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Die besondere Herausforderung liegt in der Dimension von „Nano“
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„Human bias“ beschreibt Einflüsse durch z.B. individuelle Unterschiede, 

„Fehlbedienung“

 



Schritt entspricht der morphologischen Filterung „Öffnung“, die 
rationen „Erosion“ und „Dilatation“ besteht, welche jeweils die 
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Makro ist quelloffen und unter „https://github.com/IBMTRostock/GIFT“ incl. 

ins „OrientationJ“ oder „Directionality“ zur Bestimmung der Faserorientierung 



 

rde vergleichend mit der etablierten Software „DiameterJ“ getestet 
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„übersehen“ wird. Im Ergebnis fällt der Einfluss der eventuell entgangenen Fasern nicht ins Gewicht. Die 



Bildern mit den Programmen „DiameterJ“ und „SIMPoly“ 

Software „Matlab“ gebunden. Kommerzielle Software wie beispielsweise „Phenom FiberMetric“



 

 



Elektronenmikroskopie sind mikromechanische Prüfmaschinen „on stage“ verfügbar 
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Die entscheidende Idee brachte ein historischer Sinnspruch aus dem Bergbau: „Die Fichte spricht, bevor sie 
bricht.“ Stollen wurden früher mit Holzkonstruktionen abgestützt, an kritischen Stellen wurden Warnhölzer 





 

Gehäuses und eine Schutzbeschichtung auf der Membran entfernt, um mit der „nackten“ Membran hören zu 

dieser Arbeit neu. Um das „Hörvermögen“ von Sensor u





 





wird als „versteckter Defekt“ 
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. Dieses Design wird im Folgenden als „Version A“ bezeichnet.
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von Stent und Segel vorgenommen worden. Die modifizierte Variante wird im Folgenden als „Version B“ 
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A B S T R A C T   

Fiber imaging is becoming increasingly important in various 昀椀elds. The current standard method of quality 
assurance is the manual quanti昀椀cation of 昀椀ber diameters in Scanning Electron Microscope (SEM) images, which 
is time consuming and introduces bias. However, due to partly insuf昀椀cient reliability of automated software, 
improved concepts are required. We introduce an innovative routine for computerized evaluation of 昀椀ber di-
ameters in SEM images with improved accuracy. This General Image Fiber Tool (GIFT) automatically calculates 
the average 昀椀ber diameter and standard deviation by statistical analysis. In a comparative study, GIFT was 
benchmarked to an existing popular 昀椀ber analysis tool, DiameterJ, and manual quanti昀椀cation. GIFT has detected 
昀椀ber diameters with improved accuracy in numerous SEM images, and has been shown to be a remarkably sound 
method when challenged with dif昀椀cult image types. The work presented here validates the GIFT concept and 
demonstrates its potential for applications in biomedicine and various other 昀椀elds.   

1. Introduction 

In biomedical research, industry and other 昀椀elds, 昀椀ber materials, in 
particular electrospun 昀椀bers, are a focus of current research due to their 
wide-ranging capabilities [1–5]. Electrospinning is a promising 
approach to imitate hierarchically structured biological models by 
designing biomimetic synthetic 昀椀ber composites or layered structures of 
mixed 昀椀bers with inherently different properties [6]. The development 
and application of 昀椀ber-based medical devices or implants necessitates a 
controlled and consistent manufacturing process. Fiber diameter is a 
critical parameter of electrospun biomaterials and has been shown to 
in昀氀uence cell proliferation, differentiation and function [7–12]. There-
fore, quality control of 昀椀ber-based products is of particular importance. 
The 昀椀ber production technology of electrospinning uses the force of a 
strong electric 昀椀eld to stretch and deposit a small jet of polymer solution 
resulting in nonwoven fabric products with 昀椀ber diameters in the micro 
or nano range. Many parameters in昀氀uence the electrospinning process, 
and consequently the 昀椀ber diameters [13–15]. Additionally, the cross- 
sectional morphology of nano昀椀bers provides further information [16]. 
To monitor 昀椀ber consistency, some researchers describe that the 昀椀ber 
diameter can be directly measured by laser diffraction [17] or by 
different optical and mechanical measurement methods [18]. 

Despite efforts to automate the process, the state of the art for 

evaluating 昀椀ber morphology is still manual analysis of scanning electron 
microscope (SEM) images utilizing the widely-used software ImageJ 
[19,20]. The equally used Fiji project is a software upgrade supporting 
more complex plugins [21] and ImageJ2 provides additional function-
ality to ImageJ [22]. However, subjective selection of data by a human 
operator can possibly in昀氀uence the result. Three detriments of these 
manual analysis methods are worth mentioning: (i) individual experi-
ence and consistency of the human operator in昀氀uences the result, (ii) the 
relatively low number of measurement points, and (iii) the process is 
inherently time consuming. 

Replacing manual measurement with software tools can provide 
signi昀椀cant advantages and is a very promising means to achieve auto-
mated quality assurance. Software does not decide subjectively and 
generates reproducible results, which are independent of the respective 
user. On one hand, automatic methods are currently less accurate than 
manual measurements. On the other hand, the processing speed of 
computers is a clear advantage. Many automated image analysis 
methods rely on some combination of common image processing steps, 
such as preprocessing, segmentation, registration, object detection, 
tracing, tracking, feature selection, and classi昀椀cation, partially com-
bined with machine learning [23]. Attempts have been made to develop 
improved computer-aided methods and an overview of important 
methodologies is presented in Table 1. 
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Table 1 
Overview of different 昀椀ber analysis methods and approaches, grouped by technique type. Key characteristics and limitations are summarized and the avail-
ability as standalone software is indicated.  

Methods or approaches Key characteristics and processing steps Availability Ref. 
Focus on grayscale values   
DiameterJ  " Freeware, plugin for ImageJ  

" Validated for the quanti昀椀cation of 昀椀ber diameters and pores  
" Fiber diameter range: 10 pixels up to 10% of the image size  
" Requires subjective user input 

yes [24–27] 

Fiber Pro  " Semi-automatic software provided by Radical Scienti昀椀c Equipments Pvt. Ltd., India yes [28] 
Fiber Thickness App  " App for Image-Pro provided by Media Cybernetics, USA  

" Automatic or manual mode 
yes [29] 

Phenom FiberMetric Software  " Software (device-bound package) provided by Thermo Fisher Scienti昀椀c Inc, USA  
" Automatic or manual mode  
" Measurement points per image: up to 1000  
" Fiber diameter range: 100 nm to 40 µm  
" Image size: up to 1024 × 1024 pixels 

yes [30] 

PAQXOS  " Image analysis system (device-bound package) provided by Sympatec GmbH, Clausthal-Zellerfeld, Germany  
" Fiber and particle quanti昀椀cation 

yes [31] 

Euclidean distance approach  " Distance transform and/or direct tracking, additional local thresholding, segmentation & skeletonization steps  
" Thresholding affects the results dramatically  
" Different accuracy and limitations on 昀椀ber bending, crossovers and overlapping 

no [32–36] 

Arti昀椀cial Vision System  " Multivariate image analysis procedure  
" Sub-images, 昀椀ber linearization 

no [37] 

Hough transform approach  " Image analysis technique contained in MATLAB toolbox  
" Less in昀氀uence of punctate noise & curled 昀椀ber segments  
" Higher accuracy compared to regionprops function 

no [38] 

Regionprops function approach  " Image analysis method contained in MATLAB toolbox  
" Multiple image pre-processing steps required, e.g. grayscale adjustment and binarization  
" Highly sensitive to the binarization threshold 

no [38] 

Focus on edges    
SEMAnalyser™  " Software provided by Electrospinz, Blenheim, New Zealand  

" Main steps not announced 
yes [39] 

Pairing line segments strategy  " Automated measurements of micro昀椀ber diameters  
" Boundary detection, 昀椀tting of rectangles, segment merging 

no [40] 

Radon transform approach  " MATLAB code for aligned 昀椀bers  
" Slope patterns, Fast Fourier transform (FFT), statistics  
" Canny edge detection on random 昀椀bers, normalized Radon transform 

partly [41,42] 

Cellular automata approach  " Twenty-Five Neighborhood model  
" Cellular edge detection, learning automata  
" Optimized edge detection, not yet applied to 昀椀ber images 

no [43,44] 

Miscellaneous or unknown focus   
FiberApp  " Open source software for 昀椀brous structures  

" High length-to-width aspect ratio is required 
yes [45] 

FibrilTool  " Plugin for ImageJ  
" Tensor based method  
" Quantitative description of the anisotropy of 昀椀ber arrays and their average orientation in cells  
" Not suitable for 昀椀ber diameters 

yes [46] 

FiVer  " Software provided by SKZ, FSKZ e. V., Würzburg, Germany  
" Quality assurance or process analysis  
" Focused on 昀椀ber length of crossed and bent 昀椀bers  
" Not suitable for 昀椀ber diameters 

yes [47] 

FiberFit SoftwareTM  
" Freeware for analysis of 昀椀ber organization  
" Fast Fourier transform (FFT) based method  
" Not suitable for 昀椀ber diameters 

yes [48] 

FibreQuant™  " Software provided by nanoScaffold Technologies LLC, USA  
" Main steps not announced 

yes [39] 

Fusion method  " Combination of edges & grayscale value  
" Canny edge detection and thresholding  
" Fiber measurement on merged image 

no [49] 

Histomorphometry Macro  " New automated macro script for FIJI-ImageJ  
" Developed in collaboration with IMRB image platform, Creteil, France  
" Color based segmentation  
" Measurement on 昀椀ber cross-sections in digital images 

yes [50] 

3D-Analysis method  " Datasets of e.g. Micro X-Ray CT are required  
" Binarization, Volume rendering, Gaussian smoothing, Point Spread Function  
" Fiber diameter and volume porosity in melt-electrowritten scaffolds obtained from x-ray phase contrast images  
" CT spatial resolution insuf昀椀cient for nano-sized 昀椀bers 

no [51–53] 

Hurst exponent approach  " Random-walk method  
" Hurst exponent distribution, statistics 

no [54] 

SIMPoly  " Matlab based image analysis tool  
" Histogram equalization, edge detection, morphological closing, skeleton overlay  
" Limited to unimodal 昀椀ber diameter distribution in the range of 10 to 100 pixel 

yes [55]  
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Various methodologies with proven functionality have been devel-
oped, but not all have been converted to standalone programs, which 
reduces the number of easily accessible software tools. The methods 
summarized here generate reliable results under ideal conditions. 
However, most methods are limited in applicability due to special image 
requirements, such as straight 昀椀bers, 昀椀ber alignment or image contrast, 
or restricted access to proprietary software. According to manufacturer 
data and product information, most software tools focus on grayscale 
values, similar to DiameterJ. According to performance speci昀椀cations of 
DiameterJ, 昀椀bers must be at least 10 pixels in diameter, and maximally 
10 percent of the smallest dimension of the image. However, as pre-
sented in this work, when applied to challenging images, DiameterJ may 
generate inaccurate data due to low image contrast or wide-ranging 
grayscale values. 

To date, there is no universally suitable software with which the 
majority of images can be processed. The shortage of appropriate and 
accessible software tools and their potential susceptibility to errors have 
motivated the conception of a new universal method. In this work, we 
aim at developing a new comprehensive approach which generates 
reliable results comparable or superior to current established standards. 

Challenges, such as a wide range of 昀椀ber diameters, different gray-
scale values, different contrast, grayscale gradients, 昀椀ber bending, 
different orientation, crossing 昀椀bers, overlapping 昀椀bers, and different 
SEM image types must not in昀氀uence the result. The General Image Fiber 
Tool (GIFT) is designed to avoid many of the sources of error that 
hamper the previously mentioned edge focused and grayscale focused 
methods. While relying on the existing methods of Sobel based edge 
detection and morphologic 昀椀ltering to perform the initial segmentation, 
GIFT applies an original strategy for the quanti昀椀cation of 昀椀ber diameters 
in these segmented images. Rather than attempting to identify every 
individual 昀椀ber or 昀椀ber edge with complete accuracy, the method 
instead isolates and measures distances between all parallel elements in 
an image. Repetitive structures, like 昀椀ber edges, will appear the most 
often and therefor 昀椀ber diameters will emerge with a prominent fre-
quency. This is the 昀椀rst method, to the best of our knowledge, which 
statistically evaluates parallel 昀椀ber edges in an image to determine 昀椀ber 
diameter. In validation tests, GIFT worked as well as or better than our 
benchmarks of the established software tool DiameterJ and manual 
quanti昀椀cation. As demonstrated below, in addition to accurately 
measuring 昀椀ber diameters, it is potentially applicable in numerous other 
昀椀elds outside of electrospinning. The presented work establishes the 
utility of the GIFT method and supports its continued development into 
a multi-functional, fully automated and easily accessible 昀椀ber analysis 
tool. 

2. Materials and methods 

2.1. Choice of images 

SEM images of routine electrospun nonwovens, containing 昀椀bers of 
different diameters and image characteristics, were used for image 
processing. To test and compare GIFT against DiameterJ and manual 
quanti昀椀cation under idealized conditions, a synthetic phantom image 
was created, which contains exactly four “昀椀ber” types of a de昀椀ned 
thickness without any variation (8, 16, 30, and 40 pixels). In that image, 
a part of the “昀椀bers” appears in the shape of letters, another part rep-
resents randomly distributed and overlapping 昀椀bers in all directions. 
The total length of each type of “昀椀ber” is unequally distributed. The 
images used in this study are displayed in Table 2, parameters for image 
processing are explained below. 

2.2. Software tools 

The computation and measurements of GIFT as well as manual 
quanti昀椀cation were achieved using the software tools ImageJ version 
1.52a (National Institutes of Health, USA) and OriginPro 2016G version 
b9.3.226 (OriginLab Corporation, USA). DiameterJ (National Institute 
of Standards & Technology, USA) was used within the software ImageJ. 
Certain main operations were used in ImageJ for preprocessing, 
including Find Edges, Brightness/Contrast, and Rotate (without inter-
polation). For measurement in OriginPro the main operations used were 
Morphological Filtering (line opening), Peak Finding, Descriptive Sta-
tistics, Plotting, and Nonlinear Fitting. 

For reference, manual quanti昀椀cation was used to measure 昀椀ber 
diameter. In general, 20 representative 昀椀bers in each SEM image were 
selected and measured by hand by a single person using ImageJ. In the 
phantom image 20 measurements per 昀椀ber diameter were taken. In the 
SEM image containing thick 昀椀bers, 200 measurements were manually 
taken to create a manual data set with a number of measurements closer 
to the automated methods for better statistical comparison. 

DiameterJ provides three different segmentation algorithms which 
generate eight segmented images each (Fig. S14). The user has to sub-
jectively choose one (Table 2) and copy it into a folder called “Best 
Segmentation”; further processing is done on that selected image. The 
segmented images for further processing were selected based on visual 
aspects like not being too bright or dark and having good discernible 
昀椀bers. Due to subjective selection of the segmented image, results can 
differ. 

Table 2 
Images and parameters for image processing. Segmentation threshold and 昀椀ltered line length for GIFT, the segmentation algorithms for processed images in 
DiameterJ, as well as the number of measurement points for the manual method.  

Parameters for image 
processing with different 
methods 

Image content phantom image thin 昀椀bers midsize 昀椀bers thick 昀椀bers mixed 昀椀bers low contrasted 昀椀bers 
Segmentation threshold a 240 240 240 200 240 80 
Line opening 昀椀lter length 

(pixels) a 
8 8 8 10 5 7 

Segmentation algorithm b S1 M7 S3 S5 M7 S3 
Number of measuring 

points c 
4 × 20 20 20 200 20 & 15 20 

a - GIFT; b - DiameterJ; c - Manual method for 昀椀ber quanti昀椀cation (Reference) 

A. Götz et al.                                                                                                                                                                                                                                    
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2.3. Concept of GIFT 

The main process steps of GIFT are illustrated in Scheme 1 and de-
tails about the processing steps of the GIFT routine are shown in Sup-
porting Information Fig. S1. The fundamental principle of GIFT is to 
count the frequency of measured distances between parallel edges in an 
image. While the edges of elements in the image are distributed 
randomly, if there is a 昀椀ber in the image the distance between its parallel 
edges will emerge as statistically signi昀椀cant. The basis for the method is 
the parallelism of the 昀椀ber margins on one hand and their randomly 

distributed location and orientation in the image on the other hand. The 
distance between the margins of a single 昀椀ber is constant, independent 
of the location and orientation in the image, thus the counts of the 
distance between a single 昀椀ber’s edges appears with signi昀椀cantly higher 
incidence. By contrast, the distances between the margins of two 
different 昀椀bers are randomly distributed and are part of the statistical 
noise. The target of the method is the visualization of that statistical 
difference. 

The concept was implemented by the following steps. First, SEM 
images, which were not already available as 8-bit black and white 

Scheme 1. Concept of GIFT. Versatile 昀椀ber measuring method for any SEM images - concept, development, validation, and application.  
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images, were converted for consistency. Edge detection was performed 
using two combined Sobel operators of perpendicular orientation [56]. 
Then the images were binarized using a manually chosen segmentation 
threshold. High threshold values in the range of 200 help to remove 
most of the 昀椀ber surface, and guarantee thin remaining lines of a few 
pixels in thickness. A morphological opening 昀椀lter separates straight line 
fragments of a speci昀椀c length (i.e. consecutive pixels) in the horizontal 
direction. Line lengths between 昀椀ve and ten pixels were chosen. The 
mathematical morphology of the line opening 昀椀lter is based on a two- 
stage algorithm, which consists of an erosion step, followed by a dila-
tion step using a structure element [57–60]. Therein the mathematical 
foundation γB (X) = * {B | B ⊆ X} is described with the opening (γ) of an 
image (X) using the structure element (B) [60]. A straight horizontal line 
of a de昀椀ned length is used as a structure element. If the structure 
element 昀椀ts completely into the set of segmented 昀椀ber edges, the cor-
responding pixels remain after performing the erosion step. The dilation 
step extends each remaining pixel to the shape of the structure element. 
In this way inclined 昀椀ber edges were removed. That opening step also 
removes the residual mottling and noise, because most artifacts are 
below the size cut off. In a following subroutine the pixel columns were 
rearranged and stacked. In the vertical (perpendicular) direction, the 
distances between these remaining line fragments were measured using 
a peak 昀椀nding algorithm and subsequent calculations. These 昀椀ltering 
and measurement steps were repeated several times on the same image 
as the image was rotated through equidistant angles within a semi-
circular arch. All examples in this paper were measured at 0, 45, 90, and 
135ç. As the opposite angles are equivalent, there is no need for 
measuring the same data twice. Then the pixel distances were trans-
formed into metric units based on the scale bar in the image. Next, the 
measured distances were plotted with respect to their frequency in a 
histogram. Measurements of real 昀椀ber diameters occur with a signi昀椀-
cantly higher frequency compared to statistical noise. To remove sta-
tistical noise, and to create an easily interpretable graphic showing a 
relatively small peak, only the highest 10% of counts were accepted for 
the 昀椀nal histogram. To quantitatively determine the average 昀椀ber 
diameter, a Gaussian peak 昀椀t was performed on the un昀椀ltered 
histogram. 

To estimate reasonable ranges for processing values, in a preliminary 
parameter study using ten different SEM images in a iterative procedure, 
the length of line opening 昀椀lter was varied (2–25 pixels), and the 

in昀氀uence of segmentation threshold was studied (10–254). The effect of 
the angular spacing between images for suf昀椀cient resolution to properly 
analyze 昀椀bers across any direction of angles was investigated (number of 
repeating steps 2–10), the section of accuracy veri昀椀cation is related to 
that issue. 

Unless otherwise noted, images were processed using a segmentation 
threshold of 200, and a length for the line opening 昀椀lter of eight pixels. 
The image containing mixed 昀椀bers was processed twice to compare the 
effect of the 昀椀ltered line lengths of 昀椀ve and eight, as presented in Sup-
porting Information (Fig. S5, Table S1). 

In regard to method comparison, ideally all three methods (GIFT, 
DiameterJ and manual quanti昀椀cation) were expected to attain equiva-
lent results, with the manual quanti昀椀cation serving as the reference 
which we considered the gold standard for comparison. 

2.4. Accuracy veri昀椀cation 

The accuracy of GIFT was assessed by comparing the generated re-
sults to known 昀椀ber thicknesses for the phantom image and to the results 
of the manual quanti昀椀cation for SEM images. Depending on the line 
thickness in the segmented image, the 昀椀ltered line length, and the angle 
increment of repeated measurements there may be 昀椀bers that are not 
measured by GIFT. These gaps in measured image data, i.e. unconsid-
ered lines, may in昀氀uence or reduce the quality of the results. Theoreti-
cally, in the most unfavorable case, only lines angled ±7ç relative to the 
measurement angle contribute to the data (Fig. S3). To create a data set 
in which every 昀椀ber edge was measured, images (SEM image and the 
phantom image) were rotated in steps of six degrees to create a new test 
set of seven slightly rotated versions of the initial image. Each image in 
this set of rotated variations was processed normally with GIFT and 
Gaussian 昀椀ts on 昀椀nal peaks were performed for comparison. If the 
comparison reveals similar results for all seven rotated images, the 
method is not sensitive to the angle of the initial image and it is 
reasonable to assume that the in昀氀uence of unmeasured 昀椀bers on GIFT 
outcomes is insigni昀椀cant. In the case of aligned of 昀椀bers, remarkable 
changes in peak height are expected for different angles (not tested). 

2.5. Robustness veri昀椀cation 

Throughout this paper the term “robust” refers to the result’s lack of 

Table 3 
Testing capability of 昀椀ber detection, Table summarizes values and images used in the test strategy to con昀椀rm the capability of GIFT in extreme conditions.  

Parameter Validation approach Grayscale value 昀椀ber/ 
background 

Segmentation 
threshold 

Fiber diameter 
(pixel) 

Test image 

Bending radius & 
orientation angle  

" Different radii of ring shaped 昀椀bers  
" Contribution of every single ring 

200/100 200 48 

Minimal 昀椀ber-background 
contrast  

" Phantom image (see Table 1)  
" Gradation: one grayscale  
" Exempli昀椀ed by two arbitrarily chosen 

grayscales 

1) 101/100 
2) 201/200 

2 8, 16, 30, 40 

Gradient of grayscale 
values  

" Max. extent in both directions across 
the 昀椀ber diameter   

" Min. contrast to background  
" White and black background 

1) 253⇒0⇒253/ 255 
2) 2⇒255⇒2/0 

12 508 

Image size  " Oversized image: 5000 × 5000 pixels  
" Triple size of ordinary images  
" Examination of two 昀椀ber diameters 

177/65 200 50, 100 

Fiber diameter  " Extra-large 昀椀bers  
" Fiber of half image size 

195/127 200 500 
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dependency on the preset parameters. The in昀氀uence of the segmentation 
threshold and the length for the line opening 昀椀lter was tested. In a test 
series on the SEM image containing midsize 昀椀bers the segmentation 
threshold was varied to 100, 150, 200, and 250. The 昀椀ltered line length 
was varied to 5, 8, and 10 pixels. On the 昀椀nal histograms Gaussian 昀椀ts 
were performed and compared to evaluations of the data after sepa-
rating out the top 10% of values are shown. 

2.6. Capability of 昀椀ber detection 

GIFT was designed to be capable of processing a diverse set of SEM 
images and still generate reliable results. To con昀椀rm its functionality 
within a wide range of different image parameters, a set of test images 
was designed which represent extreme image cases. Fiber measurement 
has to be insensitive to the 昀椀ber bending radius, as well as the 昀椀ber 
orientation angle. Additionally, 昀椀ber detection in images of low contrast 
is challenging and gradients of grayscale values across the 昀椀ber diameter 
can cause misdetection. Conventional SEM images are of sizes less than 
2000 × 2000 pixels, but 昀椀ber analysis tools should be able to handle 
larger images as well and large 昀椀ber diameters have to be measured 
correctly, independent of their dimension relative to the image size. 

The main parameters of the test strategies are displayed in Table 3. 
Except for contrast and gradient testing strategies, the grayscale values 
were chosen arbitrarily to demonstrate the grayscale insensitivity of 
GIFT. 

3. Results 

3.1. Comparative study of GIFT, DiameterJ, and manual quanti昀椀cation 

Ordinary images. The phantom image and three further SEM im-
ages were processed by GIFT and DiameterJ, and the results were 
compared to the manual measurement as a reference. The results of the 
evaluation are compared for the three methods in Fig. 1. The phantom 
image (Fig. 1, A) revealed that all methods generated an equivalent 
result. For thin 昀椀bers (Fig. 1, B), GIFT and DiameterJ found similar re-
sults close to the reference. In contrast, midsize 昀椀bers (Fig. 1, C) caused 
different results. DiameterJ generated two broad peaks of similar sta-
tistical weight. GIFT detected only 昀椀bers in the range of nearly two 
microns which was in good agreement with the manual quanti昀椀cation. 
Thick 昀椀bers (Fig. 1, D) also generated different results. DiameterJ 
generated numerous peaks of variable height in a wide range with 

Fig. 1. Comparison of GIFT, DiameterJ and manual quanti昀椀cation (Reference) on different images. A synthetic phantom image, containing exactly four 昀椀ber 
diameters in letter-shaped and random orientated 昀椀bers, was completely processed (A). Additionally, SEM images containing thin 昀椀bers (B), midsize 昀椀bers (C), and 
thick 昀椀bers (D) were processed. The initial images are shown in the 昀椀rst row. The second row presents the results of GIFT with statistical noise removed. As an inset, 
the segmented 昀椀ber edges are displayed. The results of DiameterJ are presented in the third row with the segmented image as an inset. The bottom row provides the 
results in different forms for the various image types to most clearly highlight the differences between method results. The three evaluation methods consistently 
detected four different 昀椀ber diameters in the whole phantom image (letter shaped as well as randomly shaped 昀椀bers were measured) with low standard deviation (A). 
For thin and midsize 昀椀bers, peak data obtained by Gaussian 昀椀t are presented in two tables (B, C). For thick 昀椀bers, GIFT and DiameterJ generated highly different 
results (D). The complete datasets are presented in an overlay chart to highlight the differences between methods. Despite a low level of noise, GIFT generated three 
distinct peaks (blue). The reference method (200 manual measured points) found 昀椀ber diameters mainly in a range from 1.5 to 4 µm, with distinct peaks close the 
results of GIFT (gray). DiameterJ found 昀椀ber diameters in a wide range up to 4 µm with a tendency toward small 昀椀ber diameters (red). (For interpretation of the 
references to color in this 昀椀gure legend, the reader is referred to the web version of this article.) 
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remarkable statistical weight less than 2.5 µm. GIFT on the contrary, 
generated peaks with narrow ranges with maxima at 1.8, 2.9, and 3.6 
µm. The manual measurement produced results in the range of 1.5–4 µm 
with three signi昀椀cant peaks at 1.7, 2.9, and 3.7 µm. 

Challenging images. SEM images containing different 昀椀ber types 
are of special importance due to the increased dif昀椀culty of accurately 
separating and measuring the variable 昀椀ber diameters. Additionally, 
experiments may generate images with low contrast or mottling. It is 
important that any automated method is able to accurately function in 
these situations. The results of such challenging images are shown in 
Fig. 2. 

For midsize 昀椀bers in combination with thin 昀椀bers (Fig. 2, A) both 
computing methods found both types of 昀椀bers. The height ratio (maxima 
of thin/thick 昀椀bers) of the corresponding peaks was different (3 for 
GIFT, and 45 for DiameterJ). For an image of low contrast (Fig. 2, B), 
GIFT generated a clear peak at 1.73 ± 0.16 µm, which was in good 
agreement to the manual measurement (1.61 ± 0.11 µm). A very small 
peak close to zero values was visible. Quite the contrary, DiameterJ 
generated a wide range of peaks with prominent statistical weight less 
than one micron. 

