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Abstract

Limb amputation is one of the oldest surgeries which is performed only in case of failure 
of more conservative methods of treatment. Providing prosthetics is the final stage after 
amputation to normal life. It is preceded by a long rehabilitation process and compression 
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therapy with soft textile covers is its main procedure. The design of advanced compression 
covers requires high conformity to the remaining limb’s shape and length. The goal of this 
work is to develop an algorithm for developing a functional compression cover based on 
scan data. The MOVE4D system was used for scanning and mesh cloud creation. ParaView 
software was used for planar sectioning and girth measurements for the legs between the 
ankle and the knee. Python scripting Software inside ParaView was created to automatically 
calculate the girth at every step. In the next stage, the correlation between the sizes of a 
standard stocking and a real limb was studied, and an analysis was done to identify the 
personal cover with the best possible fitting and comfort. This finding will simplify the 
future development of a technology for knitting a personal compression cover for both 
normal and amputated limbs.

Keywords: compression stocking, 4D scan, point cloud, limb shape and size, software 
development

1. 	 Introduction

Limb amputation is a surgical operation through which the doctor has the opportunity 
to save the patient’s life, but at the same time, it changes the physical and psycho-
logical well-being of the amputee. Rehabilitation after amputation with subsequent 
prosthetics gives patients the opportunity to rebuild their lives, regain independence 
and dignity, and resume mobility and activity. The success of prosthetics mainly 
depends on the effectiveness of the rehabilitation period (Keszler et al. 2019) of 
which compression therapy is an important part. The creation of therapeutic and 
prophylactic textile products that facilitate the rehabilitation process after limb 
amputation is not a new direction and is actively being developed by scientists. 
However, it is mostly focused on the medical aspects (Herlihy et al. 2020).

A compression garment is a skin-tight elastic garment designed to apply 
pressure to a certain part of the body; thus, it requires two properties: clinical 
effectiveness and wearing comfort. Both of them depend on the correct fitting of 
such clothes to the individual geometry and size of the body parts.

Although some authors already apply scanners and automated procedures for 
analysis of the girth of single cross-sections (Kyzymchuk et al. 2023; Kyzymchuk 
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et al. 2024), there is the missing procedure for getting the complete cross-section 
profile. This work presents a small step toward the automation of this process.

2. 	 State-of-the-art
2.1.	 Production methods for compression garments

There are few methods for compression garment manufacturing. The cut-and-sew 
method is a traditional process that is widely used in garment manufacturing. Gar-
ment parts are cut from the same fabric and are assembled on sewing machines. 
The design of compression products is based on a fixed (10–20%) percentage 
reduction of basic construction dimensions (Ng, Hui 2001). Knitted fabric from 
which the garments are made should have relatively high elongation stiffness. To 
provide skin protection, the material should not cause indentations or rolling. For 
this method, the procedure of designing a compression garment with a graded 
pressure (Kowalski et al. 2022), as well as the procedures for determining the 
mechanical characteristics of knitted fabric as a function of force F and relative 
elongation of the knitted fabric ε (F = f(ε)) were developed to improve and elim-
inate some errors.

A fully fashioned method in flat knitting involves gradually shaping the pre-sized 
parts of a garment using narrowing and widening technique (NAAKE et al. 2023). 
Individual loops can be added or eliminated. A compression garment can there-
fore be adapted to unusual body girths. Patterns for compression garments are 
based as well on a fixed reduction compared to a real body’s dimensions. The 
parts of the garment are joined together by seams or using a loop-to-loop method 
on a linker machine that create invisible connections. Developments in V-bed 
knitting machines (Pavko Čuden 2022) have transformed the manufacturing 
process through the complete (integral) method which allows one to produce a 
high-quality seamless garment just via knitting (Pavko Čuden 2023). A broad range 
of compression products can be created by wholegarment (Shima Seiki, Japan)  
or knit-and-wear (Stoll, Germany) technologies that are more accessible now than 
ever before. These products can be produced to provide a very close fit and apply 
a high level of compression (Rabe et al. 2021).

