accelerations, owing to its weaker construction 
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in comparison to the laser optic mount. Despite these minor errors, all of these measurement 

parameters can be considered functional depending on the application. For example, 2.5 µm and 5 µm 

resolution measurements at a scan speed range of 0.25 – 1 mm/s provide detailed, high resolution, 

topographic measurements of features with lateral dimensions in the order of several micrometers. 

Conversely, 20 µm resolution measurements at 2 mm/s lack the resolution for small features but 

provide good form data at high speed, which is useful for informing ablation processing and for 

average layer removal data. The range of measurement frequencies illustrated in Figure 43 ranges 

from 12.5 Hz to 800 Hz, significantly below the maximum of 6.5 kHz offered by the CCP sensor. Whilst 

further optimisation and mounting improvements could yield measurement speed improvements, the 

primary goal of the project is to demonstrate functionality for the purpose of the BioLaser system. To 

this end, the calibration is sufficient. 

 

 

Figure 42: Uni-directional topographic measurements showing orientation induced measurement variation when measuring 

an 8.445 µm step height of a VDS-8.0QS calibration artefact. Measuring using lines parallel to the step gave an accurate 

measurement, whereas measurement using lines perpendicular to the same step gave the impression of a sloped surface. 

Measurement parameters: lateral resolution 5 µm, scan speed 1 mm/s, X length 500 µm, Y length 500 µm. 

Based on the favoured set of high-resolution topographic parameters, a comparative calibration was 

conducted by measuring the topography of a 200 x 200 µm ablated wheat seed endosperm sample 

using the CCP, and comparing it to the topography of the same sample measured using a white light 

Veeco interferometer (see Figure 44). Comparison of the two topographies demonstrates the PSO CCP 

topography system developed for this project is capable of measuring wheat seed endosperm to a 

resolution that allows for key features >5 µm to be identified, such as starch granules. Whilst some 

minor features <5 µm in lateral dimensions are not measured, Figure 44 demonstrates that the 

BioLaser CCP topography system is fit for purpose as a proof-of-concept BioLaser topographic 

measurement system. 
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Figure 43: Grid of 200 x 200 µm ablated wheat seed endosperm sample measurements at 2.5 – 20 µm resolution and 

0.25 – 2 mm/s scan speed. Red numbers indicate total measurement time in seconds. 

 

Figure 44: A topographic measurement of a 200 x 200 µm ablated square using a Veeco interferometer at x25 

magnification (left), and a topographic measurement of the same ablated square using the PSO CCP topography system 

developed for this project (right). CCP measurement parameters: lateral resolution 5 µm, scan speed 0.5 mm/s, X length 250 

µm, Y length 250 µm, and total measurement time 25 seconds.  
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Summary 

The alignment and calibration methods described in this section were used regularly throughout the 

project to mitigate geometric errors. It is important to note that the method of calculating the basic 

stage uncertainty budgets from type-B uncertainties, which can then be added to type-A component 

error, was a deliberate choice to account for the for the flexibility of the proof-of-concept BioLaser 

system. If a full system type-A uncertainty budget was conducted, the whole system would require re-

measurement whenever a component was changed or moved. The method of error assessment 

chosen avoids this time-consuming process.  

6.3.4.4. Relative Positional Calibration for BioLaser System 

Once all components of the BioLaser system have been individually mounted and calibrated, relative 

positional calibration of all components can be conducted. Precision relative positional calibration is 

essential to BioLaser for a variety of reasons, including: 

• Ensuring topographic measurements and microscope images overlap perfectly; 

• Ensuring areas of interest can be accurately ablated once identified using the microscope; 

• Ensuring “flatten” and “CCP-assisted ablation” function correctly. 

Relative position calibration was repeated often throughout the project due to positional errors 

caused by a host of factors, including: 

• Laser realignment 

• Laser drift 

• Changing of the laser focussing optic 

• Removing and replacing the same laser optic 

• Altering microscope magnification 

• Knocks to any of the BioLaser components 

• Knocks to any mirrors in the laser path 

• Moving any BioLaser components. 

Relative position calibration is split into three parts, namely microscope positioning relative to laser 

focal point, chromatic confocal probe positioning relative to microscope, and chromatic confocal 

probe positioning relative to laser focal point. Whilst basic positional calibration can be achieved using 

only the first two parts, the third part is necessary to ensure high precision in the relative Z positioning 

between the CCP and the laser focal point. This is of particular importance for laser ablation 

experiments, which used the CCP to establish the laser focal point prior to ablation.  
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Microscope Positioning Relative to Laser Focal Point 

When calibrating the BioLaser system, the focal point of the laser is calibrated relative to the bottom 

left corner of the microscope FOV. This is done to ensure the region being viewed is the region being 

ablated, as ablation begins in the bottom left corner with the laser path moving up and right relative 

to the microscopes FOV. Alignment relative to the centre of the microscope FOV using crosshairs was 

considered due to its potential to allow for flexibility of microscope magnification without the need 

for recalibration (if the microscope FOV were known for each magnification). However, in reality the 

microscopes required manual magnification adjustment, which meant recalibration was always 

necessary. Furthermore, alignment with the FOV centre offered no advantages to accuracy and would 

require additional movement to align the laser with the bottom left corner prior to ablation. This 

additional positioning, based upon the calibrated microscope FOV, would add unnecessary 

uncertainty to the relative positional accuracy and was therefore deemed the inferior method.  

For the purpose of alignment, a polished steel or silicon sheet is used as the ablation substrate. A 

raster pattern is ablated onto the surface using the laser. This laser pattern is a raster square, with 

short “raster steps” in the X direction and longer lines in the Y direction. This pattern allows the X-axis 

and Y-axis directions to be clearly identified using the microscope, which can then be rotated 

accordingly to ensure alignment. Furthermore, the raster pattern begins with an X-direction step and 

finishes in the Y direction, allowing the start point of laser ablation to be easily identified. The standard 

raster pattern used was a 0.5 mm square with 10 µm raster steps. In Figure 45 a 0.4 mm square is 

used to make the images easier to understand at a glance. 

The subsequent steps of laser-to-microscope relative positional calibration are illustrated in Figure 45. 

Based on an ablated laser spot size of 3.66 µm for the Comar 12OI09 optic, and the bottom corner of 

the microscope field of view being aligned with centre of the starting spot, a relative positional 

accuracy of ±1.83 µm in the X and Y axis is reasonable to assert. With the expanded uncertainty for 

the X and Y stages of 1.16 µm (see Table 10), determining the relative positional accuracy to ±1.83 µm 

is reasonable. The microscope depth of field at the magnification used is given as 30 µm, meaning the 

relative positional accuracy in Z can only confidently be asserted as ±15 µm. However, practical efforts 

were made to ensure that the microscope was brought to the centre of its focus by finding the top 

and bottom of its focal depth and using the central Z position. These efforts likely made the actual Z-

positional accuracy much better than that stated, albeit in an unquantifiable manner. Rotational 

accuracy of the microscope FOV relative to the X and Y axes was calculated as ±0.21° and ±0.29° 

respectively, based on the edge of microscope FOV starting in the centre of and remaining within the 

3.66 µm ablated trench throughout the 0.49 mm and 0.36 mm respective FOV lengths. The rotational 

alignment was always conducted with the smallest spot size optic available to ensure maximum 
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precision. This meant subsequent relative positional calibrations with different optics were conducted 

without the rotational orientation set up, with only the relative position being calibrated. The relative 

positional accuracy of the laser to the microscope scales with spot size. 

 

Figure 45: Microscope images demonstrating orientation and positioning calibration of microscope relative to laser focused 

with Comar 12OI09 optic. a) Make note of laser start position and ablate rough raster pattern before finding it using 

microscope; b) rotate microscope to align X and Y axis of image with X and Y axis of raster pattern; c) bring ablated square 

into focus to determine relative Z position and align the start point of ablated raster pattern with the bottom left point of 

the microscope FOV to determine the relative X and Y positions; d) test newly determined X, Y and Z offsets by laser ablating 

new fine raster pattern and ensuring the offsets return it to perfect alignment with microscope FOV. 

Chromatic Confocal Probe Positioning Relative to Microscope 

The focal point of the CCP is calibrated relative to the bottom left corner of the microscope FOV. To 

perform relative positional calibration between the microscope and CCP, a Veeco VDS-8.0QS 

calibration artefact is used. The VDS-8.0QS features an 8.445 µm step height, 8.445 µm deep grooves, 

and a range of other letters and shapes imprinted upon the surface. The first stage of calibration is to 

find and image an obvious feature, such as the corner of the 8.445 µm step, using the microscope. 

This feature can then be moved by eye, using the X and Y stages, to the approximate position of the 
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CCP probe giving an approximate relative XY position. The approximate Z position can be determined 

by monitoring the continuous probe measurement data whilst moving the Z stage to bring the sample 

into the centre of the probe range (0.15 mm). Once in position, an “image-sized” CCP topographic 

measurement is to be taken. In the case of the AM7515MT8A microscope at x800 magnification, the 

image size is 0.49 x 0.36 mm. Each measurement should be compared to the image taken, with 

iterative alternations made until the two images overlap exactly, making the bottom left of the 

microscope image calibrated relative to the position of the CCP focal point. Once this is achieved, the 

relative Z position should be calibrated once again, ensuring the focus of the bottom left corner of the 

image is perfect relative to the centre of the CCP probe range. Imaging and measurement of several 

features should then be conducted to ensure perfect overlap (see Figure 46). 

 

Figure 46: Examples of demonstrating overlapping topographic measurements and microscope images following relative 

positional calibration for CCP and microscope. Images a, b, and c show the topographic measurement, microscope image, 

and the two superimposed images respectively of grooves 8.445 µm in depth. Images d, e, and f show the topographic 

measurement, microscope image, and the two superimposed images respectively of an irregular chevron shape 200 nm in 

height. Measurement parameters (both): lateral resolution 5 µm, scan speed 2 mm/s, X length 490 µm, Y length 360 µm. 

Chromatic Confocal Probe Positioning Relative to Laser Focal Point 

Relative positional calibration of the laser focal point and CCP was a simple process once all the 

previous steps had been completed. Whilst relative X, Y, and Z positions can be calculated based on 

laser to microscope and microscope to CCP calibrations, the relative Z calibration accuracy is limited 

by the focal range of the microscope. To acquire a more accurate relative Z position, a substrate must 

be brought to the laser focal point using the process described previously. The sample must then be 

moved by the known X and Y offsets to the CCP, where the substrate can be moved to the centre of 
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the Z range. The differential Z-value accuracy is now significantly improved and limited only by Z-stage 

uncertainty and laser alignment error, with CCP Z errors being considered negligible. 

6.3.5. Alignment and Calibration of Picosecond Platform 

The Picosecond platform was not utilised for tomographic or topographic imaging, and thus was only 

utilised for areal experiments. The calibration of this platform was therefore limited to the laser and 

microscope. 

6.3.5.1. Laser Alignment 

The laser alignment process is a standard procedure covered in Appendix 17.4.2. 

6.3.5.2. Microscope Calibration 

The Optem Fusion microscope is a permanent part of the Picosecond platform and was fully calibrated 

upon mounting. The microscope was designed specifically for mounting on the Picosecond platform, 

making orthogonal and rotational alignment simply a case of mounting it securely to the already 

orthogonal precision platform. Magnification calibration was conducted as defined by the microscope 

OEM, with the lateral FOV at a range of magnifications tested using the reticules provided. 

6.3.5.3. Microscope Positioning Relative to Laser Focal Point 

Relative positional calibration of the microscope to the laser focal point on the Picosecond platform is 

near identical to that on the Femtosecond platform, albeit with two minor changes. Firstly, there was 

no need for rotational alignment as the microscope was purpose built for mounting on the Picosecond 

platform and was always correctly orientated. Secondly, the ablated square was (0.1 x 0.1) mm rather 

than (0.5 x 0.5) mm, owing to the smaller lateral FOV of the Optem Fusion microscope. Other than 

these minor changes, the process is identical to that described in for the Femtosecond platform. 

Relative XY positional calibration was carried out for all optical setups used in the Picosecond platform. 

This is necessary to ensure minor variations in the beam orthogonality for each wavelength did not 

lead to relative positional errors. The relative positional accuracy of the laser to the microscope scaled 

with the spot size of each optical set up.  

The Optem Fusion microscope has a depth of focus at maximum magnification (x2000) of 1.6 µm, 

giving a Z uncertainty of ±0.8 µm and making relative positional Z calibration of the microscope 

significantly more precise on the Picosecond platform in comparison to the Femtosecond platform. In 

combination with the expanded Z-stage uncertainty of 0.83 µm, this gives a maximum Z error between 

the microscope and laser of ±1.63 µm. This dictates the error range when the Optem fusion 

microscope is used to determine the Z height prior to laser ablation experiments. 
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Relative positional calibration in the XY plane was carried out for all optical setups used in the 

Picosecond platform. This is necessary to ensure minor variations in the beam orthogonality for each 

wavelength did not lead to relative positional errors. The relative positional accuracy of the laser to 

the microscope scaled with the spot size of each optical set up. 
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7. Experimental Methodology 

7.1. Laser Ablation of Heterogeneous Plant Material – Experimental 

Method 

7.1.1. Research Objective 

This section outlines the methodology used to answer research objective 2, namely the 

characterisation and optimisation of ultrafast ablation of heterogeneous plant material for the 

purposes of sequential sectioning and imaging. The research questions dictating the experimental 

methodology can be summarised as follows: 

• Is it possible to use ultrafast laser ablation to precisely remove layers of heterogeneous plant 

material? 

• To what extent can ultrafast ablation be optimised for each of the following criteria: 

o Material removal rate; 

o Exposed surface quality; 

o Surface flatness? 

• What optical setup and laser parameters are optimal for the proposed BioLaser system? 

7.1.2. Chosen Sample 

To be suitable for experimental analysis, the substrate must satisfy the following criteria: 

• Be readily available; 

• Be easy to pre-process/flatten prior to ablation experiments; 

• Be consistent in its heterogeneous composition, with known structure and features; 

• Be solid (i.e. few air pockets that may affect ablation data); 

• Be challenging to section using traditional techniques. 

It is important to note that due to the nature of heterogeneous plant material, perfect consistency 

between samples is impossible. However, by taking all necessary steps to ensure reasonable 

consistency, and by utilising appropriate statistical methods, useable data can still be obtained 

through experiment. 

Based on the above criteria, starchy wheat seed endosperm was selected as the substrate for all laser 

ablation experiments. More specifically, the “mature” cells in the starchy endosperm region of KWS 

Extase Winter Wheat were chosen.  
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Mature starchy endosperm is made up of starch granules embedded in a protein matrix, rather than 

distinct “protein bodies” visible in younger peripheral cells [219], [220]. The protein matrix in mature 

starchy endosperm is primarily gluten proteins (a mixture of Gliadin and Glutenin), which accounts for 

approximately 80% of the total protein volume, with the remaining 20% consisting of albumin and 

globulin proteins [221]. Starch is present in wheat endosperm in the form of large (15 µm - 25 µm) 

elliptical A-type and smaller (2 µm – 7 µm) spherical B-type granules (see Figure 47), with A-type 

usually accounting for 80–90% of the starch volume percentage [222], [223]. Starch is a mixture of 

two glucose polymers, amylose and amylopectin, at ratios ranging from 18:82 to 35:65 in wheat starch 

[224]. Whilst other components are present in mature wheat seed endosperm, endoplasmic 

reticulum, cell walls, mitochondria, and multivesicular body, these are negligible by volume and can 

be ignored [225]. This mature starchy endosperm was chosen to avoid variation in ablation 

characteristics that may occur if the prismatic cells, sub-aleurone, and aleurone were included [224]. 

Starchy endosperm is also by far the largest morphological component of the seed, making up 80-85% 

by volume [219], [226]. This offers a large area upon which to conduct ablation experiments. Mature 

starch endosperm satisfies the criteria of being consistent in its heterogeneous composition with 

known structures and features, being solid due to the protein matrix preventing significant air pockets, 

and being readily available in comparison to all other components of the wheat seed due to its large 

volume fraction. 

 

 
 

Figure 47: Left - Diagram of wheat grain structure [226]. Right - SEM image of mature starchy endosperm with A-type and 

B-type starch granules held together by a protein matrix [227]. Scale bar = 50 µm. 

KWS Extase was chosen because it is a wheat with a “hard” endosperm texture, meaning it has few 

air pockets and is reasonably robust, making it easy to process and set in resin without resin infiltrating 

the endosperm [228]. KWS Extase has non-transparent endosperm, making it impossible to image in 



92 
 

three dimensions with optical techniques. It is also readily available, with NIAB able to provide large 

numbers of seeds from a single batch, all dried under the same conditions. 

Finally, sectioning of wheat seeds is extremely difficult using traditional microtome sectioning, owing 

to its tough woody structuring making it prone to splintering and other common microtome sectioning 

defects. Furthermore, the lack of density variation between the protein matrix and starch granules 

makes it impossible to generate usable data using traditional micro-CT techniques. 

7.1.3. Sample Preparation 

Prior to any laser ablation experiments, the wheat grains had to be processed in a way that exposed 

the mature starchy endosperm, whilst ensuring a suitably flat surface. These samples must also be 

easily mountable on the laser platforms. Sample preparation consisted of the six steps listed below. 

1. Remove pericarp from dried seed. 

2. Set seeds (approx. 10) in a cold resin block (4:1 ratio of EPO and hardener). Allow 24 hours 

to fully set. 

3. Load sample block into Saphir 550 polishing machine. 

4. Polish surface using 240 grade silicon carbide disk until approx. half way through seeds. 

5. Polish surface using 1200 grade silicon carbide disk for 30 seconds. 

6. Press block into plasticine on a flat 55 x 40 mm stainless steel sheet using levelling press to 

ensure the base and the surface of the resin block are parallel. 

  
 

Figure 48: Left:a processed and mounted sample block. Centre: an interferometer image of a prepared sample surface. This 

region has a roughness (Sq) value of 264 nm and a total height variation of 3.78 µm across a 121 x 92 µm area. This area is 

identical to the area measured to determine surface flatness characteristics of ablated samples. Right: a SEM image of a 

prepared sample surface. 

The resulting surface consistently had a root mean square roughness (Sq) of <300 nm and a total 

height variation across a 121 x 92 µm area of ~4 µm (see Figure 48). These values informed the 

experimental methodology for ablation experiments utilising optical setups with a limited depth of 

focus, in order to ensure that imperfections in the prepared surface did not significantly influence the 

result of ablation experiments. It is important to note that ablation experiments were only conducted 
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on fully halved seeds with a consistent longitudinal orientation. Seeds that were not fully halved or 

processed as a cross section, such as the third from the bottom seed in the mounted sample block 

(see Figure 48), were not utilised for ablation experiments. This is to ensure that directional variations 

in the starchy endosperm structure do not influence experimental results. 

7.1.4. Optical Setups  

To conduct BioLaser ablation experiments, both the Picosecond platform and Femtosecond platform 

were utilised. Using these platforms, eight optical setups were assembled (see Table 12). These optical 

setups were assembled to allow ablation experiments using focused lasers across a range of 

wavelengths (355 – 1064 nm), pulse lengths (0.28 and 10 ps), focal spot sizes (0.8 – 8.3 µm), and focal 

depths (2 – 83 µm) (see Table 13). 
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Table 12: Complete beam path description for all optical setups. 

Optical 
Setup Name 

Laser Beam Expanders Attenuator Waveplates Mirrors Dichroic Mirror Focussing Optic 

T_355_x3 Talisker 355 nm 
(Picosecond platform) 
 
 

QiOptic motorised beam 
expander x2 – x8, model: 
4401-516-000-22 fused 
silica lens 

Altechna Watt Pilot 
motorised attenuator 
(also linear polariser) 
 

Thorlabs ¼ 
waveplate 

6 x BB1-E01 
Broadband mirrors 

355 nm Upper optic  
DMLP425L 

Thorlabs LMU-3x-
UVB optic 

T_355_x15 Talisker 355 nm 
(Picosecond platform) 
 
 

QiOptic motorised beam 
expander x2 – x8, model: 
4401-516-000-22 fused 
silica lens 

Altechna Watt Pilot 
motorised attenuator 
(also linear polariser) 
 

Thorlabs ¼ 
waveplate 

6 x BB1-E01 
Broadband mirrors 

355 nm Upper optic  
DMLP425L 

Thorlabs LMU-15x-
UVB optic 

T_532_x5 Talisker 532 nm 
(Picosecond platform) 
 
 

QiOptic motorised beam 
expander x2 – x8, model: 
4401-515-000-22 fused 
silica lens 

Altechna Watt Pilot 
motorised attenuator 
(also linear polariser) 
 

Thorlabs ¼ 
waveplate 

6 x PF10-03-P01 
Protected silver 
mirror 

532 nm Upper optic  
DMSP425L 

Thorlabs LMH-5x-
532 optic 

T_532_x20 Talisker 532 nm 
(Picosecond platform) 
 
 

QiOptic motorised beam 
expander x2 – x8, model: 
4401-515-000-22 fused 
silica lens 

Altechna Watt Pilot 
motorised attenuator 
(also linear polariser) 
 

Thorlabs ¼ 
waveplate 

6 x PF10-03-P01 
Protected silver 
mirror 

532 nm Upper optic  
DMSP425L 

Thorlabs LMH-20x-
532 optic 

T_1064_x5 Talisker 1064 nm 
(Picosecond platform) 
 
 

QiOptic motorised beam 
expander x2 – x8, model: 
4401-514-000-22 fused 
silica lens  

Altechna Watt Pilot 
motorised attenuator 
(also linear polariser) 
 

Thorlabs ¼ 
waveplate 

6 x PF10-03-P01 
Protected silver 
mirror 

DMSP805L Thorlabs LMH-5x-
1064 optic 

T_1064_x20 Talisker 1064 nm 
(Picosecond platform) 
 
 

QiOptic motorised beam 
expander x2 – x8, model: 
4401-514-000-22 fused 
silica lens  

Altechna Watt Pilot 
motorised attenuator 
(also linear polariser) 
 

Thorlabs ¼ 
waveplate 

6 x PF10-03-P01 
Protected silver 
mirror 

DMSP805L Thorlabs LMH-20x-
1064 optic 
 
 

S_1030_12.7 Satsuma 1030 nm 
(Femtosecond 
platform) 
 
 

2.8x beam expander DA10-800 attenuator - 4 x PF10-03-P01 
Protected silver 
mirror 

DMLP1180L Comar 12OI09 
 
 

S_1030_25 Satsuma 1030 nm 
(Femtosecond 
Platform) 
 

2.8x beam expander DA10-800 attenuator - 4 x PF10-03-P01 
Protected silver 
mirror 

DMLP1180L Comar 25OP05 
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Table 13: Beam parameters for all optical setups. 

Optical Setup 
Name 

Laser Wavelength 
(nm) 

M2 Pulse 
Length 
(ps) 

Raw beam 
Diameter 
(mm) 

Focal Length 
(mm) 

Focal Spot 
Size (µm) 

Focused Beam 
Rayleigh Length 
(µm) 

Depth of 
Focus* (µm) 

T_355_x3 Talisker  355 
 

1.08 
 

10 7.87 60 3.72 28.36 56.72 

T_355_x15 Talisker  355 1.08 10 7.87 13 0.81 1.33 2.66 

T_532_x5 Talisker 532 1.05 10 8.54 40 3.33 15.60 31.20 

T_532_x20 Talisker 532 1.05 10 8.54 10 0.83 0.975 1.95 

T_1064_x5 Talisker 1064 1.22 10 7.99 40 8.27 41.37 82.74 

T_1064_x20 Talisker 1064 1.22 10 7.99 10 2.07 2.59 5.18 

S_1030_12.7 Satsuma 1030 1.1 0.28 5.00 12.7 3.66 9.31 18.62 

S_1030_25 Satsuma 1030 1.1 0.28 5.00 25 7.21 36.06 72.12 

*Depth of focus = 2 x Rayleigh Length (to account for distance above and below focus). 

 

 



BioLaser 
 

96 
 

7.1.5. Experimental Variables 

The experimental variables considered when conducting ultrafast laser ablation layer removal on a 

substrate can be split into categorical and continuous variables. These variables are: 

Categorical Variables: 

• Wavelength 

• Pulse length 

• Focal Spot Size 

• Focal Depth 

Continuous Variables: 

• Pulse Repetition Rate 

• Peak Pulse Fluence 

• Scan Speed  

• Raster Overlap  

Wavelength, pulse length, focal spot size, and focal depth are considered categorical variables as they 

are a product of the optical setup and could not be changed continuously. It is worth noting that it 

would be possible to treat focal spot size and focal depth as continuous variables for Picosecond 

platform-based optical set ups, as the motorised beam expanders can be used to control raw beam 

diameter. However, this idea was rejected due to a) a wide range of spot sizes and focal depths were 

already provided across the eight optical setups, b) this type of control not being possible on the 

Femtosecond platform, and c) varying raw beam diameters without calibration which would add 

uncertainty to the experiment process. It would be possible to calibrate in between each raw beam 

diameter change, but this would add another time-consuming step to an already time-consuming 

process. 

Pulse repetition rate, peak pulse fluence, scan speed, and raster overlap are all continuous variables, 

which can be easily and precisely controlled on both laser platforms. However, before the influence 

of these variables on layer removal could be investigated, a number of wheat endosperm ablation 

characterisation experiments had to be conducted. 

7.1.6. Ultrafast Ablation Characterisation of Mature Wheat Endosperm  

With little literature on ultrafast plant ablation, and no literature at all regarding ultrafast ablation of 

starchy wheat endosperm, ablation characterisation experiments are essential. The most important 

characteristic to determine when ablating any substrate is the ablation threshold. In the case of 
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starchy wheat endosperm with its heterogeneous composition, there are likely to be two distinct 

ablation thresholds for the starch and the protein matrix. For the purpose of this section the “ablation 

threshold” will be defined by the lowest ablation threshold of these two materials. Furthermore, the 

ablation threshold being determined is the “multi-shot” ablation threshold, as this is the most relevant 

to the layer ablation application being investigated. The single shot ablation threshold is both 

irrelevant to this project and highly prone to error due to sample surface imperfections (see Figure 

48). 

The influence of repetition rate was also investigated, after preliminary ablation trials using 

S_1030_12.7 revealed an unexpected propensity for charring at high repetition rates. Thermal effects 

of this magnitude for a 280 fs laser were considered unusual and worthy of further investigation. 

Understanding the influence of repetition rate on ablation regime of plant material is essential for 

optimisation of the ultrafast laser section process, both in terms of avoiding damage to the exposed 

surface and maximising material removal rate. The experimental aim is to determine the influence of 

pulse repetition on the ablation regime for laser processing of wheat endosperm at fluences close to 

the ablation threshold.  

Following this ablation characterisation, early layer removal experiments were conducted in order to 

test the feasibility of layer removal prior to optimisation experiments. 

7.1.6.1. Determining Functional Ablation Thresholds of Mature Wheat Endosperm 

To establish a functional ablation threshold for mature wheat seed endosperm, experiments were 

conducted using T_355_x3, T_532_x5, T_1064_x5 and S_1030_12.7 optical set ups. These four set ups 

were chosen to establish the ablation thresholds based on the reasonable assumption that, if ultrafast 

ablation characteristics apply, ablation thresholds will be consistent for optical setups of an identical 

laser wavelength and pulse length [229]. Therefore, owing to the wavelengths and pulse lengths 

covered, these four optical setups should generate data applicable to all eight optical setups. As peak 

pulse fluence cannot be directly measured, these values were calculated from measured pulse 

energies using the method described in the methodology. The plots relating attenuation to pulse 

energy for all optical setups are included in Appendix 18. These plots cover the relevant range of 

fluences used throughout this project.  

The ultrafast ablation threshold is the minimum laser fluence at which material removal takes place 

at a particular wavelength and pulse length. Defining this value, and laser processing with fluences 

close to it, ensures that the ablation mechanisms are in the ultrafast regime with minimal damage to 

the remaining substrate. The equations used to fully define the fluence distribution in a Gaussian 
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beam are given below [61]. The equation for energy distribution in a Gaussian beam can be defined 

by the following equation: 

𝐸(𝑟, 𝑧) = 𝐸0𝑒
−

𝑟2

𝜔(𝑧)2
 

 

Equation 14 

Based on Equation 14, the peak fluence and intensity distribution can be derived: 

𝐹(𝑟, 𝑧) =
2𝐸0

𝜋𝜔(𝑧)2
𝑒

−2
𝑟2

𝜔(𝑧)2
 

 

Equation 15 

𝐼(𝑟, 𝑧) =
2𝑃0

𝜋𝜔(𝑧)2
𝑒

−2
𝑟2

𝜔(𝑧)2
 

 

Equation 16 

With the 2𝐸0 and 2𝑃0 terms being necessary to calculate the peak beam fluence and intensity 

respectively, with both being the product of the central beam limit evaluated using L'Hôpital's rule. 

The beam radius 𝑤(𝑧) at any z point is calculated using the following three equations: 

𝜔0 =
2𝑓𝐿𝜆𝑀2

𝜋𝐷𝐿
 

 

Equation 17 

𝑧𝑅 =
𝜋𝜔0

2

𝑀2𝜆
 

 

Equation 18 

𝜔(𝑧) = 𝜔0 [1 + (
𝑧

𝑧𝑅
)

2

]

1
2

 

 

Equation 19 

All symbols are defined in the nomenclature (see Section 13). Traditional methods of determining the 

ablation threshold include the geometric method and differential weighting [230], [231]. Differential 

weighting was quickly dismissed due to the heterogeneous density of the substrate making any results 

highly uncertain. Furthermore, the general low density of starchy wheat endosperm would also make 

differential weighing highly inaccurate. Geometric methods initially appeared more promising, with 

Equation 15 being adapted to make Equation 20, which estimates the ablation threshold based on the 

measured widths of ablated trenches upon the substrate [230]. 

𝐹𝑡 =
2𝐸0

𝜋𝑤(𝑧)2
𝑒

−2
𝜌(𝑧)2

𝑤(𝑧)2 

 

Equation 20 
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However, all attempts to determine the ablation threshold using this method failed due to its heavy 

reliance upon a perfectly flat surface and material homogeneity, which is not the case for starchy 

wheat endosperm (see Figure 48). Other geometric based methods, such as the D2 regression method, 

were also dismissed due to issues with surface flatness and material heterogeneity. A more robust 

and appropriate method which allowed for heterogeneity and surface imperfections was necessary. 