3.2. GIFT accuracy and angular spacing 

The SEM images containing midsize 昀椀bers and the synthetic phan-
tom image were rotated stepwise to create a series of seven test images. 
Every image was evaluated using four angle steps (at 0, 45, 90, and 
135ç). As shown in Figs. 3 and S2. GIFT generated equivalent results 
regardless of the initial starting angle of the image. The Gaussian peak 
centers, as well as the peak widths, were not signi昀椀cantly affected. 

3.3. Error analysis 

Every method has limitations. GIFT has three potential sources of 
error from peak shift by line inclination, pixel discretization error, and 
missing data due to unmeasured 昀椀bers. All these sources of error did not 
have much in昀氀uence on the 昀椀nal results. 

Peak shift by line inclination. After performing the line opening 
昀椀lter, slightly inclined line fragments remain. Due to this slight slant, the 
angle of measurement is not exactly perpendicular to these 昀椀bers, which 
means that the measured 昀椀ber diameters could be overestimated by 
some percent. The effect depends on the segmented line thickness and 
the 昀椀ltered line length. Thick lines and a short 昀椀ltered length will in-
crease overestimation (Figs. S3 and S4). Based on estimation the ex-
pected 昀椀nal overestimation is only around two percent. For more details 
on how this error was calculated see section SI 2 in Supporting 
Information. 

Pixel discretization error. Computerized methods count image 
pixels and this can cause pixel discretization error. For the phantom 
image, one pixel of error means a calculated error of 12.5 percent for an 
eight pixel thick 昀椀ber (1/8) and 2.5 percent for a 40 pixel thick 昀椀ber (1/ 
40). The thicker a 昀椀ber is the less pixel discretization error in昀氀uences the 
result. A medium sized 昀椀ber usually is imaged in a range between 50 and 
150 pixels and could lead to a discretization error in a range of roughly 
0.7 (1/150) to 2 (1/50) percent. 

Missing data due to unmeasured 昀椀bers. Some 昀椀ber parts or image 
corners may remain unmeasured. The in昀氀uence of unmeasured 昀椀bers 
(missing data) is discussed separately in the accuracy Section 4.1. 

Total error. The collective effect of all error sources together will 
result in total error. Gaussian peak 昀椀t was done for the results of the 
phantom image. As the phantom image contains only precisely known 
昀椀ber diameters, the other natural images with unknown 昀椀ber diameters 
were excluded from this error comparison. To obtain relative methodical 
errors the standard deviation was divided by the peak center value for 
each peak. Due to averaging many measurements total errors indicate a 
range of about 昀椀ve percent for the eight pixels 昀椀bers, and close to one 
percent for the 40 pixel 昀椀ber in the phantom image. An error comparison 
of all three methods is presented in Fig. 4. Doubling the radius values 
generated by DiameterJ to achieve the diameter values, the absolute 
error doubles as well. However, for medium sized 昀椀bers GIFT generates 
diameter data with a 昀椀nal total error of approximately one percent. 

3.4. Time requirement 

Another aspect is the time consumption of computation and 
archiving the results. The average expenditure of time for performing 
different methods on a 3 GHz, six-core processor is compared in Table 4. 
The complete evaluation of one SEM image using GIFT needs about 
three minutes which is comparable to DiameterJ. 

3.5. Veri昀椀cation of detection capability 

Illustrating the capability of 昀椀ber detection and the limits of GIFT, 
the method was con昀椀rmed on specially designed test images. Detailed 
results are available for the mentioned 昀椀gures in Supporting Informa-
tion. GIFT detected correct diameters independent on the 昀椀ber bending 
radius and angular orientation in the image (Fig. S8). Fibers of a minimal 
contrast difference to background were correctly detected, GIFT also 
detected 昀椀ber edges correctly, unin昀氀uenced by grayscale gradients 
within the 昀椀bers (Fig. S9). Image sizes up to at least 5000 × 5000 pixels 
generated correct results (Fig. S10). GIFT correctly detected 昀椀ber di-
ameters up to at least half of image size (Fig. S11). 

3.6. Robustness 

In a test series, the threshold for segmentation and the length for the 
line opening 昀椀lter were varied. Data were obtained using two methods: 

Fig. 2. Results of challenging images. Comparison of GIFT and DiameterJ on 
different SEM images: image of composite material consisting of midsize and 
thin 昀椀bers (A), low contrasted 昀椀ber image (B). The initial images are shown in 
the 昀椀rst row. The second row displays the histograms of diameter distribution 
obtained by GIFT without noise (blue) and DiameterJ (red), as insets the basic 
segmented images are displayed. The bottom row provides the corresponding 
numerical results. For the composite material (A), two peaks are analyzed 
corresponding to the two 昀椀ber diameters. (For interpretation of the references 
to color in this 昀椀gure legend, the reader is referred to the web version of 
this article.) 
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Gaussian 昀椀t of the whole data set and peak analysis of the top 10% of 
data points. The comparison of peak data reveals similar results for peak 
centers and peak widths. GIFT accurately detects 昀椀ber diameters even 
over a range of different image processing settings. This data supports 
the conclusion that the same GIFT settings would reliably work on data 
sets containing variable SEM images. Our study showed that GIFT results 
are not signi昀椀cantly affected by processing parameters and that the top 
10% of the data points accurately represent the whole data set. These 

results con昀椀rm the robustness of GIFT as shown in Table 5. As an 
empirical compromise between reliable results and usability, six seg-
mentation threshold options (25, 60, 100, 150, 200, and 250) are given 
to the end user. A 昀椀xed eighth pixels 昀椀lter length is used as default. 

3.7. Further applications of GIFT 

GIFT is not restricted to SEM images or 昀椀bers only. A great variety of 
imaged structures can be evaluated (images containing parallel ele-
ments, long or repetitive structures). Some examples are presented in 
Fig. 5 and some further examples are illustrated in Supporting Infor-
mation (Figs. S12 and S13). 

Roots resemble 昀椀bers and the growth of plant roots in a time step of 
昀椀ve days is shown in Fig. 5, A. In the upper image the majority of roots 
were imaged in a range of roughly 21–31 pixels. For the lower image 
that peak slightly shifted to a range of roughly 24–33 pixels, which may 
correspond to root growth. Additionally a second peak in a range of 
14–21 pixels appeared, which matched to the newly grown thin roots. 
Sand ripple are repetitive structures and after adapted preprocessing 
they can be investigated by GIFT. The upper image of Fig. 5, B shows 
airstream-formed sand ripple on a beach. The distance distribution was 
in the order of magnitude of 2.2 (33/15 pixel). Sand ripples formed in a 
small creek are shown in the lower image, here the distance distribution 
was in the order of magnitude of 5.3 (240/45 pixel). The strand dis-
tances in a spider web were evaluated in Fig. 5, C. The spike at 2 pixel 
corresponded to the diameter of strands, the strand distances were 
imaged in a range of 15–80 pixels. A gap at the spider’s body length was 
prominent. Further investigation on those example images is not topic of 
this work, but it clari昀椀es the potential of GIFT as broadly applicable tool. 

Fig. 3. Accuracy of GIFT. Evaluation of general method accuracy and in昀氀uence of unmeasured 昀椀bers by comparison of rotated initial images. First row: The results 
of a real midsize 昀椀ber image evaluation are displayed; the histograms show the complete datasets, in which statistical noise is not hidden. Peak data in the right 
graphic, obtained by Gaussian 昀椀ts, show equivalent results, the error bars indicate the peak width. Second row: The results of the phantom image evaluation series, 
the histograms display the complete datasets, statistical noise is not hidden. Diameter data, obtained by Gaussian peak 昀椀ts, the error bars indicate the individual peak 
widths and show very uniform results. 

Fig. 4. Comparison of total (relative) error of 昀椀ber diameters in the 
phantom image. For 昀椀ber diameters of 8, 16, 30, and 40 pixels the found 
errors are displayed. These data refer to the evaluation which is presented in 
Fig. 1, A. DiameterJ generates data for 昀椀ber radii; hence the absolute error 
doubles for the 昀椀ber diameters. The relative errors were calculated by dividing 
the standard deviation of Gaussian 昀椀ts by the corresponding peak center values. 
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4. Discussion 

This paper reports a new concept for computed evaluation of 昀椀ber 
diameters in SEM images. The novel GIFT routine calculates the statis-
tical distribution of the distances between 昀椀ber edges in an image to 
determine 昀椀ber diameters. To assess its capabilities, GIFT was compared 
to the ImageJ plugin DiameterJ, which is speci昀椀cally designed to mea-
sure 昀椀ber diameters, and to manual quanti昀椀cation as a gold-standard 
reference. DiameterJ is an established, validated and popular tool for 
昀椀ber diameter measurement, generating generally reliable results, but 
may generate faulty or inaccurate data in certain circumstances [61]. 
However, it is an adequate scale for comparison to our self-developed 
evaluation procedure. Numerous images representing a variety of 
commonly encountered 昀椀ber types were evaluated. The results revealed 
that both computing methods 昀椀nd the correct 昀椀ber diameters in ordi-
nary SEM images. However, GIFT more accurately measured 昀椀ber di-
ameters in challenging images and generated hardly any faulty data. 
GIFT is expected to be a robust method which generates reliable results. 

4.1. Accuracy 

Missing data due to unmeasured 昀椀bers can occur due to measuring 
edge distances only at speci昀椀c angles in an image, as explained in 
Supporting Information (Fig. S3). Which 昀椀bers might be missed is 
dependent on the initial orientation of the image. Most 昀椀ber nonwovens 

will be imaged at a random orientation; hence the results of GIFT must 
be independent of initial image orientation. All example data presented 
in this paper were collected by repeated measurement of each image at 
four different angles (0ç, 45ç, 90ç, and 135ç), which we believe is suf-
昀椀cient to generate accurate data despite potentially unmeasured 昀椀bers. 
To support this claim, the SEM images containing midsize 昀椀bers and the 
synthetic phantom image were investigated in a series of seven rotated 
test images each. As shown in Fig. 3, GIFT generates equivalent results. 
The Gaussian peak centers, as well as the peak widths are not signi昀椀-
cantly affected, indicating that the resulting 昀椀ber diameter measure-
ments are independent from initial image orientation. This result 
indicates that four repeated measures are a reasonable compromise 
between calculative effort and the trustworthiness of the result. 
Certainly, it would be possible to process more steps over smaller angle 
increments, but that would increase the computational effort while 
achieving an equivalent 昀椀nal result (Fig. S2). It is worth mentioning that 
parts of the image corners get lost by image rotation. However, this does 
not signi昀椀cantly affect the generation of accurate results as displayed in 
Fig. 3. Certainly, it would be possible to process larger matrices con-
taining the complete image corners, but that would increase the 
computational effort while achieving an equivalent 昀椀nal result as well. 

4.2. Challenges 

Depending on the SEM facility, imaging technique and SEM settings, 
the image contrast, and brightness may differ especially for complex 
昀椀ber structures. A good SEM image is characterized by clearly visible 
昀椀bers, sharp edges, discernible clear background and a plastic appear-
ance. Due to laterally positioned electron detectors and various electron- 
surface-interactions most 昀椀bers are imaged with a gradient of grayscale 
values, as the example SEM images of midsize and thick 昀椀bers in Fig. 1 
show. A grayscale value focused method like DiameterJ may generate 
incorrectly located skeleton lines due to faulty segmentation of some 
昀椀ber parts. The inaccurate measurements generated by DiameterJ 
mainly result from incompletely segmented 昀椀ber fragments. That issue, 
which is visualized using the SEM image containing midsize 昀椀bers in 
Figs. 6 and S7, can cause data misinterpretation. 

Another example is the SEM image containing thick 昀椀bers. The broad 
range of peaks less than 1.5 µm generated by DiameterJ does not have a 
昀椀ber equivalent in the image, hence these data are inaccurate and the 
histogram is unserviceable for diameter determination. For the same 
SEM image, GIFT and the manual method found three distinct peak 

Table 4 
Time requirements for 昀椀ber diameter quanti昀椀cation. Comparison of average time consumption for the main processing steps of three different 昀椀ber quanti昀椀cation 
methods.  

Operation Steps Average time Comment 
GIFT 
Preprocessing in 
ImageJ 

Edge detection, binarization, rotation for 4 angles less than 1 s  " Automated import in OriginPro is intended  
" After some images OriginPro slows down, 

reopening the template is useful based on 
experience 

⇒Total time requirement is roughly 3 to 4 
min per image 

Transfer to 
OriginPro 

Drag and drop 10 s 

Measurement Line opening 昀椀lter, distance measurement, statistic 
evaluation, graph, Gaussian 昀椀t 

less than 2 s for line opening, total time: 30 to 40 
s for SEM images of 1024 × 882 pixel up to 1535 
× 1023 pixel 

Saving Copy or data export, archiving, additional activities 1 to 2 min 
DiameterJ 
Preprocessing Plugin: DiameterJ Segment 10 to 20 s  " Choice of segmented image based on 

experience 
⇒Total time requirement is slightly greater 
than for GIFT 

Manual image 
selection 

Visual inspection and subjective rating of segmented 
images, copying the chosen image in the folder named: 
Best Segmentation 

1 to 2 min 

Processing Plugin: DiameterJ 1-018 less than 1 min 
Saving Copy or data export, archiving, additional activities 1 to 2 min 
Manual Method (Reference) 
Measurement Drawing lines by hand, writing numbers in a table 10 s to 15 s per point  " Operator dependent accuracy 

⇒Total time depends on the number of 
measuring points 

Saving Copy or data export, archiving, additional activities 5 to 10 min  

Table 5 
Robustness of GIFT. Method robustness against altering the segmentation 
threshold and the length for line opening 昀椀lter, achieved from SEM image of 
midsize 昀椀bers. The comparison of peak data, obtained by Gaussian 昀椀t and 
analysis of the top 10% of data points, reveals only little difference between the 
locations of peak centers as well as comparable peak widths.  

Segmentation 
threshold 

Line 
opening 
昀椀lter 
length 
[pixel] 

Top 
10% 
peak 
center 
[µm] 

Top 
10% 
peak 
width 
[µm] 

Gaussian 
peak 
center 
[µm] 

Gaussian 
peak width 
[µm] 

100 8  1.83  0.71  1.82  0.71 
150 8  1.86  0.78  1.84  0.68 
200 8  1.86  0.78  1.84  0.62 
250 8  1.85  0.75  1.78  0.44 
200 5  1.85  0.75  1.88  0.64 
200 10  1.83  0.71  1.74  0.38  
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maxima at similar locations, hence the result of GIFT is much closer to 
manual measurement than DiameterJ (Fig. 1). 

Complex 昀椀ber structures such as mixed 昀椀bers require a particularly 
reliable method to be measured accurately (Fig. 2). In cases where a 
wrong peak is generated in addition to a real peak, the user cannot 
distinguish between authentic 昀椀bers and false data. The fewer thin 昀椀bers 
in a SEM image of mixed 昀椀bers, the more the inaccuracy will reduce the 
reliability of the result. The peak maxima ratio of thin and thick 昀椀bers 
can be seen as an indication for the amount of inaccurate data and 

further studies may focus on that issue. As the example of the SEM image 
of mixed 昀椀bers shows, discrimination between real and faulty data is 
impossible. The 昀椀ber diameters can be measured using GIFT or Diam-
eterJ, but due to very different peak maxima ratios (3 and 45) there is no 
reliable information about 昀椀ber amounts. 

The results of GIFT are better compared to DiameterJ considering 
low contrasted 昀椀ber images with the difference between a clear peak 
and inaccurate data shown in Fig. 2. When processing 昀椀bers in such 
images, grayscale value focused methods seem to be limited by the 
method’s inherent principles. Local thresholding, if additionally per-
formed, may improve the result, but cannot completely prevent 昀氀awed 
segmentation. Furthermore, on the lowest possible contrasted image 
(Fig. S9), GIFT is still capable of detecting 昀椀ber edges and generates 
reliable results where even the best eye fails (manual measurement). 

DiameterJ ideally needs 昀椀bers of similar brightness without any 
gradient in grayscale values within individual 昀椀bers and the whole 
image. That leads to a narrow range of useable images on one hand, and 
high requirements for SEM-imaging on the other hand. 

GIFT is a non-gradient-sensitive and non-contrast-dependent 
method, these error sources are irrelevant. Aside from that, GIFT is in-
dependent of gray value inversion and does not fail on images of dark 
昀椀bers on a bright background. Depending on image quality, GIFT gen-
erates statistical noise with values in the range of 10–30% relative to the 
maximum value of the histogram. To remove this noise and create easier 
to interpret data, in 昀椀nal histograms the highest 10% of bars are dis-
played. That top 10%-presentation also shows a similar peak width as 
the corresponding Gaussian 昀椀t (Table 5). 

4.3. Empirical results and limitations of GIFT 

GIFT generates graphical data output including numerical results 
about average 昀椀ber diameter and standard deviation by Gaussian 昀椀t. 
Substantial accuracy and robustness of the method is shown, even with 
non-ideal image characteristics. Evaluating numerous images, GIFT has 
accurately detected 昀椀ber diameters in good agreement to the manual 
measurement. The contrast or grayscale gradients, the crossing and 
overlapping of 昀椀bers, as well as all other error sources such as peak shift, 
missing data, and pixel discretization error did not show discernible 

Fig. 5. Potential applications for GIFT. GIFT is useful for various applications other than 昀椀bers. The growth of roots can be investigated in regard to diameter (peak 
position) and length (relative peak height) (A). Information about particle properties or stream dynamics can be obtained from sand ripples (e.g. particle studies, 
昀椀xed cameras at underwater groundings, streaming in creeks) (B). The distribution of line distances e.g. strands in a spider web can be measured (C). 

Fig. 6. Segmentation of DiameterJ. Flawed segmentation causes under-
estimated 昀椀ber diameters. The segmentation was performed using DiameterJ. 
Left part: skeleton lines in overlay on SEM image, and right part: skeleton lines 
in overlay on the segmented image. On homogenous gray 昀椀bers the skeleton 
line corresponds to the 昀椀ber center line (green). Fibers imaged with a gradient 
of grayscale value across the diameter (orange) may cause incomplete seg-
mentation. Hence 昀椀ber diameters are underestimated (red). Such faulty small 
昀椀bers appear as a peak in the 昀椀nal histogram. (For interpretation of the refer-
ences to color in this 昀椀gure legend, the reader is referred to the web version of 
this article.) 
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in昀氀uence on the 昀椀nal 昀椀ber diameter result within all processed images. 
The method is limited by blurred SEM images or an extremely 

mottled or textured 昀椀ber surface, which could cause dif昀椀culties in edge 
detection. Such images were not available, and thus they are not 
considered here. When examining very different 昀椀ber diameters in the 
same image, automatic measurement per Gaussian 昀椀t was not always 
possible. In the case of mixed 昀椀bers the detection of thick 昀椀bers can be 
reduced by numerous thin 昀椀bers which overlap the thick 昀椀ber margin, 
hence less straight fragments remain. Like for all methods, overlapping 
parallel oriented 昀椀bers which hide each other are problematic. A hidden 
昀椀ber edge cannot be measured, even by a human operator. For such 
images GIFT is expected to generate data of overlapping distances. 

GIFT is not sensitive to numerous image parameters and is capable of 
processing most conventional images. Statistical certainty is reached 
based on thousands of measurements per image; some missing data do 
not impair the result. GIFT is able to process any data format which 
ImageJ accepts, and it is tested and proven successful for image sizes up 
to 5000 pixels. Every 昀椀ber diameter within the image size can be 
measured due to a pixel counting algorithm. Edge detection is inde-
pendent of the average grayscale value; 昀椀bers of any grayscale can be 
measured. Images of any contrast are evaluable by adapting the seg-
mentation threshold. A gradient of grayscale value across the 昀椀ber does 
not in昀氀uence the result. The bending radius of a 昀椀ber does not have any 
in昀氀uence as well. GIFT is not sensitive to the orientation angle of a 昀椀ber 
(Figs. S8–S11). Crossing and overlapping of 昀椀bers does not in昀氀uence the 
result, due to any visible 昀椀ber margin contributing to the measured data, 
independent of discontinuity. 

Based on practical knowledge, for processing the majority of ordi-
nary SEM images, a segmentation threshold between 100 and 200 and a 
length for the line opening 昀椀lter of eight pixels generate reliable results. 
To execute GIFT effortlessly only one parameter needs to be adjustable 
by the end user based on image contrast (six options for segmentation 
threshold), the 昀椀ltered line length (8 pixels) as well as the number of 
measurement angle steps (4 steps) can stay 昀椀xed. These parameters were 
optimized in preliminary studies. The end user can thus easily process a 
comprehensive set of 昀椀ber images. As a matter of course, if necessary, 
the parameters can be adapted to special requirements. 

Under challenging image conditions it may prove useful to adapt 
these parameters. If 昀椀bers are thin and highly bent (small radius), a 
reduced 昀椀ltered line length might improve results. A higher value for the 
line opening 昀椀lter may be useful in cases when only straight 昀椀bers are in 
the image. If 昀椀bers show preferred orientation, alignment or a higher 
precision of the result is needed, the number of angular steps should be 
increased. For images with dif昀椀cult to detect 昀椀ber edges or a narrow 
contrast range, the value of the segmentation threshold should be well 
adapted. For other image types and applications (other than 昀椀bers) the 
preprocessing as well as the measurement parameters may require 
different values. GIFT has shown substantial accuracy and robustness. 
For a wide range of image parameters, GIFT demonstrates outstanding 
advantages and is revealed as a superior analysis tool. 

4.4. Potential further applications for GIFT 

In addition to 昀椀ber radii, DiameterJ generates data about pores and 
昀椀ber orientation. Using GIFT at the current state of development, only 
data about 昀椀ber diameters is generated. The intermediate data collected 
during GIFT processing contains information about the orientation of 
昀椀bers and could be utilized in a future upgrade to the method. 

In 昀椀ber production for industrial applications huge amounts of SEM 
images have to be evaluated for quality assurance. Human operators are 
limited in terms of work load, labor force, ability to concentrate on 
monotonous tasks, and working time. Machines are better suited for 
completing such monotonous tasks and can operate nonstop. When 
designing a computation tool to automate the process of 昀椀ber diameter 
quanti昀椀cation, two aspects have to be considered. On one hand, the 
application has to be 昀氀exible enough to cope with very different input 

images. On the other hand, the application has to be robust and stable, 
and the results need to be highly reliable. A software application which 
frequently generates 昀氀awed results cannot be used, because verifying 
and correcting the results of an automated evaluation by a human 
operator is disadvantageous. GIFT is expected to ful昀椀ll these re-
quirements, only monitoring by random samples is advisable. 

SEM imaging continues to increase its importance in many 昀椀elds, 
entailing applicability for GIFT. Current research trends explore 
different imaging technologies as well as three-dimensional imaged data 
sets, generating interest for automated image stack or volume processing 
techniques. A growing variety of 昀椀ber materials, 昀椀ber reinforced com-
posites or tubular and hollow materials (negative 昀椀bers) will need to be 
imaged, mapped, and investigated in the future. There will be a demand 
for robust and reliable image processing methods, which are adaptable 
and implementable for different purposes. GIFT enlarges the pool of 
methods and may supplant existing techniques. 

GIFT is not restricted to SEM images only. Any images containing 
parallel elements, long or repetitive structures could provide additional 
interesting applications for GIFT. Selected examples are shown in Fig. 5 
and some further illustrations are presented in Figs. S12 and S13. 

Potential broad examples include automatic classi昀椀cation and 
structural analysis in biology, geology, astronomy, remote sensing, 
natural sciences, dendrochronology, 昀椀ber industry and others. More 
speci昀椀c examples include using images of the same object evaluated at 
different times for investigation of growth or periodic processes in 
geological or biological structures like cracks, rivers, roots [62], blood 
vessels [63], Physarum polycephalum [64], otoliths [65] or leaf veins 
[66,67]. The shapes of histograms or Gaussian curves based on GIFT- 
generated data contain a wealth of information. Diatoms can be classi-
昀椀ed by comparing characteristic repetitive microstructures [68]. Satel-
lite images of river deltas contain information about water content in 
creek diameters. For activity studies the distance distribution of con-
tracted and relaxed segments of worms or leeches, as well as studies on 
ventral scales of snakes in rectilinear locomotion can be performed [69]. 
The width distribution of ice cracks of earth Polar Regions or other 
planetary surfaces can be used for dynamic studies of glacial activity or 
investigations on climate change [70]. GIFT is a helpful tool for any 
crack measurement on images of buildings or micrographs [71]. The 
distance distribution of tree rings contains information about growth 
history over decades [72]. In the 昀椀eld of 昀氀uid dynamics the distance 
distribution of sand ripples can be measured, e.g. for studies on 昀氀uid- 
particle-interactions, oceanography or monitoring the stream [73,74]. 
Complex interference patterns or misalignment measurement by moiré 
patterns can be evaluated [75]. Hand written letters contain information 
about the author in characteristic line distances; it may be useful for 
author identi昀椀cation or early detection examinations for brain diseases 
like Parkinson [76]. There is a lot more to discover. 

5. Conclusions and outlook 

GIFT is a new method originally designed for computerized mea-
surement of 昀椀ber diameters in SEM images. We demonstrate that the 
novel method performs as well as or better than existing methodologies, 
especially in situations with highly varied 昀椀ber diameters, inconstant 
grayscale values or when analyzing low contrast images. 

The 昀椀ber evaluation tool counts the frequency of parallel 昀椀ber edges 
in the image, and displays a 昀椀nal histogram of frequency distribution of 
昀椀ber diameters, including a numerical measurement determined by 
Gaussian 昀椀t. GIFT has been benchmarked to the validated 昀椀ber quan-
ti昀椀cation software DiameterJ as a standard of comparison, and to 
manual evaluation as a reference. On a synthetic phantom image, as well 
as on real SEM images, GIFT has demonstrated substantial accuracy and 
robustness. Advantages over DiameterJ are demonstrated under chal-
lenging conditions. The results of GIFT provide statistical certainty by 
generating thousands of measurements per image and they are not 
affected by the absolute 昀椀ber diameter, a gradient of the grayscale value 
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on a 昀椀ber surface, the average grayscale value in general, 昀椀ber bending, 
昀椀ber direction, the image contrast, or overlapping and crossing 昀椀bers. 
GIFT processes all conventional image sizes and data formats that 
ImageJ accepts. Thus, GIFT has the potential to supersede conventional 
software tools in the broad 昀椀eld of image processing. 

GIFT has the potential to be programmed as independent software or 
implemented as a module in commercial software packages. Upgrades 
regarding measuring 昀椀ber orientation or computing of three dimen-
sional image stacks are intended for future iterations of the program. 
Currently, image processing functions in two software programs, ImageJ 
and OriginPro, are needed for analysis and therefore GIFT has not yet 
been developed into a standalone program or single ImageJ plugin. 
Based on the promising results generated by GIFT so far we plan to 
continue work on the program, which includes adding further func-
tionality to the method and developing GIFT into a freely available 
standalone application. 

In the biomedical and material engineering 昀椀eld, the importance of 
quality assurance in the growing area of 昀椀ber materials continues to 
increase and GIFT provides the reliable results the 昀椀eld requires. Not 
being limited to SEM as the only imaging method, GIFT offers promising 
applications in a wide range of further 昀椀elds involving images of 
structures with repetitive or parallel edges. 

Data availability 

The raw/processed data required to reproduce these 昀椀ndings are 
available at https://doi.org/10.17632/8zzn96yd54.1 [77]. 

