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a b s t r a c t 

Fringe analysis is a commonly used method to quantify soot nanostructures. However, the settings of 

the involved filters and their impact on the results are rarely addressed. In this study, the influence of 

the three filter parameters as well as two aspects of the image acquisition was assessed experimentally. 

For the analysis, a carbon black as well as one diesel engine and one gasoline direct injection (GDI) 

engine soot sample were used. Gaussian low-pass filter standard deviations larger 1.5 yielded only minor 

differences in fringe metrics. Standard deviations between 2.0 and 3.0 enabled realistic representation of 

fringes. A linear correlation was found between the white top-hat transformation disk size and all fringe 

analysis metrics. For realistic nanostructure representation, disk sizes of 5 px and 7 px are most suitable. 

Threshold values as calculated by Otsu’s method generally yielded the best nanostructure representation. 

Any deviation distorted the extracted fringes and noticeably reduced their total number. Thus, consistent 

use of Otsu thresholds without alterations is advised. Deviating from the neutral electron microscope 

focus point by under- and over-focusing resulted in distinctive drops in both fringe lengths and Otsu 

thresholds. Consistent focusing with the help of fast Fourier transformations of the respective particles 

is vital for reliable results. The effect of reduced noise levels by repeated averaged images was found 

to be minor beyond the model of the camera used. The region of interest size correlated linearly with 

the number of extracted fringes, however, it did not affect the fringe metrics. For statistically reliable 

analysis, a minimum of 40 0 0 fringes is suggested. The GDI sample exhibited the shortest fringes and the 

highest tortuosity. For diesel soot and carbon black, similar fringe lengths could be observed. The highest 

tortuosity was found for GDI soot, followed by diesel soot and carbon black. 

© 2019 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Accurate characterization of airborne particulate matter and

particularly soot has increasingly gained interest in recent years.

This can be attributed to their impact on human health as a can-

cerous substance [1 , 2] , but also the effect on other organisms such

as in marine environments [3] . Moreover, implications on climate

due to light absorption and scattering are being repeatedly high-

lighted [4 , 5] . Generally, the formation of soot is associated with the

incomplete combustion of hydrocarbon fuels in non-stoichiometric,

fuel-rich conditions [6 , 7] . Fuel pockets within fuel–air mixtures

give rise to initial radical and unsaturated species [8] . Subsequent

growth processes lead to the formation of primary particles and

eventually larger agglomerates. The specific properties of the gen-
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rated soot depend highly on a variety of parameters. These can

e found for example in different types and compositions of fuel

9–11] , varying fuel–air-ratios [12 , 13] or fuel flow rates [14 , 15] .

or internal combustion engines, the particulate matter emissions

re widely influenced by operating conditions such as injection

odes [16 , 17] , cold start conditions [18 , 19] or engine speed and

oad [18 , 20 , 21] . 

While particulate matter from diesel engines is a rather well-

overed subject, such emissions have only recently increased for

asoline engines with the introduction of direct injection systems

22] . To safeguard humans, the issue of soot emissions has com-

only been combated for diesel cars with particulate filters. The

oot is trapped in layers of mesh grid, accumulates in the filter

nd is periodically oxidized, commonly referred to as regeneration.

or optimal efficiency, the mesh grade, as well as the regeneration

requency, has to be adjusted to the specific soot properties. Impor-

ance comes mostly to the size of agglomerates and primary parti-

les, as well as to the particle nanostructure. While the former can
Institute. This is an open access article under the CC BY license. 
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ffect the build-up within the filter and surface area [23 , 24] , the

atter provides information on active carbon edge sites and reac-

ivity [25 , 26] . Such information is highly relevant for other areas,

s soot also transfers into the lubricating oil via the oil film on the

ylinder walls and piston blow-by gases [27] . Increasing concentra-

ions of soot particulates in the lubricating oil have been found to

lter its viscosity [28] . This can affect the performance of compo-

ents with thin oil films, e.g. valve trains [29] , and thus overall en-

ine performance. Moreover, the nanostructure has been suggested

o influence the interaction with the oil additives and alter the

nti-wear properties of the oil [30] . Recent studies indicate that

he soot formed in gasoline direct injection engines exhibits differ-

nces to its diesel counterpart [31 , 32] . Therefore, effective charac-

erization tools for soot and its nanostructure are required to en-

ble the design of suitable products, such as particulate filters and

ubricating oils. 

Established techniques for nanostructure characterization can

e found in Raman spectroscopy and X-ray diffraction (XRD). The

ormer can identify nanostructure types, such as ordered graphitic,

isordered graphitic, and amorphous carbon domains. However,

ue to differences in the experimental parameters (i.e. laser wave-

ength, laser intensity, and spectra collection time) and the band

tting (i.e. the number of bands for deconvolution), only rela-

ive comparisons within studies are made. XRD can provide lat-

ice spacing numbers of the sample structure. Both techniques pro-

ide general information on the sample by assessing larger sample

egions in comparison to the size of individual particles. In con-

rast, transmission electron microscopy (TEM) enables the imaging

f individual soot agglomerates and primary particles using vari-

us magnifications, up to the atomic level. Thus, the technique can

rovide a wide range of different properties and more nuanced in-

ormation. Particular areas and specific regions can be easily differ-

ntiated. Therewith detailed information on both morphology and

anostructure can be obtained. 

The observable soot morphology provides initial information

bout the general appearance and type of soot. This can range

rom larger particles in clusters of several hundred nanometers as

ommonly observed for carbon blacks, to small and “sludge-like”

articulates as observed for some gasoline direct injection (GDI)

oot samples [31 , 32] . Moreover, simple measurements of primary

article size and two-dimensional agglomerate dimensions can be

arried out without extensive software or image acquisition pro-

edures. However, two-dimensional images cannot fully capture

he fractal, three-dimensional nature of soot agglomerates. Recent

dvances towards electron tomography [33] and its automation

34] could provide a feasible way to close this gap. 