It is possible to remove the need for known 𝑧 values, and thus the need for a perfectly flat surface, by 

making two changes. Firstly, the exponential term can be removed by experimentally determining the 

pulse energy at which the damage radius ( 𝜌(𝑧) ) becomes 0. Secondly, by rastering a laser over a large 

area, it can be confidently assumed that the laser is incident upon all substrate components and that 

the laser will be perfectly at its focal point at some points during the processing. By ablating over large 

areas and measuring the area for volume removal at decreasing pulse energies, the material removal 

volumes near the threshold can be assumed to be a result of ablation only at the focal point. This 

removes the need to consider the beam radius at any point other than the focal point. By taking these 

two changes into account, the minimum pulse energy (𝐸0(min)) required to remove material can be 

determined via an iterative experimental process, and can be used to calculate the ablation threshold 

using the following equation: 

𝐹𝑡 =
2𝐸0(min)

𝜋𝑤0
2

 

 

Equation 21 

To determine the minimum pulse energy the method was to ablate a 200 x 200 µm square in a raster 

pattern across the surface with a 10 µm step between each line. The ablated surface is then imaged 

using a Veeco interferometer, and the average cross-sectional area of 10 trenches measured and used 

to calculate the average material removal rate (see Figure 49). This method was used to determine 

the approximate ablation threshold. As it is a non-regressive method (i.e. the ablation threshold is not 

determined by regressing to a theoretical point of zero ablation), it can be defined as a “functional” 

ablation threshold rather than an absolute value. It is worth noting that the Veeco interferometer in 

vertical scanning interferometry (VSI) mode is limited to feature sizes of ≤160 nm in the Z dimension. 

However, for determining a functional ablation threshold for multi-shot experiments, this was 

deemed acceptable. The minimum pulse energy would then be calculated as the average of the lowest 

pulse energy ablated, and highest pulse energy non-ablated, sample. The ablation threshold was then 

calculated using Equation 21. 
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Figure 49: Laser raster pattern (top right), Veeco measurement of central region of the ablated pattern (left), and 

measurement of the cross-sectional area measurement of an ablated trench using Vision32 software (bottom right). 

Due to the ultrafast ablation thresholds being influenced by variation in wavelength and pulse width, 

ablation thresholds were determined for T_355_x3, T_532_x5, T_1064_x5, and S_1030_12.7 optical 

set ups [229], [232]. To ensure the multi shot ablation plateau has been achieved, ablation 

experiments were conducted at 2 mm/s and 100 kHz. This gave a pulses per point value of 183, 167, 

414, and 183 for T_355_x3, T_532_x5, T_1064_x5, and S_1030_12.7 respectively. Whilst a high 

repetition rate for practical ablation purposes, these values ensure that the multi-shot ablation 

threshold plateau is reached, thus ensuring a definite ablation threshold value is determined. 

7.1.6.2. Influence of Repetition Rate on Mature Wheat Endosperm Ablation 

The experimental method for ablating trenches and determining the material removal rate is nearly 

identical to that described in the previous section, with trenches being ablated and measured as 

demonstrated in Figure 49. The only difference is the dependent variable, which in this case is the 

pulse repetition rate. The relationship between pulse repetition rate and material removal rate was 

then plotted, allowing any trends to be identified and analysed. These experiments were conducted 

using T_532_x5 and S_1030_12.7 optical setups to allow for the influence of repetition rate one both 

femtosecond and picosecond ablation the be assessed.  

7.1.6.3. Early Layer Removal Experiments 

Early layer removal experiments acted as a sanity check prior to the layer removal optimisation 

experiments. In particular it was important to establish if layer removal was even possible for the 
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heterogeneous sample, or if variations in ablation thresholds between starch and the protein matrix 

would prove too great an obstacle.  

The results of this section aim to answer the first research question: is it possible to use ultrafast laser 

ablation to precisely remove layers of heterogeneous plant material? 

7.1.7. Ultrafast Layer Ablation Optimisation of Mature Wheat Endosperm 

Following the ablation characterisation and early layer ablation experiments, experiments were 

necessary to answer the remaining BioLaser sectioning research questions defined by objective 2. In 

order to achieve this, some degree of optimisation was necessary across all experimental variables. In 

order to assess and optimise the influence of the categorical variables (wavelength, pulse length, focal 

spot size, and focal depth), a range of eight optical setups were assembled covering the widest range 

of parameters possible based on the equipment available (see Table 12 and Table 13).  

In order to assess and optimise the influence of continuous variables (pulse repetition rate, peak pulse 

fluence, scan speed, and raster overlap), an in-depth experimental design was necessary. Whilst 

assessing the influence of peak pulse fluence and repetition rate individually was simple from an 

experimental design point of view, assessing the influence of four independent variables required 

much more careful experimental design.  

Full factorial analysis, even for relatively few discrete levels per variable, was quickly calculated to be 

ruinously time consuming. For example, full factorial analysis based on a range of just five values per 

continuous variable necessitates 625 experiments per optical set up. Multiplied by the number of 

optical set ups this gives the need for 5000 experiments. Based on the average ablation time for each 

sample being ~3 minutes, this equates to ~250 hours (~10.5 days) of ablation time alone. When 

factoring in time taken to set up each experiment (~4 minutes), time taken to find and capture and 

process multiple interferometer images of each sample (~5 minutes), and time taken to capture and 

appraise multiple microscope images of each sample (~4 minutes), the total time comes to ~1330 

hours. Even in this highly idealised case this is an unacceptably large undertaking. 

To avoid this time-sink a custom experimental design was developed using JMP Design of experiment 

(DOE) software, which utilises Bayesian D-optimal experiment design methods [233]. Utilising this 

software allows experiments to be designed efficiently in a way that maximises the degree of certainty 

based on a limited number of experiments, ideal when full factorial analysis is deemed excessively 

time consuming.  
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7.1.7.1. Experimental Design 

JMP Experimental Design for Continuous Variable Optimisation 

To design an optimal experimental process with limited samples, JMP custom DOE was utilised. The 

custom experimental design included four continuous variable inputs, namely repetition rate, peak 

pulse fluence, scan speed, and raster step. Based on the experimental results from the ultrafast 

ablation characterisation of mature wheat endosperm, the parameter ranges given in Table 14 were 

chosen. These ranges were chosen based on a mixture of practicality and the results of early ablation 

characterisation experiments. The three measured outputs were material removal rate, root mean 

square surface roughness (Sq), and surface damage, which were chosen based on the research 

objective of optimising for material removal rate, surface flatness, and exposed surface quality 

respectively. These outputs (or “responses”) were set with overall “goals”, which aided optimisation 

later in the experiment. The important of each output was ranked equally initially, although was 

subject to change later in the optimisation process. 

The model specifications for the experimental design included main effects, second order interactions, 

and second powers. These specifications were chosen as a compromise, assuming that any higher 

order interactions or powers would either be previously identified during characterisation or would 

have negligible effect, making experimental design for higher orders unnecessarily time consuming. 

The experimental design yielded a minimum of 17 experiments per optical setup, consisting of input 

variables at three points across each variable range (minimum, centre, and maximum). The resulting 

power values for this experimental design were limited with main effects having a power value of 

0.75, 2nd order interactions a power value of 0.66, and second powers a power value of 0.3 at a 

significance level of 0.05. Power values indicate probability of rejecting the null hypothesis, whilst the 

significance level indicates the probability of rejecting the hypothesis of no effect, if it is true [234]. In 

order to improve these values, the design was augmented using JMP’s Space Filling function to add an 

additional 13 experiments in an optimal spread (see Appendix 19). This change improved the power 

value for all main effects to >0.98, the power value of all second order interactors to >0.88, and second 

powers to >0.5 at a significance level of 0.05. Further improvement of second powers power values 

was deemed to be too time consuming, with an additional ~50 experiments per optical set up 

necessary to achieve power values >0.8. Furthermore, many second order power interactions would 

be identified during the characterisation process, making these factors less important to the overall 

model. This 30-experiment design will be conducted for all eight optical setups, given a total of 240 

experiments.  



BioLaser 
 

103 
 

Table 14: Table detailing parameter ranges for all continuous input variables (“factors” in JMP) and the goal for all output 

variables (“responses” in JMP).  

Input Variable Minimum Value Maximum Value 

Repetition Rate 2 kHz 67 kHz 

Peak Pulse Fluence 5 J/cm2 25 J/cm2 

Scan Speed 2 mm/s 10 mm/s 

Raster Step 70% Overlap 10% Overlap 

 

Measured Output Variable Units Goal 

Material Removal Rate µm3/s Maximise 

Surface Roughness (Sq) µm Minimise 

Surface Damage - Minimise 

 

Experimental Procedure 

For the purposes of layer ablation optimisation experiments each sample is a 200 x 200 µm ablated 

square in a mature wheat seed endosperm substrate. All ablated samples for a single optical setup are 

ablated on the same seed and each ablated square was separated from its neighbour by a gap of 

50 µm (see Figure 50). The 200 x 200 µm ablated square size was chosen based on it being 

approximately 10x the length of the largest expected features, those being type-A starch granules 

averaging ~20 µm in length. This areal ablation at a scale 10x greater than the largest features ensures 

that areal averaging takes place and all ablated areas can be considered approximately equivalent in 

properties. Ensuring areal averaging was balanced against the available area per seed and the time 

taken to ablate each sample. Prior to ablation, the substrate was checked for defects using the 

platform microscope. If defects were visible, the sample was moved until a suitable area was located. 

For the Femtosecond platform, ablating each sample was a three stage process using basic G-code. 

Firstly, the substrate was moved to be at the laser focal point using CCP measurement. Based on the 

uncertainties calculated for the CCP and Z stage this gives a Z certainty of ±0.83 µm. Once the Z 

position had been determined, the area was checked for defects using the Dino-Lite AM7515MT8A, 

before the sample was processed. The sample was then moved back to the microscope for checking, 

before the moving 250 µm to the right and repeating the whole process for the next sample. 

For the Picosecond platform, the focal position was determined using the Optem Fusion HiRes 

microscope at maximum magnification. Combining the Optem Fusion microscope uncertainty of 

±0.8 µm and the Z stage uncertainty of ±0.83 µm, this gives a Z uncertainty of ±1.63 µm. Whilst this 
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value is not significant for lower magnification setups, it is significant for T_355_x15, T_532_x20, and 

T_1064_x20 with their focal depths of 2.66 µm, 1.95 µm, and 5.18 µm respectively. To counteract this 

issue, multiple layers were ablated for each of these optical set-ups, in the hope that these 

uncertainties would be averaged out. Furthermore, ablating multiple layers per experiment also 

negated issues caused by imperfections in the pre-ablated sample surface (see Figure 48), which may 

have had undue influence on the ablated surface for optical setups with smaller focal depths. Based 

on the relative size of defects to the focal depth, five layers were ablated for T_355_x15, five layers 

for T_532_x20, and four layers T_1064_x20. These values were taken into account when calculating 

material removal rate. 

 

Figure 50: Diagram illustrating ablation experiments on a mature wheat endosperm sample. 

7.1.7.2. Output Measurement 

Interferometric Analysis – Material Removal Rate and Surface Flatness Measurement 

Interferometric measurement was conducted using a Veeco interferometer with Vision32 software. 

Measurements were taken at x25 and x50 magnification, with a lateral FOV of (255 x 194) µm and 

(121 x 92) µm respectively. The x25 magnification measurements were used to determine the 

material removal rate, using Matlab to execute the process detailed in Figure 51. The red box region 

defines the average ablated Z measurement to avoid errors induced by the stage acceleration and 

deceleration regions at the top and bottom of the sample. Based upon quoted stage acceleration of 

1g and a maximum velocity of 10 mm/s, this acceleration region is calculated to be a maximum of 

5.1 µm. The blue and red box regions are both offset from the sample square edge to give some leeway 

with regard to how central the ablated square is to the total measured region. This gives a high degree 

of confidence when automatically processing large numbers of sample measurements. 

The x50 magnification measurements were used to determine a range of surface flatness 

characteristics, using Matlab to execute the process detailed in Figure 51. As well as measuring the 

primary exposed surface roughness characteristic of RMS roughness (Sq), Skewness (Ssk) and Kurtosis 

(Sku) were also calculated. The description and relevance of each of these parameters is detailed in 
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Table 15. RMS roughness was chosen as the primary surface measurement, as opposed to the 

arithmetic average Sa, as it is effectively the standard deviation of the surface height distribution. This 

allows it to be multiplied by K values of 1, 2, or 3 to describe a surface height variation with 68%, 

95.4%, and 99.7% certainty respectively. RMS roughness with K value of 3 is a superior method to 

measuring the maximum height variation of an ablated surface in a sample which may contain small 

air pockets or other inexplicable defects, as it is more robust to the influence of these ransom defects. 

By removing the unpredictable extremes inherent to the ablation of imperfect biological samples, RMS 

roughness with a K factor of 3 offers a robust method of quantifying total height variation of an ablated 

sample surface. Skewness and Kurtosis are measured to allow assessment of variable ablation rates 

in heterogenous material, in particular whether the majority of the minority of the sample is more 

readily ablated. Whilst less important to the optimisation process RMS roughness, Skewness and 

Kurtosis offer a useful method of quantifying and identifying trends when ablating heterogeneous 

material. The combination of RMS roughness, Skewness, and Kurtosis, offer a good range of 

quantitative exposed surface characterisation. 

Processing of x25 Magnification Measurements 

 

Processing of x50 Magnification Measurements 

 

Figure 51: Matlab processing explanation for x25 and x50 Veeco interferometer measurements of ablated samples. Data 

generated is output as an .xls excel file.  
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Table 15: Definition and relevance of measured surface characteristics.  

Parameter Symbol Description Relevance 

RMS Roughness Sq Primary surface roughness parameter. 

Root mean square average of absolute 

surface deviations from the mean 

plane [235]. 

Commonly used benchmark for 

surface flatness. Calculated in the 

same manner as standard 

deviation, allowing K values to be 

used to increase confidence.  

Skewness Ssk Degree of asymmetry in surface height 

distribution [236]. 

-Skew = Plateau with sharp valley. 

+Skew = Flat valley with sharp peaks. 

Indicative of whether the majority 

of minority of the surface is more 

readily ablated.  

Kurtosis Sku Quantitative measure of sharpening 

towards peaks or valleys on surface 

[236].  

<3 = Regular slopes. 

3 = normal distribution of points 

around mean. 

 >3 = Sharpening to the peak/valley. 

High Kurtosis values (>3) in 

conjunction with negative skew 

may be indicative of small internal 

defects. 

 

Microscope Analysis – Surface Damage Measurement 

Microscope imaging was conducted manually using an Olympus BX51 optical microscope. Imaging was 

not conducted on the Picosecond and Femtosecond platforms due to the significantly different specs 

of the available microscopes on each. The purpose of the microscope imaging was to develop a ranking 

system based on visually assessed exposed surface damage, and then rank each sample accordingly. 

This being the first experiment of its type, the surface damage ranking system will be developed from 

scratch. It is worth noting that “Surface Damage” was considered independent of surface flatness, as 

the primary characteristic being assessed was colour changes indicative of thermal or structural 

damage. 

Samples were imaged at x10 and x50 magnification with bright-field illumination and consistent 

imaging parameters across all samples for each magnification. Once all samples were imaged, surface 

damage was ranked on a scale of 0 – 7, with 0 indicating no visible damage and 7 indicating total 

charring. The ranking system is fully detailed in Section 9.2, as it was determined post-experiment due 

to there being no appropriate damage ranking of this type in literature. 
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7.1.7.3. Data Analysis and Ablation Optimisation 

Following the collection of data, data will be examined in four stages in accordance with best 

practice.  

1. Mean analysis – using the average output value from 30 samples for general comparison 

between optical setups. This will allow for conclusions to be drawn regarding the categorical 

variables of wavelength, pulse length, focal spot size, and focal depth 

2. Linear trends – using multivariate analysis to look for linear trends between the four 

continuous input variables and three measured output variables. This will allow for analysis 

of heterogenous sample characteristics such as multiple ablation thresholds, as well as 

editing of data prior to modelling to reduce the chance of modelling errors. 

3. Modelling – using JPM modelling software to model effects up to second order interactions 

and second powers. 

4. Optimising – optimising input parameters using desirability functions for material removal 

rate and threshold values for surface roughness and surface damage. Optimisation will be 

conducted based on three different sets of desired ablation output values. 

o “Rough” ablation - aims to maximise material removal rate whilst maintaining a 

surface damage below 2 and ignoring surface roughness. 

o “Precision ±10 µm” ablation - aims to maximise material removal rate whilst 

maintaining surface damage below 0.5 and surface roughness below ≤3.3 µm 

ensuring 99.7% of the surface is within ±10 µm of the average. 

o “Precision ±5 µm” ablation - aims to maximise material removal rate whilst 

maintaining surface damage below 0.5 and surface roughness ≤1.67 µm ensuring 

99.7% of the surface is within ±5 µm of the average. 

Models in JMP were evolved using stepwise regression with the minimum Bayesian Information 

Criterion (BIC) as the stopping rule [237], [238]. Stepwise regression is the iterative construction of a 

regression model by selecting the most significant input variables. Input variables are added and 

removed in all possible orders, with the statistical significance of each iteration being tested. The BIC 

is a criterion for model selection, with the model with the lowest BIC being chosen. Optimising using 

desirability functions is a widely used method for optimisation of models with multiple output 

variables [239]. The method assigns values to a set of output variables and chooses input variables to 

maximise the score. In this case, the optimisation function will be used to optimise material removal 

rate, whilst the same function will be used to designate threshold values for surface roughness and 

surface damage. This method of analysis allows for a more robust optimisation, where independent 
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output variables are not arbitrarily ranked. Instead, surface roughness and surface damage acts as a 

threshold, beyond which each optical setup can be optimised for maximum material removal rate.  

Once models for all optical setups have been optimised for three sets of ablation output values, the 

best overall optical setup was selected. To test the optimised models of the chosen optical setup and 

ablation parameters, ablation trials were repeated five times for each set of optimised ablation 

parameters (“rough” ablation, precision ±10 µm ablation, and precision ±5 µm ablation) for a total of 

15 trial ablations. Each ablation trial consisted of five sequential layer removals, prior to measurement 

in a manner identical to that stated in the methodology. 

7.1.7.4. Topographic Measurement of Serial Layer Ablation 

Once the optimum optical setup and input parameters had been identified and validated the next step 

was to assess the capability of this setup to predictably ablate multiple layers of material. This was 

achieved by utilising chromatic confocal topography measurement within the integrated BioLaser 

software, which allows for sequential layer ablation, microscope imaging, and topographic 

measurement to be conducted automatically. The results of these sequential topographic 

measurements will allow for quantitative assessment of average layer removal thickness, variation of 

layer removal thickness across the sample, variation in average layer removal between layers, and 

overall ablation volume. These measurements ensure the system is functional over multiple layers 

and allows layer removal to be quantified in a manner not achieved by any traditional destructive 

tomographic imaging systems. Furthermore, this will allow quantitative assessment of 3D volume 

measurement. 

7.2. Application Studies 

Following the building, optimisation, and quantification of the proof-of-concept BioLaser system, the 

next stage is to demonstrate its functionality across a range of relevant real-world applications within 

the defined imaging niche, as defined in objective 3. The proof-of-concept BioLaser system was used 

to image samples which have proven difficult or impossible to image with existing technologies due 

to one or more of the following reasons: 

• The features of interest are not visible to the existent technology due to issues with contrast 

or resolution; 

• The existing technology does not image the desired characteristic of the sample material; 

• The existent technology is slow or labour intensive, making it unviable for research purposes; 

• The existing technology is too expensive; 

• The existing technology damages the sample prior or during the imaging process; 
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• The existing technology cannot penetrate the sample to observe its 3D structure 

Samples which fulfil one or more of these criteria include wheat seeds, various dried grass stems, and 

Brachypodium nodes. It is important to note that the aim of this section is to illustrate the functionality 

of BioLaser for plant imaging, and not to conduct thorough experimental investigations into plant 

biology. However, where necessary some explanation may be given to justify the need to image the 

sample, which may include some botanical background.  
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8. Characterising Ultrafast Ablation of Mature Wheat 

Endosperm 

Due to the lack of relevant research on the ablation characteristics of mature wheat endosperm, and 

the severe lack of ablation data for any plant material, preliminary experiments were conducted to 

establish the parameter space for all continuous variables. These preliminary experiments were 

conducted initially using the S_1030_12.7 optical set up, before other optical set ups were 

investigated. Whilst necessary and time consuming, these investigations offered little of interest for a 

thesis and have been omitted in favour of subsequent experimental data which establishes trends in 

a more succinct and demonstrative way.  

8.1. Functional Ablation Threshold 

8.1.1. Results 

Figure 52 shows the plots used to determine the functional ablation thresholds for T_355_x3, 

T_532_x5, T_1064_x5 and S_1030_12.7 optical set ups. Based on these plots the functional ablation 

threshold values were determined to between the zero and first measurable data point, giving ranges 

of 1.7 – 1.9 J/cm2, 4.3 – 4.9 J/cm2, 4.6 – 5 J/cm2, and 4.2 – 4.6 J/cm2 respectively. For the purpose of 

simplicity, the average of these ranges will be considered the ablation threshold, giving functional 

ablation thresholds of 1.8 J/cm2, 4.6 J/cm2, 4.8 J/cm2, and 4.4 J/cm2 for T_355_x3, T_532_x5, 

T_1064_x5 and S_1030_12.7 optical set ups respectively. Early layer ablation experiments strongly 

indicate that these functional ablation threshold values are the product of protein matrix ablation, 

with A-type starch granules being clearly visible when layer ablation is conduced near these 

thresholds. This will be examined further later in the thesis (see section 9.4).  

The error bars in Figure 52 illustrate the impact of material heterogeneity on the ablation process, 

with variable ablation thresholds leading to extremely variable ablation rates. In many of the plots the 

standard deviation error bars go into the negative region of the Y axis, giving a clear indication that no 

ablation took place on many areas of the ablated surface. 
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Figure 52: Plots of peak pulse fluence vs measured trench cross section for optical setups T_355_x3, T_532_x3, T_1064_x5, 

and S-1030_12.7. These plots are used to determine the functional ablation threshold across all wavelengths and pulse 

lengths relevant to this project. All data generated at a pulse repetition rate of 100 kHz and a scan speed of 2 mm/s. 12 

measurements were taken per data point, with error bars representing the standard deviation. 

8.1.2. Discussion 

8.1.2.1. Ablation Thresholds Comparison to Literature  

Upon initial investigation the measured ablation thresholds for wheat seed endosperm are higher than 

those given for many dielectric materials in literature, with materials such as PTFE, carbon, and corneal 

stroma all having lower threshold fluences under approximately comparable laser parameters. For 

example, polytetrafluoroethylene has an ablation threshold of 0.6 J/cm2 at 800 nm wavelength and 

180 fs pulse length, and an ablation threshold of 3.87 J/cm2 at 800 nm wavelength and 400 fs pulse 

length [240]. Corneal stroma has an ablation threshold of ~2.2 J/cm2 at 1064 nm wavelength and 100 

fs pulse length, whilst carbon has an ablation threshold of ~1 J/cm2 at 355 nm wavelength and 10 ns 

pulse length [229], [241]. 

However, further investigation indicates that the measured ablation thresholds are closer to those of 

vitreous materials, such as fused silica, than those of polymers, carbon, or mammalian tissue. Mature 

wheat seed endosperm ablation being analogous to fused silica is not an unreasonable connection, 

with hard wheat seed endosperm such as KWS Extase often referred to as “vitreous” in appearance. 

Whilst attempts to determine the ultrafast ablation threshold of vitreous dielectrics vary wildly, 

examples of fused silica ablation thresholds with values comparable laser parameters are given below: 
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• ~2.1 J/cm2 @ 1053 nm wavelength and 280 fs pulse length [162], [171] 

• ~4.8 J/cm2 @ 1053 nm wavelength and 10 ps pulse length [162], [171] 

• ~4.4 J/cm2 @ 1030 nm wavelength and 300 fs pulse length  [242] 

• ~10 J/cm2 @ 1030 nm wavelength and 10 ps pulse length [243] 

• 5.5 J/cm2 @ 1054 nm wavelength and 1 ps pulse length [244]   

• ~9.5 J/cm2 @ 800 nm wavelength and 300 fs pulse length [245] 

• ~6 J/cm2 @ 400 nm wavelength and 300 fs pulse length [245] 

These ablation threshold values largely agree with those obtained for wheat seed endosperm, 

although the significant variation between sources makes further comparison difficult. The 

comparison does, however, offer a sanity check for results of these ablation experiments against a 

well characterised material that is at least partially similar in characteristics, with fused silica also being 

a wide band gap vitreous material with a similar ablation threshold.  

Direct comparison between these flat homogeneous fused silica and heterogeneous wheat seed 

endosperm is challenging, with the non-regressive method of determining the functional ablation 

threshold of wheat seed endosperm also contributing to this challenge. The Veeco interferometer in 

vertical scanning interferometry (VSI) mode is unreliable when measuring features ≤160 nm in the Z 

dimension. Marjoribanks et al measured the etch depth for a single 7 J/cm2 fluence pulse incident 

upon fused silica at ~150 nm, indicating that the resolution of the Veeco interferometer Z  resolution 

could indeed influence the measured ablation threshold [246]. It is likely that the actual ablation 

threshold of wheat seed endosperm is marginally less that measured. However, the purpose of these 

experiments was to establish a functional ablation threshold as a base for optimised layer ablation, 

which has been achieved. 

8.1.2.2. Influence of Wavelength 

Examination of Figure 52 demonstrates significant variability between wavelengths when determining 

ablation thresholds. Whilst the ablation threshold for 532 nm, 1030 nm, and 1064 nm are all 

measured between 4.4 – 4.8 J/cm2, the 355 nm threshold is significantly lower at 1.8 J/cm2. The trend 

of ablation thresholds decreasing with wavelength is to be expected based on literature for 

nanosecond, picosecond, and femtosecond ablation of dielectrics [229], [232], [241], [245]. However, 

the similar values for ablation thresholds between T_532_x5 and T_1064_x5 are not consistent with 

literature, from which one would expect a further increase in ablation threshold with increasing 

wavelength. An explanation for this disagreement may be found in the form of optical absorptivity. 

Whilst optical absorptivity of KWS Extase was not measured directly, literature suggests wheat flower 

has significantly greater optical absorptivity at 355 nm than 532 nm, with log(𝐼0 𝐼⁄ ) absorbance values 
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of ~2.5 and ~0.5 respectively [247]. Literature also indicates a small increase in optical absorptivity 

between 532nm and values above 1000 nm possibly counteracting the theoretical increase in ablation 

threshold expected, although the effect is minor and difficult to state definitively [247], [248].  Other 

literature suggests similar trends with the optical absorption coefficient for starch, a major component 

in wheat seed endosperm [249], [250]. Another factor influencing the relationship between T_532_x5 

and T_1064_x5 may be thermal accumulation, with the larger spot size of T_1064_x5 increasing the 

overall incident energy on the surface per pulse and thus reducing the ablation threshold via non-

ultrafast ablation effects.  

8.1.2.3. Influence of Pulse Length 

The most directly comparable data with pulse length as the primary variable is T_1064_x5 and 

S_1030_12.7, with the latter offering a ~8% lower ablation threshold fluence. This reduction in 

threshold between T_1064_x5 and S_1030_12.7 is expected due to reduction in pulse length, which 

increases intensity and reduces transmission leading to lower ablation thresholds [240], [251]. This 

drop is not as significant as that measured in some literature discussing ablation of wide band gap 

dielectrics, with Stuart et al suggesting a >50% reduction in the 1053 nm wavelength ablation 

threshold of fused silica from ~4.8 J/cm2 at 10 ps to ~2.1 J/cm2 at 280 fs pulse length [171]. However, 

Chimier et al suggest an ablation threshold for a 1030 nm 300 fs pulse at 4.4 J/cm2, identical to the 

value of given for the 1030 nm 280 fs S_1030_12.7 optical setup ablation of wheat seed endosperm 

[242]. Ultimately, literature on the subject offers values too wide ranging for any concrete conclusions 

to be reached. 

It is important to note that investigations into analogous fused silica ablation indicate pulse lengths 

<280 fs may be needed to achieve true ultrafast ablation. For example Chimier et al measure the 

ablation threshold of fused silica increasing from 1.2 J/cm2 at 7 fs, to 2.9 J/cm2 at 25 fs, to 3.6 J/cm2 at 

100 fs, and 4.4 J/cm2 at 300 fs [242]. Kautek et al detailed a similar trend when measuring the ablation 

threshold of borosilicate glass for a range of pulse lengths ranging from 20 fs and 3 ps [244]. This trend 

is indicative of a much lower pulse length threshold for ultrafast ablation than the 1 – 10 ps 

traditionally often cited in literature. Further evidence of increasingly non-ultrafast ablation for sub-

picosecond pulse lengths is given by Lenzner et al, who demonstrate a significant reduction in damage 

to the surrounding area when ablating glass with a pulse length of 5 fs compared to 220 fs [252]. 

Additionally Chowdhury et al offer an intensity based threshold for ultrafast ablation of wide band gap 

dielectric materials of 5.5 x 1013 W/cm2 [251]. This value equates to an ablation threshold fluence of 

15 J/cm2 and 535 J/cm2 for 280 fs and 10 ps pulse lengths respectively. The disagreement between 

these calculated values and those given in literature for wide band gap dielectric materials further 
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indicate that some forms of non-ultrafast mechanisms are likely present at 280 fs and 10 ps pulse 

lengths to achieve ablation.  

8.2. Influence of Repetition Rates 

8.2.1. Results 

 

 

Figure 53: Plots demonstrating the relationship between repetition rate and material removal rate for S_1030_12.7 optical 

setup between 5 – 250 kHz (top) and 5 – 500 kHz (bottom). Trenches were ablated at a scan speed of 0.6 mm/s. Peak pulse 

fluence set 8.5 J/cm2 for 5 – 500 kHz plot. 12 measurements were taken per data point, with error bars representing the 

standard deviation. 
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Figure 53 demonstrates the relationship between repetition rate and material removal rate for the 

S_1030_12.7 optical set up. It is immediately clear that the relationship between repetition rate and 

material removal rate is not the linear or logarithmic curve that would be expected if no additional 

non-ultrafast ablation phenomena were present. Figure 53 instead illustrates four distinct regions, 

which can be broken down as follows: 

1. 0 – 20 kHz – Approximate linear relationship, with material removal rate increasing with 

increasing repetition rate. 

2. 20 – 50 kHz – Decreasing material removal rate with increasing repetition rate. 

3. 50 – 250 kHz – Small increase in material removal rate with repetition rate. 

4. 250 – 500 kHz – Dramatic increase in material removal rate with repetition rate. 