Impact statement 
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cine. Safe and effective application strongly depends on stable param-
eters, including the 昀椀ber diameter. Computer-supported evaluation of 
昀椀ber diameters can provide signi昀椀cant advantages over manual quan-
ti昀椀cation methods and is a very promising means to achieve automated 
quality assurance. 
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SI 1 Process steps of GIFT 
 
The flowchart of GIFT shows the main steps of image processing from an initial SEM image to the 

final histogram of frequency distribution of fiber diameters 

 

Fig. S1. Flowchart. The flowchart of GIFT shows the main steps of image processing from an initial SEM image (1) to 
the final histogram of frequency distribution of fiber diameters. After edge detection (2) a binarized image of fiber edges  (3) 
undergoes a special line opening filter which selects horizontal line fragments of a certain minimum length  (4a) and an 
algorithm measures the distances between these remaining line fragments in the perpendicular direction for every pixel 
column (4b). The filtering and measurement is repeated for several angles on each image and a histogram is generated 
based on the distance measurements. The final histogram displays the highest 10% of counts and a Gaussian fit indicates 
the fiber diameter distribution. 



 
 
SI 2 Peak shift by line inclination, and missing data due to unmeasured fibers 
 
The measurement at four angle steps generates adequate results. Measurements of more angles 

increase the statistical certainty and the calculative effort. The four angle method achieves an 

adequate final result (Fig. S2).  

 

Fig. S2. Multiple measured angles vs. 4 angle method, comparison. The SEM image containing midsize fibers 
was measured using different numbers of angle steps. Diameter quantification based on 4 angle steps, which was the 
method used in the in benchmarking experiments (black), was compared to quantification using 13 (vio let) and 28 (blue) 
rotation steps. 13 rotation steps are sufficient to analyze the full area of an image, ensuring that no fibers are missed due  
to their initial orientation. 28 angle steps (from the data generated in  Fig. 3) represents a data set with redundant 
measurements, because the measured area partially overlaps from one angle step to the next. The full data sets are 
shown, without the noise removed. The average fiber diameter and standard deviation calculated from each data set is 
shown in the corresponding color and demonstrated that the number of rotation steps did not affect the results.  

 
The majority of segmented lines appear in a thickness of one or two pixels, sometimes with sections 

of three pixels or more. After performing the line opening filter, only horizontal lines of at least eight 

pixels (by default) in length remain. They can be slightly angled, forming a stair-step pattern. The 

distances between slightly inclined lines are measured and contribute to the data. Due to the 

oblique trajectory through the parallel fiber edges the values for fiber diameter can be overestimated 

by a few percent. Fig. S3. gives an overview about that issue. The given numbers in the figure refer 

to maximum values. Additionally, the segmented line thickness depends on the segmentation 

threshold, as demonstrated in Fig. S4. When processing images in unfavorable conditions, 

assuming a line thickness of three pixels, the lines appear randomly in all angles and will be 

measured with the same probability. Hence, on average we expect half of the maximum value 

contributing to the data. That means an overestimation of fiber diameter of roughly 2.7 percent. As 

all thinner lines also exist in a real image and are measured, they contribute with less 

overestimation to the data. All in all, roughly less than two percent final overestimation seems to be 

a reasonable estimation. Considering every SEM image is different, and lines are segmented 



differently, this example is only a general estimation of scale. A rough calculation can be used to 

illustrate it: an example fiber diameter of around 2 µm would show a peak shift of 0.04 µm (2% of 2 

µm), which is not noticeable change within the typical peak width of 0.75 µm. In actuality, that shift 

does not really lower the result. It also shows that if there are some small sections of thicker lines of 

four or more pixels, they will not significantly diminish the results, as confirmed by evaluation of 

numerous images. 

Missing data due to unmeasured fibers are a second effect of thin lines and only measuring at four 

different angle steps. Under theoretically unfavorable conditions 69 percent (only a line thickness of 

1 pixel), 38 percent (only a line thickness of 2 pixels), or 18 percent (only a line thickness of 3 pixels) 

of image data would not contribute to the result. For example, if only one pixel thick lines are 

segmented, data of the current measurement angle ±7 degrees contribute to the result. There could 

still be gaps of 31 degrees (45°-(2 x 7°)). Theoretically about half of the image could be missing. But 

actual segmented SEM images always contain different line thicknesses, even most lines in the 

segmented phantom image are two pixels thick.  

 

Fig. S3. Maximal overestimation by line inclination. Fiber margins can be segmented as lines of different 
thickness. After performing the line opening filter only horizontal line fragments of at least the filtered length (e.g. 8 pixels) 
remain. Hence, inclined fiber margins appear as stairs-like lines of a maximal possible angle, as mentioned in the image. 
Due to the non-perpendicular trajectory through the parallel fiber margins the distance will be overestimated 
(triangulation). The maximal overestimation is 0.8% for 1pixel thick lines, 3.1% for 2 pixels thick lines, and 5.4% for 3 
pixels thick lines. 

 

SI 3 Segmentation threshold  

The segmentation threshold defines the grayscale value, above which the fiber edge will be 

segmented. Image parts of grayscale values below the threshold will remain black, as illustrated in 

Fig. S4. 

 

 

Fig. S4. Influence of segmentation threshold. The segmentation threshold influences the thickness of segmented 
lines, as well as the content of mottling from the fiber surface. A high value guarantees thin lines and less mottling. The 
numbers in the image corners specify the segmentation threshold; the small inset indicates the original image section. 



 

SI 4 Filtered line length 

For comparison the SEM image containing two different fiber types was processed twice using 

filtered line lengths of five and eight (segmentation threshold 240). Four peak results were 

generated, as presented in Fig. S5 and Table S1. The shorter filtered line length (5) results in more 

counts because of more data from more line fragments. For the longer filtered line length (8) the 

peaks appear smaller in height and partly in width because of fewer counts. But the peaks are 

located at the same position, in both cases, which means equivalent results. 

Fig. S5. Influence of line opening filter length. GIFT results for SEM image of dual fibers comparing the effect of 
different values (5 and 8) for the line opening filter. The fiber peaks are of different height, but are located at the same 
position, indicating an accurate fiber diameter measurement. 

Filtered 

line 

length 

Threshold 

for highest 

10% 

Peak range 

[µm] 

Maximal 

counts 

Maximum 

location 

[µm] 

5 85 0.078 – 0.25 453 0.16 

5 85 0.84 – 0.92 144 0.90 

8 35 0.093 – 0.19 189 0.16 

8 35 0.84 – 0.92 51 0.89 

Table S1 Results of different line opening filter length. Results for SEM image of dual fibers comparing the effect of 
different values (5 and 8) for the line opening filter. Due to less data the fiber peaks are smaller using a filtered length of 
eight. 

 

SI 5 Total error for the phantom image 

Data obtained by Gaussian fit, relative errors were calculated by SD/peak center value. 



 

Fig. S6. Total error graph. Comparison of total errors of fiber diameters in the phantom image (referring to Fig. 1, A). 
For fiber thicknesses of 8, 16, 30, and 40 pixels the errors are displayed . DiameterJ generates data for fiber radii. The 
relative errors are of similar value, hence the absolute error doubles for the fiber diameters. 

Fiber 

thickness 

Error  

GIFT 

(method) 

Error 

DiameterJ 

(method) 

Error 

Reference 

(method) 

  [%] [%] [%] 

8 5.6 4.5 4.3 

16 2.8 2.9 2.0 

30 1.9 1.6 1.4 

40 1.4 1.4 1.0 

Table S2 Total error table. Comparison of total errors of fiber diameters in the phantom image (referring to Fig.1, A). 
Error calculated by Gaussian fit deviation divided by peak center. For fiber thicknesses of 8, 16, 30, and 40 pixels the 
errors are displayed. DiameterJ generates data for fiber radii. The relative errors are of similar value; hence the absolute 
error doubles for the fiber diameters. 

 

SI 6 Potential segmentation mismatch of grayscale value focusing methods 

 

Fiber segmentation of grayscale value focused methods like DiameterJ can result in mis-

interpretation of fiber diameters. Due to fibers with a gradient of brightness, segmentation finds the 

brightest areas, but darker parts can get lost. Consequently such fiber segments are measured 

incompletely because of faulty skeletonization. As the example shows, faulty center lines of fibers 

(skeleton lines) lead to inaccurate and underestimated results (Fig. S7). Hence in the final 

histograms wide peaks in the small diameters range can lead to false interpretation of the data. 

 



 

Fig. S7. Segmentation by DiameterJ. Data misinterpretation can occur when performing grayscale value focused 
methods. Overlay of skeleton lines on SEM image containing midsize fibers (A) and the corresponding segmented image 
(B). Drift of fiber center line due to a gradient of grayscale value on fiber surface is visible using DiameterJ. Incompletely 
segmented fiber parts appear as irregular shaped thin areas, and cause faulty peaks in final histogram  due to 
underestimated diameters . 

 
  



SI 7 Capability of fiber detection 
 

 
Fig. S8. Fiber bending radius and orientation. Test image with circular ring shaped fibers of different bending and 
angle orientation (A), segmented fiber edges by GIFT (B), reference measurement (n = 20) by manual quantification (C), 
upper left graph: result of GIFT for the complete test image A, upper right graph: result of reference measurement in test 
image C, completely processed test images  of every single ring shaped fiber (A1 to A7). 

 



 

Fig. S9. Minimal contrast, and gradient of grayscale value. Phantom image with minimal fiber background contrast 
(Gradation of one grayscale), exemplified on fiber values 101 and 201 using background values of 100 and 200, 
respectively (A), segmented fiber edges by GIFT using a segmentation threshold of 2 (B). In each experiment the whole 
image (letter shaped fibers and random fibers) was processed, only half the image is displayed here (A, B). An image was 
processed, containing fibers of a gradient of grayscale values . Images contain a fiber with a diameter of 508 pixels, linear 
increasing/decreasing grayscale values 253  0  253 or 2  255  2 respectively, background is white or black (C1, 
C2).Resulting segmented fiber edges by GIFT using a segmentation threshold of 12 (D1, D2). Left graph: result of GIFT for 
the phantom image of minimal contrast. Right graphs: results of GIFT for the fiber with grayscale gradient with lowest 
possible contrast to background. 

 



 

Fig. S10. Image size beyond ordinary images. Image size of 5000 pixel (A), segmented fiber edges by GIFT (B), 
reference measurement by manual method (C), left graph: result of GIFT, right graph: result of reference measurement. 

Fig. S11. Fiber diameter beyond ordinary range. Left: test image of thick fiber (bright gray) on dark background, 
right: result of GIFT. Fiber diameters up to half of the image size can be measured. Due to the pixel counting algorithm 
running over the image boundary, a single fiber of higher diameter causes a second peak of lower value (image size 
minus fiber diameter). 

 

 



SI 8 Potential applications for GIFT in different fields 

Fig. S12. Further applications 1. GIFT is useful for various applications other than fiber measurement. The 
distribution of any repetitive structures in images can be used to analyze or classify imaged objects (A, B). Structures of 
biological objects like bird feathers can be investigated for classification or in situ studies e.g. altered mechanical stres s 
(C).  

 

 



Fig. S13. Further applications 2. GIFT is useful for various applications other than fibers. The diameter of tree 
branches (or roots) can be measured for growth studies; the diameter distribution may contain information about damage 
or diseases (A). Leaf veins may grow differently or change diameters depending on water supply (B). The structure of 
wood and tree-rings contains information in their distance distribution about climate-depending growth over decades (C, 
D). 



SI 9 Segmented images (DiameterJ)  

   

  

  

Fig. S14. Segmented images by DiameterJ (raw data). DiameterJ provides three different segmentation algorithms 
which generate eight segmented images each (M1 – M8, S1 – S8, T1 – T8), the user has to subjectively choose one. The 
red rectangles indicate the selected segmented images, which were used in this work. 
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☯, Niels Grabow, Sabine IllnerID

Institute for Biomedical Engineering, Rostock University Medical Center, Rostock, Germany

☯ These authors contributed equally to this work.
* Jennifer.huling@uni-rostock.de

Abstract

This paper details the development and testing of the GIFT macro, which is a freely avail-

able program for ImageJ for the automated measurement of fiber diameters in SEM images

of electrospun materials. The GIFT macro applies a validated method which distinguishes

fiber diameters based on distance frequencies within an image. In this work, we introduce

an applied version of the GIFT method which has been designed to be user-friendly while

still allowing complete control over the various parameters involved in the image processing

steps. The macro quickly processes large data sets and creates results that are reproduc-

ible and accurate. The program outputs both raw data and fiber diameter averages, so that

the user can quickly assess the results and has the opportunity for further analysis if desired.

The GIFT macro was compared directly to other software designed for fiber diameter mea-

surements and was found to have comparable or lower average error, especially when mea-

suring very small fibers, and reduced processing times per image. The macro, detailed

instructions for use, and sample images are freely available online (https://github.com/

IBMTRostock/GIFT). We believe that the GIFT macro is a valuable new tool for researchers

looking to quickly, easily and reliably assess fiber diameters in electrospun materials.

Introduction

Nonwoven fiber materials made via electrospinning have been used in a variety of applications

including filters, sensors and medical products [1]. Electrospinning is a simple and fast tech-

nique that is compatible with a wide range of materials [2]. The resulting fibrous structures

benefit from the high surface-to-volume ratio and can be tuned to have the desired porosity,

fiber size and fiber alignment. Electrospinning is of particular interest in biomedical applica-

tions because the structure mimics the fibrous features of native tissue extracellular matrix and

is known to enhance cell interactions [1]. Electrospun materials have been researched in medi-

cal applications ranging from drug delivery devices to in vitro engineering of whole tissues [3].

Several medical products have made it to commercial production including vascular stent cov-

erings and wounds dressing [4].

In all applications, one characteristic that is critical to the function of electrospun materials

is the average fiber diameter. In the case of medical face masks, reducing fibers from micro- to
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nano-sized in electrospun filters can reduce air resistance and increase surface area for particle

capture [5]. Control of fiber diameter can also be used to tailor drug release profiles [6, 7].

Additionally, changes in fiber diameter of biocompatible materials have been shown to effect

cell proliferation, differentiation and morphology [8–10]. Therefore, the ability to easily and

accurately analyze fiber diameter is critical in the development and production of electrospun

materials.

The most common method for the measurement of fiber diameters is via the manual mea-

surement of fibers based on scanning electron microscopy (SEM) images using free tools like

ImageJ and Fiji [11, 12]. However, measurement by hand is slow and can be influenced by the

individual making the measurements [13]. A more ideal alternative is automated image analy-

sis. Automated analysis could potentially eliminate user bias and allow for high throughput

screening for the development of new electrospun materials or rapid quality control of com-

mercial products. There have been many proposed methods and existing tools for automated

fiber measurements, but all have weaknesses including limited software accessibility, high

learning curve, or sensitivity to image quality or user input [14–17].

Our research group developed and published a new image analysis method for fiber diame-

ter measurement called the General Image Fiber Tool (GIFT) [14]. The GIFT method works

by measuring the distances between edges in a given image and determines which of those dis-

tances represent fiber diameter based on their frequency, therefore bypassing the need to spe-

cifically identify fibers within an image. The method proved to be accurate and faster than

manual measurements or semi-automated measurements requiring user input. However, the

initial version of GIFT, which was aimed at testing and validating the theory and method, was

not adequately streamlined, relying on the manual transfer of data between programs and the

use of proprietary software. Therefore, we felt that the positive results justified further develop-

ment of GIFT into a standalone, user-friendly piece of software that could be made freely avail-

able to the research community.

In this work, we present the development of GIFT into a macro for ImageJ. The GIFT

macro allows for large sets of SEM images to be processed quickly in a single step, while allow-

ing users easy control over all of the image processing parameters. The GIFT macro is open

source and freely available along with in-depth instructions for its installation, use and trouble-

shooting. We believe that the GIFT macro has the potential to be highly applicable in the elec-

trospinning research community and to manufacturers requiring SEM imaging as a standard

inspection method for monitoring micro and nanofiber products. Additionally, we anticipate

that the new, accessible and user-friendly version of the method presented here will facilitate

its application and use.

Materials andmethods

Image processing and macro development

The theory behind the GIFT method was developed, tested and validated previously [14]. In

the current work, we have adapted the image processing steps to function entirely within Ima-

geJ for optimal ease of use and accessibility. A summary of the main changes and improve-

ments is given in S1 Table in S1 File. Every image processed is first cropped as needed, then a

Sobel operator is applied to the 8-bit image to identify the edges, followed by percent-based

thresholding. As an improvement from the original GIFT method, the GIFT macro calculates

the threshold cutoff value based on a percent of total included pixels, rather than defining the

cutoff value by a single constant grayscale value. The threshold is set so that a user-provided

percent of dark pixels remains after thresholding and this is calculated for each image individ-

ually during processing. Compared to setting a static grayscale value cutoff, this was found to
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produce more consistent results when analyzing image sets with variable contrast or high blur-

riness (S1 and S2 Figs in S1 File).

From the binary image containing just the fiber edges (and the edges of any elements or

objects in the image), a set of rotated copies of this image is created based on a user-specified

angle of rotation (Fig 1B). A horizontal opening line filter is then applied to the all rotated cop-

ies using the separate ImageJ plug-in, MorphoLibJ [18]. The MorphoLibJ plug-in is automati-

cally included in FIJI and must be installed when using ImageJ, however, the plug-in provided

the filtering step that was initially done with the proprietary software Origin during the devel-

opment of the GIFT method. The filtering operation isolates horizontal edge segments in each

of the rotated copies which should include the parallel edges of fibers. In the next step, the

macro scans through each pixel column of each rotated copy and identifies the maxima. Each

maximum location corresponds to the presence of an edge in the original image. The vertical

pixel distance between each maximum is measured and converted into a real distance based

on the user-provided scaling factor. A histogram of all measured distances is plotted. Actual

fiber diameters occur with significantly higher frequency and can be identified by applying a

Gaussian fit to the data. The peak location of the Gaussian fit is used to determine the mean

Fig 1. Diagram of image processing pathway of the GIFTmacro. A) User-defined image processing parameters can be modified in the GIFT graphical user
interface. These parameters are applied either to a single image or a batch of images in a single folder. B) Edge detection and thresholding is performed and
then a set of rotated copies is made. An opening line filter is applied to isolate horizontal edge segments on each rotated image and the vertical distances
between horizontal edge segments are measured. In the figure, the green arrows indicate the actual fiber diameter, which appears with a significantly high
frequency in the image. Distances between fibers (orange arrows) are randomly distributed. C) Vertical distances are plotted as a histogram and a Gaussian fit
is used to determine average fiber diameter. Users are provided with histograms and raw data for each image and a summary table with all average diameters.

https://doi.org/10.1371/journal.pone.0275528.g001
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fiber diameter and the peak width is used to determine the standard deviation of fiber

diameter.

The GIFT macro is designed for ease of use and can be run with minimal user input using

the supplied default settings. Only the input of the file or file locations are required to run the

macro. However, all of the key processing and output parameters can be modified in a single

graphical user interface (GUI). Image cropping, scaling and threshold percent can additionally

be determined interactively based on the first image in a given data set at the time of image

processing. For additional applicability, users can choose to measure fiber orientation by run-

ning the existing plug-ins, OrientationJ or Directionality, in parallel with the GIFT macro and

the orientation data is incorporated into the GIFT macro data output for streamlined data

processing.

GIFT benchmarking against existing software with synthetic image set

The average error of the GIFT macro was measured using a set of synthetic images which had

been created for the validation of the ImageJ plug-in, DiameterJ, and was published online for

the purpose of future benchmarking experiments [19]. Average errors measured with this data

set have already been published for the ImageJ-based DiameterJ histogram method and the

Matlab-based image analysis tool, SIMPoly [16, 17]. These programs serve as suitable bench-

marks as they were specifically designed for fiber measurement in SEM images. Additionally,

both programs have varied image analysis methods but utilize fiber diameter histograms to

determine the final average fiber diameter in a manner similar to GIFT. Two sets of synthetic

test images were used. One composed of straight lines of a constant width spaced at regular

intervals, but at variable angles (ordered synthetic images) and the other had randomly placed,

curves lines of a constant width (disorder synthetic images). Each set has 3 images each for line

widths of 3, 5, 7, 10, 15, 20, 25, 50, 75 and 100 px. Following the precedent set by the SIMPoly

analysis, the first 20 px disordered synthetic image was not included due to the extreme inci-

dence of overlapping line segments which made it a poor reference for line width. This image

was included in the DiameterJ analysis but did not significantly affect the outcome. Both syn-

thetic image sets were analyzed with the GIFT macro using 8 px filter line length, 1% threshold

cutoff and either a 45˚ or 6˚ angle of rotation. The percent error was calculated based on the

following equation:

% error ¼
jD

Real
� D

Calc
j

D
Real

ÿ 100

Where DReal is the known line width in pixels and Dcalc is the diameter in pixels measured by

GIFT. The percent error was calculated for each image and the averages and standard devia-

tions were reported. Average error was calculated separately for 3–7 px lines and 10–100 px

lines for better comparison to the previously published error values.

Electrospun fiber measurement

A series of gelatin electrospun fibers were created as a real-world test set for the GIFT macro.

Spinning solutions of 10, 15 or 20% w/v gelatin (Merck, Germany) in 2,2,2-Trifluoroethanol

(TFE) were used. Electrospinning was performed at 22˚C and ~24% humidity with a Contipro

(Dolnı́ Dobrouč, Czech Republic) 4SpinC4S LAB2 device. Flow rates of 45–130 μl/ml and an

applied voltage of 20–30 kV were used to deposit fibers on a cylindrical collector at a distance

of 12–60 cm. Parameters were adjusted to ensure reliable fiber formation from each of the dif-

ferent gelatin solutions. Samples were imaged by scanning electron microscopy (SEM) on a

Quanta FEG 250 (FEICompany, Germany). Manual measurement of the fiber diameters was
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performed by an experienced technician. Ten randomly selected fibers were measured on each

image. DiameterJ (version 1.018) was also used to measure the images after cropping and

based on the known scale. The fiber diameter histogram mean based on the M3 segmentation

method was used for analysis. Because DiameterJ is not compatible with newer versions of

ImageJ, this analysis was done using ImageJ 1.52a. SIMPoly was run in Matlab R2020b with

the known scale supplied.

The images were batch processed using the GIFT macro using the default image analysis

parameters (Line length = 8 px, threshold = 5%, angle of rotation = 45˚), a 0.1 bin size, the

scale defined as 32.25 px/μm and the image height cropped to 875 px to remove scale bars.

GIFTmacro parameter testing

The 10, 15 and 20% w/v gelatin electrospun fiber images were analyzed with the GIFT macro

under many combinations of image analysis parameters to observe the sensitivity of the results

to input parameters. A modified form of the GIFT macro code was used to quickly and auto-

matically run through the various combinations of parameters and record the results. All com-

binations of filter line length (4–12 px) and threshold percent (2–8%) were tested using 90, 45

or 6˚ angles of rotation for each of the 3 images. These parameter ranges were centered around

the default values for the GIFT macro. All analysis was done with a 0.1 bin size and the scale

defined as 32.25 px/μm and the image height cropped to 875 px to remove scale bars. The fiber

diameter results were graphed as heatmaps using Rstudio. Negative diameter results were

graphed as zero. Additionally, two disordered synthetic images from the dataset used from

benchmarking (with 10 and 100 pixel diameters) were analyzed with all combinations of 90,

45, 30, 18, 12 and 6˚ angles of rotation and 4–12 px line length. The threshold was kept at 1%

because the synthetic images are composed of only black and white pixels.

Image processing speed measurements

The GIFT macro was tested on a Dell Latitude 5400 (Windows 10 Pro, 8 GB of RAM, Intel

Core i5-8365U Processor). The macro was run as part of FIJI, using ImageJ 1.53n. The macro

was used to analyze a single image or a set of 10 copies of the 15% Gelatin image shown in Fig

2 (1024x943 pixels) for consistency. Images were analyzed first using the default GIFT settings.

To illustrate how some parameters can affect processing time, the same images were also ana-

lyzed with the addition of the orientation measurement option (via OrientationJ) or the images

were analyzed with a 6˚ angle of rotation instead of 45˚ which increases the number of pro-

cessed copies of each image from 4 to 30. Each test case was run n = 3 times and mean process-

ing time and standard deviation was calculated.

Results

GIFT benchmarking with synthetic images

30 ordered synthetic and 29 disordered synthetic line images from a publically available dataset

were analyzed using the GIFT macro [19]. The measured “fiber” diameters were compared to

the known diameters and used to calculate average percent error. The percent error was calcu-

lated separately for images with fiber widths of 3–7 px and 10–100 px. The percent error gener-

ated by GIFT is given in Table 1 alongside the published percent error from measurements on

the same dataset using DiameterJ and SIMPoly software. When measuring ordered synthetic

images in the 10–100 px range, GIFT run with the default parameter settings had a higher

average percent error (6.8±19.0%) than DiameterJ (2.5±1.9%) and SIMPoly (2.1±1.7%). How-

ever, the median error value of 1.2% was lower. Additionally, when the angle of rotation was
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reduced to 6˚, the average percent error of GIFT (2.2±4.0%) was similar to the other two analy-

sis methods. GIFT performed generally better when analyzing disordered synthetic images,

which more closely mimic electrospun fibers. In the 10–100 px range, GIFT run with default

parameter settings had an average percent error of 1.2±0.7% which was lower than the error

from DiameterJ (4.7±1.4%) and SIMPoly (1.6±1.5%). Lowering the angel of rotation used

when analyzing 10–100 px disordered synthetic images did not change the error. When ana-

lyzing 3–7 px sized synthetic images, GIFT was only compared to DiameterJ because the values

were not published for SIMPoly. For both ordered and disordered synthetic images, GIFT

with default settings (ordered: 6.8±6.5%, disordered: 6.0±3.0%) performed significantly better

than DiameterJ (ordered: 12.6±3.4%, disordered: 20.9±4.3%).

Electrospun fiber measurement

10, 15 and 20% gelatin solutions were used to produce electrospun materials which were

imaged with SEM (Fig 2A). These images were analyzed by hand and by GIFT. The GIFT

macro was run using default parameters and was compared to manual measurements and

results from DiameterJ and SIMPoly (Fig 2B). All methods produced similar results, with the

Fig 2. Real world image analysis. A) SEM images of electrospun fibers made from 10, 15 or 20% gelatin solutions. Manual fiber diameter measurements were
made on 10 random fibers in each image. B) This SEM image set was also used to test the GIFT macro. The images were analyzed using default GIFT
parameters. For comparison, the GIFT results were graphed with the results of hand measurement and DiameterJ and SIMPoly analysis of the same images. C)
The fiber diameter histograms produced by the GIFT macro for each SEM image are shown. The x-axis units are μm. The blue line overlaid on the histograms
represents the Gaussian fit curve. The parameters of the Gaussian fit are shown in the upper left corner.

https://doi.org/10.1371/journal.pone.0275528.g002

Table 1. Average percent errors based on analysis of synthetic image set with line widths between 3 and 100 px.

Line diameter range (pixels) Ordered Synthetic images Disordered Synthetic images

Published DiameterJ average error (%) [19] 10–100 2.5±1.9 4.7±1.4

Published SIMPoly average error (%) [16] 10–100 2.1±1.7 1.6±1.5

GIFT average error (%), Default Settings 10–100 6.8±19.0 (median = 1.2) 1.2±0.7

GIFT average error (%), 6˚ angle of rotation 10–100 2.2±4.0 (median = 1.2) 1.2±0.7

Published DiameterJ average error (%) [19] 3–7 12.6±3.4 20.9±4.3

GIFT average error (%), Default Settings 3–7 6.8±6.5 (median = 4.6) 6.0±3.0

https://doi.org/10.1371/journal.pone.0275528.t001
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most noticeable difference in the values for the 10% gelatin image. The resulting fiber diameter

histograms for GIFT are given in Fig 2C and show the distributions of measured distances

from each image. The blue overlaid line on each histogram shows the Gaussian fit curve used

to calculate the average fiber diameter. The Gaussian parameters are given in the top left cor-

ner of each graph. For comparison, the fiber diameter histograms for GIFT, SIMPoly and Dia-

meterJ are provided in S5 Fig in S1 File.