Single- and double-circular knitting technology is widely used for compres-
sion stocking production. But there are limitations for limbs with very small girths 
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and extreme changes in girth or deep folds of tissue (Rabe et al. 2021). There are 
limitations associated with this particular knitting technique. These products are 
produced with a specific number of needles on a knitting cylinder, thus additional 
needles cannot be either added or eliminated. The stocking can only be adapted 
to the shape of the leg by altering the size of the loops (tight or loose knitting) and 
the tension of the elastomer threads (Lozo et al. 2022). The largest thigh girth can 
be no more than two and a half times the smallest girth at the ankle.

Furthermore, the round knitting technique only permits changes of no more 
than one centimeter in circumference for each centimeter in length (Reich-Schupke, 
Stücker 2019). Thus, the stocking must be divided into a few parts with differing loop 
size and stitch density. It is a very important task to identify the length of each part 
to enable a perfect fit to the individual morphology of each patient.

2.2.	 Textile materials and knitting pattern applied  
for compression garments

Fabrics for compression garments are usually produced with elastomeric treads 
to achieve high stretchability and elasticity. An elastic recovery is considered a 
crucial performance index (Gokarneshan 2017). Knitted fabrics possess greater 
extensibility and recovery properties than woven fabrics and, thus provide the 
wearer with greater freedom of movement. The extensibility of knit fabrics is 
the most important mechanical requirement for the fabrication of compression 
devices, as the stretch allows the device to conform to the complex shape of the 
human leg or arm (Kankariya 2022). Compression stockings are made of variable 
combinations of polyamide, cotton, rayon, or micro threads and elastane or elas-
todiene. Unstretched products are 0.5 to 1.4 mm thick.

There are few ways to incorporate elastomer into the weft knitted structures. 
The simplest way is to use core-spun yarn with an elastic core (Behery 2010)  
or plating an elastane with conventional yarn (Tezel, Kavuşturan 2008) for loops 
formation. This fabric is bi-stretchable (Yamada, Matsuo 2009), and its com-
pressive deformation behaviour depends on the loop size and penetration depth 
(Pazireh et al. 2014). With a decrease in loop size and an increase in penetration 
depth, the compressive load increases. The usage of fabric with high compressive 
load (high bending rigidity) is limited because of its small extensibility.
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Another way for elastomer incorporation uses a laid-in structure (Liu et al. 
2017) knitted on a plane (Figure 1a) or rib 1x1 (Figure 1b) pattern base. The elas-
tomer can be introduced in every course or according to certain repeats (Saufun 
Ng Yip 1994). In the area of low extensions, the pressure generated by the fabric 
depends on the linear density of the inlay yarn’s PU core (Ališauskienė et al. 2013).

Comparing the samples which have inlay-yarn in each course, the pressure 
decreases approximately 1.5 times when an inlay-yarn is inserted in every second 
course and approximately 1.9 times in every fourth course. The elastomer is fixed 
in the structure due to its friction with the ground loops only. Therefore, fixation 
reliability depends on fabric stitch density. With density decreasing, the ability 
for elastomer extraction or redistribution in the structure increases. On the other 
side, in a plane structure (Figure 1a), the elastomer is regularly migrating from 
the back to the face side and back, thus, its contact with the skin is unavoidable.

The most commonly used structures for compression stockings are plain knit 
with bent weft (Lozo et al. 2022) of different repeats (Liu et al. 2013). Core spun 
yarn with elastomer core is used for both ground knitting and inlay but elastomer 
core is thicker for inlay. With an offset in each subsequent row, a slightly noticeable 
cellular structure without ribbing is obtained. Four yarn feeders are usually used 
(Figure 2): 1st and 3rd are for ground plain interlooping, 2nd and 4th are for inlay 
yarn. The bend weft is due to an alternation of tuck and miss knits. Two repeats 
are preferred for inlay yarn: 1x1 (Figure 2a) or 1×3 (Figure 2b).

a) b)

Figure 1. Weft knitted structures with a laid-in elastomer: 
(a) plane base, (b) rib 1×1 base

Source: author’s own work.
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A structure with 1×1 bend weft based on the single cross-tuck knitted structures 
is presented in Figure 3. The increasingly used tuck loops in the knitting courses 
produce greater stability and shape retention in fabric structure (Liu et al. 2013). 
More significantly increasing trends and better linear relations between interfacial 
pressure and tension ratios are observed for this structure compared to plain knit 
with bent weft (Figure 2a). Thus, it could be used in some compression textiles 
requiring higher and more sustainable pressure profiles.

a) b)

Figure 2. Plain knitted structures with bend weft elastomer of different repeats  
of tuck and miss knits: (a) 1×1, (b) 1×3

Source: author’s own work.