 

Figure 54: Plot demonstrating the relationship between repetition rate and material removal rate for T_532_x5 optical 

setup between 0.5 – 200 kHz. Trenches were ablated at a scan speed of 2 mm/s at a peak pulse fluence of 21.5 J/cm2. 12 

measurements were taken per data point, with error bars representing the standard deviation. 

The first three regions are also evident on the 10 ps T_532_x5 optical set up, as demonstrated by 

Figure 54. The Talisker laser has a maximum repetition rate of 200 kHz, making direct comparison of 

the fourth region impossible. Comparison between Figure 53 and Figure 54 illustrates some 

differences between the relationships, with the ablation regions and the transition between ablation 

regions being less defined for the T_532_x5 optical setup.  The implication of the trends in Figure 53 

and Figure 54, and the variation between them, are discussed in the following section. During 

preliminary ablation experiments on the S_1030_12.7 and T_532_x5 optical setup it became clear that 

thermal effects were present at repetition rates >100 kHz, with sample charring common even at 
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fluences ~3 times the functional ablation threshold. This was unexpected, particularly for an optical 

setup with a pulse width of 280 fs, which was expected to ablate primarily in the ultrafast regime. 

These thermal effects will be investigated further in section 9.2. 

8.2.2. Discussion 

8.2.2.1. Trend Explanation 

“Ultrafast Ablation Dominant” Region: 0 – 20 kHz 

At these pulse repetition rates, it can be assumed that ablation is taking place predominantly by 

ultrafast ablation mechanisms for optical setup S_1030_12.7, with thermal accumulation being 

present but with limited influence on ablation. The material removal rate increases approximately 

linearly with the increase in pulse repetition rate, due almost entirely to increases in measured trench 

depth. This implies a direct relationship between the number of incident pulses per point and 

machining depth, as would be expected in an ultrafast ablation regime. In this regime, the ablation 

will continue until the trench depth causes the laser to move out of focal range to a point where the 

peak fluence of the beam is below the ablation threshold. The ultrafast ablation dominant regime is 

the most predictable and controllable, and is likely to cause the least damage to surrounding material. 

“Shielding Dominant” Region: 20 – 50 kHz 

In this region there is a significant decrease in material removal rate. Plasma shielding effects were  

quickly dismissed, as the time range between pulses of 20 – 50 µs is far beyond the plasma dispersion 

time, with no evidence of plasma plumes lasting 1 µs for short pulse ablation [155], [201], [253]. 

Based on the ablation plume literature reviewed in section 5.2.5, specifying the narrow ejection angle 

of dielectric ablation plumes and the low velocity of large ejected particles, a particle shielding effect 

is the most likely culprit. Ablation of the mature endosperm at higher repetition rates likely leads to 

thermal accumulation and the ejection of large particles at low velocities due to low energy thermal 

ablation resulting in nanocluster ejection [173], [254]. Spallation was ruled out as an ablation 

mechanism, owing to the particle size of >100 µm being highly unlikely when dealing with laser spot 

sizes of <5 µm. At <20 kHz repetition rates, these large pieces of ejected debris are either not formed 

due to limited thermal accumulation, or have time to be ejected beyond the beam path before the 

next pulse. However, above 20 kHz these particles are not ejecting beyond the incident beam path 

before the subsequent pulse, blocking energy and reducing the material ablation rate. Low energy 

nanocluster ejection at 200 m/s would result in a maximum particle expulsion radius of 4 mm and 

10 mm at 20 kHz and 50 kHz respectively, meaning nanocluster ejection shielding is a feasible 

explanation. This issue may be exacerbated by the heterogeneous nature of the mature wheat seed 
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endosperm substrate, with less easily ablated components being ejected as large slow particles by the 

force of local ablated material. 

The interaction of ejected particles with subsequent pulses at ~20 kHz repetition rates have been 

reported for organic dielectric materials, with “vapour-phase carbonisation” of ejected particles 

reported by Yakolev et al when ablating bone [255]. In this paper it is noted that carbonisation effects 

of ablated particles are observed during ultrafast ablation at repetition rates of 22 kHz, demonstrating 

the absorption of energy by ejected particles. Whilst ablation rates were not measured in this study, 

it is reasonable to conclude that interaction of ejected particles with the incident beam would have 

had a shielding effect that would reduce the material ablation rate. Gill et al clearly also demonstrate 

the impact of repetition rate on non-ultrafast ablation of bone, with a significant increase in surface 

damage due to increasing the repetition rate from 1 kHz to 33 kHz when ablating with a 1030 nm and 

320 fs laser  [256]. Although conducted at a significantly higher peak pulse fluences of 40 J/cm2, this 

still serves to illustrate the influence of repetition rate on the ablation mechanism of dielectrics even 

below 50 kHz. 

“Thermal Mechanism Dominant” Region: 50 – 250 kHz 

In this region, the material removal rate begins to steadily increase. Whilst likely still taking place, the 

increased repetition rate is contributing to greater thermal accumulation at the surface. This thermal 

accumulation contributes to the ablation process via higher energy thermal ablation mechanisms such 

as fragmentation or higher speed nanocluster ejection, with ultrafast mechanisms less prominent. It 

may be the case that this thermal energy density leads to the ejection of smaller, faster particles which 

are less likely to have shielding effects. The argument for increased thermal accumulation in this 

region was strengthened by propensity of endosperm samples to char during early ablation 

experiments at repetition rates of >100 kHz.  

“Phase Explosion and Fragmentation Dominant” Region: 250+ kHz 

The dramatic increase in material removal rate between 250 kHz and 500 kHz is indicative of a 

transition to a phase explosion and fragmentation dominant ablation regime. Fragmentation occurs 

as a product of thermal accumulation and is known to become a dominant ablation mechanism for 

homogenous dielectric materials at high cumulative fluences [243]. However, fragmentation alone is 

not sufficient to explain such a dramatic increase in material removal rate. Whilst phase explosion is 

not usually a dominant ablation mechanism for high cumulative fluence ultrafast ablation of 

homogenous dielectric materials, the properties of the heterogenous wheat seed endosperm make it 

the most likely mechanism in this case. Phase explosions are likely initiated by materials of different 

properties within the endosperm, such as different density starch grains or small pockets of moisture 
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acting as nucleation points, leading to the ejection of large volumes of material. This combination of 

phase explosion and fragmentation dominant material removal regime is extremely unpredictable and 

causes significant damage to the remaining substrate material. It is worth noting that some 

discolouration and charring was present in all ablated trenches above 250 kHz, a further illustration 

of significant thermal accumulation. 

8.2.2.2. Variation between S_1030_12.7 and T_532_x5 

Whilst the trends in Figure 53 and Figure 54 are similar, there is some variation in the trends observed. 

In particular, the 20 – 50 kHz “Shielding Dominant” region is less pronounced in Figure 54 than Figure 

53. The number of variables between the optical set ups used to generate these figures makes 

attributing the effect to a single variable impossible. However, based on the literature reviewed and 

the changing ablation mechanisms with increased repetition rate, it is reasonable to assert that this 

region is less pronounced due to the greater thermal accumulation at lower repetition rates. Thermal 

accumulation is likely to be more significant in Figure 54 than Figure 53 due to two primary factors, 

these being the increased peak pulse fluence and the increased pulse length. The increased thermal 

accumulation at low repetition rates reduces the influence of the “Shielding Dominant” regime as 

there is already significant thermal accumulation and thermal ablation mechanisms influencing 

material removal rate. This leads to the “Ultrafast Ablation Dominant” regime blending into the 

“Thermal Mechanism Dominant” to some extent. The argument for an increase in thermal 

accumulation leading to a decrease in the impact of shielding is further supported by decreasing 

influence of the “Shielding Dominant” region with increasing peak pulse fluence demonstrated in 

Figure 53. 

8.3. Early Layer Removal Experiments  

Based on the data generated in the previous two sections, layer removal trials were conducted to 

ensure that functional layer ablation was possible for mature wheat seed endosperm using an ultrafast 

laser set up. Early layer ablation trials conducted on the S_1030_12.7 optical set up at repetition rates 

of 100 kHz proved prone to damage, with melting and charring due to thermal accumulation observed 

at peak pulse fluences ~20% above the functional ablation threshold. This susceptibility to thermal 

damage, even at limited pulse fluences, confirms the dominance of thermal ablation mechanisms 

proposed for the 50 – 250 kHz repetition rate region when ablating wheat seed endosperm. 

Figure 55 demonstrates that functional layer ablation of mature wheat seed endosperm is possible 

with the S_1030_12.7 optical set up at lower repetition rates, achieving four ~10 μm layer removals 

at 20 kHz despite the heterogeneity of the sample and the uneven nature of the original surface. This 

was achieved with no indication of thermal damage at a peak pulse fluence 200% higher than the 
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functional ablation threshold. This ablation method appeared robust for use with imperfect surfaces, 

implying it will likely function well with heterogeneous materials with variable ablation rates. 

Furthermore, the self-limiting nature of a converging-diverging focused laser beam means that the 

minimum layer removal thickness will be dictated by the movement resolution of the Z stage. This 

means the slice thickness of this ultrafast laser ablation technology is only limited by stage resolution. 

Figure 55 is given as a demonstration of functional layer ablation following limited experimental 

optimisation. The full optimisation process requires significantly more investigation, and will be 

explored in the following chapters. 

 

Figure 55: Four squares of decreasing size ablated using the S_1030_12.7 optical setup to demonstrate layer removal on the 

surface of a roughly pre-processed wheat seed endosperm sample. In this example layer removals of ~10 μm were achieved 

by moving the Z stage 10 μm down between each square ablation. Laser processing parameters: 280 fs pulse width, 

15 J/cm2 peak pulse fluence, 20 kHz repetition rate, 1 mm/s scan speed, and 2 μm raster step.  
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9. Optimising Layer Ablation of Mature Wheat 

Endosperm 

In order accurately assess the capabilities of the proof-of-concept BioLaser system, the ablation 

process for mature wheat endosperm is characterised and optimised as a representative 

heterogeneous plant material. As discussed previously, the defining factors for the tomographic 

sectioning process are speed of sectioning, flatness of the exposed surface, and damage to the 

exposed surface. These three factors are assessed in the form of output parameters: material removal 

rate (MRR), surface roughness (Sq), and surface damage ranking respectively. Prior to ablation 

characterisation results, the parameter range is defined and a suitable damage ranking is established. 

9.1. Parameter Range  

Based on the ablation characterisation and the JMP experimental design software, the parameters for 

the layer ablation experiments are given in Table 16. A list of these input parameters for each optical 

setup is given in Appendix 20.  

The repetition rate range of 2 – 66.7 kHz was chosen based on the repetition rate experiments in 

section 8.2, with values greater than 66.7 kHz considered to adversely effected by thermal effects. 

Whilst a repetition rate of ~20 kHz appeared to be optimal, experiments were conducted up to 

66.7 kHz to examine whether increasing scan speeds, decreases in laser spot size, or a combination of 

the two could influence this optimal repetition rate. The lower limit of 2 kHz was chosen in conjunction 

with scan speed as a reasonable bottom range to offer some data with single digit pulses per point for 

all optical setups. 

The peak pulse fluence range of 5 – 25 J/cm2 was chosen based on the functional ablation threshold 

experiments conducted in section 8.1. A lower limit of 5 J/cm2 was chosen based on the desire to 

achieve some degree of ablation across all parameters in all optical setups, whilst still beginning at a 

peak pulse fluence close to the ablation threshold. It is worth noting that consideration was given to 

varying the fluence range in relation to the ablation threshold of each optical setup. This was primarily 

considered due to the ablation threshold at 355 nm wavelength being significantly different to those 

of the other wavelengths and pulse lengths considered. However, whilst this method could have been 

advantageous for direct comparison of optical setups, the 5 – 25 J/cm2 range was chosen because it 

gave a wider range of fluence relative to the functional ablation threshold, from ~1 - 5x to ~2 - 10x the 

functional ablation threshold for Talisker 1064 nm and 355 nm respectively. This covers a good range 

of relative fluences for generating an optimised model, with the 355 nm optical setup values likely to 
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give more interesting data with regard to thermal surface damage. Furthermore, using a constant 

range allowed for easier setup, and still allows for direct comparison between data sets as long as the 

functional ablation threshold is taken into account. 

The lower limit of the scan speed range of 2 – 10 mm/s was chosen based on preliminary experiments, 

with 2 mm/s already used successfully to achieve layer ablation and lower values offering no 

noticeable advantage. The upper limit of 10 mm/s was chosen based on the assumption that it would 

be a value slightly beyond the optimum for most optical set ups. For example, at the minimum 

repetition rate of 2 kHz and maximum scan speed of 10 mm/s, the laser pulses on the substrate would 

occur at 5 µm intervals. For all but the two largest spot sized optical set ups (T_1064_x5 and 

S_1030_25), this works out at <1 pulse per point, and thus representing a scan speed theoretically 

beyond the optimum for uniform layer removal. This is a reasonable compromise, as it has the 

potential to offer some data at a scan speed beyond the optimum, whilst still ensuring most samples 

have parameters capable of uniform layer ablation. The raster overlap range of 10 – 70% was chosen 

arbitrarily to cover a reasonable range, with a bias towards smaller overlaps based on the desire for 

maximum material removal efficiency. 

It is worth stating that for some optical setups, additional data points were collected. Often these 

samples were ablated as a result of erroneously entered ablation parameters, but were kept to add 

to the overall datasets. In other cases, additional data points were deliberately collected to investigate 

specific trends that became apparent during the experimental process. Where appropriate these 

additional data points will be included to strengthen and improve models or multivariate analysis. 

However, when it comes to averaged comparison between optical setups, only the 30 data points 

specified in Table 16 will be considered to ensure consistency. 

Table 16: Input parameters for layer ablation experiments. 

Repetition Rate  

(kHz) 

Peak Pulse Fluence 

(J/cm2) 

Scan Speed  

(mm/s) 

Raster Overlap  

(%) 

2.00 15.00 2.00 10.0 

2.00 25.00 6.00 10.0 

2.00 5.00 10.00 70.0 

2.00 5.00 2.00 70.0 

2.00 25.00 10.00 40.0 

2.00 5.00 10.00 10.0 

2.00 25.00 2.00 70.0 
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33.50 25.00 10.00 70.0 

33.50 15.00 6.00 40.0 

33.50 5.00 2.00 10.0 

66.67 25.00 2.00 70.0 

66.67 25.00 10.00 10.0 

66.67 25.00 2.00 10.0 

66.67 5.00 10.00 10.0 

66.67 5.00 2.00 40.0 

66.67 5.00 6.00 70.0 

66.67 15.00 10.00 70.0 

29.25 7.92 9.06 59.2 

56.00 6.43 7.67 33.2 

42.17 9.27 2.80 48.6 

15.20 7.10 5.38 20.5 

60.24 11.17 4.05 16.2 

25.37 19.51 8.82 14.2 

9.09 10.38 9.44 27.1 

11.48 19.94 3.07 36.9 

37.55 23.67 4.90 26.3 

23.15 16.23 3.87 65.6 

4.50 20.83 7.42 62.4 

63.29 22.03 6.61 47.0 

50.28 17.38 8.11 54.0 

 

9.2. Establishing Damage Ranking 

Of all the measured outputs to the ultrafast laser layer ablation process, damage to the exposed 

surface is the hardest to quantify. Whilst material removal rate and surface flatness can be easily 

quantified using interferometer measurements and automated processing, what constitutes 

“damage” is inherently subjective particularly in a destructive sectioning process. It is therefore 

necessary to develop a damage ranking based on the subjective desirability of the outcome, namely 

the preservation of known features and visual indication of unwanted thermal effects. With no 

previous literature to work with, this ranking system was developed based upon the results of this 
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ablation experiment. Damage was primarily assessed using a BX51 microscope at x10 and x50 

magnification. Additional assessment was conducted Helios SEM where necessary.  

The damage ranking established ranges from 0 to 7 and is summarised in Table 17, with 0 indicating 

no visible damage to the exposed surface, 1 - 2 indicating varying degrees of structural damage, and 

3 – 7 indicating structural and increasingly significant thermal damage. This damage ranking is specific 

to this material and project although some aspects of it may be relevant to other materials, especially 

the use of colour change to indicate significant structural and thermal damage. A particularly useful 

ranking for this project is 3 as it is the first definite indication of thermal effects on the exposed surface, 

along with a specific thermal range of 140 - 165°C. This non-enzymatic browning effect is known as 

the Maillard reaction and indicates a chemical reaction between the amino acids and reducing sugars 

present in the protein matrix and starch granules respectively. Images of a sample ranked 5 appear to 

show a smooth glassy exposed surface (see Figure 56). This indicates that temperatures necessary to 

melt the entire surface were achieved. Based on the melting point of starch, the highest melting point 

material in mature wheat endosperm, this may indicate surface temperature reaching ~240°C or 

above [257]. However, due to the nature of ablating a heterogeneous plant material it is impossible 

to characterise the materials which make up wheat seed endosperm independently, and thus 

impossible to declare this temperature has been reached with any certainty. Therefore, the primary 

calibration value for future discussion of thermal accumulation will be ranking 3, as it is based on a 

chemical reaction known to have a browning effect on heterogeneous materials.  
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Table 17: Summary of damage ranking for ultrafast laser layer ablation experiments on mature wheat seed endosperm. 

Ranking Description Example Microscope Image   

0 No visible damage. 

 

When imaged at x50 magnification on 

BX51 microscope there is no visible 

disruption to the known structure.  

 
 

1 Minor defects only. 

 

No visible damage at x10 

magnification, but disruption of the 

known structure is apparent at x50 

magnification. 

 

 

 

 
 

2 Whitening. 

 

The ablated square appears noticeably 

whiter than the surrounding surface at 

x10 magnification. Based on SEM 

analysis, this phenomenon appears to 

be linked to the mechanical disruption 

of cell and starch granules, leaving a 

uniform surface with few known 

structures (see Figure 56).  
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3 Whitening - Browning. 

 

Small areas of brown are apparent in 

the whitened square. These brown 

areas are the first definite indicator of 

thermal damage to the exposed 

surface. This brown colour is likely 

caused by the Maillard reaction. This 

indicates some areas of the surface 

have reached >140 °C. 

 

 

4 Browning. 

 

The entire exposed surface has 

browned, indicating the whole surface 

has reached a temperature of >140°C. 

 
 

5 Dark Brown. 

 

The exposed surface has browned to 

an increasing depth, indicating areas 

below the surface have exceeded 

140°C, indicating the surface 

temperatures will have exceeded this 

value.  
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6 Blackening. 

 

Blackening of the surface indicated 

surface temperatures >180°C have 

been reached. 

 

 

7 Total Charring. 

 

The surface has reached ignition 

temperature leading to burning.  

 

 

 

For the primary purpose of this project (i.e. clean surface exposure for tomographic imaging), the 

ranking system indicates how acceptable an exposed surface is for the purpose of generating usable 

tomographic images. Rankings of ≥3 are indicative of thermal damage and thus are considered an 

unacceptable level of exposed surface damage, with the darkened surface likely leading to increased 

thermal damage upon subsequent layer removal due to increased optical absorption properties. A 

ranking of 2, whilst not ideal for imaging of features, does not significantly change optical absorptivity 

and thus can be acceptable as a method of rough layer removal prior to precision ablation necessary 

for imaging. It is worth noting that the “whitening” observed at rank 2 surfaces could be linked to 

partial surface melting and re-solidification as suggested by Yakovlev et al when ultrafast laser ablating 

bone [255]. However, little evidence was given for this assertion and the SEM images given in Figure 

56 offer little evidence of melting. It was therefore decided that whitening will be considered a 

primarily structural phenomena for this application, likely the product of starch granule disruption, 

although some melting of the protein matrix may be present. Differentiating between a ranking of 0 

and 1 is the most subjective aspect of the ranking. However, despite this subjectivity the ranking of 1 

was still deemed necessary as a method of identifying small imperfections in exposed surface and thus 
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giving some indication of where the threshold for true ultrafast ablation may lie. Depending on the 

magnification and resolution of the imaging microscope, or depending on the size of the feature of 

interest, a damage ranking of either 0 or 1 may be deemed acceptable. 

  

  

Figure 56: SEM images of an exposed surface ranked 0 with no visible damage (top left), a surface ranked 1 with minor 

defects (top right), a surface ranked 2 due to whitening (bottom left), and a surface ranked 5 due to browning (bottom 

right). The browned surface shows clear indications of melting and re-solidification, giving some indications of 

temperatures achieved. 

9.3. Comparison of Mean across Optical Set ups 

For the first stage of result analysis the average material removal rate, RMS surface roughness (Sq), 

and surface damage for each optical set up will be compared. The average will be taken based only on 

the 30 samples generated using the parameters specified in Table 16. Whilst limited in detail, this 

method of analysis will allow for a general performance comparison between all eight optical set ups, 

and in particular the influence of categorical variables of spot size, focal depth, wavelength, and pulse 

length on layer ablation. Due to the nature of averaging across 30 samples with a wide range of 

independent variables, error bars will not be included in any plots unless specified otherwise. 
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9.3.1. Mean Material Rate vs Optical Setup 

 

 

Figure 57: Plot demonstrating the relationship between Rayleigh length and material removal rate for each optical setup 

(top), and plot demonstrating the relationship between focal spot diameter and material removal rate for each optical set 

up (bottom). Both plots also feature predicted data points based on values calculated from a basic model, in which the 

Rayleigh length and spot diameter as the only variable inputs (see Equation 22). 

Figure 57 demonstrates the relationship between material removal rate and the focal properties of 

each optical set up, namely the Rayleigh length and the focal spot diameter. As expected, the general 

trend is an increase in material removal rate with an increase in sport size and Rayleigh length. In order 

to further examine the influence of these optical properties and the material removal rate, a basic 

model was developed to predict the material removal rate based only on the focal properties of each 

optical set up. The predicted material removal rates were calculated using the following equation: 
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𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑀𝑀𝑅 = (

𝐷0𝑍𝑅𝑆

𝐶
) 

Equation 22 

 

Where 𝐷0 is the spot diameter, 𝑍𝑅 is the Rayleigh length, and 𝑆 is the average scan speed (a constant 

at 6 mm/s). 𝐶 is an empirical divisor used to align the model with a chosen data point, which in this 

case is T_1064_x5 giving a divisor of 4.65. In reality this divisor accounts for elements such as the 

average ablation depth relative to the Rayleigh length, the shape of an ablated trench not being 

rectangular, as well as the average raster overlap.  

By plotting the values predicted using Equation 22 against the measured average values for each 

optical set up in Figure 57, a significant relationship between focal properties and material removal 

rate is demonstrated. Of particular interest is how well the model fits the average measured values 

for all optical set ups (excluding S_1030_25) despite the devisor being chosen based on the average 

material removal rate for T_1064_x5. This agreement indicates that for material removal rate, the 

focal properties of the optical set up are the most dominant factor in control, with wavelength and 

even pulse length having little influence. It is worth noting that the predicted material removal rate is 

slightly below the measured value for both T_355_x3 and T_355_x15. This is likely due to the average 

fluence values being higher relative to the measured functional ablation threshold at 355 nm 

wavelength when compared to 532 nm and 1064 nm set ups. An additional relevant observation is 

that this effective doubling of the peak pulse fluence relative to the ablation threshold has minimal 

influence on the model’s viability. This indicates that for material removal rate the focal properties 

are also a more significant influence than peak pulse fluence once fluences above the ablation 

threshold are achieved.  

It not possible to say at this stage what led to S_1030_25 not fitting the model. It is unlikely to be 

wavelength based on the model’s success across all wavelengths in the picosecond optical set ups, 

and the agreement of S_1030_12.7 with the model indicates it cannot be purely due to pulse length. 

It is also unlikely to be experimental error, as the optical properties of S_1030_25 make it one of the 

easiest set ups to ensure good focal point Z positioning owing to its large Rayleigh length.  
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9.3.2. Mean Surface Roughness vs Optical Set Up 

 

Figure 58: Plot demonstrating the relationship between Rayleigh length and average surface roughness for each optical set 

up. 

Figure 58 demonstrates the relationship between the Rayleigh length and average surface roughness 

for each optical set up. A positive correlation is clearly evident, with increasing Rayleigh length leading 

to an increase in surface height variation. This trend is easily explained when ablating a heterogeneous 

material as variations in ablation thresholds will lead to varying ablation depths at a specific fluence, 

an effect which is exacerbated by increasing the Rayleigh length. Figure 59 demonstrates this effect 

for a Gaussian beam, with a doubling of the Rayleigh length doubling the height variation between 

two materials of differing ablation threshold. In the 5 µm Rayleigh length set up the 3 J/cm2 threshold 

material is subject to negligible ablation, whilst the 1.5 J/cm2 is ablated to a depth of 5 µm. In the 

10 µm Rayleigh length setup, the 3 J/cm2 threshold material is still subject to negligible ablation, whilst 

the 1.5 J/cm2 is ablated to a depth of 10 µm. All else being equal, the relationship between Rayleigh 

length and average surface roughness should be linear. The deviations from a linear relationship in 

Figure 58 indicates that exposed surface roughness is influenced by wavelength and pulse length, 

rather than the just the focal properties of the optical set up. It is not possible to determine the 

variables influencing surface roughness based on averages alone. This will be examined further in 

section 9.4.2.2. 

It is worth noting that even at this early stage the average Sq values of T_355_x3, T_1064_x5, and 

S_1030_25 are higher than desirable, with a coverage factor of 3 (99.7% data point coverage) 

indicating an average height variation of ±19.1 µm, ±15.0 µm, and ±22.9 µm respectively. Whilst more 

analysis is needed, these average values place the surface height variation at and beyond the limit of 
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the AM7515MT8A Dino-Lite microscope depth of field, making their applicability to the proof-of-

concept BioLaser system heavily reliant on optimisation in the following sections. 

  

Figure 59: Plots demonstrating the influence of the Rayleigh length on fluence variation across a Gaussian beam at the focal 

point, 5 µm from the focal point, and 10 µm from the focal point. The orange and red line represent the ablation thresholds 

of materials of two different materials.  

9.3.3. Mean Surface Damage vs Optical Set Up 

 

Figure 60: Plot demonstrating the relationship between Rayleigh length and surface damage for each optical set up. The 

bars indicate the full range of surface damage rankings across all 30 measured samples for each optical set up. 

Figure 60 demonstrates the relationship between the Rayleigh length and ranked surface damage for 

each optical setup. Unlike with material removal rate, and to a lesser extent surface roughness, the 

focal properties of the optical setup are not a strong predictor of surface damage. Whilst there is a 

general upward trend the average damage and range of damage for T_355_x3 and T_355_x15 indicate 

that the wavelength, due to the greater fluence relative to the threshold fluence, has a more 

significant impact on surface damage than the focal properties alone. It is worth noting that thermal 

damage (a ranking of ≥3) occurs in six of the optical set ups, with the only exceptions being 
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T_1064_x20 and S_1030_12.7. This indicates the presence of thermal accumulation in five out of six 

10 ps setups and one of two 280 fs setup, indicating that non-ultrafast ablation mechanisms have 

made a significant contribution to these experiments across all pulse lengths. However, the range bars 

demonstrate that surface damage rankings of 0 were achieved across all eight optical setups, 

indicating that with optimisation all are capable of “perfect” ablation. Figure 60 also suggests that the 

280 fs optical setups are marginally less prone to thermal damage than 10 ps optical setups of similar 

focal properties. 

9.3.4. Additional Considerations 

Before moving on to analysis of trends within each optical set up, issues with T_532_x20 and 

T_1064_x20 optical set ups must be considered. To illustrate these issues, Figure 61 demonstrates the 

relationship between the average layer removal thickness and surface roughness for each optical set 

up.  

 

Figure 61: Plot demonstrating the relationship between average layer removal thickness and average surface roughness for 

each optical setup. 

An issue is apparent for T_532_x20 and T_1064_x20, as the average root mean square roughness is 

greater than average layer removal thickness. This strongly indicates that the surface roughness values 

measured for these optical set ups are dominated by either the original roughness of the sample, or 

by the variable ablation thresholds of materials within the heterogeneous sample. Based on the 

measured pre-processed sample surface parameters illustrated in section 7.1.3, the heterogeneity of 

the sample must be the culprit. Based on this data, and the relative quality of T_355_x15 data, 

additional experimental runs were carried out on the T_532_x20 setup at a range of higher peak pulse 

fluences. Unfortunately, the same was not possible for T_1064_x20 due to the breakage of the 
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picosecond laser. The additional high-fluence experiments on the T_532_x20 optical setup were 

conducted using parameters established using the JMP experimental design tool. 

9.4. Multivariate Analysis for Linear Trends 

This section is focused on the continuous intra-setup variables of repetition rate, peak pulse fluence, 

scan speed and raster overlap. However, comparison between optical set ups will be made when 

appropriate. In order to analyse the relationship between all independent and dependent variables 

for all optical set ups in a concise manner, multivariate analysis plots with visual aids indicative of 

linear correlations between each variable were developed. The data analysis in this section will also 

allow for analysis of heterogenous sample characteristics such as multiple ablation thresholds, as well 

as editing of data prior to modelling to reduce the chance of modelling errors. 

9.4.1. Raw Data Analysis 

 

Figure 62: Multivariate analysis plot of all independent and three major dependent variables for optical setup T_1064_x5. 

Circle size and transparency indicates strength of linear correlation between two variables, with the colour indicating either 

a positive (red) or negative (blue) correlation. 
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An example of the multivariate analysis method is given in Figure 62. Using this method, the linear 

relationship between all major variables can be displayed in a single plot. The multivariate analysis 

plots for all other optical set ups are included in Appendix 21, with a compilation of the correlations 

for all optical set ups given in Table 18. It is worth noting that due to the nature of the four-variable 

experimental design, as well as non-linear relationships, perfect linear relationships are not expected. 

Because of this, linear correlations will be considered as an indicator of relative influence of each input 

variable on each output variable, and not as a definite linear relationship. 

From observation of Figure 62 and Table 18, peak pulse fluence appears to be the dominant input 

variable across all optical setups, particularly with regard to material removal rate and surface 

roughness. The only major output parameter not dominated exclusively by peak pulse fluence is 

surface damage, which appears to be influenced equally by peak pulse fluence and repetition rates 

when assessed across all eight optical set ups. For material removal rate, peak pulse fluence is the 

dominant influence for all eight optical set ups, with all but T_355_x3 giving a linear correlation of 

>0.6. For surface roughness, peak pulse fluence is a primary input for all eight optical set ups and is 

the exclusive primary input for all but T_355_x3 which is also strongly influenced by repetition rate 

(0.62 correlation).  
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Table 18: Table listing the linear correlations between the input and major output variables across all optical set ups. The correlations are split into three categories based on the strength of 

their linear correlation with each output, with correlations of 0.6+ being considered primary inputs, 0.4 – 0.59 being secondary inputs, and 0.2 – 0.39 being tertiary inputs.  