In addition to morphological imaging at low resolution, higher

esolutions can be utilized to capture the particle nanostructure.

arly attempts of manual measurements from electron microscopy

mages have been performed as early as 1971 [35] . The individual

egments of graphitic layers, commonly referred to as fringes, can

e assessed for their geometric parameters (referred to as metrics

n the following), i.e. fringe length, tortuosity, and separation. The

ength of the fringe is defined as the distance between its end-

oints along the fringe, i.e. geodesic length. The shape of fringes

an be quantified as tortuosity by obtaining the ratio of the re-

pective geodesic length and the direct endpoint distance, i.e. Eu-

lidian length. Lastly, the separation between fringes can provide

etails on the graphitic layer spacing. Several years after the ini-

ial advances, various researchers moved towards automated anal-

sis of high-resolution TEM images [36–39] . More recently, a com-

rehensive methodology was developed by Yehliu et al. [40] and

mplemented using the commercial software MATLAB®. Their ap-

roach was subsequently widely adopted in the literature [41–44] .

owever, other approaches of fringe analysis can be found in the

xisting literature [45–50] . 
Despite differences between the specific methods, some recur-

ing elements can be identified across the techniques. Initially, his-

ogram equalization is employed to expand distribution of inten-

ities over the full grayscale. Thus, the contrast of fringes to the

ackground is enhanced. To reduce both residual noise and noise

rom the histogram equalization, low-pass filters are applied. While

nitial approaches employed ideal filters [37] , Gaussian filters in

he frequency domain have been used in later studies to avoid re-

ulting ringing effects [51 , 52] . Despite correction for uneven illu-

ination of the TEM before the acquisition of images [53] , white

op-hat transformation is often included to filter any artifacts from

emaining illumination variations [40] . Subsequently, fringes can

e extracted from the prepared image by threshold filtering. How-

ver, the obtained fringes require further processing to allow for

utomated calculations. As such, raw fringes have to be reduced

o a single line of a single-pixel width by skeletonization. More-

ver, branched fringes have to be resolved by splitting and sub-

equent connecting of similarly orientated branches. Upon com-

letion of these steps, length and tortuosity can be obtained for

ach fringe. While not all of the described steps are included in

very methodology, some features of specific approaches can be

oted. The method by Toth et al. [46 , 47 , 51] pays particular atten-

ion to the low-pass filter selection and subsequently fringe sep-

ration. Botero et al. [54] focused on different radial regions of

ntire primary particles. In contrast to analysis that is limited to

he graphitic shell of a particle, this method enabled identification

f differences within particles as well as changes with soot matu-

ity. A further advanced approach was developed by Pré et al. [50] .

heir algorithm is based on the assessment of parallelism between

ringes. Thus, it allows for fringe stacks and continuous domains

o be identified as well as quantified in terms of size and sep-

ration spacing. Consequently, information on the density of the

anostructure can be obtained. This approach was subsequently

mployed to assess changes in nanostructure for soot of different

eights above flame burners [55] as well as laser-induced heat-

ng effects [56] . Wang et al. [4 8 , 4 9] employed a similar method

ith a focus on fringe orientation and moreover characterization

f branched and self-intersecting fringes. 

Values obtained by fringe analysis were compared to XRD and

aman spectroscopy measurements by Yehliu et al. [57] . Samples

ith various degrees of oxidation were compared. The trends in

ringe separation as obtained from fringe analysis and XRD were

eported to be in good agreement. Similarly, a linear correlation

as observed between fringe length and band intensity ratio I G / I D 
s obtained from fringe analysis and Raman spectroscopy, respec-

ively. These findings for Raman spectroscopy were also confirmed

y Pfau et al. [32] . However, the laser wavelength can affect the

bserved spectra and prevent comparison of results between stud-

es [58] . Moreover, the obtained data from Raman spectra strongly

epends on the method of band deconvolution [59] as well as the

ethod of measuring peaks, e.g. peak maximum or full width at

alf maximum [60] . While such restrictions are known for Raman

pectroscopy, only little work has been carried out for respective

onstraints of fringe analysis. Gaddam et al. [61] conducted a

tudy using three parameter-cases of three different binarization

hreshold values. The remaining processing parameters remained

onstant, however, for one case the contrast enhancement was

kipped. Thus, the direct impact of the threshold value could effec-

ively only be compared between two cases. The baseline thresh-

ld value was determined by Otsu’s method. The algorithm as

roposed by Otsu [62] calculates the ideal threshold value to max-

mize inter-class variance and minimize intra-class variance. This

pproach has been implemented in the fringe analysis methodol-

gy of Yehliu et al. [40] . However, alternative methods have been

sed to determine suitable threshold values in other works. Palotas

t al. [36] suggested that the optimal threshold value maximizes
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the number of obtained fringes. In addition, Sharma et al. [37] and

Shim et al. [38] used fixed threshold values in combination with

subsequent algorithms for correction of broken or merged fringes.

In contrast, Gaddam et al. [61] did not observe a statistically

significant effect of different threshold values on obtained fringe

lengths. This was based on two parameter-cases without variation

of parameters of neither Gaussian low-pass filter nor white top-hat

transformation. However, both variables could be of importance as

the threshold value is only calculated after those processing steps. 

Similarly to processing parameters, the variation associated

with TEM imaging is only scarcely covered in the literature. Wan

et al. [63] assessed the imaging process by both TEM analysis of

nascent soot samples and simulated computational studies. The

findings suggested that observed fringe properties could be af-

fected by the focusing of the microscope. However, the impact

of the degree of defocus on the fringe dimensions has not been

studied to date. In addition to setting the focus, the TEM opera-

tor also has to correct the instrument for uneven image illumina-

tion prior to image acquisition [53] . The operator’s experience can

greatly affect the results of TEM imaging, as observed by Kondo

et al. [64] for the imaging of primary particles. Moreover, the re-

spective camera equipment could play a role in this process. Maxi-

mum spatial resolution as well as image acquisition time and sub-

sequently signal-to-noise ratio could affect how clearly fringes can

be imaged. 

This study sets out to assess the implications of several aspects

of the fringe analysis method on the obtained results. Fringe mea-

surements were obtained for a prescribed set of values for each

of the three main processing parameters: Gaussian low-pass filter

standard deviation, white top-hat transformation disk size, and bi-

narization threshold. Furthermore, fringe analysis was carried out

on TEM images acquired for a range of microscope focus points.

Moreover, the effect of varying image quality was simulated by cu-

mulative image stacking. In addition to qualitative assessment, a

larger number of particles was analyzed to enable a quantitative

comparison. The obtained data were first analyzed for an influence

of the ROI size of the individual particles on the number of ex-

tracted fringes as well as the fringe metrics. Subsequently, a direct

comparison of the three samples based on the obtained fringe met-

rics was conducted. 

2. Experimental 

2.1. Sample collection and preparation 

Three different types of soot were analyzed: Carbon black, tur-

bocharged gasoline direct injection (GDI) and diesel engine soot.

The flame generated carbon black is commercially available as

‘Cabot Monarch 120 ′ . The two engine soot samples were obtained

from the engine oil drains of two passenger vehicles during routine

maintenance services. A three-cylinder, 1.0 L GDI engine (‘GDI’ in

the following) was used in primarily urban driving conditions for

8488 km with activated start-stop mode. The other engine sample

was obtained from a 2.0 L four-cylinder diesel engine (‘Diesel’ in

the following) that was run for 12,875 km under light-duty oper-

ating conditions. 