Figure 3. Modified plain knitted structures with bend weft elastomer of different 
repeats of tuck and miss knits

Source: author’s own work.
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2.3.	 Current state of the compression product development

The main principle of compression product design for the extremities is to pro-
vide a certain pressure with its graduated distribution from the bottom to the top 
of the product. The degree of delivered pressure is determined by the complex 
relationship between the product and the body (Troynikov et al. 2010). From the 
product point of view, the main factors are: the design and the fit and the structure, 
and physical properties of the materials used. Body-related factors are: the size 
and shape of the body part, and the nature of the activity performed.

To design compression garments, Cheng et al. (2020) used an avatar created 
in the MakeHuman software and modified it, taking into account a 3D scan of a 
real body. A method was proposed to generate a digital replica that considered 
the properties of elastic knitted materials and the male body avatar. It was shown 
that there are only small errors between the virtual and real results. Pressure 
prediction errors can be explained by the intrinsic difference between the avatar 
surface and the soft tissues of a real person. The proposed virtual design method 
allowed for the rapid and accurate simulation of real situations when adjusting 
the parameters of the virtual system.

A similar method was presented in (Kuzmichev et al. 2019) which obtained 
several compression garments for women with differing morphological features. 
The average absolute difference between the predicted and measured pressure was 
improved from 33% to 14%. It should be noted that in these cases, a cut-and-sew 
method was used and one type of fabric structure was offered for the manufacture 
of a certain product.

In another case (Dubuis et al. 2013), the interaction mechanism of the 
‘body-compression hosiery’ system was studied with CT scanning. Three-dimen-
sional finite element models were developed for a specific patient using CT scan 
segmentations to study pressure transmission in superficial and deep soft tissues. 
This improved the current quantitative understanding of the mechanical response 
of the legs to elastic compression and addressed the fundamental question of 
pressure transmission.

Kowalski et al. (2022) developed an algorithm for designing compression 
garments with intended and graded pressures along the body part covered by the 
garment. The algorithm was developed using Laplace’s law and a defined experi-
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mental function between the strength and relative elongation of the knitted fabric. 
3D scanning was used to determine dimensional data and develop patterns for the 
garments. On this basis, two examples of sleeves for legs and arms were developed. 
In this case, one type of elastic knitted material and a cut-and-sew production 
method were also used, i.e. the sleeves have a lengthwise seam.

Ru et al. (2023) proposed a method for automatically generating a continuous 
set of dimensional parameters required for knitting a three-dimensional model of 
socks. The proposed segmentation method is applied to areas such as the heel, foot 
and toe which correspond to different knitting processes (circular and reverse) 
on a hosiery machine. Compared with the existing computerized hosiery design 
system, costs are reduced and accuracy is improved. At the same time, there is 
no data on the possibility of applying this method to the design of the top part 
of stockings with different properties at the ankle and calf, as well as at the lower 
leg between them.

The distribution of dynamic pressure and displacement after wearing tight 
clothing is an important indicator of pressure comfort and clothing design. The 
design of the upper part (top) of men’s socks was optimized (Dan, Shi 2019) 
with an investigation of the complex functional dependencies of pressure, dis-
placement and angle when the body is in a dynamic state after wearing a sock.  
The dynamic pressure was divided into two parts: in time and in motion. As a result 
of pressure and displacement simulations using ANSYS software, it was found that 
the relationship between pressure/displacement and angle does not change with 
the movement of the human body and the duration of wearing socks. When the 
human body is under the pressure of clothing, the corresponding displacement 
value on the body surface can be determined by a functional equation based on 
the known pressure value at any point of the cross-section of the lower leg during 
the wearing process.