 Material Removal Rate Surface Roughness (Sq) Surface Damage 

Optical Set up Primary 
Inputs 
(0.6+) 

Secondary 
Inputs 

(0.4 – 0.59) 

Tertiary 
Inputs 

(0.2 – 0.39) 

Primary 
Inputs  
(0.6+) 

Secondary 
Inputs  

(0.4 – 0.59) 

Tertiary 
Inputs 

(0.2 – 0.39) 

Primary 
Inputs 
(0.6+) 

Secondary 
Inputs 

 (0.4 – 0.59) 

Tertiary 
Inputs 

(0.2 – 0.39) 

T_355_x3 - - PPF (0.39) 
SS (0.37) 

PPF (0.76) 
RR (0.62) 

- SS (0.22) RR (0.77) 
PPF (0.64) 

- - 

T_355_x15 PPF (0.61) - SS (0.35) 
RR (0.33) 
RO (-0.22) 

PPF (0.75) - - - PPF (0.52) 
RR (0.43) 

- 

T_532_x5 PPF (0.7) SS (0.4) RO (-0.24) PPF (0.74) - RO (-0.23) 
RR (-0.21) 

PPF (0.6) RR (0.59) - 

T_532_x20 PPF (0.7) - SS (0.23) - PPF (0.55) - - - RR (0.38) 
PPF (0.22) 

T_1064_x5 PPF (0.67) SS (0.44) RR (-0.22) 
 

PPF (0.89) - - PPF (0.67) RR (0.42) - 

T_1064_x20 PPF (0.75) - SS (0.38) PPF (0.79) - - - RR (0.43) 
PPF (0.4) 

- 

S_1030_25 PPF (0.67) SS (0.53) RR (-0.21) 
 

PPF (0.75) - RR (0.24) 
 

PPF (0.78) - RR (0.28) 
 

S_1030_12.7 PPF (0.74) SS (0.44)  PPF (0.75) 
 

- RR (-0.23) 
RO (-0.22) 

RR (0.6) PPF (0.46) RO (0.22) 

RR = Repetition Rate, PPF = Peak Pulse Fluence, SS = Scan Speed, and RO = Raster Overlap. 
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9.4.2. Influence of Heterogeneous Plant Material on Layer Ablation 

9.4.2.1. Identifying Multiple Ablation Thresholds in Heterogenous Material 

The dominant influence of peak pulse fluence detailed in Table 18 can be largely attributed to the 

influence of material heterogeneity on these measured trends. A demonstration of the influence of 

material heterogeneity can be seen in the correlation between material removal rate and surface 

roughness seen in Figure 62, a correlation shared across all optical set ups. Further investigation 

reveals that this relationship is primarily a product of the correlation between peak pulse fluence and 

surface roughness, a relationship demonstrated in Figure 63a. The relationship between peak pulse 

fluence and surface roughness is increasingly non-linear when surface skew is considered, as 

demonstrated in Figure 63b, with skew increasing sharply before plateauing at a skew value of 

approximately –0.5. This increase in skew from a negative to a less-negative value indicates that height 

is become less skewed above the mean plane as peak pulse fluence increases. The cause of this 

relationship is identified in Figure 63c, which demonstrates that differing ablation thresholds between 

the protein matrix and A-type starch granules lead to a negative skew when the peak pulse fluence is 

between these thresholds, before increasing rapidly when the starch ablation threshold is exceeded. 

For optical set ups T_532_x5, T_532_x20, T_1064_x5, T_1064_x20, S_1030_25, and S_1030_12.7, the 

peak pulse fluence values begin just above the protein matrix ablation threshold, and thus increase 

rapidly to a plateau. The approximate ablation threshold for A-type starch granules was determined 

based on examination for surface topographies, similar to those demonstrated in Figure 63c. The 

ablation thresholds determined are listed in Table 19.  

Table 19: Approximate ablation threshold of protein matrix and starch granules as determined from layer ablation 

optimisation data. For simplicity, the starch ablation threshold values are based on the average of the highest non-ablated 

and lowest ablated peak pulse fluence for each set of optical setups. 

Laser & 

Wavelength 

(nm) 

Pulse Length 

(Ps) 

Functional Protein-Matrix 

Ablation Threshold (J/cm2) 

Approximate Starch Ablation 

Threshold (J/cm2) 

T_355 10 1.8 2.5 

T_532 10 4.6 10.25 

T_1064 10 4.8 10.5 

S_1030 0.28 4.4 7 

 

Measuring surface skew against peak pulse fluence serves as a useful method of approximating an 

ablation threshold in a binary heterogenous material, with an increasing (decreasingly negative) skew 

transitioning to a plateau being a good indicator of the higher of two ablation thresholds within the 
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binary system. It is worth noting that this method only works when the higher ablation threshold 

material is in the majority. If the lower ablation thresholds were in the majority, the trend would be a 

decreasing skew transitioning to a plateau, and for a material with an equal amount of each material 

there would be no trend. 

 

 

 

Figure 63: Plots exploring the relationship between peak pulse fluence and ablated surface properties. Plot a) demonstrates 

the relationship between peak pulse fluence and surface roughness (Sq) for optical set up T_1064_x5, whilst plot b) 

demonstrates the even more significant relationship between peak pulse fluence and skew for the same data set. Plot c) 

further explores the relationship between peak pulse fluence and surface skew using data from optical set up T_355_x3. 

Each data point is accompanied by an interferometer topographic measurement of that sample. 

Ultimately, these investigations reveal that the “linear” correlation between peak pulse fluence on the 

measured material removal rate and surface roughness are artificially dominant due to ablation 

threshold variations within the heterogeneous material. At low peak pulse fluence values only a 

fraction of the material can be ablated as A-type starch granules cover the majority of the sample and 

cannot be ablated at these fluences. As the fluence is increased to exceed the ablation threshold of A-
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type starch granules material removal rates increase significantly. The strong linear correlation 

between peak pulse fluence and material removal rate is therefore partially the product of a non-

linear relationship, which must be removed for optimisation modelling purposes. With regard to 

surface roughness, the transition from a peak pulse fluence between the protein matrix and A-type 

starch granule threshold, to a value exceeding both, also gives a non-linear relationship that artificially 

increases the dominance of the linear correlation between peak pulse fluence and surface roughness. 

The effect of removing the data contributing to these non-linear relationships is given in section 9.4.3. 

9.4.2.2. Theoretical Modelling Height Variation in a Binary Heterogeneous Material 

Further theoretical investigation examined the extent of the non-linearity between peak pulse fluence 

and surface roughness for heterogeneous plant material. The proposed model calculates ablation 

depth variation based on the assumption of a binary material, i.e. only protein matrix and A-type 

starch granules. The equations used for this model are given below. 

 

𝜔(𝑧𝑚𝑎𝑥) = √
2𝐸0

𝜋𝐹𝑇
 

 

Equation 23 

 

 

𝑧𝑚𝑎𝑥 = 𝑧𝑅√(
𝜔(𝑧𝑚𝑎𝑥)

𝜔0
)

2

− 1 

 

Equation 24 

 

 

𝑧𝑚𝑎𝑥 = 𝑧𝑅√
2𝐸0

𝜋𝐹𝑇𝜔0
2

− 1 

 

Equation 25 

 

 
𝐹 =

2𝐸0

𝜋𝜔0
2

 

 

 

Equation 26 

 𝛥𝑧𝑚𝑎𝑥(𝐹) = 𝑧𝑅√
𝐹

𝐹𝑡
− 1 

 

 

Equation 27 
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 𝛥𝑧𝑚𝑎𝑥 =  𝑧𝑚𝑎𝑥(𝑝𝑟𝑜𝑡𝑒𝑖𝑛 𝑚𝑎𝑡𝑟𝑖𝑥) − 𝑧𝑚𝑎𝑥(𝑠𝑡𝑎𝑟𝑐ℎ) 

 

Equation 28 

 𝛥𝑧𝑚𝑎𝑥(𝐹) = 𝑧𝑅√
𝐹

𝐹𝑡1
− 1 − 𝑧𝑅√

𝐹

𝐹𝑡2
− 1 

 

Equation 29 

 

With 𝜔(𝑧𝑚𝑎𝑥) being the beam radius at the point beyond the focal point where the peak pulse fluence 

equals the ablation threshold, and 𝑧𝑚𝑎𝑥 being the maximum ablation depth beyond the focal point. 

All other variables are defined in the Nomenclature. Equation 23 is derived from Equation 21 and 

Equation 24 is derived from Equation 19, with Equation 25 being the result of combining Equation 23 

and Equation 24. Plotting Equation 29 against the peak pulse fluence for optical setups T_355_x3 and 

T_1064_x5 gives the relationships illustrated in Figure 64.  

The model suggests that between the first and second ablation thresholds, the highest variation 

increases rapidly in a logarithmic curve, before reaching a sudden peak at the second ablation 

threshold. After this point, the height variation drops in an exponential decay curve, before increasing 

again in a slow logarithmic curve. Comparison between Figure 63c and Figure 64a demonstrates the 

practical implication of this relationship, with a large drop in the negative skew value between the first 

two points in Figure 63c indicative of the sudden rise in height variation when exceeding the protein 

matrix thresholds seen in Figure 64a. 

It is worth noting that whilst the closest measured output to 𝛥𝑧𝑚𝑎𝑥 is maximum height variation, this 

value is not functionally usable as a comparison. This is because max height variation is susceptible to 

external variables such as small air cavities within the material or small un-ablated peaks. A more 

robust method is to use the measured surface roughness (Sq) with a coverage factor of 2 and then 

doubled to account for values above and below the mean. This gives a robust measurement of 

maximum height variation by filtering out extreme values caused by air cavities or erroneous peaks. 

Figure 64b demonstrates that the starch threshold induced peak predicted in the model data is not 

present in the experimental data for the T_1064_x5 optical set up. This disagreement could occur for 

a variety of reasons, such as the presence of significant air cavities which are more likely to be exposed 

as more material is ablated, or other independent variables such as scan speed or repetition rate 

masking this first peak. Greater number of air cavities may explain the increase in experimental  𝛥𝑧𝑚𝑎𝑥 

values relative to the model prediction at high peak pulse fluence values. It is important to note that 

the experiment was only designed to assess relationships up to a second order interaction, meaning 
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features such as the predicted spike at the starch ablation threshold could easily be missed based on 

the parameter spread.  

 

 

Figure 64: Plots illustrating the relationship between peak pulse fluence and theoretical maximum height variation (𝛥𝑧𝑚𝑎𝑥) 

between an idealised binary material with two distinct ablation thresholds. Plot a) illustrates this relationship for optical 

setup T_355_x3, whilst plot b) demonstrates this relationship for optical T_1064_x5 against the experimental data. The 

experimental  𝛥𝑧𝑚𝑎𝑥  is calculated using measured Sq and a coverage factor of 2, multiplied by 2 to account for values 

above and below the mean. The orange dotted line indicates the ablation threshold of the protein matrix and the green 

dashed line indicates the ablation threshold of starch granules (see Table 19). 

Ultimately beyond academic interest this debate is moot with regards to the BioLaser project, as laser 

tomographic sectioning with peak pulse fluence values below the ablation threshold of some material 

components is simply not functional. Therefore, the removal of sample data points with peak pulse 

fluence values below the ablation threshold of A-type starch is necessary both from a functional 

modelling and a practical tomographic sectioning standpoint. A practical implication of ablation 

threshold variability in a material is a reduced processing window with regard to peak pulse fluence, 
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as the upper limit remains the same (e.g. approx. 5 times the ablation threshold of the “functional” 

ablation threshold), whilst the lower limit is increased owing to the presence of higher ablation 

threshold materials. The lower limit can be reduced, and thus the processing window increased, by 

utilising optical setups with less variation between the ablation thresholds within the heterogeneous 

material. To this end picosecond 355 nm and femtosecond 1030 nm optical setups are preferable to 

picosecond 532 nm and picosecond 1064 nm optical setups (see Table 19). 

9.4.2.3. Theoretical Optimum Peak Pulse Fluence for Height Variation in a Binary System 

Finding the global minimum by setting the derivative of Equation 29 to zero leads to a neat relationship 

between ablation thresholds and optimum fluence for minimising surface roughness, with the 

theoretical optimum fluence for a binary system being the sum of the two ablation thresholds. The 

calculations used to determine Equation 31 from Equation 30 are given in Appendix 22. This 

relationship allows for a theoretical minimum 𝛥𝑧𝑚𝑎𝑥 to be calculated for each optical set up using 

Equation 32.  

 
 

Finding global minimum: 

 

 
 

𝜕𝛥𝑧𝑚𝑎𝑥

𝜕𝐹
= 0 =  

𝑧𝑅

2𝐹𝑡1√
𝐹

𝐹𝑡1
− 1

−
𝑧𝑅

2𝐹𝑡2√
𝐹

𝐹𝑡2
− 1

 

 

 

Equation 30 

 
 

𝐹 =  𝐹𝑡1 +  𝐹𝑡2 

 

Equation 31 

 
Solving for global minimum:  

 𝛥𝑧𝑚𝑎𝑥(𝐹)𝑚𝑖𝑛 = 𝑧𝑅√
𝐹𝑡2

𝐹𝑡1
 − 𝑧𝑅√

𝐹𝑡1

𝐹𝑡2
 

 

Equation 32 

 

The optimum peak pulse fluence and theoretical minimum ∆Z calculated from Equation 32 are listed 

for all optical set ups in Table 20. These values will be compared to the optimised models in section 

9.5 for validation. If valid, these calculations will offer an excellent theoretical basis for the design of 

future BioLaser systems. It is worth noting that the theoretical optimum peak pulse fluence for the 

355 nm optical set ups is below the 5 – 25 J/cm2 peak pulse fluence experimental range. This indicates 

that a) optical set ups T_355_x3 and T_355_x15 cannot be fully optimised for surface flatness, and b) 
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that this method of calculation would be of great use for designing future experiments, and avoiding 

these issues.  

Table 20: Calculated optimum peak pulse fluence and corresponding theoretical minimum ∆Z for each optical set up based. 

Values for optimum peak pulse fluences calculated using Equation 31. Values for theoretical minimum ∆Z calculated using 

Equation 32 and the ablation thresholds determined for starch granules and the protein matrix given in Table 19.  

Optical Set Up Zr (µm) Theoretical Optimum Peak 

Pulse Fluence (J/cm2) 

Theoretical Minimum ∆Z 

(µm) 

T_355_x3 28.36 4.3 9.36 

T_355_x15 1.33 4.3 0.44 

T_532_x5 15.6 14.85 12.84 

T_532_x20 0.975 14.85 0.80 

T_1064_x5 41.37 15.3 33.22 

T_1064_x20 2.59 15.3 2.08 

S_1030_25 36.06 11.4 16.89 

S_1030_12.7 9.31 11.4 4.36 

 

9.4.3. Improved Multivariate Data Analysis 

Based on the preceding analysis of the influence of material heterogeneity, all data points with peak 

pulse fluence values below the ablation threshold of A-type starch granules were removed from 

further processing. An example multivariate analysis plot with these values removed is given in Figure 

65, with the linear correlation table for all optical setups given in Table 21. All multivariate analysis 

plots used to generate Table 21 are given in Appendix 21. By comparing Figure 65 and Table 21 to 

Figure 62 and Table 18, it can be seen that the removal of these data points has drastically reduced 

the dominance of peak pulse fluence input variable across all output variables in the majority of optical 

set ups, excluding T_355_x15, which is unchanged due to no data points being removed. This 

reduction in dominance coincides with an increase in relevance of other input variables for the output 

variables material removal rate and surface roughness. For example, the average number of relevant 

input variables (i.e. tertiary input and above) for material removal rate rises from 2.625 per optical set 

up in Table 18 to 3.375 per optical set up in Table 21. Whilst this alone cannot be considered a truly 

qualitative comparison, the demonstrated increase in relevant variables, combined with relative 

increase of tertiary ranked inputs from 48% in Table 18 to 63% in Table 21, is indicative of a more 

representative data set owing to the improved experimental range within which all input variables 

have a notable influence on the output. The same is true of surface roughness, albeit to a lesser extent. 
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The influence of input variables on surface damage changes little between Table 18 and Table 21, with 

peak pulse fluence and repetition rate being almost universally the only determinants of surface 

damage across all optical setups, with the exception of S_1030_12.7. The slight reduction in the 

correlation between peak pulse fluence and surface damage between the two tables is largely due to 

its reduction of range, which is to be expected. It is likely that the reduced range of peak pulse fluence 

also influenced the reduced linear correlations for material removal rate and surface roughness. 

However, the significantly greater drop in peak pulse fluence correlation for material removal rate and 

surface roughness, when compared to surface damage, indicates a large portion of the correlation 

reduction is due to the removal of the artificial correlation inducing non-linear effects discussed in this 

section. 

Whilst an important step in validating results, comparison of linear relationships in such a complex 

experimental setup, with four input variables and three output variables, is unsuitable when 

attempting to fully optimise an ablation process. To this end, it is necessary to assess the data using 

optimised surface response models, which will account for interaction between variables and non-

linearity of individual variables. This analysis will be conducted in the following section. 

 

Figure 65: Multivariate analysis plot of all independent and three major dependent variables for optical setup T_1064_x5 

after the removal of data points with a peak pulse fluence below the ablation threshold of starch granules.
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Table 21: Table listing the linear correlations between the input and major output variables across all optical set ups after the removal of peak pulse fluence values below starch ablation 

threshold. The correlations are split into three categories based on the strength of their influence, with correlations of 0.6+ being considered primary inputs, 0.4 – 0.59 being secondary inputs, 

and 0.2 – 0.39 being tertiary inputs.  

 Material Removal Rate Surface Roughness (Sq) Surface Damage 

Optical Set Up Primary 
Inputs 
(0.6+) 

Secondary 
Inputs 

(0.4 – 0.59) 

Tertiary 
Inputs 

(0.2 – 0.39) 

Primary 
Inputs  
(0.6+) 

Secondary 
Inputs  

(0.4 – 0.59) 

Tertiary 
Inputs 

(0.2 – 0.39) 

Primary 
Inputs 
(0.6+) 

Secondary 
Inputs 

 (0.4 – 0.59) 

Tertiary 
Inputs 

(0.2 – 0.39) 

T_355_x3 - - RR (-0.34) 
PPF (0.27) 
SS (0.27) 

PPF (0.69) 
 

RR (0.56) 
 

- RR (0.73) 
 

PPF (0.57) - 

T_355_x15* PPF (0.61) - SS (0.35) 
RR (0.33) 
RO (-0.22) 

PPF (0.75) - - - PPF (0.52) 
RR (0.43) 

- 

T_532_x5 SS (0.67) 
 

- RO (-0.39) 
PPF (0.38) 

- PPF (0.53) 
RO (-0.49) 
RR (-0.42) 

- RR (0.74) 
 

PPF (0.42) - 

T_532_x20 PPF (0.66) - SS (0.32) 
RR (0.23) 
RO (-0.20) 

- - SS (0.25) 
RO (0.24) 
PPF (0.22) 

- PPF (0.58) RR (0.39) 
 

T_1064_x5 SS (0.72) 
 

- RR (-0.27) 
RO (-0.24) 
PPF (0.21) 

- PPF (0.56) 
RR (0.43) 

- RR (0.84) 
 

PPF (0.46) - 

T_1064_x20 SS (0.65) PPF (0.54) RO (-0.36) - - PPF (0.34) 
SS (0.30) 

RR (0.70) PPF (0.46) - 

S_1030_25 SS (0.67) PPF (0.48) RR (-0.23) - PPF (0.59) 
RR (0.46) 

- - RR (0.55) 
PPF (0.51) 

- 

S_1030_12.7 SS (0.66) PPF (0.59) RO (-0.33) - RO (-0.58) 
PPF (0.49) 

- RR (0.73) - PPF (0.38) 
RO (-0.27) 

RR = Repetition Rate, PPF = Peak Pulse Fluence, SS = Scan Speed, and RO = Raster Overlap. 

*No change from Table 18 values. All samples ablated at peak pulse fluence values above starch granule ablation threshold.
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9.5. Optimised Surface Response Models 

9.5.1. Introduction 

9.5.1.1. Model Parameter Analysis  

The purpose of this section is to model each primary output (material removal rate, surface roughness 

(Sq), and surface damage) based on the four independent input variables. As discussed in the 

methodology, these models are limited to assessment of linear, square, and cross product 

relationships. Data from each optical set up is used to generate three models for each primary output. 

The quality of each model is assessed based on its agreement with the actual data using R-squared 

values (see Table 22), before parameter analysis is conducted to identify possible intrinsic model 

errors, such as overfitting. The reliability of each parameter estimate is assessed based on observed 

significance probability (p-value) calculated from each t-ratio, with a value of <0.05 indicate a <5% 

probability that a trend is the result of chance alone given a null hypothesis. A p-value of <0.05 will be 

considered statistically significant for these models, with a value of <0.001 being considered 

statistically highly significant. Parameters with a p-value >0.05 will be pruned from the models, unless 

it is a main effect parameter which influences a further square or cross-product interaction. 

Parameters with a p-value >0.05 are removed to avoid issues with overfitting, which can occur when 

using large number of parameters for limited numbers of data point.  

Table 22: Table indicating overall model quality for all material removal rate, surface roughness, and surface damage 

models across all optical setups based on R-squared values and number of data points used to generate each model. 

Optical Set 

Up 

Material Removal Rate Surface Roughness (Sq) Surface Damage 

Data Points R-Squared Data Points R-Squared Data Points R-Squared 

T_355_x3 30 0.34 28 0.73 32 0.88 

T_355_x15 31 0.86 30 0.56 31 0.81 

T_532_x5 30 0.99 30 0.89 30 0.88 

T_532_x20 39 0.86 39 0.27 39 0.65 

T_1064_x5 19 0.99 19 0.61 19 0.79 

T_1064_x20 19 0.94 19 0.39 19 0.76 

S_1030_25 25 0.78 25 0.85 25 0.89 

S_1030_12.7 23 0.98 23 0.76 23 0.75 

 

Studentised residuals are also examined to identify possible erroneous data points. Any error beyond 

the 95% Bonferroni limit is assessed individually based on the raw data. These data points are only 



BioLaser 
 

146 
 

removed if the raw data demonstrates a clear external influence e.g. significant internal sample voids 

in the form of a crack or hole. Any removed data points are listed and justified. As stated previously, 

data points with fluences below the starch ablation threshold have been removed. It is worth noting 

that whilst the sample damage data is inherently ordinal, it has been treated as continuous for 

modelling purposes. This was done because whilst ordinal logistic fit would be the more appropriate 

modelling technique, it does not allow for optimisation within JMP software. Comparisons between 

continuous and ordinal models generated near identical results, leading to the continuous model 

being chosen for optimisation purposes.  

Summaries of all models are given in Table 23 and Table 24, with the former summarising models for 

optical setups with a <3 µm Rayleigh length and the latter for >9 µm Rayleigh length optical setups. 

The actual vs predicted plot, studentised residual plot, and full parameter estimates for each model 

are given in Appendix 23. The decision to group of models based on Rayleigh length was undertaken 

due to a clear distinction in modelling patterns between the two groups. The distinguishing feature of 

the <3 µm Rayleigh length grouping is the unpredictability of surface roughness, as shown by the 

consistently poor R-Squared values given in Table 23. This source of this unpredictability can be linked 

back to analysis of Figure 58 and  Figure 61, where the Rayleigh length and average layer removal of 

the <3 µm Rayleigh length group is less than the surface roughness measurements. These 

relationships, combined with the consistent poor R-squared values for surface roughness models, 

indicate that surface roughness in <3 µm Rayleigh length optical setups is primarily the function of the 

inherent variability within the heterogeneous materials and not the input parameters. It is worth 

noting <3 µm and >9 µm Rayleigh length regions chosen based on the optical setups utilised. Further 

investigation would be required to identify a true threshold value between these two regions. 
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Table 23: Model summaries for <3 µm Rayleigh length optical set ups. 

Optical 
Set Up 

Material Removal Rate Surface Roughness (Sq) Surface Damage 
Data 

Points 
R-Squared Parameters 

(p-values) 
Data 

Points 
R-Squared Parameters 

(p-values) 
Data 

Points 
R-Squared Parameters 

(p-values) 

T_355_x15 31 0.86 PPF (<0.0001) 
SS (<0.0001) 

RR*PPF (0.0003) 
RR (0.0003) 

PPF*SS (0.0011) 
RR*SS (0.0112) 

RO (0.0153) 

30 0.56 PPF (<0.0001) 31 0.81 PPF (<0.0001) 
RR (<0.0001) 

RR*PPF (0.0003) 
PPF*SS (0.0253) 

PPF*PPF (0.0306) 
SS (0.0758)* 

T_532_x20 39 0.86 PPF (<0.0001) 
PPF*SS (<0.0001) 

SS (<0.0001) 
RR (0.0006) 

RR*PPF (0.0019) 
PPF*RO (0.0214) 

RR*SS (0.03) 
RO (0.0494) 

39 0.27 RR*RR (0.0051) 
SS (0.0459) 
RR (0.448)* 

39 0.65 PPF (<0.0001) 
RR (0.0004) 

RR*PPF (0.0006) 
SS*SS (0.0099) 

SS (0.6454)* 

T_1064_x20 19 0.94 PPF (<0.0001) 
SS (0.0032) 
RO (0.0045) 

RR*RR (0.0257) 
PPF*SS (0.0264) 

RR (0.1069)* 

19 0.39 RR*SS (0.0379) 
SS (0.0907)* 
RR (0.182)* 

19 0.76 RR (0.0002) 
PPF (0.0005) 

RR*RR (0.0284) 

* Included due to it being a main effect parameter for significant interaction, despite p-value >0.05. 
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Table 24: Model summaries for >9 µm Rayleigh length optical set ups. 

Optical 
Set Up 

Material Removal Rate Surface Roughness (Sq) Surface Damage 
Data 

Points 
R-Squared Parameters 

(p-values) 
Data 

Points 
R-Squared Parameters 

(p-values) 
Data 

Points 
R-Squared Parameters 

(p-values) 

T_355_x3 30 0.34 RR (0.0277) 
RR*PPF (0.0352) 

PPF (0.1164)* 

28 0.73 PPF (<0.0001) 
RR (0.0003) 

PPF*PPF (0.009) 

32 0.88 RR (<0.0001) 
PPF (<0.0001) 

RR*PPF (0.0016) 
RO (0.0362) 

T_532_x5 30 0.99 SS (<0.0001) 
PPF (<0.0001) 
RO (<0.0001) 

SS*RO (<0.0001) 
RR*SS (<0.0001) 
RR*RR (0.0003) 

RR (0.0022) 
RR*RO (0.0042) 
PPF*SS (0.0159) 
PPF*RO (0.0324) 

30 0.89 RO (<0.0001) 
PPF (<0.0001) 
RR (<0.0001) 

RR*RR (0.0002) 
SS (0.022) 

RO*RO (0.0478) 

30 0.88 RR (<0.0001) 
PPF (<0.0001) 

RR*RR (<0.0001) 
RR*SS (0.0048) 

SS (0.0138) 
SS*SS (0.0361) 

T_1064_x5 19 0.99 SS (<0.0001) 
RO (<0.0001) 
PPF (0.0002) 

RR*PPF (0.0002) 
RR*SS (0.0002) 
SS*SS (0.0004) 

PPF*PPF (0.0007) 
SS*RO (0.0012) 
RR*RO (0.0068) 
PPF*SS (0.0266) 

RR (0.043) 

19 0.61 PPF (0.0001) 
SS*SS (0.0316) 

SS (0.2877)* 

19 0.79 RR (<0.0001) 
PPF (0.0261) 

S_1030_25 25 0.78 PPF (0.0016) 
SS (0.0023) 

PPF*SS (0.0126) 

25 0.85 PPF (<0.0001) 
SS*RO (0.0071) 
RR*RO (0.0174) 
RR*PPF (0.0206) 

RR (0.0739)* 
RO (0.2477)* 
SS (0.8682)* 

25 0.89 PPF (<0.0001) 
RR (<0.0001) 

RR*RR (0.0029) 
PPF*PPF (0.0103) 

S_1030_12.7 23 0.98 PPF (<0.0001) 
SS (<0.0001) 

PPF*SS (<0.0001) 
RO (<0.0001) 

SS*RO (0.0001) 
RR (0.0011) 

PPF*RO (0.0038) 
PPF*PPF (0.0081) 

23 0.76 RO (0.0002) 
PPF (00012) 

RR*SS (0.0178) 
SS*SS (0.0485) 
RR (0.2428)* 
SS (0.8306)* 

23 0.75 RR (<0.0001) 
PPF (0.0033) 
RO (0.0462) 

* Included due to it being a main effect parameter for significant interaction, despite p-value >0.05. 
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9.5.1.2. Optimising Models 

Based on the model variability, <3 µm and >9 µm Rayleigh length optical set up optimisation will be 

conducted differently. Optical set ups with a Rayleigh length >9 µm will be optimised based all 3 

models for three sets of specific desired outputs, as detailed in the methodology. These desired 

outputs are: 

• “Rough” ablation - aims to maximise material removal rate whilst maintaining a surface 

damage below 2 and ignoring surface roughness. 

• “Precision ±10 µm” ablation - aims to maximise material removal rate whilst maintaining 

surface damage below 0.5 and surface roughness below ≤3.3 µm ensuring 99.7% of the 

surface is within ±10 µm of the average. 

• “Precision ±5 µm” ablation - aims to maximise material removal rate whilst maintaining 

surface damage below 0.5 and surface roughness ≤1.67 µm ensuring 99.7% of the surface is 

within ±5 µm of the average. 

For <3 µm Rayleigh length optical set ups, optimisation utilising surface roughness models is out of 

the question. However, as illustrated in Figure 58, these optical set ups on average generate low 

surface roughness values compared to >9 µm Rayleigh length optical set ups. It is therefore 

reasonable, rather than dismissing this data entirely, to optimise these models based only on the 

material removal rate and surface damage models. The two desired outputs are: 

• “Rough” ablation - aims to maximise material removal rate whilst maintaining a surface 

damage below 2 and ignoring surface roughness. 

• “Precision ±10 µm” ablation - aims to maximise material removal rate whilst maintaining a 

surface damage below 0.5 and ignoring surface roughness. 

The surface roughness resulting from the optimised input values can then be roughly approximated 

based on the model and raw data. Input parameter optimisation will be conducted only within the 

range of the parameters assessed to avoid extrapolation errors. 

9.5.2. Short (<3 µm) Rayleigh Length Optical Set Ups 

9.5.2.1. Parameter Analysis 

The purpose of these models is to allow for full parameter optimisation for all primary outputs. 