To extract soot particulates from the used engine lubricating oil,

a cleaning protocol was applied as outlined by La Rocca et al. [25] .

Oil sample quantities of 2 mL were placed in several hermetically

sealed centrifuge tubes. These were then placed in an ultrasonic

bath at 20 °C for ten minutes to remove contaminants bonded to

the soot particles. Subsequently, the tubes were placed in an Ep-

pendorf Centrifuge 5418R at 14,0 0 0 rpm (relative centrifugal field

value of 16,873 g) for 90 min at 25 °C. The centrifugal force ex-

erted on the sample separated the soot particles from the lubri-

cating oil due to the difference in density. Thus, the supernatant
iquid phase could be carefully extracted and subsequently be re-

laced by an equal amount of pure n-heptane. This cycle of ultra-

onic bathing, centrifugation and heptane replacement was subse-

uently repeated six times. Therewith, the lubricating oil fraction

as increasingly replaced by n-heptane, while the soot remained

lmost entirely in the tube. An effective dilution ratio of 1:75,0 0 0

ompared to the initial oil sample was obtained. While the sam-

le morphology can be altered by the centrifugation cleaning pro-

edure, the primary particle nanostructure is not affected as ob-

erved by La Rocca et al. [25] . 

.2. Transmission electron microscopy 

Nanostructure images of the samples were acquired by HRTEM

maging using a JEOL 2100F TEM in the Nanoscale and Microscale

esearch Centre (nmRC) at the University of Nottingham. The mi-

roscope was equipped with a Gatan Orius CCD camera and op-

rated with an incident electron beam voltage of 200 kV. A mag-

ification of 50 0,0 0 0 × was employed and yielded a resolution of

.025 nm/px. The TEM grids consisted of graphene oxide support

lm on lacey amorphous carbon on copper mesh grid. 

For the acquisition of repeated images of the same primary par-

icle, the total beam exposure time was 12.5 s for a series of six

mages with exposure durations of 0.5 s. The average electron rate

as 1.068 × 10 5 electrons nm 

−2 s −1 , which resulted in a total elec-

ron dose of 1.335 × 10 6 electrons nm 

−2 for each image series.

o decomposition of the sample under the electron beam was ob-

erved. 

.3. Fringe analysis 

The methodology used in this study was adapted from Yehliu

t al. [40] and written in MATLAB®. The region of interest (ROI)

as initially selected by the user for each image and subsequently

ept constant for all iterations with various processing parameters.

t should be pointed out that only the graphitic layers are here be-

ng analyzed. The disordered regions, due to amorphous nature of

he particle core itself or higher particle thickness towards the cen-

er disguising the nanostructure, is being excluded. 

In the raw, bright-field TEM images the fringes appear dark, as

he dominant contrast mechanism is due to electrons in the re-

pective positions being scattered or absorbed due to interaction

ith the carbon atoms. Thus, negative transformation is initially

pplied to the image. The subsequent script optimizes the image

o that the fringes remain as positive information (i.e. ones) on a

ark background (i.e. zeros). Instead of general histogram equaliza-

ion, contrast limited adaptive histogram equalization (CLAHE) was

sed here. Adaptive histogram equalization (AHE) divides the ROI

nto 64 regions (8 × 8) and determines the ideal contrast within

hese. This allows better consideration of local contrast require-

ents, however, noise levels can be significantly elevated [65] . By

mposing a contrast limitation, i.e. using CLAHE, sharp peaks in the

istogram of noisy homogenous areas are redistributed and noise

educed. To further reduce noise from the histogram equalization,

 Gaussian low-pass filter was employed. White top-hat transfor-

ation using disk-shaped elements was included to reduce arti-

acts due to uneven illumination. Subsequently, the image was pro-

essed by threshold binarization. Lastly, the visible fringes were

keletonized by reducing their thickness to a single pixel. 

The specific processing parameters are only scarcely reported

n the literature. In the initial publication of the commonly used

ethod by Yehliu et al. [40] , a Gaussian low-pass filter standard

eviation of 1.0 is used with a filter size of 11 px. Moreover, a

isk-shaped white top-hat transformation element with 5 px in

ize was used. The threshold was calculated using Otsu’s method

hich yielded a value of 0.1608 for the analyzed image. Similar
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Table 1 

Range of processing parameters for fringe analysis. Baseline value in bold. 

Processing parameter Value range 

Gaussian low-pass filter std. dev. (filter size in px) 0.5 (3) 1.0 (7) 1.5 (9) 2.0 (13) 2.5 (15) 3.0 (19) 3.5 (21) 

White top-hat transformation disk size (px) 3 5 7 9 11 13 15 

Binarization threshold 0.005 0.025 0.05 0.075 0.1 0.125 0.15 
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alues were used by Gaddam et al. [61] , however, the threshold

alue was varied from 0.1333 as calculated using Otsu’s method,

o 0.0863 and 0.1. Botero et al. [66] employed a Gaussian filter

tandard deviation of 2.0, filter size 7 px, white top-hat transfor-

ation disk size 2 px and automatically calculated Otsu thresh-

ld values. A subsequent study by the same author used the same

alues except for a Gaussian filter standard deviation of 3.0 [44] .

or this study, a default value of 2.0 was chosen for the Gaussian

ow-pass filter standard deviation, as it lies within the previously

eported range. Moreover, a range of several standard deviations

as assessed to cover previously reported values (see Table 1 ). The

espective filter sizes were chosen accordingly as the next odd in-

eger of six times the standard deviation, i.e. filter size 13 for the

tandard deviation 2.0. For the structuring element of the white

op-hat transformation, a disk shape was chosen. The disk is con-

tructed around a center pixel and as such the minimum disk size

s 3 px. The default size was chosen to be 9 px and a total range

rom the minimum disk size to a maximum value of 15 px as-

essed (see Table 1 ). The threshold value was calculated for the

espective ROI using Otsu’s method [62] . To assess the impact of

he threshold value on the fringe metrics, a range of values was

dditionally tested (see Table 1 ). 

Upon extraction of the raw fringes, a series of automated steps

or qualitative cleaning was performed. First, fringes near the ROI

order were removed. These could have been partially cut off dur-

ng the ROI cropping, thus not representing real fringes. Secondly,

 minimum fringe length threshold was imposed as fringes below

his set length are likely to be artifacts. The value for this thresh-

ld varies across the literature. The range spans from values as

mall as the size of a single aromatic ring as used by Galvez et

l. [39] , to the crystallite size of 1.5 nm as used by Shim et al. [38] .

or this study, a value of 0.4 nm was employed in the methodol-

gy by Yehliu et al. [40] and previously suggested by Vander Wal

t al. [67] . Moreover, branched fringes can occur due to artifacts

rom previous image processing or graphitic defects of the sample.

uch fringes were resolved by disconnection at the branch point

nd subsequent reconnection of the longer branches with simi-

ar orientation. Lastly, a maximum fringe tortuosity threshold was

mposed. Fringes with a tortuosity greater than three were dis-

egarded in this study, as these were assumed to stem from im-

ge processing errors rather than represent fringes in a graphitic

tructure. 