When designing compression products based on body girths without compres-
sion clothing, the effect of body susceptibility on the pressure value is not taken 
into account. To increase the accuracy, reliability and reproducibility of determin-
ing the girths of body parts based on the results of 3D scanning, it is necessary 
to perform positioning of the human body by introducing support points for the 
figure and moving parts of the body (Ilska et al. 2017). It has been established that 
the use of knitted fabrics with high longitudinal stiffness for small circumferences  
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(< 40 cm) causes differences between the actual predicted value of exerted pressure 
due to the inevitable tolerances of the human body dimensions.

A new approach to optimizing the design of tight-fitting therapeutic compres-
sion stockings was proposed by Shi et al. (2024). The curvature characteristics of 
the transverse irregular sections were classified into four standard levels (ankle, 
shin, lower leg, knee) using a 3D digital model of the leg and body characteristics. 
At the same time, a new model was created for each clustered level to predict  
the differences in body pressure between regular and irregular sites, taking into 
account individual morphological features. The proposed model has high accu-
racy: the average pressure difference between regular and irregular surfaces was  
2.53 ± 0.52 mm Hg. Another study (Liu et al. 2018) also focused on the irregular mor-
phology of the lower extremities and its effect on the pressure levels generated by 
compression stockings at different curvature radii. It was found that the biological 
properties of the extremities (for instance, surface curvatures and heterogeneous 
tissue materials) have a significant impact on the magnitude and distribution 
of the cross-sectional interfacial pressure generated by compression sleeves.  
The results demonstrate that the compression product is able to change the pres-
sure distribution around the cross-sections of the limb.

Shi et al. (2024) proposed a comprehensive system for designing and man-
ufacturing compression stockings based on an individual approach. Firstly, the 
geometric dimensions and morphological profiles of the extremities were stud-
ied and described using 3D body scanning and reverse engineering technologies. 
The variable technological parameters for the knitting machine and yarn were 
determined using anthropometric body analysis and pressure optimization. Next, 
subject-specific limb models that accounted for the stiffness of body tissues were 
created using the finite element method. Pressure predictions demonstrated high 
accuracy (error: 11.00% ± 7.78%) and model acceptability. It should be noted that 
this model was also validated at four standard levels only.

Based on the conducted research analysis, it can be stated that in the vast 
majority of studies 3D scanning is used as a means for obtaining anthropometric 
data. However, attention is paid to standardized levels and not to the morphology 
of the whole limb.

One of the few studies that considers the limb as a whole is the work of Naake 
et al. (2023), which examines the workflow and challenges of automated processing 
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of remaining limb scan data to generate knitting programs for prosthetic liners.  
In the presented case, 3D scans are used to obtain the geometry of the limb.  
The raw data is cleaned and adjusted manually and then prepared for automated 
processing. Algorithms for slicing and preparing intermediate knitting instruc-
tions are developed in Python using several functions in the open-source software 
Blender. The information about the knit stitches is stored in an intermediate bitmap 
that can be imported into specialized knitting machine software to generate the 
final knitting program. At the same time, this technique has been tested only for 
a Stoll ADF 830–24 KI flat knitting machine with a subsequent stitching process 
and information on the possibility of its use for seamless product development 
is not yet available.

2.4.	 3D scanning

The fit of the product is crucial and anthropometric data is of great importance 
which leads to product personalization and requires highly accurate measure-
ment methods. 3D scanning as an emerging 4.0 technology allows an analysis of a 
real-world object to collect three-dimensional data on its shape and appearance. 
Today 3D and 4D scanning is successfully implemented into the fashion industry 
for clothing development based on individual concepts (Kyosev et al. 2023) but 
mostly for the creation of an avatar of a certain person and for the measurement 
of predefined parameters within scanning software. For compression clothing, it 
is very important to understand how the clothing size corresponds to the body 
at every point in order to control pressure levels (Liu et al. 2019). The associated 
task is to create clothing that perfectly fits the body.