GIFT parameter sensitivity

To assess the sensitivity of the GIFT macro to user input, SEM images of different gelatin elec-

trospun fibers (Fig 2A) were analyzed using the GIFT macro with 90, 45 or 6˚ angles of

Fig 3. GIFT parameter sensitivity. SEM images of 10, 15 or 20% gelatin electrospun fibers were analyzed using the GIFT macro with 90, 45 or 6˚ angles of
rotation and at all combinations of 4–12 pixel line length and 2–8% threshold parameters. The resulting fiber diameter measurements were graphed as
heatmaps to visualize sensitivity of GIFT to changes in parameters. All graphs for each image (rows) have the same scale, with the fiber diameter measured with
default parameters set as the midpoint of the scale bar (yellow color). Average diameters higher than the default are represented by increasingly red hues and
diameter results lower than the default are increasingly blue in color. The black dots indicate the results under default parameters for reference.

https://doi.org/10.1371/journal.pone.0275528.g003
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rotation (which corresponds to 2, 4 or 30 copies analyzed per image, respectively) and at all

combinations of 4–12 pixel filter line length and with a 2–8% threshold. The resulting average

fiber diameters from each parameter combinations were graphed as heatmaps (Fig 3). Heat-

maps for the same image were graphed with a consistent color scale for easier comparison. In

all cases, the scales were defined so that the average diameter measured by default parameters

represents the midpoint of the scale bar which is set to a yellow color. Average diameters

higher than the default are represented by increasingly red hues and diameter results lower

than the default are increasingly blue in color. The 15% gelatin image results showed almost

no sensitivity to changes in input parameters. The results of the 10 and 20% gelatin images,

which represent more difficult images with multiple fibers sizes and lower contrast, respec-

tively, show the most sensitivity to image analysis parameters, but still produce results in a

fairly narrow range.

Similar analysis was done for two disorder synthetic images (S3 Fig in S1 File). The results

show very little influence of the parameters on the results. With the synthetic images, a percent

error can be calculated based on the known line width. The percent error for each set of

parameters is shown in S3 Fig in S1 File and also shows very little change in the results based

on parameter input.

Image processing speed measurements

The GIFT macro was tested for processing speed using the 15% gelatin SEM image (Fig 2A).

The image was processed once or as a batch of 10 copies and the total processing times are pre-

sented in Table 2. The GIFT macro was run using default settings, with the addition of Orien-

tationJ alignment analysis and with a 6˚ angle of rotation for comparison. Under default

conditions, 1 image is processed in less than 2 seconds. When using a 6˚ angle of rotation

GIFT, which requires processing 30 rotated copies of each image instead of the default 4, the

single image processing time was significantly increased (21.6 ± 0.9 s). However, GIFT gener-

ally processes images much faster than DiameterJ, which reports a per image processing time

of 20 to 60 seconds [17, 19].

Discussion

The gold standard for average fiber diameter measurement for electrospun materials is to

image the material with an SEM and then measure the fiber size by hand, often with the aid of

software such as ImageJ. The process of hand measurement is subjective, tedious and does not

lend itself to applications which require high throughput analysis like large screening experi-

ments or quality control for product manufacturing. Automated image analysis potentially

offers a better alternative to the manual measurement of fibers. However, existing software is

either limited by availability, cost, ease of use or accuracy. Our goal was to develop an open

source tool that was more accurate than what was currently available and which has a low bar-

rier to entry.

The presented GIFT macro is run through ImageJ, a freely available and popular image

analysis software platform which is already familiar to many researchers and has extensive

online resources and support. The GIFT macro user manual, available for download at the

Table 2. GIFTmacro processing time under different conditions.

Default settings Default settings + alignment analysis (OrientationJ) Minimum angle of rotation (6˚)

1 Image 1.8 ± 0.1 s 3.3 ± 0.1 s 21.6 ± 0.9 s

10 Images 16.0 ± 0.5 s 22.6 ± 0.1 s 215.9 ± 1.0 s

https://doi.org/10.1371/journal.pone.0275528.t002
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Github website along with the program, outlines exactly how to download and open GIFT in

ImageJ. To run GIFT, a user only needs to provide an input and output folder location into the

single GUI. All other parameters have default values, so the software has a low learning curve.

However, all key image processing parameters can be adjusted by the user if desired. Explana-

tions and examples are given in the user manual. The GIFT macro saves image processing

intermediates, raw data, fiber diameter histograms and summary data as outputs. Additionally,

the GIFT macro has a ‘single image’ function to allow users to quickly run the analysis method

on just one open image.

To assess the accuracy of the GIFT macro in its current form and as a way to benchmark

our software with similar tools, we used the GIFT macro to batch analyze a set of synthetic test

images specifically designed for validating fiber diameter measurement software. The synthetic

test images contained white lines of a constant, known diameter on a black background and

were of two types. Ordered images had straight and evenly-spaced lines and disordered images

had curved and randomly oriented lines. The average error of the GIFT macro when measur-

ing the line diameter in these images was compared to the previously published average errors

for DiameterJ and SIMPoly based on the same dataset [16, 19]. Across the board, GIFT per-

forms similarly or better than DiameterJ and SIMPoly when measuring disordered fibers,

which are visibly very similar to the typical structure of electrospun fibers. Importantly, the

number of rotations did not significantly affect the error for disorder synthetic images, indicat-

ing that, in most cases, there is no need to increase the number of rotated copies per image

and subsequently the processing time. In the original DiameterJ paper, line sizes below 10 pix-

els had an average error over 10% and were not included in the main results, but the values

were reported in the supplemental data. GIFT significantly out performs DiameterJ when ana-

lyzing the smallest sized lines (3–7 px) which indicates that GIFT may be particularly well-

suited to analyzing nanoscale fibers and is not as limited when it comes to minimummeasur-

able fiber size. GIFT had higher average error when analyzing the ordered synthetic images,

which are similar in structure to aligned fibers. We believe that one of the strengths of GIFT is

that it does not need to specifically identify fibers or background in an image and therefore

avoids the need for complicated and potentially inaccurate methods of image segmentation.

GIFT relies on the assumption that the segments of the background visible in the image are of

random sizes and shapes. However, in the ordered synthetic images both the lines and the

background are evenly spaced with parallel edges which means that the background essentially

appears like a very wide line and leads to a peak in the fiber diameter histogram generated by

GIFT. In these cases, GIFT may identify the repetitive size of the background as the fiber diam-

eter. This did happen in the benchmarking test and impacted the average error for ordered

images. However, it happened rarely and the median error was lower than the average error

for both DiameterJ and SIMPoly. Additionally, reducing the rotation angle helped to avoid

this issue and led to GIFT having an average error similar to the other software. This means

that adjusting the rotation angle parameter in GIFT is a simple strategy for the analysis of sam-

ples with aligned fibers. Even when an error happens due to highly ordered structures, the

actual fiber diameter will still be evident on the histogram, but GIFT currently cannot identify

multiple peaks on a single histogram. Luckily, such strictly ordered structures are not typical

in electrospun materials.

To test the GIFT macro on real-world images, a set of SEM images of gelatin electrospun

fibers was chosen. We felt that the chosen SEM images represented a range of image types and

situations that commonly occur. The 15% gelatin image represents an ideal SEM image of

fibers. The image is clear, has high contrast and is composed of straight, consistently sized

fibers. The 20% gelatin image is similar, but has a lower overall contrast. The 10% image con-

tains a wide range of fiber sizes with the smallest fibers only being a few pixels wide. Therefore
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in analyzing just a few images we can demonstrate and assess GIFT’s function in a variety of

potentially challenging, but common situations. When compared to hand measurements of

the same images, GIFT produced averages that were nearly identical. The average diameter

measured by the GIFT macro for the 10% gelatin image was slightly lower than the value gen-

erated by hand measurement. This may be due in part to the presence of many very thin fibers,

which are difficult to measure by hand and easily overlooked during manual measurement

analysis. The diameter averages from GIFT were also comparable to the results generated by

DiameterJ for the same image set. For some images, GIFT had slightly larger error measure-

ments, however, we believe that this accurately reflects the characteristics of the fibers and that

the larger standard deviation corresponding with a wider distribution of fiber sizes. This infor-

mation can be useful in identifying electrospinning methods that require further optimization

to achieve a more consistent fiber size. SIMPoly performed similarly to GIFT in the ideal case

of the 15% gelatin image. However, SIMPoly produced different results when challenged with

the extremely small fibers or poor contrast in the 10 and 20% images, respectively. The exact

histograms generated by each program shown in S5 Fig in S1 File.

DiameterJ and SIMPoly also differ from GIFT in terms of dependence on user input, ease

of use and accessibility. DiameterJ requires the selection of a segmentation method based on

visual inspection of initial results and this segmentation method can significantly impacts the

results (segmentation images shown in S4 Fig in S1 File and diameter results for all segmenta-

tion methods included in S1 Dataset). Furthermore, DiameterJ is no longer compatible with

current versions of ImageJ which limits its accessibility and utility. SIMPoly runs through

Matlab which is not freely available. While SIMPoly is not prone to user bias, it also has very

little opportunity for user input and user control which may make it less flexible.

The effects of adjusting image analysis parameters was also evaluated. The GIFT macro has

a set of defined default values for all parameters, but they are fully adjustable by the user. The

heatmap plots in Fig 3 show how much influence the three main image processing parameters

(filter line length, threshold percent and rotation angle), have on the results. In the case of the

15% gelatin image, the parameters have almost no effect on the outcome. Only extreme param-

eter values generate fiber diameter results which vary widely from those generated by the

default settings. In this case, which is an image representative of most fiber SEM images, GIFT

is extremely consistent, and not prone to user influence. In the other images, which represent

more complicated images with a wide variety of fiber sizes and less ideal image contrast, there

is more of an effect of the parameters on the results. However, this variability can be mini-

mized by decreasing the rotation angle and using parameter values near the defaults. Even in

these cases the effect on the final fiber size is minimal.

One major current limitation of the GIFT macro is that it is designed for analyzing nonwo-

ven materials with single fiber diameters. The Gaussian fit used to identify the mean diameter

from the fiber diameter histogram treats all distributions as if they have one peak. If applied to

a bimodal distribution, the Gaussian distribution will only identify one peak or may find the

average of 2 close peaks. An example of this can be seen in the fiber diameter histogram of the

10% gelatin fibers. It appears that there is not an even distribution of fiber sizes, but two peaks,

one under and one just over 0.5 μm diameter and the Gaussian fit identifies an average

between these two close peaks. This average is still a reasonable representation of fiber size, but

it means that, in its current form, GIFT may not be ideal for nonwovens with two or more dis-

tinct fiber diameters like composite materials made with multiple nozzle or polymers. This

limitation is largely because ImageJ is primarily designed for image manipulation and analysis

and is not the ideal software environment for doing the more complicated data analysis neces-

sary for analyzing multimodal distributions. That kind of analysis is better done in software

that is specifically for statistical analysis. For this reason GIFT saves raw data and binned
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histogram data which could be transferred to other software for further analysis if desired. It

should be noted that DiameterJ showed multi-peak data in their validation paper, but the

multi-peak fitting was done in the separate paid software Igor-Pro. It may be possible in the

future to integrate GIFT with external open-source statistical software or to have parallel anal-

ysis software developed to be specifically compatible with GIFT output for further analysis.

However, this would more than likely not be as user friendly and have a much higher learning

curve.

Additionally, GIFT is currently limited to only directly measuring fiber diameters. No other

characteristic of the fibers or image is assessed. The GIFT macro can indirectly measure fiber

orientation by running the existing plugins Directionality or OrientationJ in parallel to fiber

size analysis, but this is a completely separate operation and adds a significant amount of pro-

cessing time. One of the strengths of GIFT is that it has a very simple and streamlined method

for fiber diameter measurement, however, this limits the information that can be mined from

GIFTs raw data. There is currently no differentiation between fiber and background which

could be used to identify things like pore size. DiameterJ can provide information related to

fiber orientation, fiber length, intersection density and mesh hole area, but many of these mea-

surements are based on incorporation of other existing plugins. It may be possible in the future

to continue to incorporate more functionality with the GIFT macro by similarly integrating

already existing methods.

Conclusions

The newly developed GIFT macro for ImageJ is a freely accessible and user friendly tool for

determining fiber diameter from SEM images of nonwoven biomaterials. The new macro

allows users to apply the previously validated GIFT method to large batches of images in a sin-

gle-step process and has been benchmarked against existing software and tested on a real-

word data set. Utilizing this novel method, the GIFT macro determines fiber diameters based

on edge distance frequencies and outputs the mean fiber diameter in the image along with

standard deviation. Additionally, all raw distance and frequency data is provided to the user

for maximum transparency and flexibility. The GIFT macro was designed to maximize user

control over image processing and output parameters, but users can start immediately with

default settings. Examples and explanations of all image processing steps and parameters are

included in the GIFT macro user guide. The macro integrates the existing popular plug-ins

OrientationJ and Directionality so fiber orientation data can be collected at the same time as

fiber diameter measurements. We believe that the GIFT macro is an easy to use tool with a low

barrier to entry that produces reliable fiber diameter measurements and that this tool will be of

great interest to researcher using electrospinning or similar techniques for the production of

biomaterials.
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References
1. Xue J, Wu T, Dai Y, Xia Y. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Appli-

cations. Chemical Reviews 2019; 119(8): 5298–415. https://doi.org/10.1021/acs.chemrev.8b00593
PMID: 30916938

2. Li Y, Zhu J, Cheng H, et al. Developments of Advanced Electrospinning Techniques: A Critical Review.
Adv. Mater. Technol. 2021; 6(11): 2100410. https://doi.org/10.1002/admt.202100410

3. Luraghi A, Peri F, Moroni L. Electrospinning for drug delivery applications: A review. J Control Release
2021; 334: 463–84. https://doi.org/10.1016/j.jconrel.2021.03.033 PMID: 33781809
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A B S T R A C T   

In the biomedical 昀椀eld, nano昀椀ber materials are gaining increasing application. For material characterization of 
nano昀椀ber fabrics, tensile testing and scanning electron microscopy (SEM) are established standards. However, 
tensile tests provide information about the entire sample without information about single 昀椀bers. Conversely, 
SEM images examine individual 昀椀bers, but cover only a small section near the surface of the sample. To gain 
information on failure at the 昀椀ber level under tensile stress, recording of acoustic emission (AE) is a promising 
method, but challenging due to weak signal intensity. Using AE recording, bene昀椀cial 昀椀ndings can be obtained 
even on "invisible" material failure without affecting tensile tests. In this work, a technology for recording weak 
ultrasonic AE of tearing nano昀椀ber nonwovens is presented, which uses a highly sensitive sensor. Functional proof 
of the method using biodegradable PLLA nonwoven fabrics is provided. The potential bene昀椀t is demonstrated by 
unmasking signi昀椀cant AE intensity in an almost imperceptible bend in the stress-strain curve of a nonwoven 
fabric. AE recording has not yet been performed on standard tensile tests of unembedded nano昀椀ber material 
intended for safety-related medical applications. The technology has the potential to enrich the spectrum of 
testing methods, even those not con昀椀ned to medical 昀椀eld.   

1. Introduction 

Fibrous materials are often superior to solid materials and are 
therefore used in a wide range of medical and industrial applications. 
One type of 昀椀brous materials, called nonwovens or nano昀椀ber fabrics, 
consists of 昀椀bers randomly arranged in a layer. This is in marked 
contrast to woven fabrics in which the 昀椀bers or yarns are connected in a 
precisely de昀椀ned sequence. Numerous researchers are working on 
electrospun nano昀椀ber nonwovens for medical implants as they are 
biomimetic, easy to fabricate, and can be spun from a variety of poly-
mers and biopolymers. Nonwovens can be adapted to suit various ap-
plications through incorporation into composites (Jiang et al., 2018), or 
by post-modi昀椀cation (Kowalczyk, 2020). An interesting application area 
for embedded 昀椀ber implants is load bearing applications. 

Since the 1960s, AE sensing has been an integral part of materials 
analysis, process and structural monitoring, and materials science in 
general (Hamstad, 1986; Mehan and Mullin, 1971; Williams and Lee, 
1978). Professional societies monitor developments in the 昀椀eld and 
promote professional exchange, e.g. the Acoustic Emission Working 

Group (AEWG) (Vallen Jochen, 2021). Several researchers work on 
theoretical models to comprehensively describe failure behavior of 昀椀ber 
networks (Silberschmidt, 2022). However, AE recording has long been 
common practice and offers bene昀椀t for quality assurance and research in 
biomedical and industrial 昀椀eld (Bao et al., 2001; Sodomka, 2004). 

In the medical 昀椀eld, current research related to AE is focused on bone 
fracture (Arun et al., 2014), soft tissue (Buis et al., 2018; Sánchez-Molina 
et al., 2015), early detection of failure modes of implants (Lee et al., 
2021), bone cement (Qi et al., 2012), and teeth cracking (Wang et al., 
2021). Advanced AE related test methods are particularly relevant for 
implants subjected to mechanical stress. AE related research typically 
focuses on 昀椀bers or 昀椀laments at the submillimeter range of yarns or 
skeins of wool. For example, Bao et al. mounted the AE sensor directly 
on the textile sample, whereas Wu et al. used an air-coupled design at a 
distance less than 5 mm (Bao et al., 2001; Wu et al., 2015). For AE 
testing of cotton 昀椀ber bundles a condenser microphone can be attached 
to the sample (Velu et al., 1999). Single bamboo 昀椀bers can be investi-
gated using a two sensor setup mounted on the clamps (Alam et al., 
2017), also an air-coupled setup at 7 mm distance is useable for single 
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synthetic polymer 昀椀bers (Ellison and Dai, 1996). Several previous 
studies have described that the mechanical properties of electrospun 
昀椀bers often depend on their diameter (Baji et al., 2010; Papkov et al., 
2013). But, in academic literature no relevant study about AE testing of 
bare nano昀椀ber nonwovens was found. 

To reliably and completely characterize nonwoven material prop-
erties, multiple test methods are needed. Besides SEM imaging and 
tensile tests, there are numerous microscopic, diffraction, nuclear 
magnetic resonance, chemical, mechanical and other characterization 
techniques for nano昀椀ber nonwoven fabrics established (Ko and Wan, 
2014; Russell, 2007). Structural characterization of bare nano昀椀ber 
nonwovens is dif昀椀cult due to small size of the structures, which requires 
highly sensitive technologies. For instance, the size of nano昀椀bers is in 
the range of visible light wavelengths, posing a challenge for optical 
methods and precluding conventional cameras. Mechanical forces from 
tearing single nano or micro昀椀bers are hardly quanti昀椀able, and noises 
produced by ruptures are not audible for the human ear. Computed 
tomography (CT) of suf昀椀cient spatial resolution at submicrometer scale 
is possible, but too complex and expensive for routine testing (Liu et al., 
2018; Rack et al., 2008). Extending the spectrum of test methods as well 
as testing standards is of great importance (Padhye and Nayak, 2016), 
speci昀椀cally to the requirements of bare nano昀椀ber nonwovens. Stan-
dardization can bridge that gap in available methods. Therefore, speci昀椀c 
AE related test methods are worth developing, which potentially could 
be developed into standards. Currently, there are no relevant standards 
available from DIN, CEN or ASTM. A number of testing standards 
already exists for 昀椀ber reinforced materials. In contrast, our work is 
focused on unembedded nano昀椀ber nonwovens. The main challenge of 
AE recording at the nanoscale is the signal weakness of tearing nano-
昀椀bers. Due to the lack of comparable data in other publications and the 
inaudibility of rupturing nano昀椀bers, this study focused on a method 
with signal conversion that allows auditory control of the expected 
signals. A single tearing nano昀椀ber produces a weak ultrasonic signal, but 
a highly sensitive instrument can detect it. After frequency conversion 
into the audible range “listening” in the failing sample is conceivable. 

In general, not all material properties or failure processes are un-
derstood in detail in the study of nano昀椀ber fabrics. There is a need for 
widening the spectrum of established test methods to gain more 
comprehensive insights into material characteristics. Our research 
group routinely applies a set of various testing methods for material 
characterization, e.g. mechanical testing (Fiedler et al., 2021), and 
physico-chemical tests (Arbeiter et al., 2021). Drug distribution and 
release are investigated (Reske et al., 2021; Wulf et al., 2020). Fibrous 
nonwovens are characterized using different thermal and mechanical 
tests (Arbeiter et al., 2020; Illner et al., 2021), as well as biocompati-
bility studies (Khaimov et al., 2021; Matschegewski et al., 2022). The 
focus of the current work is to obtain a more comprehensive under-
standing of the material characteristics by combining test methods in a 
novel way for nano昀椀ber characterization. Tensile tests on nonwovens 
are known to provide information about the entire specimen. However, 
the question remains as to why stress-strain curves often show unex-
pected features. Accordingly, the visualization of material failure at the 
level of individual 昀椀bers motivated the development of the method 
presented here. A hidden defect is de昀椀ned here as a pre-existing material 
deviation that remains undetected by common testing methods. To the 
best of our knowledge, this novel setup appears to be the 昀椀rst study on 
contactless AE recording of breaking bare nano昀椀ber nonwovens. 

Initial tensile tests in combination with AE recording are carried out 
using different 昀椀ber diameters. Poly-L-lactide acid (PLLA) from the class 
of polylactic acid (PLA) is often used as a common implant coating 
material in the medical 昀椀eld and in electrospinning is used to produce 
nonwovens with randomly oriented 昀椀bers. In order to provide a general 
proof of functionality of the method combination and to investigate a 
possible signal dependence on the 昀椀ber diameter in parallel, 昀椀bers of 
different thicknesses are electrospun from equivalent material. Sur-
prising insights into conventional tensile curves have emerged. 

2. Materials and Methods 

2.1. Fiber material fabrication 

Nonwovens of different average 昀椀ber diameters S, M, L (small, me-
dium, large) were prepared by electrospinning. The 昀椀ber size was 
controlled by adjusting the polymer solution and individual electro-
spinning parameters, such as distance and feed rate. Different molecular 
weights of PLLA material were purchased to obtain different 昀椀ber di-
ameters. Resomer L210 (MW ~320.000 g/mol, Evonik, Essen, Germany) 
was used to obtain nonwovens with small (PLLA*S) and medium 昀椀bers 
(PLLA*M) by electrospinning 4.5 wt% and 5 wt% polymer solutions, 
respectively. Electrospinning of a 10 wt% Resomer L207 (MW ~60.000 
g/mol, Evonik, Essen, Germany) solution was used to create nonwovens 
with larger 昀椀bers (PLLA*L). Molecular weights were calculated based on 
the average intrinsic viscosity (Schindler and Harper, 1979). All polymer 
solutions were prepared by dissolving the polymer in chloroform and 2, 
2,2-tri昀氀uoroethanol (ratio 1:4, v/v) at 37 çC with 100 rpm shaking for 
1–2 days. A device of Contipro, the 4SPIN C4S LAB2 (Dolní DobrouÇc, 
Czech Republic), which includes a custom-built rotating continual col-
lector, was used for the electrospinning process. All different PLLA 
nonwovens were processed using varied parameter sets and a 
multi-capillary emitter system. The emitter-collector distance was kept 
at 20–25 cm and a voltage of 26–28 kV and a feed rate of 120–220 
μL/min were applied. The electrospinning process was performed in an 
ambient temperature of 22–24 çC, and humidity of 30–39%. 

2.2. Test setup for recording of AE under tensile experiment 

An air-coupled design was chosen for several reasons, which are 
listed here, for details see Supporting Information 1:  

" The test specimen is very fragile, a sensor cannot be attached.  
" Very strong disturbing signal is generated by friction, if the sensor is 

pressed against the specimen.  
" The signal of 昀椀ber fracture is strongly attenuated and deformed 

during transmission through the sample.  
" Further strong attenuation is expected at the transition into the 

clamp.  
" Further loss of intensity is expected at the transition into the attached 

sensor. 

As no comparable literature with corresponding signal patterns is 
available and measurements are made beyond the audible spectrum, the 
signals were converted into the audible range. This enabled the operator 
to listen in real time and to intuitively decide whether the detected 
signals are caused by real 昀椀ber tears or merely represent unde昀椀nable 
interfering noise. The typical crackling in the down-mixed signal re-
sembles the audible sound of tearing textile samples and therefore is 
assessed as "real" signal. No unde昀椀ned background or machine noise 
shall be misinterpreted as the desired signal. Due to frequency conver-
sion, the signal differs from the original (Dvornikov et al., 2022). 
Focusing on the proof of principle, this circumstance is deliberately 
accepted here. The same frequency conversion concept is used in med-
ical Doppler ultrasound examination. Here, a high frequency ultrasound 
signal is also mixed down to obtain an audible Doppler shift. 

A self-developed device containing a slightly modi昀椀ed narrowband 
ultrasonic sensor MA40S4R (Murata Manufacturing Co., Ldt. Kyoto, 
Japan), electronic components including a CD2003 mixer integrated 
circuit, battery case, and electromagnetic shielding was used to generate 
a synthetic down-mixed difference signal. The sensor is very sensitive 
and inexpensive, its narrow bandwidth was seen as an advantage here to 
minimize any disruptive signals that might be present. The initial ul-
trasonic signal was detected by the sensor, then ampli昀椀ed and directed 
to the mixer IC which simultaneously received also the oscillator signal. 
The down-mixed output (difference signal) was ampli昀椀ed again and 
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transmitted to three receivers: (i) digital oscilloscope PicoScope 2004A 
(Pico Technology, St Neots Cambridgeshire, United Kingdom) with 
PicoScope 6 - PC-Oszilloskop-Software Version: 6.14.36.5676, (ii) the 
capacitively decoupled signal to Microsoft audio recorder version 
10.2005.1672.0, which recorded the audio signal with 178 kBit/s, and 
(iii) the capacitively decoupled signal to an active loudspeaker (Fig. 1). 
The difference signal speci昀椀es the down-mixed output signal, whereas 
the audio signal de昀椀nes its alternating component after decoupling. The 
sensor cannot detect signals in audible range, and the loudspeaker does 
not emit ultrasonic noise, hence signals do not interfere. Using this 
method, the data will not be impaired. Due to the high sensitivity and 
ampli昀椀cation gain, electromagnetic shielding of the electronic parts was 
required. For recording the difference signal, an oscilloscope with a 
sample rate of 40 kHz was chosen. Audio data were processed with 
Audacity(R) version 3.0.0 (Mazzoni, 2021). The color representation of 
audio spectrum was set with Gain (0 dB), Range (120 dB), and Fre-
quency Gain (0 dB/dec). For the graphic display, the displayed differ-
ence signal was reduced to a sample rate of 10 kHz. For normalized 
graphical representations the maximum value was set equal to 1, with 
all other values linear proportional. Data processing was performed with 
OriginPro version 2020 SR1 (OriginLab Corporation, Northampton, 
USA). The frequency-response characteristics of the ultrasonic sensor 
horn and the electronic device input are displayed in Figs. 2 and 3. In a 
昀氀owchart of Fig. 1 the signal processing is visualized. The intensity of 
the difference signal was evaluated at speci昀椀c regions in dataset, of 
which the signal-to-noise ratio (SNR) was calculated from sequences of 
500 ms duration each. 