To assess the influence of image quality and simulating differ-

nces in camera equipment, repeated images of the same particles

ere obtained. A total of six images for four different particles of

he carbon black sample were acquired. To correct for any stage

r particle drift, the images were aligned using the script Stack-

eg for ImageJ [68] . Subsequently, the respective sections of the

tacked images were averaged based on intensity. 

Based on previously established optimal processing parameters,

 larger number of particles were analyzed to enable a quanti-

ative comparison. A target of 40 0 0 fringes for each sample was

hosen, slightly above previously suggested 3500 fringes or 7 par-

icles by Zhang et al. [69] . The total fringe numbers were 40 6 6,

045, and 4034 for the GDI, diesel, and carbon black sample, re-

pectively. These were extracted from 15 particles with a total ROI

ize of 3861 nm 

2 for the GDI sample, 22 particles with total ROI

ize of 4026 nm 

2 for the diesel sample, and 11 particles with total
OI size of 3736 nm 

2 for the carbon black sample. The ROI size for

ach individual particle ranged from 85 nm 

2 to 512 nm 

2 . 

. Results and discussion 

Primary particles of the soot from a GDI and a diesel engine as

ell as carbon black were analyzed. The ROI measured 361 nm 

2 ,

44 nm 

2 , and 348 nm 

2 , respectively. The particles are depicted in

ig. 1 with the respective regions marked as annotations and en-

arged sections for better display of the nanostructure. 

.1. Gaussian low-pass filter standard deviation 

The effect of changes to the standard deviation of the Gaussian

ow-pass filter was assessed by varying the parameter as described

n Table 1 . For the white top-hat transformation disk-shaped el-

ment, the default value was used throughout and the binariza-

ion threshold was calculated for each parameter case using Otsu’s

ethod. The fringe length remains mostly stable for standard devi-

tions of 1.5 and above (see Fig. 2 (a)). Slightly lower fringe lengths

or standard deviations for 1.0 and even more so for 0.5. This can

e particularly observed for the GDI soot and carbon black parti-

les with sudden decreases of 38% and 41%, respectively. The diesel

article exhibits a rather linear decrease in fringe length for stan-

ard deviations greater 2.0 by 3.8–5.5% per step. 

Similar to the fringe length, the fringe tortuosity does only

hange slightly for filter standard deviations between 1.0 and 3.5

see Fig. 2 (b)). However, instead of a sudden drop in tortuosity, a

teep increase can be observed for the lowest standard deviation.

his is the case for both the GDI soot and carbon black particle

ith increases of 72% and 61%, respectively. In contrast, the diesel

oot particle exhibits a tortuosity increase of only 4.4% from the

tandard deviation 1.0 to 0.5. While the fringes of all three par-

icles decrease almost continuously from the parameter cases of

.0 to 3.5, the GDI soot particle shows a more noticeable overall

ncrease of 17% compared to 9.6% and 5.6% for carbon black and

iesel soot, respectively. 

The calculated binarization threshold continuously decreases for

ll particles with increasing filter standard deviation (see Fig. 2 (c)).

or the value range of 1.0 to 3.5 this change occurs almost linearly.

his is most noticeable for the carbon black particle. While the bi-

arization value for the GDI and diesel soot particle decreases less

niformly, a linear trend is still clearly visible. In contrast to the

iesel soot particle, the other two particles exhibit a much higher

hreshold value for the 0.5 standard deviation case. 

To evaluate changes in the number of fringes, the total fringe

ount for the parameter cases were normalized with respect to

he 2.0 default filter standard deviation point. A decrease in to-

al fringe number with increasing standard deviation can be ob-

erved for all particles (see Fig. 2 (d)). While both GDI soot and

arbon black fringe counts suddenly decrease for the minimal stan-

ard deviation of 0.5, the diesel soot particle increases even further

o its maximum fringe count. The largest number of fringes for

he former two former particles is extracted at 1.0 filter standard

eviation. 

To better understand these observations, overview sections of

he extracted fringes for several parameter cases are presented (see

ig. 3 ). Noticeably, both GDI soot and carbon black particles exhibit



434 S.A. Pfau, A. La Rocca and M.W. Fay / Combustion and Flame 211 (2020) 430–4 4 4 

Fig. 1. HRTEM images of GDI soot (a), diesel soot (b), and carbon black (c) primary particles with the respective annotated ROI. Further, enlarged sections of these selected 

ROI for GDI soot (d), diesel soot (e), and carbon black (f). 

Fig. 2. Variation of fringe length (a), tortuosity (b), binarization threshold (c), and normalized total fringe number (d) with different values for the Gaussian low-pass filter 

standard deviation. 
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Fig. 3. Changes in fringe appearance with varying standard deviation of the Gaussian low-pass filter. 
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rastically fewer fringes for the 0.5 standard deviation case. The

emaining fringes appear distorted, short, and twisted, rather than

epresenting any actual graphitic carbon structure. This clearly ex-

lains the decrease in fringe length and spike in tortuosity. In con-

rast, the image of the diesel soot primary particle does not ex-

ibit this behavior. All initial TEM images were taken at the same

agnification and using the same settings, i.e. yielding the same

patial resolution of 0.025 nm/px. A potential cause could be the

elatively small filter size of 3 px, however, this would not explain

hy the diesel soot particle is not affected. Thus, the difference

ould rather stem from the different sizes of the selected ROI; the

iesel soot particle ROI is approximately 60% smaller than the ROI

f the other two particles. 

Aside from the lowest standard deviation, a similar appear-

nce of the nanostructure can be observed for the three particles.

ompared to the 2.0 baseline standard deviation, the density of

ringes is noticeably higher for a lower 1.0 standard deviation as it

ould be expected with a higher total number of fringes. However,

any of these fringes are less aligned to the surrounding fringes.

hese are more likely to stem from remaining noise due to insuf-

cient filtering rather than representing the actual graphitic car-

on nanostructure. In contrast, the density of fringes reduces with

igher standard deviations. While the difference between 2.0 and

.0 standard deviation is only minor, the highest standard devi-

tion of 3.5 visibly appears to reduce the number and length of

enuine fringes of the graphitic structure. The former two param-

ter values have also been found to yield similar fringe length and

ortuosity, as described above. Thus, values between 2.0 and 3.0

an be deemed suitable. This is in line with values used by Botero

t al. [44 , 66] but higher than the standard deviation used in the

nitial publication of Yehliu et al. [40] . 