3D/4D body scanning technology has added value for both medicine and the 
production of rehabilitation products due to several advantages (Bennis et al. 
2022). 3D scanning data enables one to accurately reproduce complex geometries 
in a fraction of the time and cost compared to traditional methods that are typically 
required. It is possible to re-evaluate the obtained images without the presence of 
the patient as well (Lindell et al. 2022).

CAD/CAM (computer-aided design/computer-aided manufacturing) tech-
nologies are used to capture the residual limb shape, design and manufacture 
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the prosthesis socket and liners. CAD/CAM is constantly improving the digital 
design of products. Recent technological developments now demonstrate high 
consistency and results.

However, the reliability of the measurements (Dessery, Pallari 2018) depends 
on the scanner used and the size of the body part being scanned. In a study  
(Dickinson et al. 2022), three scanners were used: the Creaform Go!SCAN device 
(Ohio WillowWood Company, Mt. Sterling, OH, USA), the Sense second-genera-
tion scanner, and the iSense/Structural Sensor (3D Systems, Rock Hill, SC, USA). 
Considering the consistency in both the shape assessment and the measurement of 
total volume and girth, the Omega scanner was more reliable than plaster casting. 
The iSense scanner was the least reliable in all tests. Considering the clinically 
comparable measurements of residual limb girth and perimeter profiles, the Omega 
scanner was also found to be the most reliable instrument.

A large number of scanning systems are available on the market, ranging from 
stationary, portable and mobile scanners (Bartol et al. 2021). Regardless of the 
type of scanning systems used to capture the 3D surface of the human body, the 
resulting data is a point cloud. The number of points depends on the resolution 
of the scanning system. These point data are converted into a mesh which is fur-
ther refined for smoothing, thinning, filling holes, etc. 3D human body data can 
be exported and used for anthropometric data, virtual modeling and simulation.

On the other hand, FEM modeling has great potential in creating knitted 
products and predicting the accuracy of the clothes shape (Dietrich 2023). The finite 
element method is based on the division (decomposition) of the studied object into a 
grid consisting of small sections – finite elements. Elements can have both a flat geo-
metric (triangle, parallelogram) and a three-dimensional shape (tetrahedron, cube, 
parallelepiped). The nodes of the formed grid are given the entire range of necessary 
conditions: material properties, acting forces, as well as boundary conditions. After 
that, numerical modelling is performed in the form of a system of partial differential 
equations. As a result of modeling the physical process in the ‘body-clothing’ system, 
the deformation values of the soft tissues under the compression clothing, as well 
as mechanical loads from the product are obtained.
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2.5.	 Goal

The goal of this work is to present the automation procedure of the first step in 
the development of a functional compression cover based on individual concept 
and its practical application in the analysis of different stocks. This work aims to 
develop a script for the automatic extraction of the measurements of leg girth at 
different sites based on scan data.

This script can be applied to both ordinary compression stockings and spe-
cial compression covers for amputees. The differences are only in the part of the 
limb that are investigated and in the limitation of pressure levels (no more than 
second class).

3. 	 Research and analysis
3.1.	 Digital-design strategy of an advanced compression 

product for remaining limbs

Based on the critical analysis of the latest research in compression garment 
development and the preliminary results of our studies (Kyzymchuk et al. 2023; 
Kyzymchuk et al. 2024), the stages for the design of a compression product were 
established as follows:

•	 developing a scanning protocol with postures and movements for the patient;
•	 scanning the limbs and processing the data into a homologous mesh;
•	 exporting geometry data to .obj or .fbx files;
•	 cleaning and adjusting the scan data and creating an avatar;
•	 determining the dimensions of the limb by calculating the array of cross-sec-

tions;
•	 analysing the shape of the limb and its changes over time, with and with-

out a compression product;
•	 establishing the dependence of the limb’s girth on the height of the cross-section;
•	 studying the structural characteristics of the fabrics and ranking them in order 

of increasing wale spacing;
•	 investigation of the tensile properties of knitted fabrics;
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•	 determining the lengths of the product sections within unchanged fabric 
parameters.

The automation of the bold part ‘analysing the shape of the limb and its 
changes over time, with and without a compression product’ is the goal of 
this work.