The frequency-response characteristic of the sensor and the elec-
tronic device input were measured. Two frequency ranges were inves-
tigated for an overview and for the relevant range. The data are 
presented in Figs. 2 and 3. The natural resonance of the sensor horn is 
plotted in blue. For comparison, the signal at the device input, created 
by exposing the system to a broad band noise, is plotted in green. For 
details, see Supporting Information 2. The measurement agrees with the 
frequency-response characteristic provided in the manufacturer’s data 
sheet. The oscillator frequency of approximately 42.7 kHz was adjusted 
close to maximum sensitivity. An oscilloscope sample rate of 40 kHz was 
chosen for recording, which, according to the Nyquist–Shannon sam-
pling theorem, allows original ultrasonic frequencies in a range of the 

oscillator frequency ± 20 kHz to contribute to the recorded signal, i.e. 
42.7 ± 20 kHz. The highest sensitivity of the device is within that range. 
Hence, the whole range of detected information was recorded (Fig. 3). 

2.3. Tensile experiment 

Testing of nonwovens PLLA*S, PLLA*M, and PLLA*L (n = 6, each) 
was carried out using the uniaxial tensile test machine Zwicki ZN 2.5 
(Zwick/Roell, Ulm, Germany). Samples were cut into dumbbell-shaped 
specimens with effective dimensions of 12 mm × 2 mm according to DIN 
EN ISO 527-2 1BB standards. The tests were conducted with a 10 N load 
cell. In order to create equal conditions, after reaching a pre-force of 

Fig. 1. Test setup as 昀氀ow chart (top) and laboratory 
assembly (bottom). The weak ultrasonic acoustic 
emission from rupturing nano昀椀bers was detected, 
ampli昀椀ed, and then mixed with an oscillator signal. 
The down-mixed differential signal (difference fre-
quency) was ampli昀椀ed and transmitted to recording 
devices and audio output, simultaneously a load cell 
detected the tensile force. The ultrasonic sensor was 
placed 10 mm behind the specimen, which was 昀椀xed 
between clamps. A cover was placed in front of the 
specimen to reduce possible background noise.   

Fig. 2. Sensitivity. The frequency-response characteristic of the ultrasonic 
sensor (blue) and the device input (green) is displayed. The graphs show 
smoothed curves generated from data of the digital oscilloscope in frequency 
modus using a Blackman window, three measurements were averaged each. 
The sensitivity was measured for two frequency ranges (large graph, and upper 
left inset). The manufacturer’s information (data sheet) is displayed in upper 
right inset. 
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0.005 N, the machine ran with a crosshead speed of 25 mm/min. Ma-
chine movement was stopped at a force drop of 95% of the maximum 
force. All tests were performed at room temperature. Young modulus 
was calculated by regression of corresponding subsections of the tensile 
curve. To synchronize oscilloscope and audio data, at each machine start 
three click signals were set, which ended before reaching the pre-force, 
hence they do not appear in graphs. Here, sample breaking refers to 
failure of the entire specimen, while tearing or rupturing relates to in-
dividual 昀椀bers. 

In addition to testing until complete breaking, samples (n = 3) of 
PLLA*M nonwoven were stretched until speci昀椀c points for investigation 

of the 昀椀ber morphology. Specially designed clip frames (Øi = 8 mm, Øo 
= 25 mm, Fig. 3 A, B) were used to 昀椀x the samples at speci昀椀c moments 
during the tensile loading. The samples, still in the frames, were SEM 
imaged on the same day to retain some residual tension. Samples were 
昀椀xed at three different points during tensile loading. The 昀椀rst point was 
after passing the yield point (Fig. 4 C), which is recognizable by bending 
of tensile curve at low elongation. The second point was de昀椀ned some 
seconds after onset of large separated spikes in the AE signal (Fig. 4 D). 
The third point was de昀椀ned at breaking of the entire sample under 
decreasing force (Fig. 4 E). After reaching these points, the test machine 
was stopped and the samples were 昀椀xed and gold sputter coated. 

2.4. Porosity 

Test specimens of type 1BB were punched out according to standard 
ISO 527–2:2012(E) and weighed with ultra-microbalance MYA 0.8/3.4Y 
(Radwag Waagen GmbH, Hilden, Germany). Six type 1BB pieces of each 
nonwoven were weighed together, and then averaged. For specimens of 
type 1BB, the geometry is not strictly de昀椀ned, calculations were done 
with a sample area of 85.6 mm2. Sample thickness was measured using a 
dial gauge (Mitutoyo Absolute, Mitutoyo Deutschland GmbH, Neuss, 
Germany). The static force on the plunger of approx. 0.25 N caused a 
sample compression of approx. 0.012 N/mm2, not leading to relevant 
sample deformation. The density of solid polymer was de昀椀ned according 
to literature, where a probable value for PLA basic grade of 1.25 g/cm3 

was presumed (Sin et al., 2012). Density and porosity of the nonwovens 
were then calculated, whereas porosity is de昀椀ned as air fraction of the 
nonwoven sample according to equations (1) and (2) 

Density=
m

A 7 t
(1)  

Porosity=

»

¿1−

»

¿

m

A7ρ

t

¿

£

¿

£ 7 100% (2)  

where m is the mass of the sample, A denotes the sample area, t is the 
sample thickness, and ρ is the density of solid polymer. 

Fig. 3. Sampled frequency range. The frequency-response characteristic to a 
noise signal of the device input is displayed. The graph shows smoothed curves 
generated from data of the digital oscilloscope in frequency modus using a 
Blackman window, three measurements are averaged. Two frequencies of 
highest sensitivity in the recorded frequency band are marked. Due to 40 kHz 
sampling and generating of difference signals an original frequency range of 
approximately 23 kHz up to 63 kHz contributes to the recorded dataset. 

Fig. 4. Clip frames were used to 昀椀x samples of PLLA*M as they were stretched until speci昀椀c points (A: clip frame in top view, and B: side view) Samples at each of the 
3 investigated points during tensile testing (C: yield point, D: onset of large spikes, E: at sample breaking). 
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2.5. Scanning electron microscopy (SEM) 

For investigation of 昀椀ber morphology before and after tensile testing, 
SEM was executed on a QUANTA FEG 250 device (FEI Company, 
Dreieich, Germany) operating in high vacuum and 10 kV voltage, using 
an Everhart-Thornley detector (ETD) in secondary electron mode. The 
nonwoven samples or clip frames were 昀椀xed on aluminum carriers using 
conductive carbon pads. Gold sputter coating was achieved using an 
AGAR Sputtercoater (Agar Scienti昀椀c Ltd, Stansted, Essex, UK) under 
Argon atmosphere of 0.2 mbar pressure and a current of 25 mA for 240 s. 
SEM images were taken from one sample of each PLLA*S, PLLA*M, and 
PLLA*L nonwoven before and after tensile experiment. Three partly 
stretched PLLA*M samples, 昀椀xed in clip frames, were imaged addi-
tionally. According to previous work (Götz et al., 2021), 昀椀ber diameters 
were measured applying the GIFT-method, which statistically evaluates 
numerous automatic measurements of distances of 昀椀ber edges in images. 
Thereby the GIFT method omits bias by human operators as all 昀椀bers in 
the images are analyzed without any pre-selection. 

3. Results 

3.1. Speci昀椀c polymer properties before and after tensile test 

Tensile experiments with simultaneous recording of AE signals of 
PLLA nano昀椀ber nonwovens of different 昀椀ber sizes were performed. For 
comparison and as a general overview of the nonwoven structures, 昀椀ber 
morphology and mechanical properties, numerical values and sample 
parameters were collated in Table 1. Fiber diameters were measured in 
SEM images before and after tensile testing. Mechanical data were ob-
tained and calculated basing on tensile experiments. The term delami-
nation refers to the disintegration of the sample by separation into some 
partial layers. 

3.2. Evaluation of AE signal during tensile tests 

The signals of breaking nano昀椀ber nonwovens revealed different AE 
characteristics depending on 昀椀ber size as well as particular sections 

during the tensile test. A representative PLLA*L tensile test showed 
smooth tensile curves, clearly distinguishable sections of AE signal, and 
increasing AE activity towards sample breaking (Fig. 6, right). To give 
further insight, the whole dataset and detailed views of four character-
istic sections of the AE signal for an example of PLLA*L is displayed in 
Fig. 5. 

According to audible output, a low background noise (A) was always 
present before starting the machine. At the start of each recording three 
click signals were used to later synchronize oscilloscope and audio data, 
whereas machine noise (motor) was never heard. A quiet, nonspeci昀椀c 
signal (B) was detected during sample stretching at low elongation. At 
higher elongation single AE events (C) with increasing frequency to-
wards maximal tensile force were audible. The signal turned into a loud, 
continuous crackling noise (D) during sample breaking. After machine 
stop (force drop of 95% of the maximum force) an immediate decrease 
in signal intensity was detected, resulting from single residual 昀椀bers. 
The signal intensity at speci昀椀c locations was compared to background 
noise value (Fig. 5 A). Machine noise was evaluated closely after three 
synchronization clicks at machine start. Here the motor runs, but very 
low signal from sample was expected. Hence, it can be stated that the 
measurement was not impaired by machine noise with a SNR of about 
0.01 dB. The quiet unspeci昀椀ed signal (Fig. 5 B) as well as single cracks 
(Fig. 5 C) revealed similar intensity of 2.3 dB SNR. Much higher signal 
intensity of more than SNR >20 dB was recorded from loud crackling 
signal (Fig. 5 D). 

3.3. Correlation of stress-strain diagram and AE signal 

To compare AE signals and mechanical data of different nonwovens, 
these have been assembled into various graphs, the results of a repre-
sentative sample of PLLA*M (Fig. 6, left) and PLLA*L (Fig. 6, right) each 
are compared. 

The difference signal shows the output signal of the electronic de-
vice, whereas the audio signal displays its decoupled alternating 
component. The cumulative curves indicate the highest slope in areas of 
the highest signal intensity, thus a correlation to the stress-strain curves 
provides meaningful insights. The audio spectra in this work show the 
difference frequency of the down-mixed signal. Characteristic changes 
in the audio signal can be associated with speci昀椀c sections in the stress- 
strain curve. The PLLA*M and PLLA*L nonwovens revealed similar 
mechanical behavior and different AE activity, whereas PLLA*S showed 
mechanical delamination and an AE signal similar to PLLA*M (Fig. S 2). 
Nonwoven PLLA*M showed little AE activity after the yield point and 
the onset of strong spike signals after approximately 25 s at elongation of 
80%. Breaking of the samples occurred concurrently with elevated AE 
intensity. For comparison, the AE signal of PLLA*L is already described 
above. PLLA*M and PLLA*L revealed distinct yield points, a relatively 
linear tensile curve prolongation, and steep curve slopes during sample 
breaking. Due to the distinctive features in AE measurements of 
PLLA*M, the tensile curves were subjected to a closer inspection. With 
the onset of strong spike signals, a weak stress-strain curve bending 
could be identi昀椀ed in some samples. This barely visible knee curve 
appeared at approximately 80%–100% elongation. At this point, how-
ever, there is a clear increase in the cumulative AE signal curve. After-
wards some background AE accompanied by lots of strong spike signals, 
whose frequency decreased towards sample break. Breaking of both 
nonwovens (PLLA*M and PLLA*L) occurred at the same time as raised 
AE intensity, PLLA*L was somewhat louder. During sample breaking a 
falling-rising tone was audible and remarkable in audio spectrum for 
most samples. Delamination was never seen in PLLA*M or PLLA*L 
samples. In contrast, PLLA*S nonwovens revealed no remarkable yield 
point, a slightly bent curve under prolongation with some basic AE 
accompanied by frequent strong spike signals, curve 昀氀attening with 
increasing basic AE intensity, breaking under general raised AE in-
tensity. Delamination occurred in all PLLA*S samples. After 昀椀rst step of 
delamination the emergence of strong spike signals was reduced or not 

Table 1 
Morphological, physical and mechanical properties of different PLLA non-
wovens (averaged values, n = 6, each).   

Nonwoven type 
PLLA*S PLLA*M PLLA*L 

Nonwoven 
thickness [μm] 

140 ± 15 175 ± 20 250 ± 25 

Sample mass [mg] 2.251 ± 0.002 2.720 ± 0.002 3.421 ± 0.002 
Density [kg/m3] 188 ± 23 182 ± 22 160 ± 19 
Polymer fraction 

[%] 
15.0 ± 1.8 14.5 ± 1.7 12.8 ± 1.5 

Porosity [%] 85 ± 10 85 ± 10 87 ± 10 
Fiber diameter 

(unloaded) [nm] 
650 ± 130 810 ± 160 1050 ± 260 

Fiber diameter 
(loaded) [nm] 

520 ± 200 720 ± 230 570 ± 320 

Young modulus 
[N/mm2] 

38.0 ± 3.7 14.7 ± 1.2 13.9 ± 4.7 

Yield point [N/ 
mm2] at 
elongation [%] 

n.d. 3 ± 0.5 
30 ± 6 

0.7 ± 0.2 
12 ± 8 

Max. tensile 
strength [N/ 
mm2] at 
elongation [%] 

6.45 ± 0.65 
93 ± 14 

5.11 ± 0.11 
187 ± 17 

2.05 ± 0.15 
137 ± 19 

Elongation at 
break [%] 

133 ± 48 205 ± 25 144 ± 24 

Remark sample 
delamination, 
large variability 

smooth stress- 
strain curve 
with slight knee 
curve 

lowest ultimate 
strength, smooth 
stress-strain 
curves  
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Fig. 5. Example of difference signal for a PLLA*L sample. The oscilloscope screenshots display the whole recorded dataset (Top) and sequences of 40 ms duration 
(bottom), the vertical range of all graphics is ± 1 V. A: background noise before machine start, B: quiet unspeci昀椀ed signal without distinctive features, C: single large 
spikes and higher wider peaks sticking out of low signal, D: loud crackling during sample breaking, single events were not reliably identi昀椀able or countable. 

Fig. 6. AE signal during tensile stress recorded for 
PLLA*M (left) and PLLA*L (right) nonwovens. A and 
B: difference signal (green) in the range of ±1 V and 
normalized audio signal (dark red), C and D: Stresss- 
strain curves (black), normalized cumulative differ-
ence signal (green) and cumulative AE (dark red), E 
and F: stress-strain curves (black) and audio spectrum 
from 0 Hz (bottom) up to 20 kHz (top) in linear 
scaling with correlation of characteristic points, 1: 
yield point, 2: curve 昀氀attening, 3: sample breaking, 4: 
tensile machine stop, 5: slight knee curve. A falling- 
rising tone was audible and visible in audio spec-
trum during sample breaking (dotted lines, orange). 
PLLA*M revealed a relatively smooth stress-strain 
curve, but a remarkable uneven increase from point 
5 in the cumulative signal is apparent. PLLA*L 
showed smooth stress and cumulative curves.   
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visible. Owing to the dif昀椀culty of comparison with the other nonwovens 
due to structural insuf昀椀ciency the results of PLLA*S are presented in 
Supporting Information, see Fig. S 2 and Fig. S 3. 

3.4. Morphological 昀椀ber analysis by SEM imaging 

In Fig. 7, SEM images of the nonwovens before and after tensile 
loading are compared for morphological differences. Native nonwovens 
showed round 昀椀bers with smooth surface, low interconnection and very 
little damage. Nonwoven PLLA*S revealed some 昀椀ber bundles and 
slightly inhomogeneous 昀椀ber structure. On nonwoven PLLA*M, a few 
thick 昀椀bers were found, and PLLA*L showed a homogeneous structure. 
After the stress test, 昀椀bers showed necking (abrupt change in diameter), 
general thinning and some ruptures (not displayed here). Fibers were 
mostly oriented in the loading direction after tensile testing and due to 
relaxing and curling after rupture some 昀椀bers were randomly oriented. 

3.5. Correlation of morphology and AE signal for PLLA*M 

In the stress-strain curves of nonwoven PLLA*M an abrupt onset of 
strong spikes in the AE signal occurred on all samples. For investigation 
of the 昀椀ber morphology during tensile testing, three samples were 
stretched until speci昀椀c points: A – after yield point for detection of 昀椀rst 
permanent deformation effects, B – after onset of individual large spike 
events (slight knee curve) to investigate the source of this AE signal, and 
C – at sample breaking to investigate a sample at failure (Fig. 8). At point 
A 昀椀bers were randomly oriented and some single 昀椀bers were ruptured. 
Point B clearly showed alignment and more ruptured 昀椀bers, but no 
dislocation of end pieces. At point C highly aligned and curled 昀椀bers 
were found as well as broken end pieces. Fiber diameters of stretched 
PLLA*M samples were measured in SEM images by the GIFT method, at 
point A 790 ± 240 nm (n = 21 images), at point B 590 ± 250 nm (n = 18 
images), and at point C 620 ± 330 nm (n = 16 images). 

4. Discussion 

For PLLA nano昀椀ber nonwovens of different average 昀椀ber diameters 
(PLLA*S, PLLA*M, PLLA*L) tensile testing with simultaneous recording 
of AE signal were performed. Subdivided according to 昀椀ber size, the 
most important characteristics of the individual 昀椀ber types are 
discussed. 

4.1. Correlation of morphological, tensile, and AE results 

In SEM images of nonwoven PLLA*S some 昀椀ber bundles are seen, but 
昀椀ber interconnections are not found. In tensile experiments, continuous 
AE starts with low intensity and then at approximately 30%–40% 
elongation the onset of strong spike signals is detected. The bundled 
昀椀bers bundles do not separate (necked bundle at bottom of Fig. 7 C). We 
expect them to rupture entirely, which is the most probably cause of the 
strong spike signals. Additionally, some insuf昀椀ciently connected sub- 
layers of the nonwoven are able to slide under tensile stress, which is 
de昀椀ned as delamination. Nonwoven PLLA*S revealed several delami-
nation steps. After 昀椀rst delamination the occurrence of strong spike 
signals is remarkably reduced. During delamination and sample 
breaking in 5 of 6 samples, a falling-rising frequency of sound is audible 
and partly visible in the spectrogram, which is indicated in Fig. S 2. The 
high AE intensity which occurs during the falling stress curve is assumed 
to be a combination of tearing and sliding 昀椀bers. Structural de昀椀ciency in 
coincidence with strong spike signals in every sample is an indication for 
a suboptimal manufacturing process and necessitates further modi昀椀ca-
tion of the parameters. In addition, a yield point is not clearly de昀椀nable. 
Despite comparable porosity to the other nonwovens, due to delami-
nation under tensile stress and some 昀椀ber bundles detected by SEM 
analysis, the PLLA*S fabric does not comply with our internal quality 
requirements for medical use. 

PLLA*M nonwovens contain very few thick 昀椀bers in SEM images. 
Before the yield point no remarkable AE is audible, however, after the 
yield point some crackling signal occurs. Strong spike signals appear 

Fig. 7. SEM of PLLA*S, M, L 昀椀bers at different magni昀椀cations and stress conditions. Native unloaded nonwovens A: at 1000× magni昀椀cation each, and B: at 4000×
magni昀椀cation each. C: Loaded nonwovens after tensile test at 4000× magni昀椀cation each with noticeable thinning and necking of the 昀椀bers. 
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concurrently with a slight knee curve in some stress-strain curves at an 
elongation of approximately 80–100%, and cause a clearly visible slope 
increase in the cumulative AE curves (Figs. 6 C, Fig. 8 B, C). The most 
common assumption is that this indicates the onset of tearing of indi-
vidual thick 昀椀bers. The frequency of strong spike signals decreases 
slightly towards the maximal tensile strength. These strong spikes are 
not found during sample breaking. At maximum of the stress-strain 
curve, which occurs at approximately 200% elongation, a low con-
stant signal becomes audible, which turns in strong AE activity during 
sample breaking. The samples break during AE noise with a falling- 
rising tone. Towards complete breaking the AE signal takes on a 
crackling quality. In spite of the same material and similar porosity, 
delamination, such as that observed in PLLA*S nonwovens, was never 
seen. The central region of the stress-strain curve for PLLA*M is very 
smooth and some samples show a barely noticeable knee curve. The 
increased AE signal at this knee curve demonstrates that the AE signal 
indicates mechanical events that are not clear from the stress-strain 
curve alone. This means an additional gain in information and con-
昀椀rms the meaningfulness of the method. In this case, we see hidden 
material defects occurring in the PLLA*M samples, which only emerge in 
AE signal. 

In contrast, nonwoven PLLA*L revealed the most thinning of 昀椀ber 
diameter during tensile testing, with a nearly halved average diameter 
(54%), as well as clearly discernible necking. In SEM images no 昀椀ber 
bundles were found. Very few or no strong spike signals were detected in 
AE. This is also evidence to suggest the absence of thicker 昀椀bers or 
bundles. After passing the yield point, rising AE activity of low intensity 
is concomitant with the smooth rising of the stress curve (Figs. 5 B, Fig. 6 
B). We cannot be certain of the source of this noise, but 昀椀ber sliding in 
these relatively thick and porous samples is conceivable. Some 昀椀ber 
necking may contribute to that signal. At the maximum of the stress- 
strain curve, rising AE intensity seems to be in good agreement with 
the increasing number of rupturing 昀椀bers (Figs. 5 C, Fig. 6 D). The 
highest AE intensity corresponds to the falling stress-strain curve with 
breaking of the entire sample (Figs. 5 D, Fig. 6 F). In addition, a falling- 
rising frequency is audible and partly visible in the spectrogram for most 
samples (e.g. Fig. 6 F). The characteristics of PLLA*L show generally 
high mechanical stability and support continued investigation or 
application. 

4.2. Information gained from audio spectrum 

An audio spectrum visualizes the current signal intensity (color) of a 

spectral band over time. A characteristic pattern was observed in most of 
the samples (for all three nonwovens) with a falling and rising pitch 
during breaking. In the spectrogram as well as audible output that 
pattern appears as a remarkable decrease and increase of frequency in 
the sound signal (dotted lines in Fig. 6 E, F, and Fig. S 2 B). Another 
aspect worth mentioning is that the frequency decrease/increase means 
a continuous sweep of the frequency band, with the reversal point cor-
responding to the set oscillator frequency. We assume that after a 昀椀ber 
break, part of the energy is released by the rapidly retracting 昀椀ber ends, 
and the surrounding 昀椀bers are excited to vibrate. Analogous to a guitar 
string, the resulting frequency depends on the force, cross section, 
density and free length of the resonating 昀椀bers (Tsuji and Müller, 2022). 
From this, we can conclude that the pattern is related to changing 昀椀ber 
tension, because the more tension a 昀椀ber is under, the higher the tone it 
produces. Furthermore, preceding considerations have led to a correct 
estimation of the frequency range of expected signals (Supporting In-
formation, section 1), our AE setup is sensitive in a relevant frequency 
band. But the spectrogram alone does not allow any conclusions about 
the frequency progression in the ultrasonic AE signal of rupturing 昀椀bers. 
Considering the stress-strain curve shows the technical instead of the 
real tension. Due to fewer and thinner 昀椀bers having to bear the stress, a 
permanently increasing real tension is suggested, and consequently the 
frequencies of the original ultrasonic AE signal permanently increase. 
Unfortunately, due to the down-mixing and the narrow bandwidth of the 
input signal, interesting signal components may be lost (Dvornikov 
et al., 2022). Nevertheless, despite the limitations, it was possible to 
indirectly prove the course of the frequency increase due to the 
increasing 昀椀ber tension. In general, the strong spike signals appear as 
broad bands in the audio spectrum, whereas non-spike signals of 
delamination or specimen breaking show a narrower frequency range. 
That does not necessarily imply that the spectrum of strong spike signals 
is of a broader band, as it may be a misleading artifact due to the high 
signal intensity. 

4.3. Relevance of AE recording of unembedded 昀椀ber materials in medical 
昀椀eld 

AE recording can be easily implemented in existing testing proced-
ures of nano昀椀brous biomaterials and is especially relevant for load- 
bearing implants. The performance of biomedical implants is of the 
highest signi昀椀cance. Knowledge of their failure behavior down to single 
昀椀bers provides bene昀椀cial information and may help to improve implant 
safety. For instance, in the cardiovascular system implants, for example 

Fig. 8. Partially stretched samples of PLLA*M 
nonwoven. The machine was stopped at speci昀椀c 
points, A: after yield point, B: after onset of strong 
spikes (slight knee curve), and C: shortly before 
complete breaking. In the top row representative SEM 
images are presented. The graphics in bottom row 
display combined diagrams of stress-strain curve 
(black), difference signal (green), and direct as well as 
cumulative normalized AE signal (dark red). The red 
arrow indicates the moment of machine stop.   
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heart valves (Capulli et al., 2016) and vascular grafts (Jirofti et al., 
2018), have to endure multitudes of load cycles. . Load-bearing 昀椀bers 
are used in further areas. Besides mono昀椀laments, multiple nano昀椀ber 
systems are also used for surgical meshes (Baylón et al., 2017). Surgical 
meshes degrade by erosion, unraveling, and creep. More work and 
methods are needed to quantify this phenomenon (Schmidt and Taylor, 
2021) and AE measurements may provide an option in these cases. In 
regenerative medicine helical microtissue is supposed to mimic 
stretchable tissues (Li et al., 2019b). AE investigation of the failure 
behavior of 昀椀brous scaffolds or arti昀椀cial tissues may generate relevant 
昀椀ndings. Surgical yarns for tendon surgery (Ye et al., 2018), or yarns for 
general use or tissue scaffolds (Sara Asghari Mooneghi et al., 2019), as 
well as twisted yarns (Fakhrali et al., 2016) are a common focus of 
current research. Scaffolds made of core-shell-昀椀bers can be used as drug 
loading platform for tissue engineering (Li et al., 2019a). Advanced 
development of existing testing methods by combining them with 
modern camera technology and AE can improve quality assurance, and 
potentially lead to improved screening methods for the identi昀椀cation of 
new 昀椀ber structures in the future. 

4.4. Limitations 

The air-coupled setup does not record the original broadband signal. 
It uses a narrow band sensor and frequency conversion. Due to the 
sensor’s directional characteristics (Fig. S 1) and the length of a 
stretched sample, the intensity of received AE signal depends on dis-
tance and angle relating to the sensor. Events happening not directly in 
front of the sensor will contribute a weaker signal. However, given the 
high number of 昀椀bers, relevant events will be recorded even when using 
only one sensor. This can also be seen as an advantage, as a de昀椀ned 
region of the sample can be brought into focus. 

Conventional AE setups measure structure-borne sound with sensors 
mounted on the sample or the clamp. A signal corresponding to the 
mechanical fracture energy cannot be measured with the presented air- 
coupled system. Instead, air 昀氀ows into the space pre-occupied by the 
tearing 昀椀ber and thereby generates a part of the sound signal. Another 
signal component is generated by vibrations of remaining 昀椀bers. Their 
frequency increases with tension, as explained above. These signals are 
neither comparable to conventional AE signals, nor are they accessible 
to traditional AE equipment. Thus, conclusive comparison with the 
scienti昀椀c literature is limited. However, air-coupled signals may have 
the potential to expand the horizon of AE. Because of the narrow band 
sensor sensitivity, most of original AE signal is undetected. Additional 
down-mixing lowers the information content and may change the 
waveform limiting the value of spectral analysis. Nevertheless, single 
events are clearly detectable. Due to being sensitive to air-borne sound, 
the tensile testing instrument should not be placed in a loud noisy in-
dustrial environment, so a calm laboratory is advantageous. As AE data 
on tensile behavior of bare nano昀椀ber nonwovens appears to be absent in 
the current literature, no valid data comparison or veri昀椀ed statements 
about failure modes can be provided within this study. 