.2. White top-hat transformation disk size 

The effect of the element size in the morphological processing

n the fringes was assessed by performing white top-hat trans-

ormation on the images with varying disk sizes as described in

able 1 . Gaussian low-pass filtering was carried out prior to the

ransformation using the default standard deviation of 2.0. The

hreshold value was calculated using Otsu’s method upon comple-

ion of the transformation. 
Across all three particles, a linear increase in fringe length can

e observed with larger disk sizes (see Fig. 4 (a)). In addition to

orrecting for uneven illumination, the white top-hat transforma-

ion also removes any elements that are larger than the structur-

ng element. As such, less information is being deleted with larger

isk sizes. Thus, less noise is removed, and fringes appear longer.

oticeably, the increase in fringe length is more linear and steeper

or disk sizes above the default value of 9 px than for values below

his point. For disk sizes smaller than the default value, both the

iesel soot and the carbon black particle exhibit a local maximum

n fringe length at 5 px and 7 px, respectively. In contrast, the GDI

oot particle exhibits a continuously increasing fringe length with

isk size, however, at a slower rate below the default disk size than

bove. 

Similarly, the tortuosity increases more steadily for disk sizes

bove the default value (see Fig. 4 (b)). While all particles exhibit

n overall increasing trend for the tortuosity with larger disk sizes,

he changes are not uniform. For both GDI and diesel soot particles

 local maximum can be observed at 5 px and a larger increase in

ortuosity when comparing the disk size 11 px to 13 px. For the

arbon black particle, a distinctive peak in tortuosity can be ob-

erved at 7 px disk size. After a drop for the 9 px default disk size,

he tortuosity increases again very linearly towards the maximum

isk size. 

As for the change in fringe lengths, a linear increase of the bi-

arization threshold with the transformation disk size can be ob-

erved (see Fig. 4 (c)). This can be traced back to the varying extent

f information removed and residual noise. As more noise remains

n the image, a higher threshold value has to be used to attain the

ame maximum separability of the resulting binary classes. The in-

rease appears to occur in two phases with different rates. Below

he default value of 9 px the threshold increases at a rate of 0.007

er px, while above this value the rate is more than twice as high

ith 0.017 per px. 

In contrast to the aforementioned characteristics, the total

umber of fringes exhibits an overall decreasing trend with in-

reasing disk size (see Fig. 4 (d)). However, the highest number

f fringes can be extracted for the diesel soot and carbon black

article with a disk size of 7 px. For both particles, the total fringe

umber decreases not just towards larger disk sizes but also for

he smallest 3 px disk. The GDI soot particle exhibits the highest
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Fig. 4. Variation of fringe length (a), tortuosity (b), binarization threshold (c), and normalized total fringe number (d) with different values for the white top-hat transfor- 

mation disk size. 

Fig. 5. Changes in fringe appearance with varying disk size of the white top-hat transformation. 
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number of fringes at 5 px. While GDI soot and carbon black parti-

cle fringe count decrease at a similar rate towards larger disk sizes,

the number of fringes from the diesel soot particle decreases more

rapidly. 

To better understand the changes in fringe characteristics,

overview sections of the extracted fringes for several parameter
ases are provided in Fig. 5 . With lower disk sizes the fringes

hrink noticeably as meaningful information is removed alongside

ith noise. At the same time, the total number of fringes increases

ith the exception of the carbon black particle at the minimum

isk size parameter case. This can be attributed to longer fringes

eing split into multiple sections. The obtained set of fringes
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Fig. 6. Variation of fringe length (a), tortuosity (b), and total fringe number (c) with different values for the binarization threshold. 

Fig. 7. Changes in fringe appearance with varying binarization threshold. 
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xhibits larger spaces and voids and is thus less representative of

he actual nanostructure. For larger disk sizes, fringes appear to

row and merge as less information is removed. This poses the

pposite problem, of fringes growing being lengthened due to arti-

acts becoming part of the fringes. Therewith, the nanostructure is

gain not accurately represented in such cases. Disk sizes between

 px and 9 px appear to yield the most realistic representation of

he graphitic structure. The average variation in fringe length and

ortuosity between these disk sizes is 4.9% and 2.4%, respectively.

ue to the higher total number of fringes, the disk sizes of 5 px

nd 7 px are here recommended for future studies. 

.3. Binarization threshold 

As observed in the sections above, the image processing param-

ters Gaussian low-pass filter standard deviation and white top-

at transformation disk size can greatly influence the threshold as

alculated by Otsu’s method. Moreover, information and quality of

he fringe analysis depend on the residual noise as well as image

roperties, i.e. brightness and contrast. To assess the impact of the

hreshold value itself, a series of binarization threshold values was

mployed as described in Table 1 . For the Gaussian low-pass filter

nd the white top hat transformation disk size the default values

ere used, i.e. 2.0 and 9 px, respectively. The Otsu threshold val-

es using these parameters are 0.043, 0.055, and 0.047 for the GDI

oot, Diesel soot, and carbon black particle, respectively. 
For all three particles, the fringe length is the highest at the bi-

arization threshold of 0.025 and appears to decay exponentially

or larger threshold value (see Fig. 6 (a)). However, for the smaller

hreshold of 0.005, the fringe length decreases across all particles.

imilar observations can be made for the fringe tortuosity (see

ig. 6 (b)). The highest tortuosity of the fringes can be observed at

.025 and decrease from there for both higher and lower thresh-

ld values. However, the decrease towards higher threshold values

s less exponential but exhibits rather two phases. While the tor-

uosity decreases rapidly up till the threshold value 0.075, the re-

uction beyond this parameter case is slower. 

To evaluate the effect on the number of fringes, the respec-

ive fringe counts were normalized with respect to the number of

ringes as for the parameter case using the Otsu threshold. The

ringe counts appear to be normally distributed with the maxi-

um around the Otsu threshold and positively skewed towards

arger threshold values (see Fig. 6 (c)). While a lower threshold of

.025 yields a higher number of fringes for the GDI soot particle,

he Otsu threshold generally extracts the most fringes. Across all

articles, the number of fringes rapidly drops to zero for the low-

st threshold value. Towards larger threshold values the decrease

s slower. 