3.2.	 Materials and methods
3.2.1.	 Compression stocking

Two types of ready-to-wear compression stockings (RAL-GZ 387/1: 2008) were 
used for this research: I compression class from 2.4 to 2.8 kPa (I CCL) and  
II compression class from 3.1 to 4.3 kPa (I CCL). They both have the same inter-
loping (Figure 2a) and the same composition (85% nylon and 15 spandex), and a 
3rd size with similar shape and dimensions (Figure 4), but differ by stitch densities 
(Table 1). For both stocking types, density decreases from the ankle part to the 
top, resulting in the widening and shaping of the specific form.

Table 1. Structural characteristics of compression stocking materials

Section
I CCl II CCl

Wales
per 1 cm

Courses
per 1 cm

Stitches
per sq.cm

Wales
per 1 cm

Courses
per 1 cm

Stitches
per sq.cm

Ankle (B) 22.0 ± 0.5 21.7 ± 0.6 477 ± 17 18.3 ± 0.3 23.0 ± 0.0 422 ± 7

a) b)

Figure 4. Dependences of width on height at ankle-knee part of the stockings: 
(a) I CCl, (b) II CCl

Source: author’s own work.
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Low calf 20.8±0.3 22.3 ± 0.6 464 ± 14 17.8 ± 0.3 22.7 ± 0.6 404 ± 10

Calf (B1) 19.3 ± 0.6 22.0 ± 0.5 426 ± 22 15.7 ± 0.3 23.7 ± 0.6 371 ± 14

Calf (C) 17.5 ± 0.5 22.7 ± 0.6 396 ±  6 14.2 ± 0.3 23.3 ± 0.6 331 ±  8

Upper calf 15.2 ± 0.3 22.3 ± 0.6 339 ±  8 13.0 ± 0.0 24.0 ± 0.0 312 ±  8

Source: author’s own work.

The tensile property of a knitted fabric is most important for the compres-
sion performance of the garment. The load value that should be applied to the 
fabric for a certain extension coursewise is almost two times higher for II CCL 
stocking (Figure 6a) compared to I CCl (Figure 5a). The value difference between 
fabrics of the same stocking is not essential. The tendency for tensile properties 
walewise is the opposite (Figure 5b and Figure 6b). The value of load that should 
be applied to the fabric for a certain extension is similar for both compression 
classes stockings. However, the load value for the fabric at the ankle is two times 
higher than at the calf.

Table 1 (cont)

a) b)

Figure 5. Tensile properties of I CCl stockings: (a) coursewise, (b) walewise 
Source: author’s own work.
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3.2.2.	 Scanning protocol

The MOVE 4D scanning system manufactured by IBV (Instituto de Biomecánica) in 
Valencia, Spain and installed in the Chair of Development and Assembly of Textile 
Products, Dresden University of Technology, Germany was used. The high-speed 
body scanning instrument is equipped with 12 scanning modules which can capture 
the whole body in movement at a frequency of up to 178 frames per second with 
a spatial precision of less than 1 mm (Kyosev et al. 2022).

Within this research only one person was scanned because of an idea of an 
individual concept. The scans were made for a control leg (without stockings) 
and with stockings. Static poses (A and T), as well as five poses following move-
ments, were acquired: walking, stepping, bending over, sitting down and rising on 
tiptoes. The scanning was done before (control) and just after putting on stockings  
(0 hour), after 1 and 4 hours of wearing. Within 4 hours between scanning the 
person did his usual activity without any restriction and obligation.

3.2.3.	 Methods for data analysis

After scanning, the raw data was processed using the MOVE 4D software. Large 
sets of obj files with the body geometry are available after processing and require a 
transformation and an evaluation. In this research open source program ParaView 
5.11.0 was applied (Figure 7).

a) b)

Figure 6. Tensile properties of II CCl stockings: (a) coursewise, (b) walewise 
Source: author’s own work.
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3.3. Software for measuring limb girths
3.3.1. Algorithm description

A Python script was developed, using the Paraview system, to compute lengths 
of cross-sections (girth) along the lower legs of scanned models, as a function of 
distance up the leg. At the current stage, the user interactively specifies an axis 
through the lower leg, the extent of the measurements and the spacing between 
each girth calculation. The software creates a series of slices, each a few millime-
tres, and then generates a CSV (comma-separated values) file with the computed 
distance-girth pairs for each slice.