Assessing individual parameters in complex models is a laborious process, particularly when 

comparing 8 different models. However, prior to optimisation some parameter analysis of models is 

necessary to gain an understanding of the ablation process as well as sanity checking the models for 
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errors. The linear influence of primary inputs have been discussed in previously, making square and 

cross products the area of interest in this section. 

Material Removal Rate 

As illustrated in Table 23 cross product PPF*SS has a positive value in all three models, meaning 

increasing one increases the influence of the other on the material removal rate. This is to be expected 

and increases confidence in the reliability of the model. 

Positive RR*PPF parameters feature as material removal rate inputs for T_355_x15 and T_532_x20, 

but not T_1064_x20 likely due to lack of peak pulse fluence input range during experiments. Increasing 

repetition rate increased the impact of peak pulse fluence on material removal rate and vice versa. 

This is effect is significantly more prominent for <3 µm Rayleigh length optical set ups compared to 

>9 µm Rayleigh length optical set ups (see Table 23 and Table 24). This is likely due to smaller spot size 

and reduced pulse overlap increasing the importance of RR to the impact of PPF on material removal 

rate and vice versa. 

Positive RR*SS parameters also feature as material removal rate inputs for optical set ups T_355_x15 

and T_532_x20. This is indicative of the reduction in volume ablation when ablating past the focal 

point, a phenomenon inherent when ablating with multiple pulses per point. A positive RR*SS 

parameter simply indicates that increasing the scan speed increased the volume ablation efficacy of 

each individual pulse, thus increasing the influence of input repetition rate on material removal rate.  

Surface Damage 

There is a variety of statistically significant square and cross products across the three optical setups 

illustrated in Table 23, likely due to the differing range of surface damage values for each optical set 

up with T_355_x15 offering a surface damage ranking range of 0 – 5 whilst T_532_x20 and T_1064_x20 

offer a more limited range of 0 – 3 and 0 – 1 respectively. This difference is expected based on the 

input peak pulse fluence values relative to the functional ablation thresholds.  

The damage ranking range and the good R-squared model value for T_355_x15 make it the most 

suitable for further analysis. This surface damage model contains one square and two cross products 

related to the input peak pulse fluence. Both PPF*PPF and RR*PPF parameters are positive, indicating 

an exponential increase in surface damage with increasing peak pulse fluence and mutual 

reinforcement between repetition rate and peak pulse fluence respectively. PPF*SS conversely is a 

negative parameter, indicating a decrease in the influence of peak pulse fluence on surface damage 

with increasing scan speeds and vice versa. This cross product is an indicator of thermal build up within 

the sample during ablation. 
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9.5.2.2. Optimised Models 

Table 25 illustrates the optimised primary outputs for each optical set up based on the desired “rough” 

and “precision” ablation regimes. It also gives the required input parameters to achieve these ablation 

regimes.  

As illustrated in Table 25, optimised “rough” material removal rates are similar across all three optical 

set ups, with values of 2.1 x 104 µm3/s, 2.7 x 104 µm3/s and 2.8 x 104 µm3/s for T_1064_x20, 

T_355_x15, and T_532_x20 respectively. For T_532_x20 and T_1064_x20 the material removal rate is 

limited by the range of peak pulse fluence values used, as demonstrated by the input peak pulse 

fluence being the maximum available, and the dependent variable of surface damage not being near 

the maximum limit of 1.99. This suggests that these rough material removal rate values could be 

further improved with increased power. However, the material removal rate for T_355_x15 is clearly 

limited by the maximum acceptable surface damage and has thus been fully optimised. It is interesting 

to note that the T_355_x15 “rough” material removal rate limit manifests in a limited peak pulse 

fluence input value, with the input repetition rate being at its maximum of 66.7 kHz. The reduction in 

repetition rate for “precision” ablation to 24.8 kHz, along with the requisite reduction in surface 

damage, strongly indicates that the “rough” material removal rate is likely utilising thermal 

mechanisms, whilst the “precision” material removal rate remains mostly within the ultrafast regime 

(see section 8.2). This reduction in optimum repetition rate between “rough” and “precision” ablation 

is also apparent for T_532_x20 and T_1064_x20, with reductions of 66.7 kHz to 23.4 kHz and 40.2 kHz 

to 13.0 kHz respectively, illustrating a clear preference for <25 kHz repetition rates when minimising 

surface damage is a priority. 

In all cases the scan speed and raster overlap are optimised to their maximum and minimum values 

respectively. This appears to indicate scope for improvements in optimised material removal rates 

across all three optical set ups and ablation regimes. However, this is likely a product of the surface 

roughness models not being considered in the optimisation process. Without considering surface 

roughness, there is no limiting factor to scan speed or raster overlap, leading to the values given in 

Table 25. In reality, further increases to the scan speed and raster overlap would likely lead to patchy 

ablation, making it unsuitable for uniform layer removal.  

As illustrated in Table 25, optimised “precision” material removal rates are limited by surface damage 

across all three optical set ups, illustrating all parameters have been fully optimised for “precision” 

ablation. Optical set ups T_1064_x20 and T_355_x15 have similar material removal rates of 

1.9 x 104 µm3/s and 1.7 x 104 µm3/s whilst T_532_x20 has a significantly lower optimised material 

removal rate of 5.5 x 103 µm3/s. Whilst “precision” material removal rates for T_1064_x20 and 
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T_355_x15 are similar, it is worth considering the modelled surface roughness. Whilst unsuitable for 

modelling, the surface roughness values listed are comparable to the average values given in Figure 

58, and thus are suitable for discussion. The surface roughness values for T_1064_x20 are significantly 

higher than those of T_355_x15 for a similar material removal rate, making T_355_x15 the more 

desirable optical set up. 

Table 25: Fully optimised models for “rough” and “precision” ablation for T_355_x15, T_532_x20, and T_1064_x20 optical 

set ups. 

Optical Set 

Up 

Optimisation 

Type 

Input Parameters Output Parameters 

Rep 

Rate 

(kHz) 

Peak 

Pulse 

Fluence 

(J/cm2) 

Scan 

Speed 

(mm/s) 

Raster 

Overlap 

(%) 

Material 

Removal 

Rate 

(µm3/s) 

Surface 

Roughness 

(Sq)* 

Surface 

Damage  

 

T_355_x15 Rough 66.7 22.4 10 10 2.7 x 104 1.68 1.99 

Precision 24.8 22.6 10 10 1.7 x 104 1.68 0.49 

T_532_x20 Rough 66.7 80 10 10 2.8 x 104 2.68 0.90 

Precision 23.4 38.6 10 10 5.5 x 103 2.20 0.49 

T_1064_x20 Rough 40.2 25 10 10 2.1 x 104 3.27 0.99 

Precision 13.0 25 10 10 1.9 x 104 3.80 0.49 

*Sq values are approximate based on poor modelling for < 3 µm Rayleigh length optical setups. They are not considered during optimisation 

in this case. 

Simple calculations reveal the capabilities of these optimised set ups with regard to maximum layer 

removal thickness. The “rough” material removal rates for T_355_x15, T_532_x20, and T_1064_x20 

equate to optimised layer removal thicknesses of 3.7 µm and 2.3 µm, 3.7 µm respectively. The 

“precision” material removal rates for T_355_x15, T_532_x20, and T_1064_x20 equate to optimised 

layer removal thicknesses and 0.7 µm, and 1.1 µm and 1.0 µm respectively. The “precision” layer 

removal thickness of 0.7 µm for T_532_x20 make the set up impractical for multiple layer ablation 

owing to the Picosecond platform Z resolution of ±0.83 µm. Furthermore, the average “precision” 

layer removal thickness for T_1064_x20 is significantly smaller than the average surface roughness, 

also making this set up impractical for multiple layer ablation. Ultimately, of the three short Rayleigh 

length optical set ups, T_355_x15 is the optical set up that is most capable for multiple layer ablation 

as required by the proof-of-concept BioLaser system. 



BioLaser 
 

153 
 

9.5.3. Long (>9 µm) Rayleigh Length Optical Set Ups 

9.5.3.1. Dismissing T_355_x3 

Optical set up T_355_x3 was immediately dismissed from further analysis and optimisation due to the 

poor R-squared value of 0.34 when comparing the modelled material removal rates to the measured 

material removal rates (see Table 22). The reason for this poor model performance is the significant 

surface damage, with the dominance of thermally induced phenomena such as melting, burning, and 

even thermal swelling leading to unpredictable material removal rates. The impact of these 

phenomena on material removal rate trends cannot be accounted for by a model limited to second 

order interactions and second powers, making the T_355_x3 material removal rate model unusable. 

9.5.3.2. Parameter Analysis 

Material Removal Rate 

Comparison of the models detailed in Table 24 immediately illustrate a difference in complexity 

between the modelling material removal rates for 280 fs (S_1030_12.7 and S_1030_25) and 10 ps 

(T_532_x5 and T_1064_x5) optical set ups, with the latter being significantly more complex. The 

femtosecond optical set up’s material removal rate models only have a single positive cross-product 

parameter of PPF*SS, on top of the previously discussed linear relationships, a logical cross-product 

also present in all other models. The picosecond optical set ups T_532_x5 and T_1064_x5 conversely 

have 6 and 7 square and cross-product inputs respectively for material removal rate modelling. 

Interestingly, the femtosecond optical set up’s models are also less complex than all of the <3 µm 

Rayleigh length picosecond material removal rate models (see Table 23). It is likely that the increased 

complexity of material removal rate models for picosecond optical set ups is a product of more 

complex thermal accumulation ablation mechanisms, when compared to femtosecond models. This 

hypothesis is further supported by the increase in complexity between <3 µm and >9 µm picosecond 

material removal rate models, with larger spot size set ups subjecting the surface to a greater average 

incident power, and thus more significant thermal ablation effects.  

A cross-product of particular interest for T_532_x5 and T_1064_x5 is the positive RR*RO parameter. 

This positive value, combined with a RO threshold of ~40% illustrated Appendix 23, indicates that for 

raster overlaps percentages above ~40%, an increase in repetition rate increases the positive influence 

of increasing the raster overlap on material removal rate, and vice versa. This initially appears 

counterintuitive, with an increase in overlap leading to an increase in material removal rate. However, 

the answer lies in the raster overlap linear input parameter, which for both T_532_x5 and T_1064_x5 

is a negative value 177 and 20 times larger than the RR*RO cross-product respectively. Ultimately, this 

means that for an increasing raster overlap above 40%, the repetition rate has a decreasingly negative 
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influence on material removal rate, and vice versa. This illustrates that for these optical set ups, 

greater overlap may lead to some additional ablation depth, likely indicating the presence of thermal 

accumulation ablation mechanisms above an overlap of 40%.  

It is worth noting that a negative RR*RR square parameter is seen for optical set up T_532_x5, which 

combined with the positive repetition rate parameter of a similar size, is indicative of the repetition 

rate trend first observed in section 8.2. This trend not being apparent in other optical set ups, 

particularly S_1030_12.7, is indicative of the limitation of this model with the effect being masked by 

other variables. In the case of material removal rate models for optical set ups S_1030_12.7 and 

S_1030_25, repetition rate has no influence either as a linear input parameter, a square parameter, 

or a cross product, indicating the effect has been approximated to a flat linear influence on material 

removal rate. 

Surface Roughness 

Square and cross-product parameters for surface roughness modelling vary significantly across the 

optical set ups given in Table 24. No square or cross-products are shared between more than two of 

the optical set ups, making any trends beyond the previously discussed linear trends difficult to 

identify. 

Surface Damage 

As expected, Table 24 illustrates that surface damage modelling is primarily dictated by linear peak 

pulse fluence and repetition rate parameters, with little trend amongst the additional parameters. 

Both T_1064_x5 and S_1030_12.7 have no square or cross-products beyond these dominant linear 

parameters, with only S_1030_12.7 having a small positive linear raster overlap parameter. The 

presence of this extremely minor parameter is likely due to increased overlap leading to an increased 

chance of addition laser fluence adsorption when incident upon an already partially damaged or 

discoloured surface. 

For T_532_x5 and S_1030_25 the combination of positive repetition rate parameter and similarly sized 

negative RR*RR square product indicates a decreasing increase in the influence of repetition rate on 

surface damage, likely to an approximate plateau (See Appendix 23). For S_1030_25 the same is true 

for peak pulse fluence, albeit with reduced cross-product influence relative to the linear peak pulse 

fluence parameter. 
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9.5.3.3. Optimised Models 

Table 26 illustrates the optimised primary outputs for each optical set up based on the desired 

“rough”, “precision ±10 µm”, and “precision ±5 µm” ablation regimes. It also gives the required input 

parameters to achieve these ablation regimes. 

As illustrated in Table 26, optimised “rough” material removal rates varied significantly across the four 

optical set ups approximately in line with their Rayleigh length, as previously suggested in Figure 57. 

The surface damage is the limiting factor for optimisation of optical set ups T_532_x5 and S_1030_25, 

indicating the material removal rates given are fully optimised. For S_1030_12.7 and T_1064_x5 

however, there are no limiting factor in the primary outputs giving scope for further optimisation with 

an increased range of input variables. All optimised “rough” material removal rates exceed the 

maximum ultrafast ablation rate given in literature of ~105 µm3/s [37], [45], indicating that material 

removal may at least partially facilitated by non-ultrafast mechanisms. This is particular the case for 

S_1030_25 and T_1064_x5, which achieve “rough” material removal rates 9x and 23x this value 

respectively. 

Unlike with the short Rayleigh length optical setups scan speed and raster overlap do have an impact 

on optimisation, as can be seen for T_532_x5 “precision ±5 µm” and S_1030_12.7 “precision ±5 µm” 

(see Table 26). The most likely reason for this is the modelling of the exposed surface roughness 

necessitating the limiting of scan speed to ensure pulse overlap and the increase in raster overlap, 

both of which theoretically allow for a flatter exposed surface to be achieved. The reduction of scan 

speed and increase in raster overlap will both result in a higher incident power per unit area, and thus 

are likely to increase the likelihood of surface damage. Therefore, it is reasonable to assert that 

reduced scan speeds and increased raster overlaps are a product of the surface roughness modelling, 

even for optimised models where surface damage is the limiting factor. S_1030_25 seems to be an 

exception to this rule, as raster overlap is 30.1% is given even for “rough” ablation, when surface 

roughness is not a factor. However, closer examination of Table 24 shows that raster overlap is not 

part of the model for S_1030_25 material removal rate. This value therefore represents a random 

value from a flat profile, and should not be considered further (see Appendix 25). This illustrates a 

serious limitation of the S_1030_25 material removal rate model, which will be considered when 

interpreting the results. 

Of the four optical setups listed in Table 26, only T_532_x5 and S_1030_12.7 managed to achieve 

“precision ±5 µm” ablation. S_1030_25 theoretically achieved “precision ±10 µm” ablation but this is 

questionable both due to the aforementioned modelling issues and the fact that this value is an 

extrapolation. T_1064_x5 only achieved rough ablation, with an extremely high surface roughness of 
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12.41 µm, making it unsuitable for any BioLaser applications. Due to all these factors, only T_532_x5 

and S_1030_12.7 optical set ups will be considered further. 

Table 26: Fully optimised models for “rough”, “precision ±10 µm”, and “precision ±5 µm” ablation for T_532_x5, T_1064_x5, 

S_1030_25, and S_1030_12.7 optical set ups. 

Optical Set 

Up 

Optimisation 

Type 

Input Parameters Output Parameters 
Rep 
Rate 
(kHz) 

Peak 
Pulse 

Fluence 
(J/cm2) 

Scan 
Speed 

(mm/s) 

Raster 
Overlap 

(%) 

Material 
Removal 

Rate 
(µm3/s) 

Surface 
roughness 

(Sq) 

Surface 
Damage  

 

T_532_x5 Rough 15.8 25 10 10 2.6 x 105 4.38 1.99 

Precision 

±10 µm 

14.2 12.6 10 10 1.4 x 105 3.16 0.49 

Precision 

±5 µm 

17.74 11.7 7.0 69.7 1.6 x 104 1.61 
 

0.49 

T_1064_x5 Rough 2 24.2 10 10 2.3 x 106 

 
12.41 1.44 

Precision 

±10 µm 

- - - - - - - 

Precision  

±5 µm 

- - - - - - - 

S_1030_25 Rough 6.2 25 10 30.1 9.3 x 105 6.60 1.99 

Precision 

±10 µm 

2 11.9 10 51.9 4.1 x 105 2.23* 
 

0.49 

Precision  

±5 µm 

- - - - - - - 

S_1030_12.7 Rough 66.7 25 10 10 2.4 x 105 3.83 1.84 

Precision 

±10 µm 

14.5 23.2 10 10 2.1 x 105 3.33 0.43 

Precision  

±5 µm 

14.4 13.8 9.3 62.4 6.1 x 104 1.66 0.41 

*This value is an extrapolation. 

The “rough”, “precision ±10 µm”, and “precision ±5 µm” material removal rates for T_532_x5 equate 

to optimised layer removal thicknesses of 8.7 µm, 4.7 µm, and 2.3 µm respectively. The “rough”, 

“precision ±10 µm”, and “precision ±5 µm” material removal rates for S_1030_12.7 equate to 

optimised layer removal thicknesses of 7.3 µm, 6.4 µm, and 4.8 µm respectively. All of these values 



BioLaser 
 

157 
 

make both T_532_x5 and S_1030_12.7 feasible optical set ups for the BioLaser system, both with 

respect to stage Z-resolution of ±0.83 µm and the relative size of surface roughness values.  

It is important to note that the material removal rates for T_532_x5 are all limited by the surface 

damage threshold, whereas the material removal rates for S_1030_12.7 are all limited by the surface 

roughness threshold. Based solely on the Rayleigh lengths, 15.6 µm for T_532_x5 and 9.31 µm for 

S_1030_12.7, and the known influence this has on exposed surface roughness the opposite would be 

expected. Furthermore, the optimised material removal rates achieved by S_1030_12.7 is ~50% faster 

than T_532_x5 under the “precision ±10 µm” ablation regime, and ~280% faster “precision ±5 µm” 

ablation regime. This is again the opposite of what would be expected based on the basic relationship 

between Rayleigh length and material removal rate. This comparison between T_532_x5 and 

S_1030_12.7 therefore clearly demonstrate the practical benefits of laser ablation with a shorter pulse 

length, as it reduces the influence of surface damage as a limiting factor and allows for significantly 

higher material removal rates to be achieved. The only additional variable that may challenge this 

conclusion is the presence of wavelength variation. However, with similar functional ablation 

thresholds between 532 nm picosecond, 1064 nm picosecond, and 1030 nm femtosecond ablation 

and no evidence indicating significant variation between these wavelengths, it is reasonable to assert 

that the advantages of S_1030_12.7 over T_532_x5 are primarily the product of pulse length. 

Ultimately, S_1030_12.7 is the long Rayleigh length optical set up that is most suitable for the proof-

of-concept BioLaser system.  

9.5.4. Summary 

The best short and long Rayleigh length optical set ups have been determined to be T_355_x3 and 

S_1030_12.7 respectively. Comparison between the two clearly illustrates that S_1030_12.7 is the 

superior optical set up for the BioLaser system, with an optimised “rough” material removal rate ~9x 

greater that of T_355_x3 and a “precision ±5 µm” material removal rate ~3.5x greater. S_1030_12.7 

“precision ±5 µm” ablation was considered comparable to T_355_x3 “precision” ablation owing to the 

average surface roughness for T_355_x3 of 1.68 µm, similar to the 1.67 µm threshold for 

“precision ±5 µm” ablation. Furthermore, optical set up S_1030_12.7 is more controllable and flexible, 

with exposed surface roughness values which can be controlled by input parameters. Optical set up 

S_1030_12.7 was therefore the obvious choice for further assessment. 
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9.6. Assessment of Optimised S_1030_12.7 Ablation Parameters 

9.6.1. Testing Optimised Ablation Parameters 

To test the optimised models of the chosen optical setup and ablation parameters, ablation trials were 

repeated five times for each set of optimised ablation parameters (“rough” ablation, precision ±10 µm 

ablation, and precision ±5 µm ablation) for a total of 15 trial ablations. The optimised input parameters 

are given in Table 27. 

Table 27: Optimised input parameters for optical set up S_1030_12.7 

 

Optimisation Type 

Input Parameters 

Rep Rate (kHz) Peak Pulse 

Fluence (J/cm2) 

Scan Speed 

(mm/s) 

Raster Overlap 

(%) 

Rough 66.7 25 10 10 

Precision ±10 µm 14.5 23.2 10 10 

Precision ±5 µm 14.4 13.8 9.3 62.4 

Each ablation trial consisted of five sequential layer removals, prior to measurement in a manner 

identical to that stated in the methodology. Examples of exposed surfaces for each set of optimised 

parameters are shown in Figure 66. The average surface damage ranking for each set of optimised 

ablation parameter trials were measured as 1.4, 0.4 and 0 for “rough”, precision ±10 µm, and precision 

±5 µm ablation respectively, with no damage ranking above 2 recorded for any ablation trial. This 

demonstrates that the measured surface damage is, on average, lower than predicted in the models.  

Figure 67 compares the measured experimental surface roughness and material removal rate values 

to those predicted by the optimised models for the same set of input parameters and optical setup. 

The results demonstrate a good correlation between the modelled and experimental values, with the 

modelled values all being within a standard deviation of the experimental values. On average the 

measured material removal rates are marginally less than predicted for all three sets of optimised 

parameters, with measured material removal rates for “rough”, “precision ±10 µm”, and “precision 

±5 µm” ablation parameter experiments being 2.30 x 105 µm3/s, 1.97 x 105 µm3/s, and 0.51 x 105 µm3/s 

respectively, -5.1%, -6.5%, and -17.3% less than modelled. “rough” and “precision ±10 µm” material 

removal rates represent a significant improvement on the oft asserted maximum material removal 

rate for ultrafast ablation of 105 µm3/s [37], [45]. The repetition rate input for the “precision ±10 µm” 

ablation regime (14.5 kHz) along with the minimal measured surface damage, suggest that this regime 

is operating, if not in the pure ultrafast regime, in a regime where ultrafast ablation mechanisms are 

the dominant factor.  
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Figure 66: Example SEM images and raw x25 magnification interferometer measurements for samples ablated using 

S_1030_12.7 optical setup with “rough” ablation parameters (a and b), precision ±10 µm ablation parameters (c and d), 

and precision ±5 µm ablation parameters (e and f). Each ablated square was subject to five layers of material removal. 

Measured surface roughness is marginally higher than modelled based for “rough” and 

“precision ±5 µm” experimental measurements, with Sq values of 3.99 µm and 1.91 µm representing 

an increase of 4.2% and 15% respectively. The average measured surface roughness of 3.34 µm for 

“precision ±10 µm” ablation parameters align well with the modelled value, with a negligible 

difference of 0.3%. Overall “precision ±5 µm” modelling is the least accurate, with “precision ±10 µm” 

modelling bearing the most correspondence to measured values. Based on this work, and the known 
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AM7515MT8A microscope axial FOV of ±15 µm x800 magnification, “precision ±10 µm” input 

parameters for optical set up S_1030_12.7 is the primary method of ablation for the BioLaser system. 

 

Figure 67: Plot comparing the measured surface roughness and material removal rates for “rough”, “precision ±10 µm”, 

and “precision ±5 µm” ablation parameters with values predicted by the optimised models for optical set up S_1030_12.7. 

Error bars indicate the standard deviation of measurements. 

9.6.2. Multiple Layer Ablation 

For assessment of multiple layer ablation, a sequence of 15 sequential layer ablations, microscope 

images, and topographic measurements were taken using integrated BioLaser software. The input 

variables were set using the optimised “precision ±10 µm” parameters, with a specified Z resolution 

of 4 µm. A 490 x 380 µm region was chosen for ablation, imaging, and topographic measurement, 

based upon the lateral FOV of the AM7515MT8A microscope at x800 magnification. The topographic 

measurement was set to a lateral resolution of 5 µm, giving a total of 7524 point-measurements per 

layer.  

Figure 68 illustrates the successful removal of 15 layers, generating before and after measurements 

for a total of 14 layers of material removal. An immediate issue can be seen in the individual layer 

removal plot, with layers 5 and 10 showing a measured average layer removal of 6.65 µm and 2.36 µm 

respectively, significantly outside the 4 ± 0.83 µm range expected based on the specified Z resolution 

and calculated stage uncertainty. Analysis of the code and measurements indicate that the stage 

recorded 4 µm Z movement between each layer, indicating this was not an issue with the integrated 

BioLaser code control system. It was therefore concluded that this was an issue with the Z stage, which 

was subsequently monitored after no inexpensive solution could be found. 

The individual layer removal plot in Figure 68 illustrates a consistency in material removal thickness 

variability beyond the first layer, even for layers 5 and 10 which were subject to ablation at inaccurate 
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Z positions. The greater variability for the first layer is expected, as this layer alters the heterogeneous 

sample from being unablated to being ablated to a depth defined by the ablation threshold of each 

component. Subsequent layer removals will be subject to less variability as the relative Z position of 

sample components now vary with respect to their ablation threshold, leading to a more consistent 

layer removal on a point-by-point basis. The increasing standard deviation of the cumulative layer 

removal plot, up to a plateau ~3.7 µm beyond the tenth layer, indicates that heterogenous nature of 

the sample continues to increase surface roughness up until tenth layer before remaining consistent 

for subsequent layers. This plateau in standard deviation, which is analogous to surface roughness in 

this case, indicates that layer removals of this sample could continue indefinitely and thus 

demonstrating the functionality of the BioLaser system.  

 

Figure 68: Plots demonstrating the measured individual (left) and cumulative (right) layer removal under precision ±10 µm 

ablation parameters on optical setup S_1030_12.7 for a specified slice resolution of 4 µm. Measurements based on 7524 

point-measurements across a 490 x 380 µm region with a lateral resolution of 5 µm. Error bars indicate standard deviation 

calculated from 7524 measured delta Z values between equivalent point measurements in each layer. 

It is worth noting that the integrated BioLaser measurement technique illustrated in this section 

demonstrates the capability of the BioLaser system to quantify areal layer removal, and thus generate 

more accurate volume data from an imaged sample. For example, the measured layer removal 

thickness values given in Figure 68 could be used to define the Z resolution instead of the set values, 

increasing accuracy and certainty in measured volume values. In this case an easily quantifiable benefit 

is the total ablation thickness being measured as 59.2 µm as opposed to 56 µm, leading to an accurate 

volume measurement 5.7% larger than expected. Additionally, any areal large feature that spans 

between layer 4 and 5 would be incorrectly specified as 4 µm in length, as opposed to the more 

accurate 6.65 µm measured. Failure to measure this would result in a significant feature volume error, 

with the actual volume being 66.25% larger than calculated. For the expected stage accuracy of 

±0.83 µm the possible volume inaccuracy is smaller at ±20.75%, but still significant.  
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If even greater accuracy is required, topographic measurement of sequential layers can be used to 

compared point-based material removal thickness, and thus determine the volume of any feature with 

significantly greater accuracy.  

9.6.3. Raman Spectroscopy 

Throughout this project the presence of thermal damage has been established using widefield 

microscope imaging of the exposed surface. However, to truly establish the level of damage to the 

exposed surface, chemical analysis is required. To achieve this comparative Raman spectroscopy 

measurements of a laser ablated surface and non-ablated surface were required. In preparation for 

these measurements, a whole wheat seed was ablated flat using optical setup S_1030_12.7 and 

optimised “precision ±10” µm ablation parameters, whilst another seed was cut in half with a scalpel. 

Two 100 x 100 µm areal measurements were then taken on each sample and the resulting Raman 

spectra compared (see Figure 69). As can be seen, all four spectra have peaks at identical Raman shift 

values, with count variation also being consistent across the measured samples. The results clearly 

illustrate that no obvious chemical change has taken place within the wheat seed endosperm as a 

result of ultrafast laser ablation, indicating the absence of notable thermal degradation of the exposed 

surface. This also illustrates the potential of the proof-of-concept BioLaser system to allow for 3D 

chemical imaging by incorporation of a Raman spectrometer into the modular design.  

 

Figure 69: Raman spectra for non-ablated wheat seed endosperm (green and red lines) and wheat seed endosperm laser 

ablated with precision ± 10 µm ablation parameters (14.5 kHz repetition rate, 23.2 J/cm2 peak pulse fluence, 10 mm/s scan 

speed, 10% raster overlap) on optical set up S_1030_12.7 (black and blue line). Measurements taken on a Renishaw InVia 

Raman Spectrometer at x20 magnification, 785 nm wavelength, and 0.3 seconds exposure. Each line is the average of 2500 

measurements (5 accumulations per measurement) taken from a 100 x 100 µm area at a lateral resolution of 2 µm. 
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10. Application of BioLaser to Botanical Samples 

Following the building, optimisation, and quantification of the proof-of-concept BioLaser system, the 

next stage is to demonstrate its functionality across a range of relevant real-world applications within 

the defined imaging niche. Owing to the significant optimisation for this material, the system will be 

initially assessed for functionality with wheat seeds. Following this, the same optimised ablation 

parameters used for wheat seed endosperm will be used for a range of relevant plant materials. The 

proof-of-concept BioLaser system for all tomographic measurements in this section utilises the 

S_1030_12.7 optical set up on the Femtosecond platform. 

10.1. Whole Seed Imaging 

10.1.1. Background 

The logical next step following ablation optimisation of mature wheat seed endosperm was to ablate 

the entire cross section of a wheat seed. This demonstrates the functionality of BioLaser to ablate an 

even wider range of heterogeneous materials including wheat seed outer coat, aleurone layer, and 

germ. It also demonstrates a potential application of BioLaser, with the sectioning of wheat seeds 

being a particular challenge for botanists using conventional techniques. Micro-CT scans offer little 

information due to lack of density variation, and other technologies such as confocal microscope 

cannot be used due to lack of sample transparency. The current best practice is to use a cryogenic 

microtome. However, even cryogenic microtomes are extremely temperamental when sectioning 

wheat seeds. For example, attempts made at NIAB during this project to section KWS Extase wheat 

seeds using a cryogenic microtome resulted in a “success” rate of 31%, 17%, and 8% were for 25 µm, 

15 µm, and 10 µm sections respectively. A “successful” sample in this case refers to any section that 

kept approximately the correct cross-sectional shape. In reality the majority of these “successful” 

samples had large areas missing or exhibited visible crumple damage. Furthermore, pre-processing 

time for cryosectioning takes the best part of 24 hours, with overnight soaking in distilled water, snap 

freezing, and embedding (see Appendix 26.1). Wheat seed ablation therefore represents a definite 

imaging niche for the proof-of-concept BioLaser system. 