The changes also become noticeable when looking at overview

ections of the extracted fringes (see Fig. 7 ). For both the high-

st and lowest threshold value, almost no fringes were extracted.

he threshold closest to the individual Otsu threshold values is

.05. For the GDI soot and carbon black particle, clear changes
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Fig. 8. TEM images of particle P2 of the carbon black sample in different focus points and corresponding fast Fourier transformations: under-focused by 90 nm (a, f), 

under-focused by 45 nm (b, g), neutral-focused (c, h), over-focused by 45 nm (d, i), over-focused by 90 nm (e, j). 

Fig. 9. Variation of fringe length (a), tortuosity (b), binarization threshold (c), and normalized total fringe number (d) with different TEM focus points. 
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can be observed if the fringes at 0.05 threshold are compared

to the fringes of the adjacent threshold values. For the 0.025

threshold value, the fringe network appears denser, i.e. the fringes

are longer and do not just follow the parallel graphitic lay-

ers but also extend across the interlayer spaces. In contrast,

for the 0.075 threshold value, the fringes are noticeably shorter

and lower in number. The diesel soot particle shows similar
endencies, however, at a slower rate indicating a wider spread

istribution. 

The specific values for the observed fringe length and tortuosity

alues would change for different settings of Gaussian low-pass fil-

er size and white top-hat transformation disk size. However, the

nalysis here is made relative to the respective Otsu’s threshold

nd the subsequent deviation from it. Any changes due to param-
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ter influence would shift the values but not the observable trend.

or future studies, the use of the threshold value as calculated by

tsu’s method is here recommended. This method yields among

he highest number of fringes and no beneficial reason for any de-

iation was observed. 

The findings presented here contradict earlier results by Gad-

am et al. [61] . In their study, no significant variation of the fringe

etrics with varying threshold values was observed. The max-

mum difference in fringe length was 0.05 nm. The change in

ringe length here from the parameter case closest to the respec-

ive Otsu threshold values (0.05) to the neighboring cases ranges

rom 0.19 nm to 0.45 nm. While the change in metrics decreases

o 0.05–0.1 nm per parameter step towards larger threshold values,

 clear trend as well as differences between parameter cases is still

otable. 

.4. TEM focus point 

To assess the influence of the focus of the TEM on the observed

ringes, four particles of the carbon black sample were used (la-

eled as P1, P2, P3, and P4). Five images with different focus points

ere acquired for each particle. The baseline focus point at which

he particle is deemed in focus was set by the TEM operator visu-

lly and aided by the fast Fourier transformation (FFT) of the parti-

le region. When the particle region is in focus, the respective FFT

hows only one bright circle. With increasing defocus additional

ark and bright rings become apparent (see Fig. 8 ). From the cen-

ral neutral focus point, the focus was changed by a total of 90 nm

n two equal steps each way. 

The longest fringes can be obtained for each particle when the

icroscope is in the central focus point (see Fig. 9 (a)). When com-

ared in this point, the fringe length varies among the particles

f the same sample by up to 0.25 nm, as given by the difference

etween the particles P2 and P4. This intra-sample variation, i.e.

article to particle differences, has also previously been observed

y Zhang et al. [69] . By under- and over-focusing the fringe length

an change by as little as 0.14 nm and up to 0.33 nm for particles

2 and P4, respectively. As the variations due to changes in the

ocus point are larger than the intra-sample variation, there is a

ase for carefully choosing the focus. While the effective variation

f focus selection within sessions or even between TEM operators

ight be smaller than the stated values, these findings highlight

he importance of this parameter for fringe lengths. 

In contrast, no obvious trends can be observed in terms of tor-

uosity (see Fig. 9 (b)). For both particles P1 and P4, the values

emain relatively constant. Particle P2 shows increases for both

nder- and over-focusing as compared to the neutral focus point.

owever, the changes remain on a similar level as the difference

cross the individual particles themselves. P3 also exhibits some

hanges of tortuosity with varying focus points, however, these

hanges again do not follow any apparent trend. Similar observa-

ions can be made for the change in the number of fringes. 

To assess any variations, the total number of fringes is normal-

zed with respect to the neutral focus point. Fringe counts for par-

icle P1 remain relatively stable around the baseline, except for the

urthest under-focused point at which the number increases sud-

enly by 19.3% (see Fig. 9 (d)). Smaller differences can be observed

or P2 and P3 with up to + 1.6% and −12.2%, respectively. Total

ringe numbers for both slightly decrease towards the over-focused

ide but do not show a clear tendency when under-focusing. Par-

icle P4 shows the greatest changes in total fringe number with

 26% and −22% for under- and over-focusing, respectively. How-

ver, no clear trend in the change of total fringe number can be

bserved with changes in the focus across the particles. 

The binarization threshold as determined by Otsu’s method

hows a clear peak across all particles for the center focus point
see Fig. 9 (c)). For the two under-focused points, the threshold

rops to a lower value for all particles regardless of the degree of

nder-focusing. On the over-focused side, the threshold values for

2 and P4 exhibit a similar pattern. While the respective values for

1 and P3 also decrease, this reduction is more pronounced with

 higher degree of defocus. This pattern appears to be similar to

he observed changes in fringe length. Contrary to the inverse cor-

elation mentioned above, the fringe length decreases despite the

eduction in the binarization threshold. The changes in the fringes

re therefore not an artifact of altered contrast, but rather directly

ffected by the distorted image of the nanostructure. Previously,

an et al. [63] suggested based on simulated images that the TEM

ocus could have a considerable influence on the fringe metrics.

he experimental approach in this study provides the necessary

vidence to confirm this hypothesis. Consequently, the uniform and

onsistent setting of the focus point across samples and particles is

aramount for meaningful results. As of today, this decision heavily

elies on the TEM operator. Previously, Kondo et al. [64] observed

hat the operator’s experience can greatly affect the selection of

haracteristic regions of a given agglomerate. It is here suggested

hat this could also apply to the focus point. The point of focus

s commonly selected by the visual appearance and aided by live

ourier transformations of the respective particle region. However,

he implementation of a tool for automatic calculation of the Otsu

inarization threshold could quantitatively aid this process in the

uture. 

.5. Image quality and noise 

As outlined above, several aspects of image quality such as un-

ven image illumination or TEM focus can influence the fringe

nalysis results. Likewise, metrics such as spatial resolution and

ignal-to-noise ratio can play a role. Both are affected by the stan-

ard of the available camera as well as parameters such as expo-

ure times. For this study, a Gatan Orius CCD camera was used,

ielding a spatial resolution of 0.025 nm per pixel at 50 0,0 0 0 ×
agnification. Images were acquired with an exposure time of one

econd. Longer exposure times give better signal-to-noise ratios

ut can prove particularly challenging due to stage and sample

rift. Hence, a series of six images was acquired for each of the

our particles, to assess the effect of image quality. To account for

ny drift between images, the images were aligned using the script

tackReg for ImageJ [68] . The images were progressively stacked

nd intensity averaged. 