The script is written in python and runs as a macro inside of Paraview.  
The specific data needed by the software are:
•	 name of model file;
•	 bounding box around the portion of the model to be processed;
•	 scale factor to convert input data into millimetres;
•	 spacing, in millimetres, between each slice;
•	 axis (a vector) which is perpendicular to the slices (slicing axis).

Given these input data, the python script proceeds with the processing. First, 
the model file is opened, and its 3D polygonal model data is read into Paraview. 
Beginning at the bottom of the bounding box, a Slice object is created that is 
orthogonal to the slicing axis. Paraview is then directed to intersect the defined 
slice with the loaded 3D model. This intersection operation computes an unor-

a) b)

Figure 7. Examples of scan data processing by ParaView: 
(a) planar sections, (b) cross section

Source: author’s own work.
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dered set of points on the model and in the plane of the slice. Only those points 
that are within the bounding box are retained for further processing. In order to 
compute the girth of the slice, these points must be sorted radially around the 
point set’s centroid. In other words, the points must be ordered correctly along 
the perimeter of the sliced model.

This ordering may be produced by first transforming the points into a coordi-
nate frame based at the centroid of the point set. This transformation is performed 
by subtracting the centroid from the coordinates of each point. Once transformed, 
the points’ angular locations within the centroid frame can be computed with 
the atan2 function. The atan2 function takes two input values, defined by the two 
components of a coordinate frame. Since the points lie in a plane, it is possible 
to perform this 2D calculation on 3D points that leads to a radial sorting. Given 
a set of 3D points lying in an arbitrarily oriented plane, a choice of which two 
coordinates to choose for the atan2 function must be made.

The plane is defined by the slicing axis and a point along the axis. The com-
ponents fed to the function should be those corresponding to the main axis of the 
local coordinates of the 2D cut, where the cross section is located. For example, 
if the slicing axis is [0.178, 0.984, 0.0293] and the section is placed in X-Z plane, 
then X and Z components should be used for computing atan2 for the points lying 
in the associated slicing plane. The function returns values between -π/2 and π/2, 
which is the point’s angle away from the frame’s X axis. The points are then sorted 
as a function of their angle.

Once the slice’s points have been sorted, the distance between each pair of 
neighbouring points is computed and summed to produce the perimeter of the 
ring of points. The distance between the last and first points is also computed and 
added. The distance along the slicing axis and computed girth are then appended 
to a file. At the completion of the girth calculation for one slice, the position along 
the slicing axis is incremented by the slice spacing amount and the perimeter of 
the next slice is computed. These steps continue until the slice position along the 
axis reaches the top of the bounding box.
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3.3.2.	 Session example

The capabilities of the software are highlighted with examples from a processing 
session that demonstrate the individual stages of the computational analysis. The 
lower left leg is isolated and processed to produce a series of slices, whose girths 
are then computed. Figure 8a shows the lower left leg portion of the model after 
it has been clipped to the user-provided bounding box. In Figure 8b, the user 
interactively specifies the slicing axis for the left lower leg which is displayed with 
partial opacity. With the bounding box, slicing axis and slice spacing specified, 
all slice intersections are computed. Figure 8c presents the result of intersecting 
a slicing plane with the body scan model. As mentioned earlier, the intersection 
points computed by Paraview are not returned in the proper order, as seen in Fig-
ure 9a. A radial sorting algorithm is applied to the points to produce the correct 
model, as seen in Figure 9b. Figure 10 presents three views of the generated slices 
displayed on the lower left leg of the body scan model.

a) b) c)

Figure 8. Examples of data processing:  
(a) the model’s lower left leg clipped to the bounding box,  

(b) interactively defining the clipping axis, (c) computed slices displayed over the model
Source: author’s own work.
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a) b)

Figure 9. Connecting the computed intersection points for one slice:
(a) initial ordering, (b) the corrected, sorted ordering

Source: author’s own work.