5. Conclusions and Outlook 

This initial work introduces a methodology to detect and record 
weak ultrasonic AE signals of unembedded nano昀椀bers exempli昀椀ed on 
PLLA nonwovens during tensile testing. Ultrasonic signals are frequency 
converted, then directed to recording and audible output in a specially 
developed setup. The methodology is able to process weak input signals, 
avoid acoustical feedback, exclude most background noise, and does not 
in昀氀uence the tensile experiment. Shown on representative PLLA elec-
trospun nano昀椀ber nonwovens with varied 昀椀ber diameters, AE activity 
corresponding with tensile measurements was detected. AE signals in 
direct or cumulative representation offer substantially more information 
than can be provided from stress-strain curves only. AE recording 
showed evidence of hidden material defects in PLLA nonwovens, which 

are not evident in stress-strain curves, such materials with undetected 
defects may pass through quality control systems. It is dif昀椀cult to decide 
via visual monitoring whether the electrospinning process has run 
correctly, AE supplies valuable data for additional process control. The 
AE sensing method is useful in several research 昀椀elds, and can help to 
improve quality assurance in industrial production processes of 昀椀brous 
materials that are intended for medical purposes. Due to the increasing 
importance of nano昀椀ber materials in medical applications, signi昀椀cant 
attention should be paid to the further development of testing methods. 
Mechanical properties of implant materials are often relevant for safety, 
durability, and stability. The contactless air-coupled AE method for 
nano昀椀ber nonwovens uses air-borne signals, providing information 
content not accessible to established solid-borne setups. It appears 
suitable for gaining knowledge about material failure at the nanoscale. 
Currently, the method presented here consists of a preliminary labora-
tory setup with the potential for further upgrades. A more advanced 
setup could feature broadband sensors, direct signal recording, 
recording of signals from multiple sensors and inclusion of non-acoustic 
information, such as video recording and measurement of local defor-
mation. Data analysis using spectral 昀椀ltering, pattern detection and 
evaluation of signal energy could provide new and meaningful insights. 
Further studies are suggested to investigate the in昀氀uence of mechanical 
test parameters, such as cross-head speed and temperature, as well as 
material properties and microstructure of the nonwoven samples. 
Investigation of suitable nano standards or test specimens supports the 
validity of the method. Further work needs to address AE sensing of 
mechanical deformation of nano昀椀brous implants in water or saline so-
lution. While such liquid setups mimic biomedical application condi-
tions, new acoustic challenges are to be expected. The system may be of 
particular interest for manufacturers of testing machines or accessories, 
for material scientists, as well as for QA in medical device manufacture. 
In particular, engineering of nano昀椀ber covered implants or other me-
chanically stressed porous or 昀椀brillary structures may bene昀椀t, for 
example enabling prediction of the 昀椀ber level micromechanics of ma-
terial failure. The weak ultrasonic AE signals of unembedded breaking 
nano昀椀ber nonwovens have been successfully recorded during tensile 
tests; the method is effective and unlocks great potential for establishing 
it as a standard for material testing. 
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5. Stress-strain-curves of all samples 

 

1. Detailed background considerations of the method 

For detection and recording of weak ultrasonic signals of tearing nanofibers, a method of 

technical implementation has been successfully identified, considering the following issues.  

No. Issues  
  

0 AE sensing methods in the tensile unit directly, to detect tiny force changes, were 
considered, but not further pursued. Likewise optical imaging or diffraction methods, to 
detect fiber thinning and rupture, or gaining information about the inner microstructure, were 
considered, but not further pursued. 

1 The main challenge is the low energy of a rupturing nanofiber, resulting in a weak signal 
and the need for a highly sensitive sensor as well as shielding from disturbances. 

2 Background noise has to be suppressed and acoustic feedback is to avoid.  
3 Without being embedded in hard material, AE of breaking nonwoven samples are expected 

in a frequency range below 100 kHz due to less mechanical coupling to air and their lower 
sound velocity. 

4 Due to the difficult audibility of breaking nonwovens, the small fiber diameters and a low 
mass inertia, AE can be expected in a frequency range that lies above the audible 
spectrum. 

5 Following issues 3 and 4, AE of breaking nanofiber nonwovens are expected in ultrasonic 
frequencies at a few tens of kilohertz. Assuming string vibration theory (Tsuji and Müller, 
2022), this frequency range can be confirmed. 

6 The weak ultrasonic AE from rupturing nanofibers is expected as pop signal in a wide 
frequency band. FFT spectra of fiber-break signals cover a broad frequency band (Gorman, 
2011). 

7 Considering issues 5 and 6, a part of the AE signal can be detected by a narrowband 
ultrasonic sensor. 

8 The main focus of this work is on qualitative statements, less on quantitative 
measurements, considering that energy techniques do not necessarily have an advantage 
over counting techniques (Harris and Bell, 1977). 

9 A contactless method is chosen to avoid any influence to the mechanics of the tensile test. 
Therefore the sensor is placed some millimeter behind the tensile specimen without direct 
contact. 

10 Due to a lack of sufficient comparisons from the literature, it is very challenging to properly 
interpret recorded graphs and distinguish between a real signal, disturbing signal, and 
background noise only on the data basis. Audible output improves the appraisal and 
plausibility of the results. 

11 Considering issue 10, in this work, a signal transformation is chosen that allows the signal 
to be made audible without much loss of information. To transform the ultrasonic sound 
signal into an audible sound signal the high frequency sound signal is mixed with an 
oscillator generated signal which is adjusted close to the maximal sensitivity of the sensor. 
The down-mixed differential frequency signal (synthetic audio signal) is further amplified for 
recording and audible output. 

12 From issues 7 and 11 follows, that most background noise as well as potential acoustical 
feedback is eliminated. 
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An air-coupled design was chosen for several reasons. The sample is very fragile, has a 

clamping length of about 2 cm and must not be mechanically affected by sensor mounting. 

The sensor membrane horn has a diameter of 7mm and sits in a larger housing. If attached 

directly on the sample, noise would be generated due to friction between sample and sensor 

horn, superimposing the actual measurement signal. Therefore, direct attachment to the 

specimen is neither possible nor practical. The nonwoven sample consists of numerous 

individual fibers with undefined connection. Hence, individual fiber breaking may result in 

dissipation of fracture energy by friction between loose interfiber connections. Transmission 

of the fracture pulse through numerous loose frictional contacts and elastically stretched fiber 

elements attenuates the signal considerably. Additionally, the information about the shape of 

the waveform is lost. If attaching the sensor directly to the clamp, further strong attenuation is 

expected at the transition into the clamp with its relatively large inertial mass (relative to the 

torn fiber) and small contact area (due to high sample porosity), as well as at the transition 

into a bonded acoustic sensor (impedance drop). Hence, positioning of an air-coupled sensor 

at a short distance from the sample appears reasonable. 

2. Sensitivity 

The frequency-response characteristic is described in section 2.2. Here, the following 

additional information is provided: The natural resonance of a vibrating system depends on 

shape, mass and material elasticity, and can be excited by a suitable energy supply. The 

sensor has the highest sensitivity at the resonance frequency, as this requires the least 

energy for excitation. To measure the natural resonance of the sensor, it was exposed to a 

moderate air stream. An illustrative example is vibrations in a spider web due to a 

relationship between fiber length and frequency (Su et al., 2022). Another example is a tree 

in the wind: leaves shake quickly, the whole tree swings slowly, both excited by the same air 

stream. In our setup, the sensor membrane vibrates in the ultrasonic range.  

Sound causes a forced oscillation of the sensor membrane with the exciting frequency. 

Consequently, sounds falling outside the resonance frequency are also transmitted, but with 

less signal intensity. Various broadband noise from different sound sources (containing 

audible and ultrasonic frequencies) was used for testing the device input, e.g. friction noise 

on paper, cardboard, textiles, hissing of compressed air through a small vent. All produced 

consistent signals in terms of frequency response (Figs. 2 and 3). 

The sensitivity of the sensor also depends on the orientation to the sound source. This angle 

dependency is shown in Fig S 1. 

 

Fig S 1. Directional receiving pattern. manufacturer’s sensor information (data sheet). 
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3. Nonwoven PLLA*S 

Due to delamination in tensile experiment and therefore inadequate comparability to the 

other nonwovens PLLA*S was excluded from main analysis and is presented in Supporting 

Information. The results are presented in Fig S 2 and Fig S 3. 

 

Fig S 2. Tensile experiment AE and spectrum of nonwoven PLLA*S. A: Combined diagram of tensile stress 
curves (n = 6). AE of one illustrative sample is displayed, difference signal in the range of ± 1V (green), audio 
signal (dark red), and audio spectrum from 0 Hz (bottom) up to 20 kHz (top) in linear scaling. PLLA*S revealed a 
tensile strength of approximately 6 MPa, the samples broke at elongation of 80% to 120%, and the breaking 
occurred in stages over several delaminations. B: The main delamination breaks are indicated by arrows. A 
falling-rising tone was audible and visible in audio spectrum during sample breaking, the dotted lines indicate 
these distinct decreasing-increasing sounds.  

 

 

Fig S 3. Cumulative normalized signals of nonwoven PLLA*S. comparison of cumulative difference signal (green) 
and cumulative AE (dark red). 
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4. AE activity of all samples 

AE recordings of all nonwoven samples (n = 6 each) are displayed in Fig S 4, Fig S 5, and 

Fig S 6. For presentation in the main part of this work these samples were selected: PLLA*L 

sample 3, PLLA*S sample 1, and PLLA*M sample 5. 

 

 

Fig S 4. AE of all samples. Comparison, difference signal of all samples of nonwoven PLLA*S. 
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Fig S 5. AE of all samples. Comparison, difference signal of all samples of nonwoven PLLA*M. 

 

 

Fig S 6. AE of all samples. Comparison, difference signal of all samples of nonwoven PLLA*L. 
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5. Stress-strain curves of all samples 

Recordings of tensile testing of all nonwoven samples (n = 6 each) are displayed in Fig S 7. 

 

 

Fig S 7. Tensile test of all samples. Comparison of stress-strain curves, the sample numbers correspond to Fig S 
6, Fig S 4, and Fig S 5. 
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Transcatheter bicuspid venous valve 
prostheses: �uid mechanical performance 
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Introduction

Chronic venous insufficiency (CVI), chronic venous disease (CVD), or chronic deep 

venous insufficiency (DVI) are often synonymously used terms, which describe princi-

pally a vascular disorder in which venous return is compromised. CVI is a persistent, 

progressive and often underestimated condition that is prevalent in the general popula-

tion and has a huge socio-economic, physical and psychological impact.

Abstract 

Background: Chronic venous insufficiency (CVI) is a common disease with a high 

prevalence. Incompetent venous valves are considered as one of the main causes. 

Besides compression therapy, various surgical therapies are practiced, whereby 

the reconstruction of valves is of central importance. There is an unmet clinical need, 

no valve prosthesis is commercially available to date. This work introduces two versions 

of a patented prosthetic bicuspid valve design made of electrospun thermoplastic sili-

cone polycarbonate polyurethane (TSPCU) nanofiber leaflets attached in a nitinol stent, 

and their performance in static and pulsatile operation.

Results: The valves mainly fulfill the requirements widely accepted in literature. Valves 

of both versions were functional in the physiological pressure range up to 50 mmHg 

with design specific differences.

Conclusions: The here introduced design versions act as a platform technology 

and can be tailored for an intended implantation site. Evaluation of the original 

and modified valve concept demonstrated efficacy, with limitations at higher loads 

for original design. At the current state, the modification is preferable for fabrication, 

as one processing step is eliminated. Moreover, specific design recommendations 

could be drawn for valves of similar basic structure. Future work will focus on long-term 

performance and biocompatibility prior to the initiation of preclinical in vivo studies.

Keywords: CVD, CVI, Venous valve, Chronic venous disease, Valve implant, Testing, 

Forward flow, Reflux
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�e clinical presentation is accompanied by severe manifestations of edema, skin 

changes or leg ulcers. Prevalence data of CVI vary widely from around 1–40% in women 

and around 1–17% in men [1]. �ere are two pathogeneses universally accepted, primary 

valvular incompetence and primary congenital vein wall weakness [2]. Furthermore, 

there are numerous genetic candidate loci, but still rudimentarily understood [3].

�erapeutic methods for CVI demonstrate a wide variety. �e standard initial treat-

ment is compressing therapy, supported by medication [2]. Besides, there are several 

surgical treatment concepts, such as interventional therapies, occlusion, or venoplasty 

[2, 4]. For example, the “BlueLeaf” system is a minimally invasive technique to form fully 

autogenous deep endovenous valves using an expandable dissection tool [5]. �e recur-

rence of varicose veins after surgery is a frequent phenomenon, which may be caused by 

the so called “hemodynamic paradox” [6, 7].

Venous valve prostheses are supposed to address the shortcomings of reconstruction 

surgery. In general, valve prostheses consist of a support structure, which in most cases 

is a stent, and the actual valve, which is designed as a single or multi leaflet. �e stent 

is usually made of nitinol and the leaflet material can consist of natural or polymeric 

fiber mats. New generation of biostable medical polyurethane elastomers with favorable 

bio- and hemocompatibility is thermoplastic silicone polycarbonate urethanes (TSPCU), 

which can be additionally modified [8–12]. For example, polyhedral oligomeric silsesqui-

oxanes–polycarbonate urethane (POSS–PCU) nanocomposites showed good biocom-

patibility, mechanical durability, tear resistance, and better thrombosis resistance than 

other common polymeric valve materials such as polytetrafluoroethylene (PTFE) [13–

15]. In contrast, bioresorbable, co-growing and minimally invasive venous valve con-

cepts with degradable polymers such as polycaprolactone (PCL), polydioxanone (PDS), 

polylactide (PLA) and polyglycolide (PGA) are also gaining ground [10, 16]. However, 

the associated research effort is considerably more complex, particularly with regard to 

inflammation, tissue regeneration processes and degradation rates. In general, published 

studies regarding artificial valve materials and designs are difficult to compare due to 

their individuality in terms of limits or technical parameters. Various models are being 

developed from concept studies [17], over animal studies (e.g. “SailValve”, “BVV1”– 

“BVV3”) [18–20], to clinical testing (e.g., “VenoValve”, “enVVe”, and “Innovein”) [21–26]. 

In addition, there are currently limited data to support vein reconstruction and no con-

sensus on the characteristics of an ideal prosthesis [27–30] and no international “gold 

standard” in terms of operating conditions and performance requirements for venous 

valve prostheses. Ideally, the implant should allow free blood flow towards the heart, but 

prevent flow in retrograde direction. However, this point of view is still controversial, as 

a leakage in the valve can promote the long-term patency of the design by preventing 

thrombosis [19, 20].

In the development of new venous valve prostheses, generally recognized require-

ments, especially physiological conditions and several design aspects have to be consid-

ered to ensure safe operation. Cardiac output at rest is about 5  L/min and may reach 

20 L/min at strong exercise [31, 32]. Unilateral lower limb venous blood flow is in a range 

of 420–450 mL/min in relaxed condition [33, 34], 400–800 mL/min at normal walking 

[35], 1600 mL/min at standing ankle flexion [36], and 2000 or 2450 mL/min at exercise 

of 40 W [37, 38] or 65 W [34], respectively. �e blood flow in the legs does not differ 
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between age groups when cycling at low intensity (20–40 W), but is significantly attenu-

ated in older compared to younger subjects when the exercise intensity increases [39]. 

�e anaerobic threshold describes the highest possible continuous intensity of exertion 

and is specified as 30–40 W for untrained older people [40].

�e venous pressure at relaxed upright position depends mostly on gravitational pres-

sure, and may reach 100  mmHg [27]. Activation of the calf muscle pump by walking 

removes the blood within some steps, ideally without reflux. �e constantly incoming 

fresh blood does not fill the complete vein within one step, this creates a balance with 

low average pressure of 22–24  mmHg between the blood pumped out and the blood 

flowing in [41]. �e normal operating pressure of a valve in the thigh is estimated with 

approximately 50  mmHg, in case no competent valve exists proximal. During cough-

ing, sneezing, jumping or similar actions, short-term pressure surges up to 300 mmHg 

are transmitted from the abdomen to the legs, but in the same way to the arterial and 

venous system [42–45].

�e vein size differs individually in a wide range as reported by various authors. Diam-

eters of the common femoral vein are indicated with varying values of 11–12 mm [46], 

6–21 mm [47], 10 mm [36], or for the proximal femoral vein of 4–16 mm [47], 8–16 mm 

[48], and for the distal femoral vein of 3–13 mm [47], or 3–10 mm [48]. However, vein 

diameters change not only due to exertion, but also with age and throughout the day. 

�e femoral veins dilate by a few millimeters from morning to the afternoon, as indi-

cated by 1.3–3.3 mm [49]. Suggested implant sites are 5–10 cm proximal to the saphe-

nofemoral junction or in V. saphena parva [48]. �e mid-thigh region of the femoral vein 

is likewise suitable [23].

From the physiological considerations further venous valve design requirements are 

derived. A minimal invasive surgery type is preferred and the valve design needs to 

ensure a blood flow similar to the native valves [29]. �e orifice area should be larger 

than 30% of the vessel cross-sectional area [13, 50]. Leakage and reflux are controver-

sially discussed, the valve can be considered functional when the leakage is less than 10% 

of the forward blood volume [51], or less than 3 mL/min [27]. Since native vein valves 

typically open with a pressure gradient of less than 5 mmHg, the opening pressure of 

prosthetic valves should be similar [27, 35, 51]. Tilting of the valve should be prevented 

from a fluidic perspective to keep patency and avoid thrombosis as main complication 

[29, 52].

Oversizing is a suitable method for secure fitting the implant in the vein, size mis-

match of protheses and vein should be less than 15% [53], which means stent oversizing 

in the range of 1–2 mm. A rarely specified but crucial factor is which condition was used 

as the basis to calculate oversizing for determining the implant diameter to take account 

of the varying vein diameters under different load situations. Further anti-displacement 

techniques such as barbs are a common and effective solution to prevent valve migra-

tion, in sheep model barb penetration through the vein wall was seen in 56% of cases 

[54].

Recently, our group has reported on a novel prosthetic venous valve concept [55]. 

Main objective of the current study is to further improve this concept regarding the pre-

vention of tilting and downstream migration, as well as maximization of effective orifice 

area (EOA). As part of this approach, two valve design embodiments were systematically 
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assessed in vitro in an effort to establish more robust design and testing requirements 

for prosthetic venous valves. For the oversizing values, the inner diameters of the test 

attachments were applied as base value and set in relation to the uncompressed stent 

diameters. Systematic experimental testing is conducted to identify design strengths 

and weaknesses. �e evaluation and comparison of valve performance is used to dem-

onstrate the impact of design changes, to identify key elements for future implant 

developments.

Results

Arti�cial bicuspid venous valves

In both designs, the electrospun nanofiber nonwovens were assembled in the stents as 

an inwardly folded, double-layered sandwich. Both sandwich layers, inside and outside 

of the stent structure, are thermally spot welded in the center of the rhomboid stent cells 

allowing clearance and load distribution, thus enabling structural flexibility during the 

entire load history and avoiding critical load peaks. In the welding points fibers were 

melted together and no longer recognizable as individual fibers. Some details of man-

ufacturing and bonding method are presented in Fig.  1. Morphologically, the TSPCU 

leaflets consisting of nanofiber nonwovens showed a smooth surface and slightly sticked 

together. �e fiber diameters of the nanofibrous leaflets were 870 ± 140 nm of valve A14, 

720 ± 140 nm for valve B12, and 770 ± 110 nm for valve B13. �e leaflet thicknesses were 

100 ± 15 µm for valve A14, 90 ± 10 µm for valve B12, and 146 ± 15 µm for valve B13.

Performance in static operation

�e valve performance was tested for both directions, open (forward flow) and closed 

valves (reflux). Water pressure equivalent to 1, 3, and 5 mmHg for forward flow, as 

Fig. 1 Valve versions. A1: aluminium mold for electrospinning of version A nonwovens, A2: version A, 

stent enclosed with electrospun cover and protruding part for fixation, A3: sketch of version A stent, A4: 

assembled valve of version A in front and side view, B1: electrospun layer on version B stent mounted on 

metal cylinder, B2: sketch of version B stent as whole and a basic element, B3: assembled valve of version B in 

front and side view, C1: SEM image of nanofiber material, C2: SEM image of a cut weld point in side view, C3: 

SEM image of a weld point in top view
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well as 20 up to 140 mmHg for reflux was achieved by adjusting water levels of dis-

tinct height (see Fig. 6). Maximum possible flow values were measured using attach-

ments without valves. Valve A14–17 allowed about 1/3 of these maximum flow to 

pass through, with valves of version B approximately 2/3 of maximal flow values were 

observed, see Fig. 2A, C. �e results of reflux are displayed in Fig. 2B.

Valve A14–17 revealed a reflux less than 310 mL/min for the physiological pressure 

range of 30–50  mmHg. Considerably increased reflux was observed at a pressure of 

more than 80 mmHg with a maximum of 2420 mL/min at 140 mmHg. After the experi-

ment, the valve was found to be deformed and tilted, see Figure S16. �e valves of ver-

sion B12–9 and B12–20 revealed a reflux of less than 225  mL/min and 180  mL/min 

for the physiological pressure range, respectively. Considerably increased reflux was 

observed at a pressure of more than 80  mmHg (B12–9) and 100  mmHg (B12–20). A 

maximum reflux of 1510 mL/min (B12–9) and 890 mL/min (B12–20) resulted. �e valve 

B13 revealed a reflux flow less than 905 mL/min (B13–8) and 290 mL/min (B13–18) for 

the physiological pressure range, respectively. Reflux was considerably increased at a 

pressure of more than 80 mmHg (B13–18). In contrast, for B13–8 a pressure propor-

tional increase of reflux was observed with a maximum of 2635 mL/min.

Performance in pulsatile operation

To illustrate the valve performance at a representative working condition, a typical oper-

ating pressure of 50 mmHg imitating moderate physical exertion is compared here for 

both valve versions. �e complete data series mimicking different exertions are provided 

in supporting information 4. Experimental results of pulse duplicator testing of valve 

A14–17 at 60 bpm revealed valve opening at 0.21 s, forward flow until 0.66 s, maximal 

flow at 0.4 s of about 3.5 L/min, and valve closing at 0.7 s with some post-pulse oscilla-

tion, see Fig. 3. A total reflux of 1.75 mL per cycle was measured. �e calculated effective 

orifice area (EOA) was 0.27  cm2, i.e. 24% of attachment cross-sectional area.

Fig. 2 Static test results. A Open valves (under distal pressure) with inner attachment diameter of D 10 mm 

(left), D 11 mm (mid), and D 12 mm (right), black/gray color: attachments without valve, red: valve version 

A14, green: version B12, blue: version B13, B closed valves (under proximal pressure), version A14 (left, red), 

version B12 (mid, green), version B13 (right, blue), C comparison of pressure-flow characteristics (under distal 

pressure) of valves and attachments, n = 3 measurements each. A, C Indicator lines for low (light orange), 

moderate (orange) and strong exertion (dark orange)
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Pulsatile testing of valve B12–9 at 60 bpm revealed valve opening at 0.31 s, forward 

flow until 0.58 s, maximal flow at 0.4 s of almost 6.5 L/min, and valve closing at 0.66 s, 

see Fig. 4. A total reflux of 1.68 mL per cycle was measured. �e calculated EOA was 

0.49  cm2, i.e. 51% of attachment cross-sectional area.

Characteristic flow parameters and three simulated physiological conditions at operat-

ing pressure of 50 mmHg are summarized in Fig. 5. Similar PPD values were consistently 

Fig. 3 Pulsatile experiment, valve version A14–17, 60 bpm, 1 L/min, 50 mmHg. Curves (n = 10): red—pressure 

proximal to the valve, yellow—pressure distal to the valve, black—difference pressure, dark blue—flow, light 

blue—pre-pressure at water reservoir, cursors: FF—forward flow, PPD—positive pressure difference, CV—

closing volume, Images: from proximal inline camera at points in time as specified, and photographs from 

outside of open and closed state

Fig. 4 Pulsatile experiment, valve version B12–9, 60 bpm, 1 L/min, 50 mmHg. Curves (n = 10): red—pressure 

proximal to the valve, yellow—pressure distal to the valve, black—difference pressure, dark blue—flow, light 

blue—pre-pressure at water reservoir, cursors: FF—forward flow, PPD—positive pressure difference, CV—

closing volume. Images: from proximal inline camera at points in time as specified, and photographs from 

outside of open and closed state
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observed for versions A14 and B12 across all simulated exertions. �e leaflets opened 

and closed simultaneously on both sides evenly and symmetrically for both versions (see 

supporting information 5, especially Figure S17 and Figure S18). In contrast, version B13 

required approximately half pressure at simulated moderate and strong exertion. �e 

mean forward flow of version B12 was noticeable higher than versions A14 and B13, 

which revealed similar values. �e total regurgitation fraction decreased with increased 

simulated exertion, for all tested valves. A significant higher regurgitation fraction was 

observed for valve B13. Version A revealed an increasing EOA of about 20–30% of cir-

cular cross section with rising simulated exertion. �e EOA of version B12 also slightly 

increased with twice as large values (compared to version A14) of 50% to almost 60%. In 

difference, the EOA of version B13 increased from 30% to about 50% with rising simu-

lated exertion.

Discussion

Physiological load of standing upright is simulated by static testing

Assuming that the EOA at static flow conditions is comparable to pulsatile operation, 

the difference in forward flow ratios of empty and valve loaded attachments, between the 

valve versions can be explained. For proximal pressure up to 60 mmHg all valves (except 

Fig. 5 Representative pulsatile performance data at operating pressure of 50 mmHg. Simulated exertion as 

indicated: low (0.5 L/min at 40 bpm), moderate (1 L/min at 60 bpm), strong (2 L/min at 80 bpm), tests: n = 10, 

each. A positive pressure difference (PPD), B forward flow, C normalized total regurgitation fraction, dashed 

reference line at 20% indicating acceptable reflux [56], D: effective orifice area (EOA) normalized to circular 

cross section, dashed reference line at 30% as recommended minimum value [13]
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B13–8) revealed nearly constant reflux, over 80 mmHg the reflux considerably increased 

with pressure, which indicates functionality with some safety reserve. �e proportionally 

to pressure increasing reflux of version B13–8 can be seen as hint for insufficient over-

sizing and leakage, despite proper valve function in pulsatile operation. Consequently, 

8% oversizing revealed as insufficient sealing in this experimental setup. Hence, ver-

sion B revealed functional with safety reserves in the physiological pressure range and 

beyond, if sufficiently oversized. A larger stent diameter allows slightly increased flow at 

a given vessel diameter (versions B), but the EOA has a significantly greater influence on 

the flow (version A vs. B).

Version A revealed limited performance due to significant higher flow resistance as 

a fluid dynamic deficit, which may be a potential risk factor for thrombosis. However, 

the static condition is more theoretical than practical, muscle activity is always neces-

sary for upright standing. Small amounts of blood of different volumes are continuously 

pushed towards the heart by the muscle pump, which in reality means semi-pulsatile 

valve operation.

Physiological load of walking is simulated by pulsatile testing

All valves are functional in acute testing conditions showing an almost constant operat-

ing behavior over the tested pressure and flow ranges, see Figures S1–S15, there is no 

concerning drifting out of line. �e mean PPD of version B13 at simulated moderate and 

strong exertion was almost half the values of versions A14 and B12 (with similar forward 

volume per cycle), this indicates significantly less flow resistance or longer time duration. 

For versions A14 and B13 similar mean forward flow was observed, but with half pres-

sure for B13, i.e. version B13 is of less flow resistance. Due to similar PPD values (A14 

and B12) the higher forward flow indicated less flow resistance of version B12. �e flow 

resistance of A14–17 is more than double the value of B12–9, which can be explained by 

different EOA. If the standard for heart valves is considered as a guideline, reflux in the 

range of 10–20% are described as acceptable (Table S2) [56]. �e tested constellations 

except B13–8 fulfil this requirement. For natural saphenous veins a closing pressure of 

2–5 mmHg at flow of 12–32 mL/min is reported [57]. Both versions appear applicable 

under physiological conditions. However, without any flow or pressure, the valves of 

both versions are slightly open and allow slow blood flow without considerable resist-

ance, e.g. horizontally lying person.