Some noticeable fluctuation can be observed for the fringe

engths to different extents across the particles (see Fig. 10 (a)).

hile the variation between stacks of different images is only up

o 3% for P1, P3 exhibits differences of up to 9%. However, the stan-

ard deviation of the values across the averaged image stacks is

imilar for all particles with 3–4%. Despite the variations in the

easurements, no apparent trend in the data can be identified. 

Similar observations can be made for the fringe tortuosity (see

ig. 10 (b)). However, the variation between image stacks is rela-

ively lower with up to 3% for P1 and 2% for the remaining parti-

les. Likewise, the standard deviation across the averaged images

s 2% for P1 and 1% for the other particles. As for the fringe length,

here is no evident trend of the tortuosity across the averaged im-

ges. 

The Otsu threshold does not change for any of the particles

ith the number of averaged images (see Fig. 10 (c)). In contrast,

he total fringe number clearly decreases with an increasing num-

er of averaged images (see Fig. 10 (d)). For particle P1 the number

f fringes decreases almost linearly by around 2% after an initial

rop of 7% for the second image added to the averaged stack. The

ringe count for P2 remains relatively constant until 3 images, af-

er which the number of fringes creases by 5%. Despite slightly in-
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Fig. 10. Variation of fringe length (a), tortuosity (b), binarization threshold (c), and normalized total fringe number (d) with the number of images averaged. 
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creasing afterward by 1%, the number remains at a lower level. P3

and P4 also decrease with the second image added to the aver-

aged stack as P1, however, only by 4–5%. Contrary to P1, the total

fringe number does not decrease further linearly but remains on

a similar level despite some fluctuations. It should be noted that

the observed changes of total fringe numbers for averaged images

are on a lower scale as compared to the previous processing pa-

rameters as well as the TEM focus points. As the two fringe mea-

surements do not show any noticeable trend, it is suggested that

the used camera is either simply sufficient for this purpose or the

contribution of this aspect is rather minor. 

3.6. Region of interest size 

The purpose of any fringe analysis is the characterization and

ultimately comparison of different samples. Qualitative reliability

has been established above by determining the appropriate values

for the used processing filters as well as investigating the influence

of the TEM focus point and image quality. To allow for a meaning-

ful comparison of samples, the requirements for quantitative reli-

ability have to be established. This can be achieved by means of

a sufficient number of analyzed fringes for statistical significance.

Zhang et al. [69] had suggested a threshold of seven primary par-

ticles with a total of 3500 fringes for reliable fringe metrics. Here,

a slightly higher threshold of 40 0 0 fringes was implemented. A to-

tal fringe number of 40 6 6, 4045, and 4034 were obtained for the

GDI, diesel, and carbon black sample, respectively. These were ex-

tracted from 15 particles with a total ROI size of 3861 nm 

2 for the

GDI sample, 22 particles with total ROI size of 4026 nm 

2 for the

diesel sample, and 11 particles with total ROI size of 3736 nm 

2 for

the carbon black sample. The ROI size for each individual particle

ranged from 85 nm 

2 to 512 nm 

2 . To assess any potential influence
f this aspect, total fringe number, fringe length, and fringe tortu-

sity were plotted against ROI size (see Fig. 11 ). Moreover, linear

egression models (LRM) were fitted for each collective data set. 

The total fringe number shows a strong correlation with the ROI

ize as the model fits the data well with a coefficient of determi-

ation R 2 = 0.99. The associated p = 1 × 10 −46 indicates strong

tatistical significance. In contrast, the linear models for fringe

ength and tortuosity cannot explain the observed variation with

 

2 = 3 × 10 −4 and R 2 = 7 × 10 −4 , respectively. Based on the re-

pective p -values of p = 0.91 and p = 0.86, no significant linear cor-

elation between the fringe metrics and the ROI size can be ob-

erved. 

If the ideal processing parameters would change for a given

anostructure image, this would alter the number of fringes and

he fringe metrics itself as observed in the subchapters 3.1–3.3

bove. Such changes would be expected to manifest in the form

f a non-linear trend in the total fringe number as well as linear

rends in the fringe metrics over different ROI sizes. Neither could

e observed here. Thus, the size of the ROI only affects the total

umber of fringes due to a different size of particle nanostructure

overed. 

.7. Total fringe number and sample comparison 

Despite the fact that the ROI size does not influence the fringe

etrics, the total number of extracted fringes can play a role.

his aspect was to date only addressed as part of a study by

hang et al. [69] . Fringe analysis was performed on several pri-

ary particles and the cumulative moving average (CMA) of the

ringe metrics subsequently assessed. It was observed that the 95%

onfidence intervals decreased with higher numbers of processed

mages of primary particles, i.e. increased quantitative reliability.
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Fig. 11. Total fringe number (a), fringe length (b), and fringe tortuosity (c) of the re- 

spective region of interest (ROI) with fitted linear regression model (LRM 1 : R 
2 = 0.99, 

p = 1 × 10 −46 . LRM 2 : R 
2 = 3 × 10 −4 , p = 0.91. LRM 3 : R 

2 = 7 × 10 −4 , p = 0.86). 
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oth averaged fringe length and tortuosity converged for more

han seven primary particles or 3500 fringes. However, the num-

er of fringes that was extracted from each particle was not fur-

her specified. As this number can vary noticeably, as described

bove, the following analysis is based on the total fringe num-

er. For the processing, a Gaussian low-pass filter standard de-

iation of 2.0, white top-hat transformation disk size of 7 px,

nd the Otsu’s threshold value for the binarization were used.
he CMA fringe length and tortuosity is plotted over the cu-

ulative total fringe number in Fig. 12 . To assess the statistical

ignificance, 95% confidence intervals were calculated every 500

ringes. 

The highest fluctuation can be observed below 500 fringes with

onfidence intervals of the three samples clearly overlapping. Some

urther changes in mean values occur between 500 and 2000

ringes. In terms of fringe length, GDI soot sample remains sta-

le beyond 20 0 0 fringes, whereas both the diesel soot and car-

on black sample drift before crossing at 30 0 0 fringes and then

tabilizing. A clear difference between the GDI soot and the two

ther samples can be observed, of 0.14 nm and 0.1 nm to the

ean values of diesel soot and carbon black sample, respectively,

t 40 0 0 fringes. The confidence intervals of all samples at this

ata point are just under ± 0.3 nm. Despite the difference and

rifts in mean values between diesel soot and carbon black, the

onfidence intervals overlap consistently, being almost identical at

0 0 0 fringes. Thus, no statistically significant difference between

he fringe lengths of these two samples can be identified with this

nalysis. Regarding fringe tortuosity, the appearance of the CMA

lots is different as drifts continue longer. A slight positive drift

an be observed for the GDI soot sample and even stronger for the

arbon black sample. Both values stabilize around 30 0 0 fringes. In

ontrast, the CMA tortuosity for the diesel soot sample does not

onverge but rather shows a subtle negative trend with an increas-

ng number of fringes. Similar tortuosity values with overlapping

rror bars are observed for the GDI and diesel soot samples up to

0 0 0 fringes. Above this point, the tortuosity is lower for the diesel

oot sample. The carbon black particles exhibit a lower tortuosity

MA throughout the total fringe number range. The mean values

f the GDI and diesel soot samples are higher by 0.021 and 0.01,

espectively. The confidence intervals range between 0.0046 (car-

on black) and 0.0052 (GDI soot) and despite being close, they do

ot overlap across the samples. 