Figure 10. Three views of the slices were computed for the lower left leg 
Source: author’s own work.
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Figure 11 contains the plot of the girths computed from the slice models.

3.4.	 Comparison of the limb sizes at different conditions  
and with standard compression stocking

At the first stage of the study, the data obtained automatically using the developed 
software for ParaView were compared with the data obtained manually (Figure 12). 
It is clear that the correlation is high, therefore, the automatically obtained data 
are used for future analysis.

Figure 11. Plot of the girths computed for the lower left leg
Source: author’s own work.

a) b)

Figure 12. Dependence of leg’s girth on site level:  
(a) right leg, (b) left leg
Source: author’s own work.
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The comparison of the two legs has shown that, as expected, there is a dif-
ference not only in the girth of the legs (Figure 13a) at different levels but also 
in the leg shapes (Figure 13b). This is a consequence of the body’s asymmetry.  
Thus, when using compression products of a standard size, the degree of their 
stretching will be different for the left and right legs (Figure 14).

Figure 13. Comparison of left (LL) and right (RL) legs at static position: 
(a) girths, (b) shapes at 23 cm site

Source: author’s own work.

Figure 14. Comparison of legs and stocking dimensions:  
(a) right leg, (b) left leg
Source: author’s own work.

a)

a)

b)

b)
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As a result, the exerted pressure will differ as well due to Laplace’s law (Teyeme 
et al. 2021). The difference in values increases with an increase in the legs’ differ-
ence. Thus, a 10% increase in stocking extension leads to the load increasing by  
1 N for I CCl stocking (Figure 5) and by 2 N for II CCl stocking (Figure 6). It results 
in pressure increasing for example up to 35% in 20–30% extension range.

The developed software was used for comparative analysis of legs wearing 
different stockings (Figure 15, Figure 16). It was found that the legs’ shapes were 
changed immediately after putting on a stocking. The difference is more visible for 
the right leg. The II CCl stockings (Figure 15) are more effective for the scanned 
person than I CCl (Figure 16). This finding is similar to the data presented in 
(Kyzymchuk et al. 2023).

Figure 15. Comparison of legs within I CCl stocking wearing: 
(a) right leg, (b) left leg
Source: author’s own work.

Figure 16. Comparison of legs within II CCl stocking wearing: 
(a) right leg, (b) left leg
Source: author’s own work.

a) b)

a) b)



83Compression Covers for Limbs - Towards Automatic Analysis of the Profile... 

From the other side, the shape of the left leg with II CCl stocking was kept 
stable within 4 hours of wearing (Figure 16b). It is a result of a good compression 
effect. The shape and size difference is more visible for the right leg (Figure 16a). 
It can be a result of insufficient fitting of the standard stocking to the right leg.

4.	 Summary

Development of compression textile products that fit a patient perfectly is a top 
priority for both physicians and medical textile manufacturers. Compression cov-
ers are now widely used by amputees in both the rehabilitation period and during 
prosthesis wearing because of their ease of use. Despite much research in the field, 
the development of a compression cover based on individual geometry has not 
been fully realized. Both cut-and-sew and fully fashioned methods are used for 
compression product manufacturing, but seamless compression socks (stockings, 
covers) are preferable for the amputee. The shape of such products can be formed 
by changing the loops sizes and the tension of the elastomer inlay threads.

The design of compression stockings is based usually on body girths at 
standard levels and necessary pressure levels. But the creation of a compression 
product with gradient pressure from the bottom to top requires an attention to 
the full morphology of the limb. In this research 3D body scanning is used as a 
means for obtaining both dimensional data and limb shapes.

The software was created to automatically calculate the girth at every site along 
a limb. The software is written in python and runs as a macro inside of Paraview.  
It creates a series of slices and then generates a CSV (comma-separated values) 
file with the computed distance-girth pairs for each slice. Based on the received 
data array, the dependence of limb girth on the site’s level was found. The obtained 
results were used to compare the limb sizes under different conditions and with 
a standard compression stocking.
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