10.1.2. BioLaser Processing 

Layer ablation was achieved using the optimised “rough” ablation parameters to flatten the sample, 

before using the “precision ±10 µm” ablation parameters to process the sample prior to imaging. 

“Rough” ablation layer removal was set to 7 µm, below the 7.3 µm maximum layer thickness for this 

ablation regime. “Precision ±10 µm” ablation layer removal was set to 5 µm, below the 6.4 µm 

maximum layer thickness for this ablation regime. 
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Multi-image two-master tomographic imaging software code was used to ablate and image this 

sample, with no topographic measurements taken. Images were taken with a Dino-Lite Pro 

AM7515MT8A microscope at x800 magnification with brightfield illumination. White balancing was 

conducted, but some darkening towards to edges of each picture persisted and were removed in post-

processing.  

The 480 x 350 µm microscope FOV, and the 4 x 4 mm ablated area, meant a grid of 117 (9 x 13) images 

with 10% overlap was necessary to image each layer. The sample was roughly cut with a Stanley knife 

and mounted on a plasticine base, before “rough” ablation took 2.7 hours to remove 140 µm (20 

layers) of material to flatten the sample, before “precision ±10 µm” ablation took 32 minutes to 

remove another 20 µm of material (four layers). Imaging took place only during the final four layers 

of material removal, adding additional imaging time of two minutes per layer (~1 second per image). 

10.1.3. Results 

One of the resulting images is shown in Figure 70 as a single high-resolution (10496 x 11328 pixel) 

image of a laser ablated wheat seed cross section. The image has been post-processed to remove 

white-balance issues and to enhanced contrast and to highlight the outer aleurone and sub-aleurone 

layer in a gold hue. The SEM image taken of the same sample demonstrates the flatness on lack of 

damage on the exposed surface, with the cell walls of the outer aleurone layer being clearly still intact 

and not obvious defects across the whole sample (see Figure 70). The imaging of the entire sample in 

focus demonstrates a maximum surface height variation across the 3 x 3 mm ablated wheat seed of 

±15 µm, based on the microscope axial FOV. 

Images like in Figure 70 illustrate the potential of the BioLaser system to generate data for studies 

where wheat and other cereal grain structures are measured to establish the impact of functional 

component distribution on the nutritional qualities of the milled grain [219], [224]. BioLaser could 

function as both an integrated method of imaging and quantifying the aleurone and sub-aleurone 

regions, and as a predictable and reliable sectioning method prior to further chemical analysis via 

Raman spectroscopy, infrared spectroscopy, or other analysis techniques. BioLaser also offers the 

capability of measuring A-type starch granule size distribution, as will be discussed in the following 

section. 
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Figure 70: a) High-resolution (10496 x 11328 pixel) image of BioLaser processed wheat seed stitched from 177 (9 x 13) 

microscope images taken using AM7515MT8A microscope at x800 magnification, b) post-processed image removing white-

balance errors, and c) SEM images of exposed wheat seed surface. 
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10.2. Wheat Seed Starch Granule Measurement 

10.2.1. Background 

Beyond basic sectioning the ultrafast ablation characteristics of wheat seed endosperm, combined 

with the topographic measurement capability of the proof-of-concept BioLaser system, presented an 

interesting potential application of A-type starch granule distribution measurement. Measuring the 

size and number of starch granules in a seed is a challenge using traditional section techniques, owing 

to the issues with micro-CT and cryogenic microtome sectioning discussed in section 10.1.1. Current 

non-tomographic methods of starch size measurement include sieving and low angle laser light 

scattering (LALLS). Sieving is often inaccurate with heterogenous size distributions or ellipsoidal 

particles, as well as being destructive and thus offering no data regarding spatial distribution. LALLS 

also struggles with measurement of ellipsoidal particles, and requires significant pre-processing [258]. 

The measurement granule size distribution makes it possible to compare starches from different 

botanical origins and to assess starch-processing parameters, such as efficiency of centrifugal 

processing [258], [259]. Starch granule size and size distribution has an influence on food properties 

such as malting parameters of barley, and most importantly on milling yield [260], [261]. The impact 

of starch granule size distribution is significant area of research for agricultural botany and the food 

industry [262]–[264]. Automated measurement of starch granule spatial and size distribution within a 

grain could therefore has the potential to dramatically improve the speed and quality of research into 

this important topic.  

The aim of this application study is to expose and measure primarily A-type starch granules as a proof-

of-concept exercise. B-type starch granules are more difficult to measured due to their small size and 

are also more likely to be ejected along with the protein matrix during the ultrafast ablation process. 

10.2.2. BioLaser Processing 

Starch granule measurement experiments began with the flattened wheat seed sample shown in 

Figure 70. Unlike ablation for tomographic imaging, the aim of this experiment was to expose starch 

granules by removing only the surrounding protein matrix. Based on previous ablation experiments, 

which established ablation thresholds for protein matrix and starch of 4.4 J/cm2 and 7 J/cm2 

respectively for the S_1030_12.7 optical setup, ablation parameters of 6 J/cm2 peak pulse fluence, 

15 kHz repetition rate, 9 mm/s scan speed, and 60% raster overlap were used. Selection of the 

repetition rate, scan speed, and raster overlap was based loosely on the “precision ±5 µm” ablation 

regime for S_1030_12.7.  
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Integrated BioLaser software with automated ablation, imaging, and topographic measurement was 

utilised for this experiment. Layer removal was set to 1 µm, with XY dimensions of 300 x 300 µm, and 

a total of five layers removed. This gave an ablation time of 31 seconds (~6 seconds per layer), with a 

total imaging time of 5 seconds (~1 second per layer). Topographic measurement was conducted 

across a central 250 x 250 µm area with a lateral resolution 5 µm, Scan speed 0.5 mm/s, giving a and 

total measurement time of 125 second (25 seconds per layer). This gave a total processing time of 161 

seconds, which could be easily shorted to <60 seconds if unnecessary imaging and layer measurement 

of the first four layers was removed.  

Another area of the sample was ablated on BioLaser using the same parameters, prior to topographic 

measurement using a VSI Veeco interferometer at x50 magnification. This served as a high-resolution 

comparison to the chromatic confocal topography measurement. 

10.2.3. Results 

Figure 71 demonstrates the successful exposure of primarily A-type starch granules using ultrafast 

ablation on the proof-of-concept BioLaser system, with measurements taken using the integrated 

BioLaser topographic measurement and a Veeco interferometer illustrated. Topographic 

measurements were converted into a colour-maps, which were then processed using Amira software. 

Whilst Matlab colour-map generation and Amira software processing was conducted manually, both 

of these steps could be easily automated if rapid throughput is required. 

Comparison of Veeco interferometer and BioLaser topographic measurement reveal the known 

resolution advantage of the interferometer system. This is a particular advantage when establishing 

the size of starch granules. Despite successful starch granule exposure, as illustrated by the 

interferometer measurement, Figure 71 demonstrates that current BioLaser topography system is 

somewhat limited by the ~3 µm axial resolution of the chromatic confocal probe. This manifests as 

some smaller granules measured by the interferometer not being measured by the integrated 

BioLaser topography system. Furthermore, the resolution limitation can make differentiation between 

extremely closely packed starch granules challenging. 

However, despite these limitations, comparison between average starch granule diameter distribution 

measured with both the interferometer and BioLaser topography system (and processed with Amira 

software) clearly illustrate that the measurement techniques are comparable (see Figure 72). The 

mean average diameter and distribution of particle size are similar when measured the same area of 

the wheat seed endosperm. Furthermore, the same trend of larger starch granule size in the centre 

of the wheat seed endosperm than the edge is observable in both sets of measurements. 
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Figure 71: Examples of starch granule exposure imaging using the BioLaser system, prior to post processing, labelling and 

measurement using Amira software. The top example is a x50 VSI Veeco interferometer measurement, whilst the bottom 

example was measured using the integrated BioLaser chromatic confocal probe topography system (250 x 250 µm area, 

lateral resolution 2.5 µm, Scan speed 1 mm/s, 25 seconds measurement time).  

Whilst some refinement of the system is still needed, the measurements presented demonstrate the 

capability of the existing proof-of-concept BioLaser system as an automatic high-throughput method 

of establishing starch granule spatial and size distribution within a grain. These results also open up 

an intriguing new field of botanical feature measurement and quantification, utilising the differential 

ultrafast ablation threshold of components within botanical samples.  
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Figure 72: Box-and-whisker plot demonstrating measured average starch granule diameter for central and edge region of 

the wheat seed endosperm region. Measurements were taking using both a x50 Veeco interferometer and the integrated 

BioLaser topography system.  

 

10.3. Grass Stem Imaging 

10.3.1. Background 

Tomographic imaging experiments were conducted using dried oat stems ranging from 0.5 – 3 mm in 

diameter. These monocot stems were provided by NIAB, and allowed the imaging capabilities of 

BioLaser to be assessed and developed using monocot stems as well-defined reference samples. 

Features of interest in monocot stems include the epidermis, cortex region, ground tissue, and 

vascular bundles. Monocots have the majority of their vascular bundles towards the outer radius of 

the stem, usually surrounded by parenchyma (spongy supporting tissue) in the cortex region [265]. 

Vascular bundles consist of several features, including phloem vessels, xylem vessels, lacuna, and a 

bundle sheath (see Appendix 26). These features of varying size and characteristics makes the oat 

stem an ideal test sample for BioLaser tomographic imaging experiments.  

Conventional tomographic imaging technology regularly struggles to image dried oat stems of the 

specified size range, particularly when high resolution is required. X-Ray CT generates poor images 

with low-density samples, and also often lacks the resolution required to image small features such as 
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phloem, even if unhampered by issues with low density. This issue is demonstrated by Figure 73, which 

clearly illustrates how lacking in detail X-ray CT images of the oat stem samples can be even for a 

relatively large oat stem. This lack of detail is due to X-ray CT imaging relying on the characteristics of 

variable density within a relatively dense sample, neither of which are characteristics of dried oat 

stems. Microtomy cannot be used with dry or woody samples due to the high potential for splintering 

or crush damage (see Figure 73). Attempts made during this project to section oat stems using the 

recommended cryogenic microtome method had a success rate of <5%, with the images shown in 

Figure 73 being from the successful few.  

With a range of interesting features present in dried oat stems, and the necessity of BioLaser over 

existing technologies established, tomographic imaging experiments are justified. Furthermore, these 

experiments offer an opportunity to increase the range of materials that the proof-of-concept 

BioLaser can provably process. 

 

 
 
 

 

Figure 73: Nikon XT H 225 ST X-Ray CT image of 3 mm diameter dried oat stem cross section at a voxel resolution of 

3.62 µm (left). Image demonstrating crush damage on same dried oat stem sample caused by attempted 25 µm cryogenic 

microtome sectioning (right).  
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10.3.2. Oat stem Imaging  

10.3.2.1. BioLaser Processing 

Ablation of oat stem samples was conducted using both “precision ±5 µm” ablation parameters for 

layer removal thickness ≤2 µm and “precision ±10 µm” ablation parameters for layer removal 

thicknesses between 2 – 5 µm. 

Integrated BioLaser software with automated ablation and imaging was utilised for this experiment. 

Topographic measurement was not included to reduce overall processing time. Imaging was 

conducted with either a Dino-Lite Pro for larger area imaging or a AM7515MT8A Dino-Lite Edge for 

higher resolution images. Parameters such as total ablation time and slice resolution will be included 

with each image. Sample preparation was simply a case of cutting the stem to length and mounting it 

vertically in a plasticine base. 

10.3.2.2. Results 

Example tomographic images of oat stems generated using BioLaser are exhibited in Figure 74, Figure 

75, and Figure 76. In all three examples the ablation parameters established using wheat seed 

endosperm are shown to function extremely well for dry oat stems, with no evidence of exposed 

surface damage in any of the images.  

Figure 74 illustrates for the first time the capability of the BioLaser system to generate tomographic 

images of oat stems. Whilst limited in resolution, Figure 74 also demonstrates the flexibility of the 

BioLaser system with the integration of the Dino-Lite Pro microscope for rapid imaging of a larger 

cross-sectional area. This BioLaser setup might be used for identification and quantification of larger 

features or overall volumes, or even for basic defect analysis within a sample. For example, this setup 

with the correct illumination would serve as a high-resolution imaging device for disease colonisation 

within a stem or root [63].  

Figure 75 allows for vasculature structures to be tracked through the oat stem sample, and also shows 

clearly defined lacuna (water cavities) within these vessels. Whilst it is possible that the relative 

density differences between these cavities and the surrounding material could be identified with a 

high-resolution micro-CT, the measurements in Figure 75 offer the first conclusive example of feature 

measurement orthogonal to direction of layer removal. This illustrates that the proof-of-concept 

BioLaser system is truly functional as a tomographic device. Unfortunately, due to the corruption of 

the original image file, quantitative 3D measurement of these cavities could not take place. 
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Figure 74: Tomographic image of oat stem section rendered in 3D (left) and orthogonal sections (right). Images rendered in 

ImageJ from 120 sequential 2D images taken 5 microns apart using Dino-Lite Pro microscope at 500x magnification. The 

total imaging time for this sample was 49 minutes.  

 

 

Figure 75: Orthogonal slice through 3D image of oat stem in which water cavities (lacuna) in the phloem can be easily 

identified and measured. Image rendered in ImageJ from 180 sequential 2D images taken 3 microns apart using 

AM7515MT8A Dino-Lite Edge microscope at 700x magnification. The total imaging time for this sample was 25 minutes. 

Figure 76 shows the internal structures of an oat stem captured with excellent detail, with the size of 

feature imaged apparently limited only by the resolution of the AM7515MT8A Dino-Lite Edge 

microscope and not the ablation process itself. Vessels are traceable through the length of the sample, 

offering the opportunity for 3D analysis. The capture of colour images also offers additional 

measurement characteristics, with the colour of the vascular bundle making it stand out from its 

surrounding material. The ability to identify internal features based on colour characteristics give this 
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proof-of-concept BioLaser system a distinct advantage over existing non-destructive tomographic 

imaging technologies. It is worth noting that some artefacts within Figure 76 illustrate that the limits 

of the proof-of-concept BioLaser system are being reached in terms of stage repeatability. These 

artefacts can be seen most clearly in the top-left image of Figure 76, with should be smooth and 

relatively straight vessel walls tracking through the sample appearing to wobble slightly due to 

marginally misaligned images. These artefacts are also visible in Figure 75 to a lesser extent. 

  

 

Figure 76: Orthoslice, 2D image, and volume rendering of oat stem section images using BioLaser. Tomographic images 

rendered in ImageJ from 200 sequential 2D images with 1 µm slice resolution taken using a AM7515MT8A Dino-Lite Edge 

microscope at 800x magnification. The total imaging time for this sample was 27 minutes. 
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10.3.3. Wild Grass Stem Imaging  

10.3.3.1. BioLaser Processing 

Ablation of a dry wild grass stem was conducted using “precision ±10 µm” ablation parameters with a 

layer ablation thickness of 3 µm. Flattening was conducted prior to tomographic imaging using 

“rough” ablation parameters with a set layer removal of 7 µm. 

Multi-image two-master tomographic imaging software code was used to ablate and image this 

sample, with no topographic measurements taken. Images were taken with a Dino-Lite Pro 

AM7515MT8A microscope at x700 magnification with brightfield illumination.  

The 560 x 400 µm microscope FOV, and the 1.8 x 1.4 mm ablated area, meant a grid of 12 (3 x 4) 

images with 10% overlap was necessary to image each layer. The sample was roughly cut with a 

Stanley knife and mounted vertically on a plasticine base, before “rough” ablation for flattening took 

38 minutes to remove 210 µm (30 layers) of material to flatten the sample, before “precision ±10 µm” 

ablation took 21.3 hours to ablate 1000 layers (76.5 seconds per layer). Imaging took an additional 12 

seconds per layer, making the total processing time 24.6 hours. Sample preparation was simply a case 

of cutting the stem to length and mounting it vertically in a plasticine base.  

Figure 77 shows a rendered tomographic model of a 3 mm grass stem section containing a node where 

a single stem splits into 3. The rendering process used adaptive histogram equalisation, adaptive 

thresholding, and other processing steps withing Amira software to identify the stem epidermis region 

and inner vessels of the grass stem. The inner vessels rendered represented the internal cross-section 

of the vessel, with the surrounding cell wall removed. This allowed for easy differentiation between 

adjacent vessels. The rendering method described gave both a detailed 3D model of the grasses’ 

overall shape and volume, as well as a model of the internal vessel structure. Whilst is not feasible to 

show this 3D structure visually in a figure due to the sheer number of vessels, Figure 77f and Figure 

77g use 2D cross section images to demonstrate the tracking of 10 – 50 µm vessels to a merging point 

within the grass stem node. The combination of resolution and volume measurement illustrated in 

Figure 77 demonstrates the potential of the proof-of-concept BioLaser system to conduct detailed 

phenotypic analysis of botanical samples. A potential application for this is stem and root phenotyping 

of crops bred for drought resistance, which is an increasingly important area of research in the field 

of agricultural botany with the warming climate [266]–[268]. 
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10.3.3.2. Results 

 

Figure 77: a) 12 pictures with 10% overlap combined to generate single image, b) top down view of tomographic model 

generated using 1000 sequential combined images (12,000 images total) taken at 3 µm slice resolution using AM7515MT8A 

Dino-Lite Edge microscope at 700x magnification and processed in Amira software, c) bottom view of model, d) SEM image 

of  clean cut remaining sample surface, e) side view of model volume, f) examples of 10 – 50 µm vessels measured within 

sample node, and g) examples of individual vessels merging within the node. The total laser processing and imaging time 

for this sample was 24.6 hours. 

The imaging of this large grass stem sample is also intended to illustrate the reliability of the proof-of-

concept BioLaser system over extended imaging runs, with this 24-hour run being successful with no 
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monitoring or intervention necessary. Furthermore, with an effective processed volume of (1.96 mm)3 

Figure 77 demonstrates that the proof-of-concept BioLaser system has achieved (2 mm)3 upper 

analysis volume limit specified in the Purpose of Research section at the beginning of this project. 

10.4. Brachypodium Node Imaging 

10.4.1. Background 

Brachypodium node imaging was conducted in collaboration with Dr Stephanie Smith, a postdoctoral 

research associate at the University of Cambridge’s Sainsbury Lab. The aim of this collaboration was 

to use the proof-of-concept BioLaser system to generate tomographic images of the internal node 

vasculature of green brachypodium samples. The immediate aim of this application study was to 

demonstrate the functionality of the BioLaser system to process and image green material. The 

subsequent research aim would then be to increase the understanding of the budding process in 

monocots, by tracking vessels through the node in 3D space.  

The two major types two major types of flowering plants are monocots and dicots. The major “model 

plant” for studying plant physiology is called arabidopsis thaliana, which is a dicot used because of its 

small genome. However, there are obvious issues arising from extrapolating understanding of this 

single dicot, especially to monocots which have different architecture and physiologies. Brachypodium 

distachyon is therefore  being used as a “model monocot” to advance the understanding the biology 

of many grasses and small grains [269]. A full explanation of the biological processes of interest are 

beyond the scope of this engineering project, but to summarise the interest is in how newly formed 

buds connect their vasculature to the main stem vasculature. Further areas of interest include 

identifying where this anastomosis happens in the stem, and where there is evidence of auxin 

transport (a hormone related to budding and branching control). Monocot nodes are significantly 

more complex and intertwined that the linear vasculature of dicot nodes [270]. This complexity makes 

microtome techniques commonly used for analysing Arabidopsis node vasculature unsuitable for 

monocot samples. Microtomy was also unattractive because fixing the nodes in resin or wax for 

sectioning was considered too time consuming, with a combined preparation time and imaging time 

of several days. Furthermore, techniques such as micro-CT imaging failed to produce any useful data 

due to lack of resolution necessary for smaller vessels, as well as low density contrast limiting feature 

identification (see Figure 78). Brachypodium nodes are therefore another potential imaging niche 

which the proof-of-concept BioLaser system could fill. 
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Figure 78: Nikon XT H 225 ST X-Ray CT image of S0Pin: cerulean brachypodium node cross section ranging from 0.6 – 

1.1 mm in diameter at a voxel resolution of 3.62 µm. 

10.4.2. BioLaser Processing 

Ablation of green brachypodium nodes was conducted using “precision ±10 µm” ablation parameters 

with a layer ablation thickness of 5 µm. “Rough” flattening was not conducted, and instead the early 

layer ablation images were simply removed from any subsequent tomographic renderings. This was 

over concerns that more energetic ablation would be more unpredictable when processing green 

materials. 

Automatic ablation and imaging integrated BioLaser software was used to ablate and image this 

sample, with no topographic measurements taken. Images were taken using a AM4115T-GFBW Dino-

Lite microscope at 220x magnification, with a 1.8 x 1.4 mm lateral FOV. This microscope was used in 

tandem with exogenous genetically implanted fluorescent markers to help highlight “PINs”, a budding 

precursor within the node that may be present in some samples. The 510 nm illumination wavelength 

also helped highlight regions of interest, such as vessels travelling through the node. 

For sample mounting, wet tissue was enclosed within the plasticine at the base of the stem section 

to help reduce drying. This method was used throughout brachypodium node imaging. 

10.4.3. Results 

Example images taken during BioLaser processing of a brachypodium node are shown in Figure 79. 

The images show the stem splitting into a new stem and a leaf sheath whilst passing through the node. 

These images demonstrate the basic functionality of the proof-of-concept BioLaser system with green 

samples. The green has ablated cleanly, with brightfield images of another node taken with 

AM7515MT8A Dino-Lite Edge confirming this (see Appendix 26.3). “PIN” fluorescence was not 

identified within any of the images seen, but the vessels of interest are highlighted in light green. 
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Figure 79: Example 2D images of Pin1a: citrine brachypodium sample as it is imaged through the stem and node starting 

from below the node (top left) to above the node (bottom right). These images show separation of the leaf-sheath from the 

stem. These example images were taken from 700 sequential 2D images taken 5 microns apart using AM4115T-GFBW Dino-

Lite microscope at 220x magnification. The total imaging time for this sample was 15 hours. 

Following successful ablation of several brachypodium node samples, Figure 80 demonstrates the use 

of these tomographic measurements to track vessels through the brachypodium node. The rendering 

process used thresholding within Amira software to select and render the volume of the sample, 

before adaptive histogram equalisation followed by manual tracking was used to select and render 

the internal vessels. This data was used to track and render 5 major and 5 minor vessels through the 

brachypodium node, with the former going on to form the leaf sheath and the latter going on to form 

the major vessels of the continuing stem. This ability to track vessels through the node gives the proof-

of-concept BioLaser system the potential capability to track Anastomosis in 3D space in a 

brachypodium node, in a manner similar to that recently achieved with a more robust and easy to 

image maize node sample [271]. Whilst conducting full scale measurements of anastomosis is beyond 

the scope of this project, owing to the time-consuming nature of vessel tracking, the images rendered 

in Figure 80 demonstrate how the proof-of-concept BioLaser system could be used for this type of 

scientific study. 
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Figure 80:  3D renderings of Pin1b: citrine brachypodium sample as it is imaged through the stem and node. All images 

illustrated were rendered using Amira software from 700 sequential 2D images with a Z resolution of 5 µm using an 

AM4115T-GFBW Dino-Lite microscope at 220x magnification. The total imaging time for this sample was 15 hours. Images 

include a) rendering of 5 major internal stem vascular bunndles across node, which become the shealth of the offshoot leaf 

above the node, b) rendering of five minor internal stem vascular bundles through the node which continue on to be the 

major vessles in the stem above the node, c) volume rendering of external node structure, d) bottom view of major (blue) 
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and minor (purple) vessls withing the volume (grey) of the brachypodium stem, e) labeled vessels below node, f) labeled 

vessels within node, and g) labeled vessles above node. The green label in image “f” indicates the intiation of the split 

between the minor and the major vessels, with the major vessels continuing to become vessels in the leaf and the minor 

vessels becoming the major vessels in the continuing stem (see image “g”).  
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11. Conclusions and Future Work 

11.1. Objective 1 – Design, Build, and Test Proof-of-Concept BioLaser 

System 

A system was designed and built which satisfied the majority of the criteria for the proposed BioLaser 

system. The only criterion not fulfilled was the desire for a slice thickness range between 0.1 – 10 µm, 

with the lower limit slice thickness range limited to 1 µm due to calculated stage uncertainty. All other 

criteria were achieved, with the proof-of-concept BioLaser system providing the base for further 

exploration of objective 2 and objective 3. 

11.2. Objective 2 – Characterising and Optimising Ablation of Wheat 

Seed Endosperm 

11.2.1. Characterising Ultrafast Ablation of Wheat Seed Endosperm 

In Section 8, ultrafast ablation characteristics of heterogenous wheat seed endosperm were 

investigated relative to input parameters repetition rate, wavelength, pulse length, and peak pulse 

fluence. The conclusion drawn from this chapter are as follows: 

• Functional ablation thresholds were established for wheat seed endosperm protein matrix 

across the range of available wavelengths and pulse lengths.  

o A functional ablation threshold of 1.8 J/cm2 was established for 355 nm wavelength 

at 10 ps pulse length.  

o A functional ablation threshold of 4.6 J/cm2 was established for 532 nm wavelength 

at 10 ps pulse length.  

o A functional ablation threshold of 4.8 J/cm2 was established for 1064 nm wavelength 

at 10 ps pulse length.  

o A functional ablation threshold of 4.4 J/cm2 was established for 1030 nm wavelength 

at 280 fs pulse length. 

• The functional ablation threshold is significantly lower for 355 nm wavelength than it is for 

532 nm, 1030 nm, and 1064 nm, independent of pulse length. This is attributed to greater 

optical absorptivity of 355 nm than 532 nm and above, as supported by literature detailing 

the wavelength-dependent optical absorptivity of wheat flour and starch.  

• Comparison of functional ablation thresholds to literature indicates the ablation 

characteristics of wheat seed endosperm are more akin to vitreous materials, such as fused 

silica, than other dielectric materials such as polymers or mammalian tissue. 
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• Material heterogeneity demonstrated to effect ablation characteristics across all optical set 

ups, as indicated by significant variation in material removal rate. 

• Experiments using the 280 femtosecond S_1030_12.7 optical set up investigating the 

influence of repetition rate on material removal rate reveal a non-linear relationship split into 

four approximately linear regions. 

o “Ultrafast Ablation Dominant” region from 0 – 20 kHz 

o “Shielding Dominant” region from 20 – 50 kHz, 

o “Thermal Mechanism Dominant” region from 50 – 250 kHz 

o “Phase Explosion and Fragmentation Dominant” region from 250+ kHz 

• The first three of these regions were also observed using the 10 picosecond T_532_x5 optical 

setup, although they are less defined likely due to the longer pulse length and higher fluences 

used. 

11.2.2. Optimising Layer Ablation of Wheat Seed Endosperm 

In Section 9, optimisation of wheat seed endosperm layer removal was conducted based upon 

optimisation of three primary output variables essential for tomographic sectioning, namely material 

removal rate, exposed surface roughness, and exposed surface damage. This was conducted across a 

range of eight optical set ups, with the primary input variables within each setup being repetition rate, 

peak pulse fluence, scan speed, and raster overlap. The conclusion draw from this chapter are as 

follows: 

• An exposed surface damage ranking system was established ranging from 0 (no visible 

damage) to 7 (total charring), with rankings of 1 – 2 indicating structural damage and rankings 

of ≥3 indicating of increasing thermal damage. This damage ranking system provides a 

framework for ultrafast ablation optimisation of botanical samples on the BioLaser system. 

• In isolation, material removal rates are primarily dictated by the focal properties of the optical 

set up (Rayleigh length and spot size), with the influence of other input parameters being 

negligible. However, exposed surface roughness and surface damage are influenced by a 

wider range of input parameters. 

• The previously established functional ablation threshold of wheat seed endosperm was 

determined to be that of the protein matrix, with the starch granules determined to have 

functional ablation thresholds of: 

o 2.5 J/cm2 at 355 nm wavelength at 10 ps pulse length.  

o 10.25 J/cm2 at 532 nm wavelength at 10 ps pulse length.  

o 10.5 J/cm2 at 1064 nm wavelength at 10 ps pulse length.  
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o 7 J/cm2 at 1030 nm wavelength at 280 fs pulse length. 

• These starch granule functional ablation thresholds were identified based on a sudden 

increase in measured surface skew (from a strong negative value to a less negative plateau) 

observed when increasing the peak pulse fluence beyond the threshold value. 

• Using this skew method to establish the higher ablation threshold of two materials in a binary 

system works when the binary system is imbalanced, but not when there are equal amounts 

of each material. 

• A theoretical model is established to predict height variation when ablating a binary 

heterogeneous system. 

• Removing data points below the newly established starch granule ablation threshold 

improved the modelling accuracy by removing strongly non-linear ablation phenomena. 

• Surface response modelling of all optical setups illustrates a clear distinction in modelling 

patterns between the two groups dictated by focal properties, with the short (<3 µm) Rayleigh 

length grouping being distinguished by the unpredictability of surface roughness (Sq) 

modelling and the long (<9 µm) Rayleigh length grouping on average demonstrating successful 

modelling of all 3 measured output variables. This distinction is due to inherent wheat seed 

endosperm heterogeneity dominating the influence of focal properties for short Rayleigh 

length set ups, with the material itself dictating the minimum exposed surface roughness 

achievable and not the focal properties. For long Rayleigh length optical set ups, the focal 

properties dominate the inherent material heterogeneity, giving surface roughness values 

larger than the minimum dictated by the material and thus providing a relationship between 

optical set up and exposed surface roughness which can be modelled.  

• Optical set up S_1030_12.7 was concluded to be the optimum optical set up taking into 

account all specified ablation regimes (“rough”, “precision ±10 µm”, and “precision ±5 µm”). 

Comparison between optimised 280 fs S_1030_12.7 model outputs with those of other similar 

10 ps optical set ups demonstrates the practical benefits of laser ablation with a shorter pulse 

length, as it reduces the influence of surface damage as a limiting factor and allows for 

significantly high material removal rates to be achieved. 

• Experimental analysis using 280 fs S_1030_12.7 optimised input parameters for each of these 

optical ablation regimes gave material removal rates of 2.30 x 105 µm3/s, 1.97 x 105 µm3/s, 

and 0.51 x 105 µm3/s for the “rough”, “precision ±10 µm”, and “precision ±5 µm” ablation 

regimes respectively, -5.1%, -6.5%, and -17.3% less than modelled. 