Absolute numerical comparisons are problematic due to often

nsufficiently reported processing parameters. However, ranged and

ifferences can be compared. Li et al. [17] observed changes to the

ringe length of up to 0.06 nm (1.16–1.2 nm) and tortuosity of 0.07

1.13–1.2) with different fuel injection modes in a diesel engine. For

arious injection timings, Xu et al. [70] found even greater differ-

nces in nanostructure of up to 0.28 nm (1.12–1.4 nm) in fringe

ength and 0.13 (1.12–1.25) in tortuosity. For a GDI engine, Wu

t al. [41] saw for different air–fuel ratios changes in the nanos-

ructure of 0.08 nm (0.83–0.91 nm) in length and 0.05 (1.44–1.49)

n tortuosity of fringes. Similarly, Gaddam and Vander Wal [26] ob-

erved changes for various GDI engine conditions of up to 0.1 nm

0.72–0.82 nm) in length and 0.03 (1.18–1.21) in tortuosity. Pre-

ious investigations that included also Raman spectroscopy indi-

ated a higher degree of order for carbon black over diesel soot,

ith GDI soot showing the lowest degree of order [32] . GDI soot

ppears here as well to be of lower structural order compared to

arbon black. The results for diesel soot diverge. The fringe length

s similar to carbon black but the tortuosity is different. Mean-

hile, the gaps between samples observed here are on a compara-

le scale as for samples with different nanostructures analyzed in

ther works. The additionally reported confidence intervals in this

tudy to allow for better appraisal of the results in terms of sig-

ificance. Overall, the differences between the three types of soot

an likely affect a series of properties, such as oxidative reactivity

41] , interaction with lubricating oil [71] or wear behavior [72] in

ngine applications. 

In terms of the total fringe number required for reliable data,

0 0 0 fringes appear to be a lower limit for convergence of the

MA. Here it is recommended that 40 0 0 fringes should be used

s threshold value for analysis to ensure a stabilized window of

oughly 10 0 0 fringes prior to the data point used. 
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Fig. 12. Cumulative moving average (CMA) of fringe length (a) and tortuosity (b) for the cumulative total fringe number. The error bars are indicative of 95% confidence 

intervals. 
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4. Conclusions 

Soot particles from different emission sources were used to as-

sess the influence of three image processing parameters of an es-

tablished fringe analysis methodology: 

• The effect of the Gaussian low-pass filter standard deviation is

minor for a range of values. However, noticeable changes in the

structure of extracted fringes occur for values of 1.0 and below

as well as larger 3.0. Based on the findings, standard deviations

between 2.0 and 3.0 are recommended. 

• A linear correlation between the white top-hat transformation

disk size and fringe length, tortuosity, and Otsu threshold was

observed. Moreover, an inverse correlation between the disk

size and the total number of fringes was found. For a realistic

representation of the nanostructure and optimized fringe num-

bers, the disk sizes 5 px and 7 px are here recommended. 

• The use of individually calculated Otsu’s threshold values gen-

erally yields the highest number of fringes. For larger threshold

values, the total fringe number as well as both fringe length

and tortuosity decay exponentially. Similarly, for values consid-

erably smaller, i.e. close to 0, almost no fringes could be ex-

tracted. For best results and good repeatability, the use of the

Otsu threshold without alterations is advised. 

These parameters were determined for a spatial resolution of

0.025 nm/px at a magnification of 50 0,0 0 0 ×. As both Gaussian

low-pass filter standard deviation and white top-hat transforma-

tion disk size are dependent on spatial resolution, similar inves-

tigations as in this study would need to be carried out if other

magnifications were to be employed. 

Moreover, two aspects of the TEM operation and their implica-

tions for the extracted fringes were considered: 

• Deviating from the selected TEM focus point by under- and

over-focusing resulted in distinctive drops in both fringe length

and Otsu threshold. Despite some variations, no noticeable

trends could be observed for the fringe tortuosity and total

fringe number. However, to obtain reliable results, consistent

focusing with the help of fast Fourier transformations is nec-

essary across particles and samples. 

• The effect of extended exposures and signal-to-noise ratio was

found to be minor beyond the image acquisition equipment

used. While the number of fringes decreased with multiple

intensity-averaged images, the fringe length and tortuosity met-

rics did not show a trend in either direction. 

Further, the quantitative reliability of the method was assessed:
• The size of the region of interest correlated linearly with the

total number of extracted fringes ( R 2 = 0.99, p = 1 × 10 −46 ).

However, the fringe metrics were not influenced by the size,

as assessed by linear regression models for both fringe length

( R 2 = 3 × 10 −4 , p = 0.91) and tortuosity ( R 2 = 7 × 10 −4 ,

p = 0.86). 

• The highest fluctuations in the cumulative moving average of

both fringe length and tortuosity can be observed below a to-

tal number of 500 fringes, with further jumps up to 20 0 0

fringes. The fringe metrics mostly converge when reaching

30 0 0 fringes. Here it is recommended that 40 0 0 fringes should

be used as a threshold to ensure a stabilized window of roughly

10 0 0 fringes prior to the data point used. 

Lastly, the three different soot types were compared: 

• The GDI soot sample exhibited a distinctively the lowest fringe

length by more than 0.1 nm. The numerical difference of 0.4 nm

between the diesel soot and carbon black fringe lengths falls

within the respective confidence intervals. Thus, no statistically

significant difference can be noted for the latter two samples. 

• In terms of fringe tortuosity, the largest cumulative moving av-

erage was found for the GDI soot sample. The tortuosity of

diesel soot and carbon black sample was found to be lower by

0.01 and 0.021, respectively. Despite the fact that the confidence

intervals were close to each other, they did not overlap. 

• GDI soot sample most distinctively different from the other two

samples. While diesel soot sample shares some similarity with

the carbon black, differences in terms of fringe tortuosity can

be appreciated. 
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