Risk of valve displacement

Valve migration was not observed in the experiments presented here. As the inner sur-

face and the compliance of a real vein differ from 3D printed material, no valid state-

ment can be drawn. Due to pressure difference within the valve, a force is generated in 

the axial direction, which the implant has to resist to avoid displacement. Neverthe-

less, rough estimation of axial force can be calculated with circular cross section area 

and proximal pressure for the closed valve. In forward direction, with increasing valve 

opening the axial forward force decreases, a suction effect due to the wake turbulence 

may also pull on the valve. Additionally, due to irregular leg movements, mass inertia 

of blood, and hydrodynamic conditions maximal axial short-term forces of about some 

Newton are realistic. Radial force distribution of oversized stents is not uniform due to 
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anatomical environment or possibly uneven calcification [58]. However, recommenda-

tions for avoiding valve displacement require complex considerations including axial 

force, radial force, surface properties, and the anatomical–biological environment.

In contrast to the arterial system, vein diameter is not constant in different load situa-

tions and due to postural changes of the body, causing permanent changes in hydrostatic 

pressure and systemic conditions. �erefore, comparably high oversizing and a high 

compliance is essential for venous stent-based implants, to accommodate to the ves-

sel diameter changes and achieve secure fixation. To avoid migration of the stent in the 

vein, oversizing of 1–4 mm (10–20%) is recommended [19, 59]. In general, veins show 

lower maximum stresses and Young’s moduli, but higher maximum strains compared 

to arteries, indicating that the thin venous wall can tolerate more extensive dilatation 

without rupture [60–62]. Nevertheless, permanent high overexpansion of the venous 

wall should be prevented, as it could affect neointimal growth [63]. High radial force can 

cause inflammatory response and fibrosis [59].

Implant migration or tilting can also be prevented by surgical suture or additional elas-

tic stent elements. One further option is the utilization of barbs, which are for example 

used for inferior vena cava (IVC) filters [64], these are not further discussed here.

Compliance with general recommendations

Considering the general recommendations derived from literature, following respects 

can be stated. Both versions are designed to being crimped for minimal invasive implan-

tation. Secure fixation should be ensured, but permanent overexpansion of the vein wall 

should be prevented. �e bicuspid design mimics blood flow similar to natural valves, 

version A causes higher flow velocity and thus washout of region behind leaflets, version 

B allows a high orifice area with less dead space. �e orifice of an open venous valve is 

always elliptical, never circular [57], hence, natural flow conditions are achieved when 

the valve is not fully open. �ese are theoretical considerations, monocuspid valves are 

also under development, which imitate natural blood flow less conforming. Tilting and 

deformation occurred with the valve of version A below 80  mmHg in both scenarios 

(static and pulsatile), which could be prevented by the double strut of version B, no 

displacement was observed here. Manufacturing leaflets from material of the group of 

polycarbonate urethane is promising to us in regard of biocompatibility and thrombo-

sis triggering, but in vivo tests were not performed in this study. Reflux was observed 

in the range of 1–4 mL/min in physiological pressure range at pulsatile testing, which 

is less than 10% of forward flow in most cases and fits mainly the recommended range. 

Valves of both versions open at a pressure gradient below 5 mmHg relating to natural 

conditions. �e ratio of implant length to diameter is controversial, a short implant is 

less burden for the vein wall and easier to handle, but is of increased tendency for tilt-

ing. A long implant shows less tendency for migration, but has to withstand bending 

[60]. �at ratio is for version A 1.6, and for version B 4.6. Version can be designed differ-

ently by adapting the number of cell (rhomboid) rings and changing the length of double 

struts (keeping the mid part) without impairing its performance. �e EOA of version 

A14–17 revealed less than the recommended area of 30% of vessel cross-sectional area 

[50], valves of version B fulfil this requirement. �e long-term performance of the valves 

was not yet investigated, the focus was on functional testing prior enduring studies. �e 
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long-term requirements are estimated as followed: when a hypothetic patient slowly 

walks 1 h a day with a cadence of 40 steps per minute, the valve performs 2400 cycles per 

day or 0.9 million steps per year, Sathe et al. recommend durability for at least 500.000 

cycles [35].

Depending on the stage of CVI disease, the vascular situation can be diverse in terms 

of venous dilation and deformation. An advanced therapy concept may comprise sev-

eral implantation sites for valve prostheses. A possible therapy approach that takes into 

account superficial and deep implantation sites, in consideration of the hemodynamic 

paradox [7] as an example, could work with differently designed valves that are tailored 

to the respective conditions. For this advanced therapy, valve prosthesis of version A 

(shorter, more flexible) seem to be more suitable for peripheral system, and valves of ver-

sion B (longer, more sturdy) are well suited for central veins. Summing up, the intended 

positive effects of version B have been confirmed in the experimental findings.

Further aspects for the application of venous valve prostheses

�e utilization of non-magnetic or non-metallic material is advantageous in order not to 

limit the spectrum of available diagnostic examinations or therapy options for a patient, 

e.g. MRI ("MR-safe" or "MR-conditional"), and radiothermy. Further, a concept for diag-

nosing the current state of the implant itself is also recommended, regarding to wear, 

aging, structural failure. �is can be achieved e.g. through accessibility for ultrasound, 

radiopaque elements, sensing wires, or microelectronic components. Sonography is lim-

ited in metallic stents, but in the here presented design the leaflets are accessible. A pro-

spective special biologized valve that prevents both neointima and intimal hyperplasia 

and improves the functionality of the valves could be achieved with tissue engineering, 

e.g. seeding with endothelial cells [18].

In addition, durability and crimpability for minimal invasive implantation of the whole 

implant will be investigated in forthcoming work. Further, studies on different stent 

materials (stainless steel, cobalt chrome alloys, or nonmetallic or polymeric material) are 

intended.

Venous valve design recommendations

Considering the testing results, also concerning to generally accepted commendations of 

other authors, we derive design recommendations for prosthetic venous valves as listed 

below, see Table 1.

Limitations

From valve version A only one size was available, due to the aforementioned deficien-

cies and the consequently design of version B, no further sizes of version A were manu-

factured. �e influence of leaflet thickness cannot be clearly distinguished from other 

design effects, in consideration the other findings a subordinate role is presumable. In 

static and pulsatile conditions, the whole flow was measured, discriminating perivalvu-

lar leak fraction from the flow fraction through the valves was not possible. Based on 

the inline camera video recordings at high pressure levels, no gaps or incomplete radial 

stent apposition were apparent, so that only minor influence of perivalvular leakage 

was assumed. �e long-term performance of the valves has yet to be investigated, as 
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Table 1 Recommendations for new version of bicuspid venous valve design and testing conditions

Parameter/aspect Recommendation Explanation based on our test 
results

Advances 
in similar 
valve 
designs

Stent oversizing 10–20% of vessel diameter Vessel dilation should be con-
sidered
8% revealed as too small, 9% is 
the limit in tests without vessel 
deformation
More than 20% may injure the 
vein wall [19, 59]

Stent fixation Additional elastic stent retain-
ing structures

Prevention of dislocation
E.g. hooked barbs may penetrate 
venous wall

Stent structure 2–3 cell rings (e.g. rhomboid) 
at the top and bottom

Acceptable implant length
Sufficient stability
Single rings showed tendency to 
rocking motion

Cell ring connector Double struts between leaflet 
and upper cell ring

Increase stability
Prevention of deformation and 
tilting

Stent length/diameter Ratio (L/D) more than 2 Prevention of tilting
Shorter ring connection reduces 
implant length

Stent sidewall Filled with cells (e.g. rhom-
boids)

Prevention of inward bulging of 
wall material
Version A vs. version B, see also 
Fig. 1

Effective orifice area (EOA) Large (maximum) Less flow resistance
Larger than 30% of the vessel 
cross-sectional area [13, 50]

Leaflet fixation Fixation of leaflet in cells 
(rhomboids) of sidewall

Prevention of leaflet sliding 
down
Improved sealing to vessel wall

Leaflet material Flexible, biocompatible, 
antithrombotic, long-term 
stable, non-biological origin

Artificial (synthetic) material has 
no variations in quality, texture, 
durability, etc. compared to 
natural material
Less complexity in testing (in 
vitro, in vivo)

Specific 
test 
param-
eters

Pressure range Runing up to at least twice the 
physiologically expected pres-
sure values

Discovering hidden weaknesses
Safety reserve

Opening/closing pressure Opening and closing at low 
pressure difference (below 
5 mmHg)

Performance close to natural 
valves

Flow range for vessels 
(Ø > 10 mm)

Capability to operate at flow of 
2 L/min

No failure under high opera-
tional load

Frequency 60 bpm (minimum) Simulation of realistic exertion 
scenario

Reflux < 20% of forward flow (pulsatile 
operation)

Sufficient functionality
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the focus of the present study was on functional testing prior to enduring studies. �e 

crimpability of version B has not yet been investigated to determine whether the leaflet 

structure has been damaged, but this will be done in future work. �e inner surface of a 

natural vein differs from attachments made of 3D-printed material, and the compliance 

of the vein wall depends on the tension of smooth muscles. �erefore, statements about 

oversizing are of limited validity.

Conclusion

In this study, a modified venous valve concept was comparatively compared to the origi-

nal design by performance testing under static and pulsatile flow conditions. �e valve 

leaflets were fabricated of electrospun TSPCU nanofiber nonwoven, due to favorable 

biocompatibility and simple processability. It could be shown that the ES parameters 

can be adapted to both setups of versions A and B, without any particular advantage 

of one concept over the other. However, version B is far easier to produce, eliminating 

the elaborate process step of nonwoven transfer from an ES mold, while also improv-

ing leaflet thickness homogeneity and maximizing EOA. Regarding stent design, ver-

sion B improved stent anchoring and leaflet fixation. In terms of material selection, the 

approach of using low Shore hardness TSPCU material could be substantiated.

Both valve versions performed under different simulated physiological conditions, 

whereas version A revealed a tendency to reach its limits in the situation of higher 

operational loads earlier. It can be summarized that the design modifications in version 

B demonstrated the intended positive effects on valve performance, but the modified 

stent design is initially a test platform rather than a final implant, it points the way to 

more suitable venous valve implants. �e evaluation demonstrate the impact of design 

changes identifying key elements for future implant developments. Specific design and 

testing recommendations were drawn.

Future work will focus on long-term functionality, which will be investigated by endur-

ance testing and comprehensive biocompatibility testing of various leaflet materials 

in vitro and in vivo is intended.

Materials and methods

Bicuspid prosthetic venous valves designs

�e initially developed design is in the following named “version A” [55], the modified 

design is named “version B”. In light of the aforementioned requirements, two bicuspid 

valve concepts with valve leaflets made of thermoplastic silicone polycarbonate urethane 

(TSPCU) nanofiber nonwoven material were investigated. �e valve leaflets are attached 

to nitinol stents consisting of two cell rings (rhomboid) and a leaflet support in between 

the cell rings, see Fig. 1. Version A consists of two cell rings with ten rhomboid-shaped 

elements, which are connected by two arched struts in between. �e leaflet structure is 

attached to the lower ring, and the commissure of the leaflet matches the support struc-

ture, so the valve remains in its shape. �e results of preparatory experimental studies 

on version A have encouraged the development of version B, which modifications are 

following:
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• �e rhomboid rings consist of three rows each instead of one, to avoid rocking 

motion.

• �e side walls are filled with rhomboids for three reasons: (1) fixing the leaflets 

to prevent migration from stent attachments, (2) prevent inward bulging, (3) 

improved sealing to the vessel wall.

• Double struts were added between leaflet and upper rhomboid ring to improve 

stability and prevent tilting. In neutral position, the valve leaflets are to be slightly 

open.

• Application of leaflets with a cylindrical shape and a diameter according to the 

stent diameter for three reasons: (1) fully open cross-sectional area with lowest 

possible flow resistance, (2) no mold for electrospinning is needed, (3) possibility 

of using simple tube-shaped wrought material valves, which are not directly elec-

trospun on the stent.

Fabrication of testing specimens

Stent samples

Stent  A was designed using the CAD software Creo Parametric 6.0.3.0 (Parametric 

Technology Corp., Needham, MA, USA). Stent B was designed in Fusion 360 2.0.17721 

(Autodesk GmbH, München, Germany). �e stents were manufactured from a nitinol 

tube with a diameter of 5 mm and a wall thickness of 0.24 mm (Euroflex GmbH, Pfor-

zheim, Germany). �e stents were laser cut using a StarCut Tube system (Coherent 

Corp., Saxonburg, PA, USA) with a pulsed laser source Monaco 1035-80-60, frequency 

500 kHz, pulse duration 300 fs, pulse energy 10 µJ, argon atmosphere with supply pres-

sure 15 bar, and cutting velocity of 1.5 mm/s. Stent A was expanded in two steps with 

increasing diameter to 14 mm in a convection oven KLS 05/13 (�ermconcept GmbH, 

Bremen, Germany) with an annealing temperature of 512 °C for 15 min at each step. �e 

stents of version B were expanded in three steps to final diameters of 12 and 13 mm, 

respectively, with 8 min annealing time per step. A polishing step followed afterwards.

Valve lea�et samples

A homogenous polymer solution of 7.5wt% TSPCU (Shore 80A) was obtained by dis-

solving in chloroform  (CHCl3), N,N-dimethylformamide (DMF) and 2,2,2-trifluoro-

ethanol (TFE), (ratio of 3/1/1). All polymers, chemicals and solvents were used as 

received. In brief, electrospinning was performed using an experimental spinning setup 

equipped with a single jet capillary emitter (G21 cannula) and a rotating mold or cylin-

der, see Fig. 1. Following parameters were set: working distance of 160 mm, rotation of 

4000 rpm, flow of 1 mL/min, linear traversing motion, room temperature. A high volt-

age of 6 kV (collector) and 22 kV (emitter) was applied and processing time was fixed at 

7200 s. A layer thickness of 100 µm was targeted for both versions. For valve version A, 

CNC machined aluminum molds (Haas Automation, Inc–CNC Machine Tools, Oxnard, 

CA, USA) were coated with electrospun TSPCU nonwoven as described in [65]. �e 

stents of version B were directly coated on the metal cylinder.
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Assembly of valves

�e electrospun nonwoven was removed from the mold and transferred to stent A, or 

removed from the cylinder with stent B. For fixing valves of both versions on the stents, 

the protruding part of the nonwoven was turned inwards and spot-welded in all rhom-

boids using an in-house developed device [66], see Fig. 1.

�e nonwoven thickness (n = 10, each) was measured using a dial gauge Mitutoyo 

543–394B with associated stand (Mitutoyo Corporation, Kawasaki, Japan).

�e fiber morphology of leaflet and welded points were investigated using a scanning 

electron microscope (SEM) QUANTA FEG 250 device (FEI Company, Dreieich, Ger-

many) operating in high vacuum and 10 kV voltage, using an Everhart–�ornley detec-

tor (ETD) in secondary electron mode. �e nonwoven samples were fixed on aluminum 

carriers using conductive carbon pads. Gold sputter coating was achieved using an 

AGAR Sputtercoater (Agar Scientific Ltd, Stansted, Essex, UK). �e fiber diameters were 

measured for quality control applying the GIFT-method [67, 68].

Testing �xtures

Attachments, which are simplified representations of vessels for experimental tests, were 

designed in three sizes with inner diameters (D10 mm, D11 mm, and D12 mm) using 

CAD software Fusion 360. Digital light processing (DLP) technology was used to cre-

ate annular attachments of photopolymeric resin Ultracur3D FL 300 (BASF 3D Printing 

Solutions GmbH, Heidelberg, Germany) on an Asiga Pro 4K45 printer (Asiga, Alexan-

dria, Australia), for details see supporting information 1.

Experimental test setup for performance testing

For preconditioning and removing of potentially existing solvent residues the assembled 

valves were stored in ultrafiltrated water at room temperature for at least 2 days before 

testing. Under immersed conditions, little material shrinking was observed. Before test-

ing, the valves were crimped by hand at 0 °C in ice water, then implanted in the attach-

ments. �e test configurations are introduced in Table 2.

�e valves were oversized by 1 or 2  mm in relation to the attachment diameter, as 

recommended in [19]. Regarding the experimental design, valve of version A (A14–17), 

available from previous work with a diameter of 14 mm has only been tested in a 12 mm 

attachment with 2 mm oversize. Preparatory studies revealed insufficient performance 

of valve A with 1  mm oversizing; hence, it was not pursued further for this work. In 

Table 2 Test configurations, abbreviations for tested experimental arrangements specify the valve 

version, stent size, and the oversize in millimeters (O.S) resulting from the attachment, and oversizing 

percentage in brackets

Valve version Stent diameter Sample abbreviation in attachment (Øtube) and oversizing (O.S)

Ø10 mm O.S Ø11 mm O.S Ø12 mm O.S

A Ø14 mm X X A14–17 2 (17%)

B Ø12 mm B12–20 2 (20%) B12–9 1 (9%) X

B Ø13 mm X B13–18 2 (18%) B13–8 1 (8%)
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contrast, two version B stents (B12, B13) were tested in attachments with two different 

diameters each.

For performance testing of the different valves, static testing and pulsatile testing was 

done. An operating pressure of 50 mmHg was estimated for a valve in the thigh. In gen-

eral, the tests were run up to more than double operating pressure (worst case) to be on 

the safe side and detect possible trends in performance.

Static testing

�e valves were implanted in different attachments, and testing was performed in for-

ward and backward direction using water. �e forward flow was measured at 1 mmHg, 

3  mmHg, and 5  mmHg by gravimetric measurement of water mass, which flowed 

through the test specimens, at room temperature for a time interval of 30 s using a scale 

Sartorius MSE4202-000-D0 (Sartorius AG, Göttingen, Germany). Additionally the flow 

through empty attachments without valves was investigated (n = 3, each). �e reflux was 

measured at 20–60 mmHg in 10 mmHg steps, and 80–140 mmHg in 20 mmHg steps by 

gravimetric measurement of water mass (n = 3, each). �e values for pressure-equalized 

water column were calculated using a density value for water and mercury of 998.21 kg/

m3 at 20  °C [69], and the density of mercury (13,545.89  kg/m3) [70] respectively, see 

Fig. 6 and Table S1.

Pulsatile testing

To investigate the fluid dynamics of venous valves under pulsatile, physiological, and 

pathological pressure and volume flow conditions, a fluid dynamic circulation model 

was used, shown in Fig.  7 and Figure S16, for details see supporting information 3. 

Fig. 6 Static testing. Gravimetric measurement of water mass per time interval was performed for open 

valves (conditions: constant water pressure was generated by distance blocks under a reservoir) and closed 

valves (conditions: different height levels and a flexible hose between valve and water container were 

utilized)
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�e test series were performed with flow rates of 0.5 L/min at 40 bpm to imitate slow 

walking or low exertion, 1  L/min at 60  bpm for moderate exertion, and 2  L/min at 

80  bpm for strong exertion. �e test setup, initially designed for testing aortic and 

mitral valves (HDTi-6000, Biomedical Device Consultants and Laboratories, Wheat 

Ridge, USA), consists of two fluid compartments coupled via a flexible membrane: the 

pump circuit and the test circuit.

Testing was performed using 0.9% saline at 37 °C. �e valves were tested with bal-

lasting pressure in ranges of 20–60  mmHg (A14) and 20–140  mmHg (B12, B13), 

increased in 10 mmHg steps. For simulation of different exertion conditions, frequen-

cies and flow parameters of 40 bpm with 0.5 L/min each, 60 bpm with 1 L/min each, 

and 80 bpm with 2 L/min each were adjusted. �e pressures distal and proximal to the 

valve were measured, as well as the flow through the valve loaded testing attachment. 

To achieve specific flow at definite proximal pressure values, the mutually affecting 

parameters of displacement volume of the pulsatile pump, as well as flow resistance 

were controlled.

Supplementary Information
The online version contains supplementary material available at https:// doi. org/ 10. 1186/ s12938- 024- 01316-x.

Supplementary Material 1

Acknowledgements

The authors thank Katja Hahn, Manfred Strotmeier, Babette Hummel, Falk Reinhardt, Dalibor Bajer, Eric Bohne, and Jens 

Großmann for their expert technical assistance and skillful work.

Author contributions

AG: Conceptualization, methodology, validation, formal analysis, investigation, writing—original draft, writing—review 

and editing, visualization. SI: Conceptualization, methodology, writing—original draft, writing—review and editing. 

NF: investigation, writing—review and editing. JS: Conceptualization, writing—review and editing. JO: Investigation, 

writing—review and editing. HM: Conceptualization, writing—review and editing. WS: Writing—review and editing. KS: 

Supervision, project administration, funding acquisition. NG: Supervision, project administration, funding acquisition, 

writing—review and editing. KL: Conceptualization, methodology, writing—original draft, writing—review and editing.

Funding

Open Access funding enabled and organized by Projekt DEAL. No funding.

Availability of data and materials

No datasets were generated or analysed during the current study.

Fig. 7 Pulse duplicator system (schematic drawing)

https://doi.org/10.1186/s12938-024-01316-x


Page 17 of 19Götz et al. BioMedical Engineering OnLine          (2024) 23:124  

Declarations

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare no competing interests.

Generative AI

Generative AI and AI-assisted technologies were only used in the writing process to improve the language and readabil-

ity. Generative AI and AI-assisted tools were not used in data evaluation, images and artwork.

Received: 12 July 2024   Accepted: 15 November 2024

References

 1. Beebe-Dimmer JL, Pfeifer JR, Engle JS, Schottenfeld D. The epidemiology of chronic venous insufficiency and vari-

cose veins. Ann Epidemiol. 2005;15:175–84. https:// doi. org/ 10. 1016/j. annep idem. 2004. 05. 015.

 2. Gujja K, Kayiti T, Sanina C, Wiley JM. Chronic venous insufficiency. In: Dangas GD, Di Mario C, Thiele H, Barlis P, editors. 

Interventional cardiology: principles and practice. 3rd ed. Newark: John Wiley & Sons Incorporated; 2022. p. 835–43. 

https:// doi. org/ 10. 1002/ 97811 19697 367. ch87.

 3. Baylis RA, Smith NL, Klarin D, Fukaya E. Epidemiology and genetics of venous thromboembolism and chronic 

venous disease. Circ Res. 2021. https:// doi. org/ 10. 1161/ CIRCR ESAHA. 121. 318322.

 4. Azar J, Rao A, Oropallo A. Chronic venous insufficiency: a comprehensive review of management. J Wound Care. 

2022. https:// doi. org/ 10. 12968/ jowc. 2022. 31.6. 510.

 5. Vasudevan T, Robinson DA, Hill AA, Ouriel K, Holden A, Gagnon J, et al. Safety and feasibility report on nonim-

plantable endovenous valve formation for the treatment of deep vein reflux. J Vasc Surg Venous Lymphat Disord. 

2021;9:1200–8. https:// doi. org/ 10. 1016/j. jvsv. 2020. 12. 073.

 6. Recek C. The hemodynamic paradox as a phenomenon triggering recurrent reflux in varicose vein disease. Int J 

Angiol. 2012;21:181–6. https:// doi. org/ 10. 1055/s- 0032- 13251 68.

 7. Recek C. Calf pump activity influencing venous hemodynamics in the lower extremity. Int J Angiol. 2013;22:23–30. 

https:// doi. org/ 10. 1055/s- 0033- 13340 92.

 8. Liu Z, Liu B, Li C, Xiao Y, Wei H, Zhou J, Feng Z. Zwitterionic modification: a strategy to enhance the mechanical 

properties, lubricity and hemo- and biocompatibility of silicone poly(carbonate urethane urea). React Funct Polym. 

2024;203: 106007. https:// doi. org/ 10. 1016/j. react funct polym. 2024. 106007.

 9. Wei S, Wu J, Gu X, Shen S, Ma M, Shi Y, et al. Low protein adsorption and high cellular activity of PEG-based silicone 

polyurethane for artificial heart valves. Mater Today Commun. 2024;39: 109357. https:// doi. org/ 10. 1016/j. mtcomm. 

2024. 109357.

 10. Wang Y, Fu Y, Wang Q, Kong D, Wang Z, Liu J. Recent advancements in polymeric heart valves: from basic research to 

clinical trials. Mater Today Bio. 2024;28: 101194. https:// doi. org/ 10. 1016/j. mtbio. 2024. 101194.

 11. Dempsey DK, Carranza C, Chawla CP, Gray P, Eoh JH, Stacy Cereceres S, Cosgriff-Hernandez EM. Comparative analysis 

of in vitro oxidative degradation of poly(carbonate urethanes) for biostability screening. J Biomed Mater Res, Part A. 

2014;102:3649–65. https:// doi. org/ 10. 1002/ jbm.a. 35037.

 12. Bachtiar EO, Erol O, Millrod M, Tao R, Gracias DH, Romer LH, Kang SH. 3D printing and characterization of a soft and 

biostable elastomer with high flexibility and strength for biomedical applications. J Mech Behav Biomed Mater. 

2020;104: 103649. https:// doi. org/ 10. 1016/j. jmbbm. 2020. 103649.

 13. Zong Q, Liu J, Chen Y, Kong Y, Dang Y, Wang Z. Prosthetic venous valves for chronic venous insufficiency: advance-

ments and future design directions. Med Novel Technol Devices. 2024;21: 100288. https:// doi. org/ 10. 1016/j. medntd. 

2024. 100288.

 14. Kidane AG, Burriesci G, Edirisinghe M, Ghanbari H, Bonhoeffer P, Seifalian AM. A novel nanocomposite polymer for 

development of synthetic heart valve leaflets. Acta Biomater. 2009;5:2409–17. https:// doi. org/ 10. 1016/j. actbio. 2009. 

02. 025.

 15. Kannan RY, Salacinski HJ, de Groot J, Clatworthy I, Bozec L, Horton M, et al. The antithrombogenic potential of a 

polyhedral oligomeric silsesquioxane (POSS) nanocomposite. Biomacromol. 2006;7:215–23. https:// doi. org/ 10. 1021/ 

bm050 590z.

 16. Rocco KA, Maxfield MW, Best CA, Dean EW, Breuer CK. In vivo applications of electrospun tissue-engineered vascular 

grafts: a review. Tissue Eng Part B Rev. 2014;20:628–40. https:// doi. org/ 10. 1089/ ten. TEB. 2014. 0123.

 17. Oberdier MT, Rittgers SE. The design, development, and evaluation of a prototypic, prosthetic venous valve. BioMed 

Eng OnLine. 2008;7:1–16. https:// doi. org/ 10. 1186/ 1475- 925X-7- 25.

 18. Pavcnik D, Uchida B, Kaufman J, Hinds M, Keller FS, Rösch J. Percutaneous management of chronic deep venous 

reflux: review of experimental work and early clinical experience with bioprosthetic valve. Vasc Med. 2008;13:75–84. 

https:// doi. org/ 10. 1177/ 13588 63X07 083474.

 19. Borst GJ, Moll FL. Percutaneous Venous Valve Designs for Treatment of Deep Venous Insufficiency. J Endovasc Ther. 

2012;19:291–302. https:// doi. org/ 10. 1583/ 11- 3766R.1.