• The average material removal rate of 1.97 x 105 µm3/s achieved on the S_1030_12.7 optical 

setup using “precision ±10 µm” input parameters represent a 97% increase on the 105 µm3/s 
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ultrafast volume ablation limit given in literature, whilst exhibiting no measurable indication 

of chemical or thermal degradation of the exposed surface. 

11.3. Objective 3 - Application of BioLaser to Botanical Samples 

In section 10, the optimised proof-of-concept BioLaser system was demonstrated to be functional 

across a range or relevant applications and botanical materials. The conclusion drawn from this 

chapter are as follows: 

• BioLaser system capable of tomographic sectioning an entire wheat seed, demonstrating that 

ablation parameters established for mature wheat seed endosperm are also functional across 

aleurone, sub-aleurone, and seed coat layers. 

• BioLaser system capable of exposing and measuring A-type starch granule size and 

distribution within mature wheat seed endosperm using differential ablation thresholds and 

topographic surface measurement. 

• BioLasers system capable of high-resolution tomographic imaging of dried oat stems, with 

features such as the lacuna, epidermis, chlorenchyma, parenchyma, metaxylem, phloem, and 

sclerenchyma fibres being clearly visible and trackable through a range of samples. Sample 

slice resolutions range from 1 – 5 µm across 100 – 200 slices. 

• BioLaser capable of high-resolution tomographic imaging of a wild grass stem sample as a 

single stem splits into three. 1000 layers were sectioned at a slice resolution of 3 µm and 12 

images taken per layer, achieving the maximum BioLaser measured tomographic volume 

requirement of (2 mm)3. Amira software analysis also demonstrates that vessels 10 – 50 µm 

in diameter can be automatically tracked both within a single stem, and as they split prior to 

stem separation. 

• BioLaser capable of section and imaging green brachypodium node samples. 700 sequential 

images at 5 µm slice resolution allowed vessels to be tracked across a node using a fluorescent 

microscope.  

11.4. Recommendations for Future Work 

Recommendations for future work can be split into three major categories, namely further 

experiments with the existing BioLaser system, future improvements to the BioLaser system, and 

development and dissemination of BioLaser as a tool. Further experiments with the existing BioLaser 

system will cover the most immediate recommended future work, which can be achieved using the 

existing system with no hardware or software alterations. Future improvements to the BioLaser 

system will suggest improvements or additions to the hardware and software, which may improve 
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functionality of the system. Finally, development and dissemination of BioLaser as a tool will suggest 

how the system can be utilised for practical botanical research, and how it could be developed into a 

fully integrated desktop tool. 

11.4.1. Further Experiments with Existing BioLaser System 

An immediate further experiment using the existing BioLaser system would be the validation of binary 

heterogenous material model developed in section 9.4.2.2. This would require the areal ablation of a 

manufactured binary dielectric substrate, such two different types of glass with different ablation 

thresholds fused together in strips, across a range of fluences, with the height variation measured and 

plotted against the modelled values. Further experiments could then be conducted to assess model 

validity across a range of botanical samples with more than two major components. If valid, optimum 

ablation fluence for exposed surface flatness can be determined for any heterogeneous sample simply 

by determining the highest and lowest functional ablation threshold. This would significantly reduce 

the work required to optimise the ablation precision layer ablation of a given sample, making the 

existing BioLaser system much more widely applicable to precision applications. 

Another further experiment of importance would be fully validating the influence of sequential 

topographic measurement on the accuracy of 3D feature measurement. This would require the 

manufacture of a solid 3D structure made up of two or more dialectic materials of know feature sizes. 

This sample could be images without topographic measurement and with topographic measurement, 

with the measured 3D features sizes of each measurement compared to the known values. This would 

give full accuracy validation of the existing BioLaser system when measuring 3D features. 

Incorporating a range of feature sizes down to ~1 µm in dimension would also allow for calibration of 

the volumetric resolution of the system. 

11.4.2. Suggested Improvements to Existing BioLaser System 

It is the author’s postulation that conducting layer ablation optimisation experiments with lower order 

femtosecond (<200 fs) UV lasers would likely result in further improved ablation characteristics of the 

BioLaser system. The potential positive influence of lower order femtosecond laser pulses on ablation 

characteristics is suggested based on the analogous ablation characteristics of wheat seed endosperm 

to that of vitreous dielectrics, with lower order femtosecond laser pulses reducing damage to the 

surrounding non-ablated material (see section 8.1.2.3).The potential positive influence of UV lasers is 

suggested based on the reduced variation in ablation threshold and overall lower energy requirements 

for ablation as shown in Table 19. The impact of UV wavelength on exposed surface roughness after 

layer ablation was difficult to determine using data collected in this thesis due to relatively high 



BioLaser 
 

186 
 

fluences compared to the functional ablation threshold leading to exaggerated exposed surface 

damage. 

Several hardware improvements to the existing BioLaser system are also recommended, including 

more accurate motorised stages to reduce the minimum slice thickness from 1 µm to 0.1 µm as 

specified in the original BioLaser criteria. If successful, this would increase the range of botanical 

applications for which BioLaser is suitable. Another hardware improvement would be integration of 

chemical imaging in the form of either laser induced breakdown spectroscopy (LIBS) or Raman 

spectroscopy, with the exposed surface already shown to be unaffected by the ablation process (see 

section 9.6.3), allowing for 3D chemical imaging to be conducted. Chemical imaging would also be a 

useful tool for more efficient ablation optimisation, as chemical changes in the exposed surface could 

be measured and used to determine the upper fluence limit or pulse repetition rate when ablating a 

sample. 

A major software improvement would be the full integration of the laser into the integrated BioLaser 

software. The full integration of the laser controls would then allow for advanced automated 

processes, such as automatic determination of sample ablation thresholds using areal laser ablation 

at a range of fluences and topographic measurement of the surface. Automatic ablation threshold 

measurement would hugely improve BioLaser as a functional tool, particularly with its intended end 

users being non-engineers. 

11.4.3. Development and Dissemination of BioLaser as a Tool 

Following the improvements suggested, the next logical step would be to build an improved BioLaser 

system within a botanical lab (e.g. NIAB). This system should be utilised for full experimental runs, 

demonstrating its capabilities across a range of samples and contributing to botanical research. This 

process would allow for iterative improvements to be made to BioLaser’s design and software 

interface, as well as highlighting the benefits and practical limitations of the technology for current 

botanical research questions. If successful, the final stage of dissemination would be to design and 

build a desktop BioLaser device, making it available to a wide range of research institutes. 
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13. Nomenclature 

Symbol Description SI Units 

ω0 Focal Spot Radius m 

ω(z) Beam Radius at Specified X Position m 

r Radial Position m 

E0 Pulse Energy J 

E0(min) Minimum Pulse Energy Necessary for Ablation J 

P0 Pulse Power W 

F Fluence Jm-2 

Ft Threshold Fluence Jm-2 

I Intensity Wm-2 

fL Focal Length m 

λ Wavelength m 

M2
 Beam Quality Factor - 

DL Raw Beam Diameter m 

zR Rayleigh Length m 
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14. Appendix – Code  

14.1. Basic Automatic Imaging G-Code 

// V4 PAA  29/03/10 (paa39)     

// Raster and Automatic Dino Pic code (single picture per layer) 

 

//Define Global Variables 

 

        #define GvRaster $global[0] //Global variable trigger  

 

// Define Variables 

 

DVAR $DeltaZ           // Change in Z position per raster (mm)                   

DVAR $XDistance        // X step change (mm) 

DVAR $YDistance        // Y Distance (mm) 

DVAR $ZSpeed           // Z axis movement speed (mm/min) 

DVAR $ProcessSpeed     // X and Y Speed (mm/min) 

DVAR $Counter1         // XY counter 

DVAR $Counter2         // Z Step Counter 

DVAR $Repeat1          // Number of times to repeat the movement XY Loop 

DVAR $Repeat2          // Number of times to repeat the Z Step 

DVAR $StartPosZ        // Start Position Z (mm) 

DVAR $StartPosX        // Start Position X (mm) 

DVAR $StartPosY        // Start Position Y (mm) 

 

DVAR $DinoPosX         // Absolute Dino Position X (mm) 

DVAR $DinoPosY         // Absolute Dino Position Y (mm) 

DVAR $OffsetZ             // Offset (Dino to machine) (mm) 

DVAR $InterchangeSpeed    // Transfer speed between components (mm/min)       

DVAR $safetyZ             // Z axis safety distance (mm) 

DVAR $InterchangeSpeedZ   // speed to move Z turret (mm/min) 
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// ENTER VARIABLE VALUES HERE 

$DeltaZ         = 0.005      

$XDistance      = 0.003 

$YDistance      = 2 

$ZSpeed         = 200       

$ProcessSpeed   = 240       

$Repeat1        = $YDistance/($XDistance*2) 

$Repeat2        = 323   

$StartPosZ       = 29.12                    

$StartPosX       = 31.7                           

$StartPosY       = 24.7                        

 

$DinoPosX       = 63.8        

$DinoPosY       = -37.65       

$OffsetZ        = 12.55       

$safetyZ        = 10          

 

$InterchangeSpeed = 1200      

$InterchangeSpeedZ = 800      

 

 

// DO NOT EDIT BELOW 

G90                 // Absolute 

G71                 // Metric             

G109                // Turn off look ahead  

 

G01 Z$StartPosZ F$InterchangeSpeedZ 

G01 X$StartPosX F$InterchangeSpeed 

G01 Y$StartPosY F$InterchangeSpeed 

 

FOR $Counter2 = 1 to $Repeat2 

 

$DO2.X =1 

  

G91                  

                                                                                        

FOR $Counter1 = 1 to $Repeat1 

  G01 Y$YDistance F$ProcessSpeed 

  G01 X$XDistance F$ProcessSpeed 

  G01 Y-$YDistance F$ProcessSpeed 

  G01 X$XDistance F$ProcessSpeed 
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NEXT $Counter1 

 

$DO2.X = 0  

 

G90 

 

G01 Z$StartPosZ+($DeltaZ*$Counter2) F$ZSpeed 

G01 X$StartPosX F$ProcessSpeed 

G01 Y$StartPosY F$ProcessSpeed  

 

G91 

G01 Z+ (-$safetyZ) F$InterchangeSpeedZ 

G90 

G01 X$DinoPosX F$InterchangeSpeed 

G01 Y$DinoPosY F$InterchangeSpeed   

G91 

G01 Z+ (+$safetyZ+$OffsetZ) F$InterchangeSpeedZ 

 

G361   

 

GvRaster = 1    // Triggers image to be taken  

 

G4 P2 

 

IF (GvRaster == 0) THEN    // Changed to 0 by C# code once image is taken 

 

G01 Z+ (-$safetyZ) F$InterchangeSpeedZ  

G90                                                        

G01 X$StartPosX F$InterchangeSpeed 

G01 Y$StartPosY F$InterchangeSpeed 

G91 

G01 Z+ (+$safetyZ - $OffsetZ) F$InterchangeSpeedZ   

 

ENDIF 

 

NEXT $Counter2 

 

M02     // End 
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14.2. Basic Automatic Imaging C# Code 

Code concerned with controlling microscope parameters has been omitted as trivial, with the 

following screenshots showing the code written for automatic image triggering using global variables. 

 

// Microscope parameter code omitted… 

 

Figure 81: C# code for single automatic imaging trigger. “Aerotech.A3200” is a namespace reference which holds 

commands for the A3200 system and “GlobalVariableClass” is a namespace which contains all necessary global variables to 

communicate between Aerotech G-code and C#. “v” is the name given to the imaging window seen in Figure 34. 
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14.3. Code Flow Diagrams 

14.3.1. Code Flow Diagram for Running CCP PSO Topographic Measurement Scan 
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14.3.2. Code Flow Diagram for “Set-up and Flattening” Section 
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14.3.3. Code Flow Diagram for “Flatten Sample” Button 
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14.3.4. Code Flow Diagram for “Automatic Ablation and Imaging” Section 
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14.3.5. Code Flow Diagram for Automatic Ablation, Imaging and Topography 

Section 
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14.3.6. Code Flow Diagram for “Start Automatic Imaging (CCP as a guide)” Button 
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14.4. Matlab Code for Topographic Post-Processing 

14.4.1. Basic Surface Plot Code for CCP PSO .csv Data 

close all;clear all;clc; 

NoP = 20022;    

  

filename = 'grass_stem_flattened_20022_v3.csv'; 

  

M = csvread(filename,1,0,[1,0, NoP, 0]);      

V = csvread(filename,1,1,[1,1, NoP, 1]); 

P = csvread(filename,1,2,[1,2, NoP, 2]);               

Q = csvread(filename,1,3,[1,3, NoP, 3]);               

  

x = [-M];   

y = [V];   

z = [1-Q];   

z2 = [50-P];   

  

z3 = z+z2;   

z3(z3>= 100) = NaN; 

  

xlin = linspace(min(x), max(x), 1000); 

ylin = linspace(min(y), max(y), 1000); 

[X,Y] = meshgrid(xlin,ylin); 

  

Z = griddata(x,y,z3,X,Y,'nearest');   

grid off;   

 

  

surf(X,Y, Z)  

axis tight; 

hold on 

shading interp; 

 

14.4.2. Sequential Layer Subtraction Plot Code for CCP PSO .csv Data 

close all;clear all;clc; 

NoP = 20402; 

  

filename1 = 'stepheighttest_20402_10x1x1_1mms.csv'; 
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filename2 = 'testflat_20402_10x1x1_1mms.csv'; 

  

M = csvread(filename1,1,0,[1,0, NoP, 0]);       

V = csvread(filename1,1,1,[1,1, NoP, 1]); 

P = csvread(filename1,1,2,[1,2, NoP, 2]);              

Q = csvread(filename1,1,3,[1,3, NoP, 3]);              

  

D = csvread(filename2,1,0,[1,0, NoP, 0]);       

O = csvread(filename2,1,1,[1,1, NoP, 1]); 

G = csvread(filename2,1,2,[1,2, NoP, 2]);              

S = csvread(filename2,1,3,[1,3, NoP, 3]);              

  

x = [-M];   

y = [V];   

z = [1-Q];  

z2 = [50-P];   

  

rx = [-D];   

ry = [O];   

rz = [1-S];  

rz2 = [50-G];   

  

z3 = z+z2;   

z3(z3>= 100) = NaN; 

  

rz3 = rz+rz2; 

rz3(rz3>= 100) = NaN; 

  

z3fill = fillmissing(z3,'movmean',2); 

rz3fill = fillmissing(rz3, 'movmean', 2); 

                       

% Layer 1 data 

xlin = linspace(min(x), max(x), 100); 

ylin = linspace(min(y), max(y), 100); 

[X,Y] = meshgrid(xlin,ylin); 

  

Z = griddata(x,y,z3,X,Y,'nearest');  

  

% Layer 2 data 

xlintr = linspace(min(rx), max(rx), 100); 

ylintr = linspace(min(ry), max(ry), 100); 

[Xr,Yr] = meshgrid(xlintr,ylintr); 
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Zr = griddata(rx,ry,rz3,Xr,Yr,'nearest');  

  

% Layer 1 minus Layer 2 

Zfinal = Z-Zr; 

surf(X,Y, Zfinal) 

axis tight; hold on 

shading interp; 

 

14.4.3. Topographic Plus Image Overlay Plot cCde for CCP PSO .csv Data and .jpg 

Image 

close all;clear all;clc; 

NoP = 14850; 

  

filename = 'calibration_groove_3.csv'; 

  

M = csvread(filename,1,0,[1,0, NoP, 0]);   

V = csvread(filename,1,1,[1,1, NoP, 1]); 

P = csvread(filename,1,2,[1,2, NoP, 2]);              

Q = csvread(filename,1,3,[1,3, NoP, 3]);             

  

x = [-M];   

y = [V];   

z = [1-Q];   

z2 = [32-P];   

  

z3(z3>= 100) = NaN; 

                    

xlin = linspace(min(x), max(x), 2592); 

ylin = linspace(min(y), max(y), 1944); 

[X,Y] = meshgrid(xlin,ylin); 

  

Z = griddata(x,y,z3,X,Y,'nearest');   

grid off;   

  

fig2 = figure; 

ax1 = axes('Parent',fig2,... 

    'XTickLabel',{'0','100','200','300','400', '500'},...  
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    'XTick',[0 540 1080 1620 2160 2700],...                    

    'YTickLabel',{'0','100','200','300', '400'},...        

    'YTick',[0 540 1080 1620 2160],...                      

    'PlotBoxAspectRatio',[1 0.75 0.3]);              

  

  

yalt = 0;  

xalt = 0;  

  

Z2 = Z(1+yalt:1944+yalt, 1+xalt:2592+xalt);      

  

Im = imread('precise_calibration_grooves_3.jpg');  

Im2 = flip(Im, 1);  

  

surface(Z2,Im2,'FaceColor','texturemap','Edgecolor','none','CDataMap

ping','direct') 

axis tight; 
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15. Appendix - Basic Laser Equations  

Equations used to calculate LATscan performance factors. Also used to calculate Rayleigh length and 

spot size for the machining laser used during the experiment [61]. 

 
𝐷0 =

4𝑓𝐿𝜆𝑀2

𝜋𝐷𝐿
 

 

(2) 

 
𝑧𝑅 =

𝜋𝐷0
2

4𝑀2𝜆
 

 

(3) 

 

𝐷𝑧 = 𝐷0 [1 + (
𝑧

𝑧𝑅
)

2

]

1
2

 

 

 

(4) 

 

Symbol Description SI Units 

D0 Focal Sport Diameter m 

fL Focal Length m 

λ Wavelength m 

M2 Beam Quality Factor - 

DL Raw Beam Diameter m 

z Distance from focal point in z direction m 

zR Rayleigh Length m 

Dz Beam diameter at distance Z from focal point m 
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16. Appendix - “Diffraction Limited” Resolution 

The term “diffraction limited” lateral resolution is used multiple times throughout this literature 

review. This diffraction limit refers to the minimum lateral distance at which the intensity point spread 

functions (PSF) produced by light reflected from two very small features can be resolved from one 

another (see Figure 82). The exact definition of “resolved” can vary, so there are different definitions 

of the diffraction limit, with the most common being the Abbe and the Rayleigh criterion, with the 

Sparrow criterion also sometimes used. The Abbe diffraction limit for a microscope is given by the 

following equation [61], [272]: 

𝑅 =
0.5𝜆

𝑛 sin 𝜃
=

0.5𝜆

𝑁𝐴
=

𝑓𝜆

𝐷
 

(33) 

Where R is the minimum resolvable distance between features, n is the reflective index of the lens, λ 

is the wavelength of the incident radiation, θ is the half-angle, NA is the numerical aperture, f is the 

focal length, and D is the diameter of the lens aperture. In modern optics, the maximum NA achievable 

is between 1.4 – 1.6. As an example, for a microscope with green light of 500 nm wavelength with a 

high-quality 1.4 NA lens, the minimum resolvable distance will be approximately 180 nm. The Rayleigh 

criterion is given by the following equation [61], [272]: 

𝑅 =
0.61𝜆

𝑛 sin 𝜃
=

0.61𝜆

𝑁𝐴
= 1.22

𝑓𝜆

𝐷
 

 

(34) 

For the same example values used for the Abbe diffraction limit, the minimum resolvable feature 

according to the Rayleigh criterion will be approximately 220 nm. The difference between the Abbe 

diffraction limit and Rayleigh criterion simply comes from the definition of what is considered 

“resolved” in their derivation. In practical applications, there is very little difference between the two 

[272]. As a rule of thumb, any measurement technique where the resolution is described as 

“diffraction limited” can be assumed to have a resolution of ~0.5 µm.  
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Figure 82: Visual representation of the differences in the definition of “resolved” for the Rayleigh, Abbe, and Sparrow limit 

[272] 
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17. Appendix – Error Budgeting, Alignment and 

Calibration 

17.1. Height Calibration Measurement 

 

Measurement number Bottom Measurement (µm) Top Measurement (µm) Measured Step Height (µm) HD (µm)

1 152.639 161.161 8.522 0.077

2 152.639 161.149 8.51 0.065

3 152.647 161.146 8.499 0.054

4 152.644 161.164 8.52 0.075

5 152.636 161.122 8.486 0.041

6 152.642 161.144 8.502 0.057

7 152.635 161.173 8.538 0.093

8 152.62 161.178 8.558 0.113

9 152.625 161.193 8.568 0.123

10 152.611 161.176 8.565 0.12

11 152.618 161.181 8.563 0.118

12 152.624 161.183 8.559 0.114

13 152.607 161.171 8.564 0.119

14 152.627 161.19 8.563 0.118

15 152.624 161.19 8.566 0.121

16 152.618 161.188 8.57 0.125

17 152.62 161.181 8.561 0.116

18 152.628 161.193 8.565 0.12

19 152.622 161.197 8.575 0.13

20 152.63 161.179 8.549 0.104

21 152.637 161.219 8.582 0.137

22 152.629 161.197 8.568 0.123

23 152.636 161.161 8.525 0.08

24 152.633 161.145 8.512 0.067

25 152.626 161.122 8.496 0.051

26 152.642 161.134 8.492 0.047

27 152.63 161.128 8.498 0.053

28 152.634 161.123 8.489 0.044

29 152.64 161.132 8.492 0.047

30 152.626 161.123 8.497 0.052

31 152.63 161.121 8.491 0.046

32 152.634 161.127 8.493 0.048

33 152.627 161.125 8.498 0.053

34 152.623 161.122 8.499 0.054

35 152.619 161.118 8.499 0.054

36 152.615 161.117 8.502 0.057

37 152.617 161.12 8.503 0.058

38 152.615 161.116 8.501 0.056

39 152.613 161.123 8.51 0.065

40 152.616 161.122 8.506 0.061

41 152.613 161.12 8.507 0.062

42 152.61 161.116 8.506 0.061

43 152.617 161.12 8.503 0.058

44 152.615 161.123 8.508 0.063

45 152.611 161.117 8.506 0.061

46 152.615 161.119 8.504 0.059

47 152.615 161.122 8.507 0.062

48 152.614 161.119 8.505 0.06

49 152.617 161.12 8.503 0.058

50 152.614 161.119 8.505 0.06

51 152.616 161.122 8.506 0.061

52 152.616 161.125 8.509 0.064

53 152.613 161.122 8.509 0.064

54 152.619 161.126 8.507 0.062

55 152.619 161.127 8.508 0.063

56 152.616 161.123 8.507 0.062

57 152.62 161.128 8.508 0.063

58 152.621 161.132 8.511 0.066

59 152.621 161.13 8.509 0.064

60 152.623 161.13 8.507 0.062

61 152.625 161.131 8.506 0.061

62 152.626 161.133 8.507 0.062

63 152.621 161.135 8.514 0.069

64 152.623 161.137 8.514 0.069

65 152.626 161.138 8.512 0.067

66 152.629 161.141 8.512 0.067

67 152.629 161.14 8.511 0.066

68 152.63 161.14 8.51 0.065

69 152.631 161.141 8.51 0.065

70 152.632 161.143 8.511 0.066

71 152.633 161.144 8.511 0.066

72 152.635 161.146 8.511 0.066

73 152.635 161.145 8.51 0.065

74 152.635 161.143 8.508 0.063

75 152.634 161.142 8.508 0.063

76 152.635 161.142 8.507 0.062

77 152.635 161.143 8.508 0.063

78 152.634 161.141 8.507 0.062

79 152.64 161.14 8.5 0.055

80 152.639 161.139 8.5 0.055

Hav  (µm) 0.0721

Standard Uncertainty (uccp) 0.002747415

Expanded Uncertainty (Uccp) 0.005494831
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17.2. Geometric Error Budget Nomenclature 

Symbol SI Units Description 

𝐸𝑥𝑝 m Practical X axis geometric error. 

𝐸𝑦𝑝 m Practical Y axis geometric error. 

𝐸𝑧𝑝 m Practical Z axis geometric error. 

𝐸𝑥(𝑥) m X stage induced X axis geometric error. 

𝐸𝑥(𝑦) m Y stage induced X axis geometric error. 

𝐸𝑥(𝑧) m Z stage induced X axis geometric error. 

𝐸𝑦(𝑥) m X stage induced Y axis geometric error. 

𝐸𝑦(𝑦) m Y stage induced Y axis geometric error. 

𝐸𝑦(𝑧) m Z stage induced Y axis geometric error. 

𝐸𝑧(𝑥) m X stage induced Z axis geometric error. 

𝐸𝑧(𝑦) m Y stage induced Z axis geometric error. 

𝐸𝑧(𝑧) m Z stage induced Z axis geometric error. 

𝐿𝑥𝑝 m Practical X motion 

𝐿𝑥𝑡 m Total X  motion (Maximum working volume X length) 

𝐿𝑦𝑝 m Practical Y motion 

𝐿𝑦𝑡 m Total Y  motion (Maximum working volume Y length) 

𝐿𝑧𝑝 m Practical Z length 

𝐿𝑧𝑡 m Total Z  motion (Maximum working volume Z length) 
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17.3. Error and Uncertainty Budgets for A and B Rotational Stages 

Table 28: Geometric error budget for Picosecond platform A and B rotational stages 

 

1. Definitions of rotational motion error taken from Ferrucci et al, 2015 [273]. 

2. Stage A mounted in the Y rotational plane. Maximum X and Z offsets are the radius of the rotational stage. 

Maximum Y offset is the maximum distance between the stage and the mounted sample. 

3. Stage B mounted in the X rotational plane. Maximum Y and Z offsets are the radius of the rotational stage. 

Maximum X offset is the maximum distance between the stage and the mounted sample. 

4. Perfect mounting assumed. 

5. Warping in solid objects is considered negligible. 

6. Expected motion error values taken from Aerotech stage design specifications. These are type-B 

uncertainties. 

 

Axis of motion Feature   Expected motion error          Maximum offset (m)            Maximum Error (µm)

Arc Second µm X Y Z X Y Z 

A (Rotational stage) Rotational error 6 0.075 0.075 2.182 0.000 2.182

Tilt Error 10 0.1 0.075 0.1 4.848 3.636 4.848

Axial motion error (Y) 5 5

Radial Motion error (X) 5 5

Radial Motion error (Z) 5 5

Max error 12.030 8.636 12.030

Sum of squares 53.264 38.221 53.264

Root Sum Square 7.298 6.182 7.298

B (Rotational stage) Rotational Accuracy 6 0.05 0.05 0.000 1.454 1.454

Tilt Error 10 0.06 0.06 0.05 2.909 2.909 2.424

Axial motion error (X) 5 5

Radial Motion error (Y) 5 5

Radial Motion error (Z) 5 5

Max error 7.909 9.363 8.879

Sum of squares 33.462 35.577 32.992

Root Sum Square 5.785 5.965 5.744

Total Maximum Error (µm) 19.939 17.999 20.908

Total Sum of Squares (µm) 86.726 73.798 86.256

Total Root Sum Square (µm) 9.313 8.591 9.287
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Table 29: Uncertainty budgets for Picosecond platform rotational A and B stages. 

 

17.4. Laser Alignment 

17.4.1. Femtosecond Platform 

Aligning the Femtosecond laser platform required a VRC2 detector card, two crosshair caps, a 

15X/0.28NA Cassegrainian lens (NT59-315), and precision screw adjustment on all components in the 

optical path. For alignment, the laser repetition rate and power (Mod efficiency) are set to 500 kHz 

and 22% respectively. The laser is a permanent fixture on the platform which has already been set up 

to be a level in the XY plane. The laser beam first enters the beam expander, where alignment is 

achieved using the two crosshair caps and the VRC2 detector card. This alignment is a simple iterative 

process, whereby the beam (viewed using the VRC2) is centred to the front crosshair cap using 

adjuster screws, before the same process is repeated for the rear crosshair cap. This process is 

repeated until no further adjustment is required. 

Following the beam expander, 4 PF10-03-P01 silvered mirrors and a DMLP1180L dichroic mirror are 

used to direct the laser beam to the focussing optic. The beam entering the focussing optic must be 

perfectly orthogonal to the XY plane to ensure the beam consistently enters the focussing optic at the 

correct orientation, whatever the height of the Z-stage. An approximate orthogonal beam can be 

achieved using the XY plane and ZY plane breadboards as a guide for mirror positioning, along with 

identical mirror mounts. The VRC2 card can then be used to adjust all mirrors in order and ensure that 

the beam hits the centre of each mirror, before entering the centre of the focusing optic. Iterative fine 

Rotational stage A - Z Uncertainty

Source of Uncertainty Angular Uncertainty (arcsec) Offset (m) Size of Uncertainty (µm) Probability Distribution Divisor Sensitivity coefficent Standard Uncertainty (µm) 

Repeatability 3 0.075 1.090830783 Normal 1 1 1.0908

Accuracy 6 0.075 2.181661566 Rectangular √3 1 1.2596

Resolution 0.1 0.075 0.036361026 Rectangular √3 1 0.0210

Combined Standard Uncertainty (µm) 1.6664

Expanded Uncertainty  (µm) 3.3328

Rotational stage B - Z Uncertainty

Source of Uncertainty Angular Uncertainty (arcsec) Offset (m) Size of Uncertainty (µm) Probability Distribution Divisor Sensitivity coefficent Standard Uncertainty (µm) 

Repeatability 3 0.05 0.727220522 Normal 1 1 0.7272

Accuracy 6 0.05 1.454441044 Rectangular √3 1 0.8397

Resolution 0.1 0.05 0.024240684 Rectangular √3 1 0.0140

Combined Standard Uncertainty (µm) 1.1109

Expanded Uncertainty  (µm) 2.2219

Rotational stage A - X Uncertainty 

Source of Uncertainty Angular Uncertainty (arcsec) Offset (m) Size of Uncertainty (µm) Probability Distribution Divisor Sensitivity coefficent Standard Uncertainty (µm) 

Repeatability 3 0.075 1.090830783 Normal 1 1 1.0908

Accuracy 6 0.075 2.181661566 Rectangular √3 1 1.2596

Resolution 0.1 0.075 0.036361026 Rectangular √3 1 0.0210

Combined Standard Uncertainty (µm) 1.6664

Expanded Uncertainty  (µm) 3.3328

Rotational stage B - Y Uncertainty 

Source of Uncertainty Angular Uncertainty (arcsec) Offset (m) Size of Uncertainty (µm) Probability Distribution Divisor Sensitivity coefficent Standard Uncertainty (µm) 

Repeatability 3 0.05 0.727220522 Normal 1 1 0.7272

Accuracy 6 0.05 1.454441044 Rectangular √3 1 0.8397

Resolution 0.1 0.05 0.024240684 Rectangular √3 1 0.0140

Combined Standard Uncertainty (µm) 1.1109

Expanded Uncertainty  (µm) 2.2219
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adjustments are then carried out using the Cassegrainian lens and VRC2 card, with multiple tests and 

mirror adjustments taking place across the range of stage Z heights to ensure the incident beam is 

truly orthogonal. 