 20. Boersma D, Vink A, Moll FL, de Borst GJ. Proof-of-concept evaluation of the sailvalve self-expanding deep venous 

valve system in a porcine model. J Endovasc Ther. 2017;24:440–6. https:// doi. org/ 10. 1177/ 15266 02817 700120.

https://doi.org/10.1016/j.annepidem.2004.05.015
https://doi.org/10.1002/9781119697367.ch87
https://doi.org/10.1161/CIRCRESAHA.121.318322
https://doi.org/10.12968/jowc.2022.31.6.510
https://doi.org/10.1016/j.jvsv.2020.12.073
https://doi.org/10.1055/s-0032-1325168
https://doi.org/10.1055/s-0033-1334092
https://doi.org/10.1016/j.reactfunctpolym.2024.106007
https://doi.org/10.1016/j.mtcomm.2024.109357
https://doi.org/10.1016/j.mtcomm.2024.109357
https://doi.org/10.1016/j.mtbio.2024.101194
https://doi.org/10.1002/jbm.a.35037
https://doi.org/10.1016/j.jmbbm.2020.103649
https://doi.org/10.1016/j.medntd.2024.100288
https://doi.org/10.1016/j.medntd.2024.100288
https://doi.org/10.1016/j.actbio.2009.02.025
https://doi.org/10.1016/j.actbio.2009.02.025
https://doi.org/10.1021/bm050590z
https://doi.org/10.1021/bm050590z
https://doi.org/10.1089/ten.TEB.2014.0123
https://doi.org/10.1186/1475-925X-7-25
https://doi.org/10.1177/1358863X07083474
https://doi.org/10.1583/11-3766R.1
https://doi.org/10.1177/1526602817700120


Page 18 of 19Götz et al. BioMedical Engineering OnLine          (2024) 23:124 

 21. Cifuentes S, Ulloa JH, Rasmussen TE. An implantable bioprosthetic venous valve to establish deep vein competence 

for post-thrombotic syndrome. JAMA Surg. 2023;158:316–7. https:// doi. org/ 10. 1001/ jamas urg. 2022. 6362.

 22. Ulloa JH, Glickman M. One-year first-in-human success for venovalve in treating patients with severe deep venous 

insufficiency. Vasc Endovasc Surg. 2022;56:277–83. https:// doi. org/ 10. 1177/ 15385 74421 10737 30.

 23. Ulloa JH, Glickman M. Human trial using the novel bioprosthetic VenoValve in patients with chronic venous insuf-

ficiency. J Vasc Surg Venous Lymphat Disord. 2021;9:938–44. https:// doi. org/ 10. 1016/j. jvsv. 2020. 10. 017.

 24. enVVeno Medical Corporation, Irvine, CA (US). Transcatheter valve system and method for venous 

insufficiency;US20230363900A1; 16.11.2023.

 25. Innovein, Inc., San Carlos, CA (US). Venous valve prosthesis; US 2017/0056175 A1; 25.08.2016.

 26. Innovein, Inc., San Carlos, CA (US). SBIR Phase II: Venous Valve Prosthesis as a Cure for Chronic Venous Insufficiency. 

08.07.2024. https:// www. sbir. gov/ sbirs earch/ detail/ 16446 29.

 27. D’Addario J, Smeds MR, Wittgen C. Surgical treatment of deep venous insufficiency and requirements for novel 

interventions. JVS-Vascular Insights. 2023;1: 100011. https:// doi. org/ 10. 1016/j. jvsvi. 2023. 100011.

 28. Wilson NM, Rutt DL, Browse NL. Repair and replacement of deep vein valves in the treatment of venous insuffi-

ciency. Br J Surg. 1991;78:388–94. https:// doi. org/ 10. 1002/ bjs. 18007 80404.

 29. Zervides C, Mahdi H, Staub RA, Jouni H. Prosthetic venous valves: short history and advancements from 2012 to 

2020. Phlebology. 2021. https:// doi. org/ 10. 1177/ 02683 55520 962451.

 30. Zervides C, Giannoukas AD. Historical overview of venous valve prostheses for the treatment of deep venous valve 

insufficiency. J Endovasc Ther. 2012;19:281–90. https:// doi. org/ 10. 1583/ 11- 3594MR.1.

 31. Bombardini T. The venous contribution to cardiovascular performance: from systemic veins to left ventricular func-

tion: a review. Scr Med. 2021;52:299–308. https:// doi. org/ 10. 5937/ scrip tamed 52- 35083.

 32. Brandes R, Lang F, Schmidt RF. Physiologie des Menschen. Berlin: Springer, Berlin Heidelberg; 2019.

 33. Rudolphi PB, Recke A, Langan EA, Hunold P, Kahle BK. Are sonographically measured vascular haemodynamic 

parameters reproducible using magnetic resonance imaging? Eur J Vasc Endovasc Surg. 2016;52:665–72. https:// doi. 

org/ 10. 1016/j. ejvs. 2016. 08. 004.

 34. Jorfeldt L, Wahren J. Leg blood flow during exercise in man. Clin Sci. 1971;41:459–73. https:// doi. org/ 10. 1042/ cs041 

0459.

 35. Sathe RD, Ku DN. Flexible prosthetic vein valve. J Med Devices. 2007;1:105–12. https:// doi. org/ 10. 1115/1. 27363 93.

 36. Rittgers SE, Oberdier MT, Pottala S. Physiologically-based testing system for the mechanical characterization of 

prosthetic vein valves. BioMed Eng OnLine. 2007;6:1–12. https:// doi. org/ 10. 1186/ 1475- 925X-6- 29.

 37. Tschakovsky ME, Saunders NR, Webb KA, O’Donnell DE. Muscle blood-flow dynamics at exercise onset: do the limbs 

differ? Med Sci Sports Exerc. 2006;38:1811–8. https:// doi. org/ 10. 1249/ 01. mss. 00002 30341. 86870. 4f.

 38. MacDonald MJ, Shoemaker JK, Tschakovsky ME, Hughson RL. Alveolar oxygen uptake and femoral artery blood flow 

dynamics in upright and supine leg exercise in humans. J Appl Physiol. 1998. https:// doi. org/ 10. 1152/ jappl. 1998. 

85.5. 1622.

 39. Koch DW, Newcomer SC, Proctor DN. Blood flow to exercising limbs varies with age, gender, and training status. Can 

J Appl Physiol. 2005. https:// doi. org/ 10. 1139/ h05- 141.

 40. Posner JD, Gorman KM, Klein HS, Woldow A. Exercise capacity in the elderly. Am J Cardiol. 1986;57:C52–8. https:// 

doi. org/ 10. 1016/ 0002- 9149(86) 91027-1.

 41. Pollack AA, Wood E. Venous pressure in the saphenous vein at the ankle in man during exercise and changes in 

posture. J Appl Physiol. 1949. https:// doi. org/ 10. 1152/ jappl. 1949.1. 9. 649.

 42. Iqbal A, Haider M, Stadlhuber RJ, Karu A, Corkill S, Filipi CJ. A study of intragastric and intravesicular pressure changes 

during rest, coughing, weight lifting, retching, and vomiting. Surg Endosc. 2008;22:2571–5. https:// doi. org/ 10. 1007/ 

s00464- 008- 0080-0.

 43. Cobb WS, Burns JM, Kercher KW, Matthews BD, James Norton H, Todd HB. Normal intraabdominal pressure in 

healthy adults. J Surg Res. 2005;129:231–5. https:// doi. org/ 10. 1016/j. jss. 2005. 06. 015.

 44. Smith JA, Aliverti A, Quaranta M, McGuinness K, Kelsall A, Earis J, Calverley PM. Chest wall dynamics during voluntary 

and induced cough in healthy volunteers. J Physiol. 2012;590:563–74. https:// doi. org/ 10. 1113/ jphys iol. 2011. 213157.

 45. Schattner A. The wide-ranging spectrum of cough-induced complications and patient harm. Am J Med. 

2020;133:544–51. https:// doi. org/ 10. 1016/j. amjmed. 2019. 12. 044.

 46. Fronek A, Criqui MH, Denenberg J, Langer RD. Common femoral vein dimensions and hemodynamics including 

Valsalva response as a function of sex, age, and ethnicity in a population study. J Vasc Surg. 2001;33:1050–6. https:// 

doi. org/ 10. 1067/ mva. 2001. 113496.

 47. Keiler J, Seidel R, Wree A. The femoral vein diameter and its correlation with sex, age and body mass index - an ana-

tomical parameter with clinical relevance. Phlebology. 2019;34:58–69. https:// doi. org/ 10. 1177/ 02683 55518 772746.

 48. Keiler J, Schulze M, Claassen H, Wree A. Human femoral vein diameter and topography of valves and tributaries: a 

post mortem analysis. Clin Anat. 2018;31:1065–76. https:// doi. org/ 10. 1002/ ca. 23224.

 49. Salles-Cunha SX, Shuman S, Beebe HG. Planning endovascular vein valve implantation: significance of vein size vari-

ability. J Vasc Surg. 2003;37:984–90. https:// doi. org/ 10. 1067/ mva. 2003. 245.

 50. Sathe RD. Design and development of a novel implantable prosthetic vein valve [master thesis]. Georgia: School of 

Mechanical Engineering; May 2006.

 51. Fernández-Colino A, Jockenhoevel S. Advances in engineering venous valves: the pursuit of a definite solution for 

chronic venous disease. Tissue Eng Part B Rev. 2021;27:253–65. https:// doi. org/ 10. 1089/ ten. TEB. 2020. 0131.

 52. Pavcnik D, Kaufman J, Uchida B, Correa L, Hiraki T, Kyu SC, et al. Second-generation percutaneous bioprosthetic 

valve: a short-term study in sheep. J Vasc Surg. 2004;40:1223–7. https:// doi. org/ 10. 1016/j. jvs. 2004. 08. 027.

 53. Tien W-H, Zhao X, Chen HY, Berwick ZC, Krieger JF, Chambers S, et al. Role of vessel-to-prosthesis size mismatch in 

venous valve performance. J Vasc Surg Venous Lymphat Disord. 2017;5:105-113.e1. https:// doi. org/ 10. 1016/j. jvsv. 

2016. 08. 004.

 54. Pavcnik D, Uchida BT, Timmermans HA, Corless CL, O’Hara M, Toyota N, et al. Percutaneous bioprosthetic venous 

valve: a long-term study in sheep. J Vasc Surg. 2002;35:598–602. https:// doi. org/ 10. 1067/ mva. 2002. 118825.

https://doi.org/10.1001/jamasurg.2022.6362
https://doi.org/10.1177/15385744211073730
https://doi.org/10.1016/j.jvsv.2020.10.017
https://www.sbir.gov/sbirsearch/detail/1644629
https://doi.org/10.1016/j.jvsvi.2023.100011
https://doi.org/10.1002/bjs.1800780404
https://doi.org/10.1177/0268355520962451
https://doi.org/10.1583/11-3594MR.1
https://doi.org/10.5937/scriptamed52-35083
https://doi.org/10.1016/j.ejvs.2016.08.004
https://doi.org/10.1016/j.ejvs.2016.08.004
https://doi.org/10.1042/cs0410459
https://doi.org/10.1042/cs0410459
https://doi.org/10.1115/1.2736393
https://doi.org/10.1186/1475-925X-6-29
https://doi.org/10.1249/01.mss.0000230341.86870.4f
https://doi.org/10.1152/jappl.1998.85.5.1622
https://doi.org/10.1152/jappl.1998.85.5.1622
https://doi.org/10.1139/h05-141
https://doi.org/10.1016/0002-9149(86)91027-1
https://doi.org/10.1016/0002-9149(86)91027-1
https://doi.org/10.1152/jappl.1949.1.9.649
https://doi.org/10.1007/s00464-008-0080-0
https://doi.org/10.1007/s00464-008-0080-0
https://doi.org/10.1016/j.jss.2005.06.015
https://doi.org/10.1113/jphysiol.2011.213157
https://doi.org/10.1016/j.amjmed.2019.12.044
https://doi.org/10.1067/mva.2001.113496
https://doi.org/10.1067/mva.2001.113496
https://doi.org/10.1177/0268355518772746
https://doi.org/10.1002/ca.23224
https://doi.org/10.1067/mva.2003.245
https://doi.org/10.1089/ten.TEB.2020.0131
https://doi.org/10.1016/j.jvs.2004.08.027
https://doi.org/10.1016/j.jvsv.2016.08.004
https://doi.org/10.1016/j.jvsv.2016.08.004
https://doi.org/10.1067/mva.2002.118825


Page 19 of 19Götz et al. BioMedical Engineering OnLine          (2024) 23:124  

 55. Stiehm M, Schmidt W, Grabow N, Keiler J, Reumann M, Wree A, et al. Venous Valve Prosthesis, US020230372103A1; 

09.04.2021.

 56. DIN EN ISO 5840. DIN EN ISO 5840: 2021-05, Herz- und Gefäßimplantate- Herzklappenprothesen- Teil 1, 2, 3 2021. 

Berlin: Beuth Verlag GmbH. https:// doi. org/ 10. 31030/ 31802 90.

 57. Thubrikar MJ, Robicsek F, Fowler BL. Pressure trap created by vein valve closure and its role in graft stenosis. J Thorac 

Cardiovasc Surg. 1994;107:707–16. https:// doi. org/ 10. 1016/ s0022- 5223(94) 70326-4.

 58. Egron S, Fujita B, Gullón L, Pott D, Schmitz-Rode T, Ensminger S, Steinseifer U. Radial Force: An Underestimated 

Parameter in Oversizing Transcatheter Aortic Valve Replacement Prostheses: In Vitro Analysis with Five Commercial-

ized Valves. ASAIO J. 2018;64:536–43. https:// doi. org/ 10. 1097/ MAT. 00000 00000 000659.

 59. Massi I, Zamboni P. What are the ideal characteristics of a venous stent? Veins and Lymphatics. 2021. https:// doi. org/ 

10. 4081/ vl. 2021. 9739.

 60. Taha MA, Busuttil A, Bootun R, Thabet BA, Badawy AE, Hassan HA, et al. Clinical outcomes and overview of dedicated 

venous stents for management of chronic iliocaval and femoral deep venous disease. Vascular. 2022;30:320–30. 

https:// doi. org/ 10. 1177/ 17085 38121 989860.

 61. Camasão DB, Mantovani D. The mechanical characterization of blood vessels and their substitutes in the continuous 

quest for physiological-relevant performances. A critical review. Mater Today Bio. 2021;10: 100106. https:// doi. org/ 

10. 1016/j. mtbio. 2021. 100106.

 62. Karimi A, Navidbakhsh M. A comparative study on the uniaxial mechanical properties of the umbilical vein and 

umbilical artery using different stress-strain definitions. Australas Phys Eng Sci Med. 2014;37:645–54. https:// doi. org/ 

10. 1007/ s13246- 014- 0294-5.

 63. Yamaguchi M, Sugimoto K, Zamora CA, Takahashi T, Hayashi Y, Sugimura K. Placement of self-expanding stents 

with different diameters in the porcine venous system: an experimental study. J Vasc Interv Radiol. 2006;17:113–9. 

https:// doi. org/ 10. 1097/ 01. RVI. 00001 86951. 22050. 3D.

 64. Mahnken AH, Pfeffer J, Stanzel S, Mossdorf A, Günther RW, Schmitz-Rode T. In vitro evaluation of optionally retriev-

able and permanent IVC filters. Invest Radiol. 2007;42:529–35. https:// doi. org/ 10. 1097/ RLI. 0b013 e3180 36b42b.

 65. Schubert J, Arbeiter D, Götz A, Lebahn K, Schmidt W, Grabow N, Illner S. Investigations on physico-chemical proper-

ties of TSPCU nonwoven for application as prosthetic venous valve. CDBME. 2021;7:613–6. https:// doi. org/ 10. 1515/ 

cdbme- 2021- 2156.

 66. Tautorat C, Lebahn K, Oschatz S, Arbeiter D, Schmitz K-P, Grabow N, Schmidt W. Thermal welding of polymeric 

biomaterials: development of a novel device for temperature controlled local application. CDBME. 2021;7:660–3. 

https:// doi. org/ 10. 1515/ cdbme- 2021- 2168.

 67. Götz A, Senz V, Schmidt W, Huling J, Grabow N, Illner S. General image fiber tool: a concept for automated evalu-

ation of fiber diameters in SEM images. Measurement. 2021;177: 109265. https:// doi. org/ 10. 1016/j. measu rement. 

2021. 109265.

 68. Huling J, Götz A, Grabow N, Illner S. GIFT: an ImageJ macro for automated fiber diameter quantification. PLoS ONE. 

2022;17: e0275528. https:// doi. org/ 10. 1371/ journ al. pone. 02755 28.

 69. Tanaka M, Girard G, Davis R, Peuto A, Bignell N. Recommended table for the density of water between 0 C and 40 C 

based on recent experimental reports. Metrologia. 2001;38:301–9. https:// doi. org/ 10. 1088/ 0026- 1394/ 38/4/3.

 70. Cook AH, Stone NWB. Precise measurements of the density of mercury at 20°C I. Absolute displacement method. 

Philos T R Soc A. 1957;250:279–323. https:// doi. org/ 10. 1098/ rsta. 1957. 0022.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.31030/3180290
https://doi.org/10.1016/s0022-5223(94)70326-4
https://doi.org/10.1097/MAT.0000000000000659
https://doi.org/10.4081/vl.2021.9739
https://doi.org/10.4081/vl.2021.9739
https://doi.org/10.1177/1708538121989860
https://doi.org/10.1016/j.mtbio.2021.100106
https://doi.org/10.1016/j.mtbio.2021.100106
https://doi.org/10.1007/s13246-014-0294-5
https://doi.org/10.1007/s13246-014-0294-5
https://doi.org/10.1097/01.RVI.0000186951.22050.3D
https://doi.org/10.1097/RLI.0b013e318036b42b
https://doi.org/10.1515/cdbme-2021-2156
https://doi.org/10.1515/cdbme-2021-2156
https://doi.org/10.1515/cdbme-2021-2168
https://doi.org/10.1016/j.measurement.2021.109265
https://doi.org/10.1016/j.measurement.2021.109265
https://doi.org/10.1371/journal.pone.0275528
https://doi.org/10.1088/0026-1394/38/4/3
https://doi.org/10.1098/rsta.1957.0022


Supporting Information 
 
Transcatheter bicuspid venous valve prostheses: fluid mechanical performance 

testing of artificial nonwoven leaflets 

 
Andreas Götz* 1, Sabine Illner 1, Nicklas Fiedler 1, Julia Schubert 1, Jan Oldenburg 2, Heinz Müller 3, Wolfram 
Schmidt 1, Klaus-Peter Schmitz 2, Niels Grabow 1, and Kerstin Lebahn 1 
 
1) Institute for Biomedical Engineering, Rostock University Medical Center, Friedrich-Barnewitz-Str. 4, 18119 
Rostock, Germany 
2) Institute for Implant Technology and Biomaterials e.V., Friedrich-Barnewitz-Str. 4, 18119 Rostock, Germany 
3) CORTRONIK GmbH, Friedrich-Barnewitz-Str. 4a, 18119 Rostock, Germany 
 
Corresponding author: Andreas Götz, andreas.goetz@uni-rostock.de 
 
Table of Contents 

 

 
1. 3D printing process 

2. Pressure equivalent water levels 

3. Pulse duplicator system 

4. Results of pulsatile testing 

5. Leaflet deformation 

6. Standards 

 

1. 3D printing process 

All 3D printing processes were performed with an Asiga Pro 4K45 printer (Asiga, Alexandria, 

Australia) using digital light processing (DLP) technology. The LED projectors (UV-light, λ = 

385 nm) xy-resolution in 4K-mode is 32 µm with a build platform of 122 x 68 mm² installed. 

A base plate with a height of 0.400 mm was used as a supporting structure to ensure 

adequate built platform adhesion. The base plate was built using a layer resolution in z-

direction (layer height) of 100 µm per layer, exposed for 30.210 s. Further layers of the parts 

were built using a layer height of 100 µm per layer, exposed for 8.934 s. 



Attachments for experimental hydrodynamic testing were printed using flexible 

photopolymeric resin Ultracur3D FL 300 (BASF 3D Printing Solutions GmbH, Heidelberg, 

Germany). Burn-in layers and subsequent layers were sliced in 100 µm and exposed for 

6.968 s and 1.675 s respectively.  

Printed flexible attachments for hydrodynamic testing were washed twice for 5 min in an 

isopropanol (Sigma-Aldrich, Steinheim, Germany) filled ultrasonic bath and post-cured for 

3000 flashes each side (6000 flashes in total) submerged in glycerol (Sigma-Aldrich, 

Taufkirchen, Germany). UV curing unit Otoflash G171 (NK Optik GmbH, Baierbrunn, 

Germany) was used for post-curing of all 3D-printed parts. 

 

2. Pressure equivalent water levels 

Table S1: Pressure equivalent water levels 

Pressure [mmHg] 1 3 5 20 30 40 50 60 80 100 120 140 
Water level [mm] 14 41 68 271 407 543 679 814 1086 1357 1628 1900 

 

 

3. Pulse duplicator system 

Device: HDTi-6000 (Biomedical Device Consultants and Laboratories, Wheat Ridge, USA). 

The pump circuit employs a piston pump (PD-1100, Biomedical Device Consultants and 

Laboratories, Wheat Ridge, USA), whose oscillating piston movements generate a pulsatile 

volume flow. The piston position is defined over time by a modified sinusoidal function, 

allowing the adjustment of the durations of systole and diastole as well as stroke volume and 

frequency. The system primarily consists of the pump chamber and three interconnected 

fluid chambers: the distal chamber, the proximal chamber, and the reservoir chamber, which 

hold 3 L, 7 L, and 11 L of test fluid, respectively. A valve between the reservoir and distal 

chambers prevent fluid backflow to the reservoir, thus enabling pressure increase in the 

distal chamber during piston advance. By adjusting the flow resistance and fill volume in the 

proximal and reservoir chambers, the mean system pressure and pressure amplitudes 



during pulsatile testing can be regulated. During piston advance, the test fluid flows through 

the venous valve model, with the volume flow measured immediately upstream of the model 

using a bidirectional in-line volume flow sensor (PXN25, Transonic Systems Inc., Ithaca, 

USA). The flow sensor was calibrated for 0.9% sodium chloride solution at a temperature of 

37°C within the measurement range of −25 to 25 L/min. For these specifications, the 

absolute accuracy of the measurements is ± 4%. The kinematics of the venous valves were 

recorded using high-speed cameras (Basler acA1300-200um with ON Semiconductor 

PYTHON 1300 CMOS sensor, Basler AG, Germany). The high-speed cameras are 

equipped with fixed focal length lenses (50mm C Series Fixed Focal Length Lens f/2.0, 

Edmund Optics Inc., USA). This configuration produces images at a frame rate of 200 s−1 

with a resolution of 1280 x 1024 pixels, thus allowing adequate characterization of valve 

kinematics. The cameras are synchronized with the piston pump. For pressure 

measurement up- and downstream of the venous valve, two identical relative pressure 

sensors (PendoTECH, Princeton, USA) are included. These differential pressure sensors 

have a maximum measurement deviation of ± 0.9 mmHg and a maximum relative deviation 

of 0.29% of the measured value within the range of 0 – 310 mmHg. 

 

 

4. Results of pulsatile testing 

The results of pulsatile test series are displayed in following bar charts, further explanations 

are included in each graphic.  

Explanation of terms: 

 Forward flow volume: forward flowed fluid volume, per cycle 

 Closing volume: visualized in section 6 (Standards), per cycle 

 Leakage volume: visualized in section 6 (Standards), per cycle 

 Total regurgitation volume: sum from closing volume and leakage volume, per cycle 



Figure S1: valve A14-17, test series imitating low exertion 

Figure S2: valve A14-17, test series imitating moderate exertion 



Figure S3: valve A14-17, test series imitating strong exertion 

Figure S4: valve B12-20, test series imitating low exertion 

 



Figure S5: valve B12-20, test series imitating moderate exertion 

Figure S6: valve B12-20, test series imitating strong exertion 



Figure S7: valve B12-9, test series imitating low exertion 

Figure S8: valve B12-9, test series imitating moderate exertion 



Figure S9: valve B12-9, test series imitating strong exertion 

Figure S10: valve B13-18, test series imitating low exertion 



Figure S11: valve B13-18, test series imitating moderate exertion 

Figure S12: valve B13-18, test series imitating strong exertion 



Figure S13: valve B13-8, test series imitating low exertion 

Figure S14: valve B13-8, test series imitating moderate exertion 



Figure S15: valve B13-8, test series imitating strong exertion 



Figure S 16: Implanted valves. A: valve A14-17 proximal view on open valve, B: valve A14-17 moved out of the 

attachment over an additional support ring with leaflets slipped back, C, D, E: valve A14-17 tilted during static 

testing, in proximal view (D) and distal view (E), F, G: valve B12-9 in pulse duplicator system.  

5. Leaflet deformation 

The leaflet deformation (movement) was visualized according the idea of comparing 

subsequent images of a video sequence of the inline camera. Areas of the images, which 

differ from previous image, were highlighted, and unchanged areas were not accentuated 

(dark). Videos were recoded with 200 frames per second, i.e. a time interval of 5 ms 

between subsequent images. The video sequences of the inline camera were converted to 

sequences of single grayscale images of 8 bit depth. For difference image generation each 

pair of subsequent images were subtracted. The difference images were displayed as heat 

map using the Look-Up Table <Fire=. Image processing was performed using the software 

ImageJ, version 1.53n (National Institutes of Health, USA). This method allows the 

visualization of local leaflet deformation, but no numerical information about the total 

movement can be derived from these images. 



At opening of valve A14-17 the leaflets bulged on both sides evenly and symmetrically, see 

Figure S17. The valve showed a post-pulse oscillation approximately 0.1 s after closing 

corresponding to the dark blue flow-curve in Fehler! Verweisquelle konnte nicht gefunden 

werden.. 

Figure S17: Visualization of leaflet deformation of valve A14-17. The difference of pixel values between two 

subsequent inline camera images of an interval of 5 ms at the indicated time points is displayed as a heat map, 

no numerical information about the total movement can be derived. At closing a post-pulse oscillation at about 

0.8 s appeared. 

 

At opening of valve B12-9 the leaflets bulged symmetrically on both sides and opened 

simultaneously. A post-pulse oscillation after closing was not observed, see Figure S18. 



Figure S18: Visualization of leaflet deformation of valve B12-9. The difference of pixel values between two 

subsequent inline camera images of an interval of 5 ms at the indicated time points is displayed as a heat map, 

no numerical information about the total movement can be derived.  



6. Standards 

There are no standards for in vitro testing of prosthetic venous valves, but standards for 

heart valves can give orientation, see DIN EN ISO 5840-1 [56]. 

Figure S19: Test cycle, X – time, Y – flow, 1 – closing volume, 2 – leakage volume, adapted figure from DIN EN 

ISO 5840-1 [58] 

According to the standard DIN EN ISO 5840-1 [56], the following formula is used for effective 

orifice area (EOA): 

 

 A�o - effective valve opening area (cm2); 

 �vRMS - effective value of the forward flow (mL/s) during the positive differential 

pressure phase  

 Δp the mean pressure difference (measured during the positive differential pressure) 

(mmHg) 

 ρ is the density of the test liquid (g/cm3) 



with: 

 

 �vRMS - effective value of the forward flow during the phase of positive differential 

pressure 

 qv(t) - instantaneous flow rate at time (t) 

 t1 - time at the beginning of the positive differential pressure phase 

 t2 - time at the end of the positive differential pressure phase 

 

Table S2:  Selected information from the standard [56]. 

Standard Table name (translated) Selected information 

DIN EN ISO 5840-1 
(Table 3) 

Recommended pressure values 
for the in vitro test for the left side 
of the heart - adult population 
 

The peak differential pressure across the 
closed valve for normal condition is specified 
with 100 mmHg. 
 

DIN EN ISO 5840-2 
(Table 1) 

Minimum requirements for implant 
performance, aortal 
 

The maximum total regurgitation fraction (% 
of forward flow volume) is specified with 10% 
for small valves (17 mm) up to 20% for large 
valves (31 mm).  
 

DIN EN ISO 5840-3 
(Table 1) 

Minimum requirements for 
hydrodynamic in-vitro implant 
performance, aortal  

The maximal regurgitation fraction is 
specified with 20% for all sizes, including the 
closing volume, the leak volume across the 
valve and the paravalvular leak volume. 
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