Knowing the absolute XY position of the laser focal point is unnecessary as knowledge of its position 

is only important relative to microscope and chromatic confocal probe positions. Determining the 

precise Z position of the focal laser spot requires a single flat piece of silicon and is achieved in two 

stages. The first stage is rough Z position measurement, requiring a dichroic mirror and a mounted 

digital camera, which observes the light reflected back through the laser objective from the silicon 

wafer. The Z stage is then adjusted iteratively until the focused spot size is as small as possible, as 

viewed via the mounted camera. The second stage is precision Z position measurement and is 

conducted following microscope position calibration. Lines are ablated in a snaking pattern (see 

Appendix 15.4.1) using the laser at Z positions ranging from approximately 20 microns above to 20 

microns below the approximately determined Z position, with programmed notches indicating where 

the lines are above or below the approximated laser focal point. These lines are then measured using 

the microscope with the narrowest selected as the actual focal point. The Z position is adjusted 

accordingly, and the process is repeated across a reduced Z range. This process is repeated iteratively 

until a suitably precise laser Z position has been determined.  

The Satsuma laser generates a linear polarised beam, which is made circular by passing through a ¼ 

wave plate. The circularity of the beam was tested by mounting a linear polariser in the beam path 

followed by a power meter. The linear polariser was rotated 360 degrees with no significant change 

in power recorded, indicating a circular polarised beam. To test this circularity of the beam itself the 

average diameter of ablated lines in the X and Y direction were measured (see Appendix 15.4.2). The 

average polarisation error, based on 50 measurements, was calculated to be ~2.7%. This value was 

deemed acceptable based on BioLaser’s requirements. 

17.4.2. Picosecond Platform 

Aligning the Picosecond laser platform required a UV detector card, standard card for visible light, IR 

detector card, two crosshair caps, precision screw adjustment on all mirrors, and two 10 – 0.1 mm 

optical iris diaphragms. With the platform being set up for beams of 3 wavelengths, each had to be 

aligned individually. On the Picosecond platform all beam expanders and motorised attenuators were 

non-adjustable, having been correctly aligned when first mounted to the platform. Each beam was 

aligned with its beam expander via an iterative process using the two crosshair caps and adjustments 

of the two preceding mirrors. Following this, the beam was directed using mirrors to the focal optic 

mounting tube. To ensure the beam was perfectly orthogonal, the two optical iris diagrams were 
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mounted to the top and bottom of the focal optic mounting tube. An iterative process of mirror 

adjustment was then conducted until the beam could be detected at the bottom of the tube with both 

irises at their minimum aperture. Once this was achieved, the beam was considered perfectly aligned. 

As with the Femtosecond platform, the alignment process was conducted at a high repetition rate and 

low power, to maximise visibility whilst minimising ablation potential. 

The Talisker laser generates a highly P-polarised beam, with a polarisation ratio of >100:1. This allows 

the Altechna Watt pilot to control beam attenuation using a ½ waveplate and a polariser, with the ½ 

waveplate controlling the ratio of P to S polarised light and the polariser passing P-polarised light and 

reflecting S-polarised light to a beam dump. However, the beam entering the optic was required to be 

circularly polarised. To achieve perfect circular polarisation of the laser entering the optic, a ¼ 

waveplate, linear polariser, and power meter are required. Circular polarisation of each beam is a five 

step process: 

1. Mount the linear polariser in the beam path, followed by the power meter sensor. 

2. Rotate the linear polariser until the power meter reading reaches a minimum. 

3. Mount the ¼ waveplate in the beam path before the linear polariser. 

4. Rotate the ¼ waveplate until the power meter reading reaches a maximum. 

5. Remove power meter sensor and linear polariser from the beam path, leaving the ¼ waveplate 

as a permanent component. 

This process was repeated for each Talisker wavelength. Test were conducted to determine the 

circularity of each beam by measuring the relative width of directional trenches ablated in a Silicon 

substrate. Unfortunately, the data from testing the circularity of the beam has subsequently been lost, 

and could not be repeated due to the final long term Talisker breakage. However, the circularity errors 

of the beams given in the Talisker manual are listed as <2% for 355 nm, 532 nm, and 1064 nm beams.  

 

17.5. Appendix G-Code 

17.5.1. Precision Z “Snake” Code 

DVAR $XDistance                              //  X processed distance 

DVAR $YDistance                               //  Y processed distance 

DVAR $Notch                                //  Size of the tag / notch 

DVAR $DeltaZ                                                             //  Change in Z position per sample 

DVAR $Samples                                         //  Total number of samples away from the start point. 

                  //  Must be greater than 3 and EVEN 
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DVAR $ProcessSpeed                                            //  Processing movement speed 

DVAR $ZSpeed                                           //  Z axis movment speed 

DVAR $ZStart                                           //  Inital position in Z 

DVAR $Counter                                             

 

G91                     //  Incremental 

G71                    //  Metric             

G109                                 //  Turn off look ahead  

 

$XDistance   = 0.05      //  mm 

$YDistance   = 0.075   //  mm 

$DeltaZ   = 0.01                 // mm 

$Samples   = 20             //  Must be greater than 2 and EVEN 

$ProcessSpeed  = 0.4                                //  mm/s  

$ZSpeed= 2                           //  mm/s 

$ZStart = 0   

$Notch  = $XDistance 

          

G90                                                                         //  Absolute  

G01 Z53.319 F$ZSpeed                                        //   Initial guess 

G91                                                                        // Incremental 

  

$ZStart = PositionCmdUnits.Z   

G01 Z-($Samples*$DeltaZ) F$ZSpeed    

                                                                                        

$DO2.X =1 

FOR $Counter = 1 to $Samples 

  IF (PositionCmdUnits.Z == $ZStart) 

   Y-$Notch*3 F$ProcessSpeed 

   Y$Notch*3 F$ProcessSpeed 

  ELSE       

    IF (PositionCmdUnits.Z < $ZStart) 

      G01 Y-$Notch X$Notch F$ProcessSpeed  //  Do an up tag 

      G01 Y+$Notch X-$Notch F$ProcessSpeed   
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    else 

      G01 Y-$Notch X-$Notch F$ProcessSpeed  //  Do a down tag 

      G01 Y+$Notch X$Notch F$ProcessSpeed   

    ENDIF 

  ENDIF 

 

  G01 Y$YDistance     

  G01 X$XDistance 

  G01 Z$DeltaZ F$ZSpeed    //  Change Z 

  G01 Y-$YDistance F$ProcessSpeed 

  G01 X$XDistance 

  G01 Z$DeltaZ F$ZSpeed    //  Change Z, ready for next time 

NEXT $Counter 

 

$DO2.X =0 

 

G90                                                                                       // Absolute    

G01 Z53.52 F$ZSpeed                                                       //   Imaging height 

G91                                                                                      // Incremental                           

 

G01 X-($XDistance*$Samples*2) F$ProcessSpeed // 2 * X distance per pass 

M02 

 

17.5.2. Polarisation Test G-Code 

DVAR $InitialZ       

DVAR $ZIncr      

DVAR $ProcessSpeed    

DVAR $ZSpeed  

DVAR $Counter        

  

$InitialZ           = 53.280    //  mm   

$ZIncr              = 0.020     //  mm 

$ProcessSpeed      = 0.4       //  mm/s    

$ZSpeed   = 2       //  mm/s 
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G91                             // Incremental 

G71                             // Metric             

G109                            // Turn off look ahead  

 

G90                                              // Absolute  

G01 Z$InitialZ F$ZSpeed          // Set initial Z value 

G91                                             // Incremental       

 

G01 Z-(2*$ZIncr) F$ZSpeed            // Set z to InitialZ-0.10mm   

        

$DO2.X = 1 

 

// Loop to cut the squares and adjoining lines 

FOR $Counter = 1 to 5                                       

 

    // Ablate an anti-clockwise square  

    G01 Y0.120  F$ProcessSpeed  //  TOP       

    G01 X-0.120 F$ProcessSpeed  //  RIGHT    

    G01 Y-0.120 F$ProcessSpeed  //  TOP       

    G01 X0.120  F$ProcessSpeed  //  RIGHT     

     

    // Cut a connecting-line      

    G01 X0.150 Y0.150 F$ProcessSpeed 

     

    // Change Z height  

    G01 Z+$ZIncr F$ZSpeed         // Set z to InitialZ-0.10mm   

     

NEXT $Counter 

  

// Reset Z to imaging height         

G90                                         // Absolute    

G01 Z53.696 F$ZSpeed       //   Imaging height 

G91                                        // Incremtal            
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$DO2.X = 0   

M02 

 

Figure 83: Example microscope image of an ablated square and measurements used to determine polarisation error using 

above G-code. Steel substrate ablated at focal point of Comar 12OI09 optic. example was chosen as it accurately reflects 

the overall polarisation error of ~2.7%. 
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18. Appendix - Attenuation vs Pulse Energy Plots 

Each point was measured five times and an average taken. Error bars are included in all plots but are 

usually not visible over the data marker. This is indicative of excellent laser stability. 

18.1. Femtosecond Platform – Pulse Energy vs Attenuation 

 

18.2. Picosecond Platform – Pulse Energy vs Transmission 

18.2.1. 355 nm Laser 
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18.2.2. 532 nm Laser 

 

18.2.3. 1064 nm Laser 
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19. Appendix – Design Evaluation 
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20. Appendix - Input Parameters for all Optical Set Ups 

All numbers in bold represent the value input into the optical setup to set the independent 

experimental parameters. Where the system input is not the independent parameters itself, the 

independent parameter is listed afterwards in italics. 

T_355_x3 

Laser Attenuation = 60% 
 

Divider 
(200 kHz 

Base) 

Repetition 
Rate (kHz) 

Transmission % Peak Pulse 
Fluence  
(J/cm2) 

Scan Speed 
(mm/s) 

Raster Step 
(µm) 

100 2      24 15.15 2.00 3.35 

100 2      44 25.27 6.00 3.35 

100 2      6 4.97 10.00 1.12 

100 2      6 4.97 2.00 1.12 

100 2      44 25.27 10.00 2.23 

100 2      6 4.97 10.00 3.35 

100 2      44 25.27 2.00 1.12 

6 33.33     44 25.27 10.00 1.12 

6 33.33     24 15.15 6.00 2.23 

6 33.33     6 4.97 2.00 3.35 

3 66.67     44 25.27 2.00 1.12 

3 66.67     44 25.27 10.00 3.35 

3 66.67     44 25.27 2.00 3.35 

3 66.67     6 4.97 10.00 3.35 

3 66.67     6 4.97 2.00 2.23 

3 66.67     6 4.97 6.00 1.12 

3 66.67     24 15.15 10.00 1.12 

7 28.57     11 7.90 9.06 1.52 

4 50      8 6.15 7.67 2.49 

5 40     14 9.62 2.80 1.91 

13 15.38     10 7.32 5.38 2.96 

4 50     17 11.31 4.05 3.12 

8 25      30 18.32 8.82 3.19 

22 9.09      15 10.19 9.44 2.71 

17 11.76      34 20.37 3.07 2.35 

5 40       41 23.83 4.90 2.74 

9 22.22      26 16.22 3.87 1.28 

44 4.55      35 20.87 7.42 1.40 

4 50      38 22.37 6.61 1.97 

5 40      30 18.32 8.11 1.71 
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T_355_x15 

Laser Attenuation = 91% 
 

Divider 
(200 kHz 

Base) 

Repetition 
Rate (kHz) 

Transmission % Peak Pulse 
Fluence  
(J/cm2) 

Scan Speed 
(mm/s) 

Raster Step 
(µm) 

100 2      41 15.05 2.00 0.73 

100 2      80 24.93 6.00 0.73 

100 2      10 4.95 10.00 0.24 

100 2      10 4.95 2.00 0.24 

100 2      80 24.93 10.00 0.48 

100 2      10 4.95 10.00 0.73 

100 2      80 24.93 2.00 0.24 

6 33.33     80 24.93 10.00 0.24 

6 33.33     41 15.05 6.00 0.48 

6 33.33     10 4.95 2.00 0.73 

3 66.67     80 24.93 2.00 0.24 

3 66.67     80 24.93 10.00 0.73 

3 66.67     80 24.93 2.00 0.73 

3 66.67     10 4.95 10.00 0.73 

3 66.67     10 4.95 2.00 0.48 

3 66.67     10 4.95 6.00 0.24 

3 66.67     41 15.05 10.00 0.24 

7 28.57     19 8.09 9.06 0.33 

4 50      14 6.37 7.67 0.54 

5 40     22 9.10 2.80 0.41 

13 15.38     16 7.06 5.38 0.64 

4 50     28 11.06 4.05 0.68 

8 25      57 19.48 8.82 0.69 

22 9.09      26 10.41 9.44 0.59 

17 11.76      59 20.00 3.07 0.51 

5 40       74 23.62 4.90 0.59 

9 22.22      45 16.21 3.87 0.28 

44 4.55      62 20.76 7.42 0.30 

4 50      67 21.99 6.61 0.43 

5 40      49 17.33 8.11 0.37 
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T_532_x5 

Laser Attenuation = 50% 
 

Divider 
(200 kHz 

Base) 

Repetition 
Rate (kHz) 

Transmission % Peak Pulse 
Fluence  
(J/cm2) 

Scan Speed 
(mm/s) 

Raster Step 
(µm) 

100 2      8 15.22 2.00 3.00 

100 2      13 24.88 6.00 3.00 

100 2      3 5.66 10.00 1.00 

100 2      3 5.66 2.00 1.00 

100 2      13 24.88 10.00 2.00 

100 2      3 5.66 10.00 3.00 

100 2      13 24.88 2.00 1.00 

6 33.33     13 24.88 10.00 1.00 

6 33.33     8 15.22 6.00 2.00 

6 33.33     3 5.66 2.00 3.00 

3 66.67     13 24.88 2.00 1.00 

3 66.67     13 24.88 10.00 3.00 

3 66.67     13 24.88 2.00 3.00 

3 66.67     3 5.66 10.00 3.00 

3 66.67     3 5.66 2.00 2.00 

3 66.67     3 5.66 6.00 1.00 

3 66.67     8 15.22 10.00 1.00 

7 28.57     4 7.56 9.06 1.36 

4 50      4 7.56 7.67 2.23 

5 40     5 9.47 2.80 1.71 

13 15.38     5 9.47 5.38 2.65 

4 50     6 11.38 4.05 2.79 

8 25      10 19.07 8.82 2.86 

22 9.09      6 11.38 9.44 2.43 

17 11.76      10 19.07 3.07 2.10 

5 40       12 22.94 4.90 2.45 

9 22.22      9 17.14 3.87 1.15 

44 4.55      11 21.00 7.42 1.25 

4 50      12 22.94 6.61 1.77 

5 40      9 17.14 8.11 1.53 
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T_532_x20 

Laser Attenuation = 95% 
 

Divider 
(200 kHz 

Base) 

Repetition 
Rate (kHz) 

Transmission % Peak Pulse 
Fluence  
(J/cm2) 

Scan Speed 
(mm/s) 

Raster Step 
(µm) 

100 2      20 14.77 2.00 0.75 

100 2      34 25.21 6.00 0.75 

100 2      7 5.30 10.00 0.25 

100 2      7 5.30 2.00 0.25 

100 2      34 25.21 10.00 0.50 

100 2      7 5.30 10.00 0.75 

100 2      34 25.21 2.00 0.25 

6 33.33     34 25.21 10.00 0.25 

6 33.33     20 14.77 6.00 0.50 

6 33.33     7 5.30 2.00 0.75 

3 66.67     34 25.21 2.00 0.25 

3 66.67     34 25.21 10.00 0.75 

3 66.67     34 25.21 2.00 0.75 

3 66.67     7 5.30 10.00 0.75 

3 66.67     7 5.30 2.00 0.50 

3 66.67     7 5.30 6.00 0.25 

3 66.67     20 14.77 10.00 0.25 

7 28.57     11 8.19 9.06 0.34 

4 50      9 6.74 7.67 0.56 

5 40     12 8.92 2.80 0.43 

13 15.38     10 7.47 5.38 0.66 

4 50     15 11.10 4.05 0.70 

8 25      27 19.96 8.82 0.71 

22 9.09      14 10.37 9.44 0.61 

17 11.76      27 19.96 3.07 0.53 

5 40       32 23.71 4.90 0.61 

9 22.22      22 16.25 3.87 0.29 

44 4.55      28 20.71 7.42 0.31 

4 50      30 22.20 6.61 0.44 

5 40      24 17.73 8.11 0.38 
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T_1064_x5 

Laser Attenuation = 85% 
 

Divider 
(200 kHz 

Base) 

Repetition 
Rate (kHz) 

Transmission % Peak Pulse 
Fluence  
(J/cm2) 

Scan Speed 
(mm/s) 

Raster Step 
(µm) 

100 2      36 14.87 2.00 7.44 

100 2      75 24.95 6.00 7.44 

100 2      6 5.01 10.00 2.48 

100 2      6 5.01 2.00 2.48 

100 2      75 24.95 10.00 4.96 

100 2      6 5.01 10.00 7.44 

100 2      75 24.95 2.00 2.48 

6 33.33     75 24.95 10.00 2.48 

6 33.33     36 14.87 6.00 4.96 

6 33.33     6 5.01 2.00 7.44 

3 66.67     75 24.95 2.00 2.48 

3 66.67     75 24.95 10.00 7.44 

3 66.67     75 24.95 2.00 7.44 

3 66.67     6 5.01 10.00 7.44 

3 66.67     6 5.01 2.00 4.96 

3 66.67     6 5.01 6.00 2.48 

3 66.67     36 14.87 10.00 2.48 

7 28.57     14 7.82 9.06 3.38 

4 50      10 6.43 7.67 5.53 

5 40     18 9.18 2.80 4.25 

13 15.38     12 7.13 5.38 6.57 

4 50     24 11.15 4.05 6.93 

8 25      52 19.38 8.82 7.09 

22 9.09      22 10.50 9.44 6.03 

17 11.76      54 19.90 3.07 5.22 

5 40       69 23.60 4.90 6.09 

9 22.22      41 16.33 3.87 2.85 

44 4.55      58 20.93 7.42 3.11 

4 50      62 21.93 6.61 4.38 

5 40      45 17.47 8.11 3.80 
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T_1064_x20 

Laser Attenuation = 95% + setting 19 on Attenuator wheel 1 
 

Divider 
(200 kHz 

Base) 

Repetition 
Rate (kHz) 

Transmission % Peak Pulse 
Fluence  
(J/cm2) 

Scan Speed 
(mm/s) 

Raster Step 
(µm) 

100 2      51 15.04 2.00 1.86 

100 2      100 24.89 6.00 1.86 

100 2      8 5.13 10.00 0.62 

100 2      8 5.13 2.00 0.62 

100 2      100 24.89 10.00 1.24 

100 2      8 5.13 10.00 1.86 

100 2      100 24.89 2.00 0.62 

6 33.33     100 24.89 10.00 0.62 

6 33.33     51 15.04 6.00 1.24 

6 33.33     8 5.13 2.00 1.86 

3 66.67     100 24.89 2.00 0.62 

3 66.67     100 24.89 10.00 1.86 

3 66.67     100 24.89 2.00 1.86 

3 66.67     8 5.13 10.00 1.86 

3 66.67     8 5.13 2.00 1.24 

3 66.67     8 5.13 6.00 0.62 

3 66.67     51 15.04 10.00 0.62 

7 28.57     20 8.01 9.06 0.84 

4 50      13 6.34 7.67 1.38 

5 40     25 9.19 2.80 1.06 

13 15.38     16 7.06 5.38 1.64 

4 50     34 11.26 4.05 1.73 

8 25      72 19.45 8.82 1.77 

22 9.09      30 10.34 9.44 1.51 

17 11.76      74 19.85 3.07 1.30 

5 40       94 23.77 4.90 1.52 

9 22.22      57 16.33 3.87 0.71 

44 4.55      79 20.86 7.42 0.78 

4 50      85 22.04 6.61 1.10 

5 40      62 17.38 8.11 0.95 
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S_1030_12.7 

Mod Eff = 53% 

Repetition Rate 
(kHz) 

Attenuation Setting 
(1 – 20) 

Peak Pulse Fluence  
(J/cm2) 

Scan Speed 
(mm/s) 

Raster Step 
(µm) 

2.0 10 14.55 2.00 3.30 

2.0 3 24.14 6.00 3.30 

2.0 20 4.74 10.00 1.10 

2.0 20 4.74 2.00 1.10 

2.0 3 24.14 10.00 2.20 

2.0 20 4.74 10.00 3.30 

2.0 3 24.14 2.00 1.10 

33.3 3 24.14 10.00 1.10 

33.3 10 14.55 6.00 2.20 

33.3 20 4.74 2.00 3.30 

66.7 3 24.14 2.00 1.10 

66.7 3 24.14 10.00 3.30 

66.7 3 24.14 2.00 3.30 

66.7 20 4.74 10.00 3.30 

66.7 20 4.74 2.00 2.20 

66.7 20 4.74 6.00 1.10 

66.7 10 14.55 10.00 1.10 

29.0 16 8.10 9.06 1.50 

56.0 18 6.48 7.67 2.45 

42.0 15 9.07 2.80 1.88 

15.0 17 7.41 5.38 2.91 

60.0 13 11.05 4.05 3.07 

25.0 6 19.39 8.82 3.14 

9.0 14 10.15 9.44 2.67 

11.0 6 19.39 3.07 2.31 

38.0 4 22.34 4.90 2.70 

23.0 9 15.69 3.87 1.26 

5.0 5 20.81 7.42 1.38 

63.0 4 22.34 6.61 1.94 

50.0 8 17.00 8.11 1.69 
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S_1030_25 

Mod Eff = 100% (unless specified otherwise) 

Repetition Rate 
(kHz) 

Attenuation Setting 
(1 – 20) 

Peak Pulse Fluence  
(J/cm2) 

Scan Speed 
(mm/s) 

Raster Step 
(µm) 

2.0 11 15.19 2.00 6.49 

2.0 4 24.76 6.00 6.49 

2.0 6 (53% Mod eff) 5.00 10.00 2.16 

2.0 6 (53% Mod eff) 5.00 2.00 2.16 

2.0 4 24.76 10.00 4.33 

2.0 6 (53% Mod eff) 5.00 10.00 6.49 

2.0 4 24.76 2.00 2.16 

33.3 4 24.76 10.00 2.16 

33.3 11 15.19 6.00 4.33 

33.3 6 (53% Mod eff) 5.00 2.00 6.49 

66.7 4 24.76 2.00 2.16 

66.7 4 24.76 10.00 6.49 

66.7 4 24.76 2.00 6.49 

66.7 6 (53% Mod eff) 5.00 10.00 6.49 

66.7 6 (53% Mod eff) 5.00 2.00 4.33 

66.7 6 (53% Mod eff) 5.00 6.00 2.16 

66.7 11 15.19 10.00 2.16 

29.0 18 8.31 9.06 2.95 

56.0 20 6.43 7.67 4.82 

42.0 17 9.21 2.80 3.71 

15.0 19 7.15 5.38 5.73 

60.0 15 11.08 4.05 6.04 

25.0 8 19.13 8.82 6.19 

9.0 16 10.10 9.44 5.26 

11.0 7 20.47 3.07 4.55 

38.0 5 23.15 4.90 5.32 

23.0 10 16.44 3.87 2.48 

5.0 7 20.47 7.42 2.71 

63.0 6 21.72 6.61 3.82 

50.0 9 17.70 8.11 3.32 
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21. Appendix - Multivariate Analysis 

Multivariate analysis before (top) and after (bottom) removal of data sets with a peak pulse fluence 

below the ablation threshold. 

21.1. T_355_x3 
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21.2. T_355_x15 
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21.3. T_532_x5 
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21.4. T_532_x20 
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21.5. T_1064_x5 
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21.6. T_1064_x20 
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21.7. S_1030_25 
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21.8. S_1030_12.7 
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22. Appendix – Global Minimum Calculation 

 

𝜕𝛥𝑍𝑚𝑎𝑥

𝜕𝐹
= 0 =  

𝑍𝑅

2𝐹𝑡1√
𝐹

𝐹𝑡1
− 1

−
𝑍𝑅

2𝐹𝑡2√
𝐹

𝐹𝑡2
− 1

 

  

𝑍𝑅

2𝐹𝑡1√
𝐹

𝐹𝑡1
− 1

=  
𝑍𝑅

2𝐹𝑡2√
𝐹

𝐹𝑡2
− 1

 

 

𝐹𝑡1√
𝐹

𝐹𝑡1
− 1 =  𝐹𝑡2√

𝐹

𝐹𝑡2
− 1 

 

𝐹𝐹𝑡2 − 𝐹𝑡2
2 = 𝐹𝐹𝑡1 − 𝐹𝑡1

2 

 

𝐹 =
𝐹𝑡1

2 − 𝐹𝑡2
2

𝐹𝑡1 − 𝐹𝑡2
 

 

𝐹 =  𝐹𝑡1 + 𝐹𝑡2 
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23. Appendix – Models 

23.1. T_355_x3 

 

 

23.2. T_355_x15 

Material Removal Rate Sq Surface Damage 

   

   

 

 

 

Material Removal Rate Sq Surface Damage 
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Note: 1 Data point 11 (circled) was removed due to burning of the surface making it a significant outlier 

with regard to material removal rate and surface roughness. 
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23.3. T_532_x5 

Material Removal Rate Sq Surface Damage 

   

   

 

 

 

Note: Data point 3 and data point 22 were investigated as possible outliers due to studentised residual 

analysis of material removal rate model. However, no obvious defects were identified. Interestingly, 

both of these data points resulted from a repetition rate of 2 kHz and a Scan speed of 10 mm/s. 

23.4. T_532_x20 

Material Removal Rate Sq Surface Damage 
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23.5. T_1064_x5 

Material Removal Rate Sq Surface Damage 

   

   

 

  

 

23.6. T_1064_x20 

Material Removal Rate Sq Surface Damage 

   

   

 
  

Note: Data point 18 was investigated as a possible outlier due to studentised residual analysis of 

material removal rate model. However, no obvious defects were identified. 
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23.7. S_1030_25 

Material Removal Rate Sq Surface Damage 

   

   

 

 
 

 

23.8. S_1030_12.7 

Material Removal Rate Sq Surface Damage 
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24. Appendix – Desirability Settings 

24.1. <3 μm Rayleigh Length Optical Setups 

24.1.1. Rough Ablation 

 Material Removal Rate Surface Roughness (Sq) Surface Damage 

 Value Desirability Value Desirability Value Desirability 

High Max 0.99 - - 2 0.01 

Middle Middle 0.5 - - 1.99 0.99 

Low 0 0.01 - - 0 0.99 

Importance 0.5 0 0.5 

24.1.2. Precision Ablation 

 Material Removal Rate Surface Roughness (Sq) Surface Damage 

 Value Desirability Value Desirability Value Desirability 

High Max 0.99 - - 0.5 0.01 

Middle Middle 0.5 - - 0.49 0.99 

Low 0 0.01 - - 0 0.99 

Importance 0.5 0 0.5 

 

24.2. >9 μm Rayleigh Length Optical Setups 

24.2.1. Rough Ablation 

 Material Removal Rate Surface Roughness (Sq) Surface Damage 

 Value Desirability Value Desirability Value Desirability 

High Max 0.99 - - 2 0.01 

Middle Middle 0.5 - - 1.99 0.99 

Low 0 0.01 - - 0 0.99 

Importance 0.5 0 0.5 

24.2.2. Precision Ablation  

 Material Removal Rate Surface Roughness (Sq) Surface Damage 

 Value Desirability Value Desirability Value Desirability 

High Max 0.99 5 0.99 0.5 0.01 

Middle Middle 0.5 4.99 0.01 0.49 0.99 

Low 0 0.01 0 0.01 0 0.99 

Importance 0.5 0 0.5 

 

Desirability’s adjusted for ±10 µm and ±20 µm surface roughness optimisations. 
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25. Appendix – Optimisation 

25.1. T_355_x15 

Rough 

 

Precision 
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25.2. T_532_x5 

Rough 

 

Precision ±10 µm 

 

Precision ±5 µm 
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25.3. T_532_x20 

Rough 

 

Precision 
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25.4. T_1064_x5 

Rough 
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25.5. T_1064_x20 

Rough 

 

Precision 

 

 

 

 

 

 

 



BioLaser 
 

261 
 

25.6. S_1030_25 

Rough 

 

Precision ±10 µm 
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25.7. S_1030_12.7 

Rough 

 

Precision ±10 µm 

 

Precision ±5 µm 
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26. Appendix – Application Studies 

26.1. Cryosectioning Method (Wheat Grains) 

1. Soak the dry grains in distilled water overnight in room temperature. 

2. Snap freeze the soaked grains in dry ice for 30mins-1hr. Make sure the grains are in a 

aluminium foil pouch. 

3. Take out the sample holder on dry ice so that their ambient temperature matches with the 

grain. 

4. Pour some OCT (cryosectioning embedding medium) on the sample holder and adjust the 

grain according to the requirement. 

5. Hold it in upright position till the OCT freezes completely. 

6. Switch on the cryomicrotome well in advance so that it reaches the sectioning temperature 

of -17C. 

7. Remove the sample in the sample holder from dry ice and put them inside the cryo 

microtome chamber for at least 10-15mins. 

8. Start sectioning according to the requirement starting from a higher thickness and gradually 

moving to the desired thickness. 

 

26.2. Monocot Information 

 

Brachypodium distachyon internal stem internode anatomy with emphasis on vasculature. (A) Cross section of whole stem 

and (B) higher magnification of the first stem internode. Red, inner vascular bundles; pink, outer vascular bundles; cyan, 

interfascicular region compromised mostly of sclerenchyma fibers; grey, pith; lime green, chlorenchyma and sclerenchyma 

cells comprise the cortex; brown, epidermis. (C) Vascular bundle illustration at high magnification. Green, bundle sheath 

(BS); purple, phloem (P); vermilion, companion cells; tan, xylem vessels (XV); red, xylem tracheids (XT); white, lacuna (Lc); 

orange, xylem parenchyma cells (XP); grey, parenchyma cells (Py); blue, sclerenchyma fibers (SF). (A-B) Bar  =  0.1 mm, (C) 

bar  =  0.01 mm. [270]. 
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26.3. Brachypodium Node – Brightfield Images 

 

Example 2D images of DRS:Venus Brachypodium sample as it is imaged through the stem and into the node. 280 sequential 

2D images were taken with a slice resolution of 5 µm using an AM7515MT8A Dino-Lite Edge microscope at 700x 

magnification. The total imaging time for this sample was 53 minutes. 

 


