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This experimental study aims to develop an approach to quantify 
dimensional changes in the lower body of female football players, 
with the intention of demonstrating how the results can be used to 
inform the development of lower body sports compression 
garments. A framework was established in order to analyze 3D 
body scans in functional postures using Rhinoceros 3D® and 
Grasshopper as a response to the limitations of current scanner 
software. The outcome provides an alternative methodology to 
locate landmarks on the body and extract dimensions in various 
sporting postures. Suggestions have been made as to how this 
information can aid pattern making, sizing, and grading of sports 
compression leggings that can provide the wearer with optimal 
clothing fit, pressure delivery and comfort.  
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1 Introduction 
1.1 Sports compression garments 

Sports compression garments (SCGs) are worn by amateur and professional athletes as ergogenic aids, 

attempting to enhance performance, prevent injuries and accelerate recovery [1]. The fit of these 

garments is tight enough to put pressure on the body, encouraging venous return [2] and therefore 

allowing more oxygen to be supplied to the muscles during physical activity. This oxygenation fuels the 

muscles and prevents the accumulation of lactic acid [3]. In order for the wearer to feel the benefits, the 
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garment must fit accurately, too loose and insufficient pressure will be applied to the body [4] and if too 

tight, the garment can cause discomfort and restricted circulation [3].  

Accurate fit is essential for pressure delivery; however, previous research neither evaluates the fit of the 

garments before quantifying their efficacy nor assesses sizing methodologies for commercially available 

SCGs. Sports compression leggings are usually developed based on standard trouser and hosiery 

production systems, because of the lack of research and understanding of industry professionals. 

Specific considerations are necessary to create sizing systems for these garments: mechanical 

properties of their constituent fabrics, applied pressure levels and the size and shape of the target 

demographic.  

1.2 Body scanning for SCG development 

3D body scanning can aid the product development of SCGs, by quickly and accurately obtaining body 

measurements from consumers [5]. Scan software can automatically identify landmarks and extract body 

measurements from scanned populations, which can be utilized in the development of garment patterns 

and sizing systems, from which consumer-facing size charts are created. Subjects are scanned in the 

standard A-pose, standing up-right with arms and legs abducted away from the body. This posture is not 

often assumed in reality and does not give any consideration for how the body changes whilst moving. 

SCGs are typically worn during physical activity, so dimensional changes to the body whilst in motion 

must be measured as this will affect the amount of pressure being applied to the body. As the body 

moves, muscles contract and joints rotate, causing increased fabric strain in the garment worn and 

increasing interface pressures. To quantify this dimensional change, subjects can be scanned in 

functional postures, which are static poses that replicate movement. Previous studies have scanned 

participants in various postures including seated [6], squat [7], rowing [8] and T-pose, in order to 

determine ease allowances for garments [9,10]. Despite this, there is no research that identifies 

dimensional changes in the body and uses the information to predict pressure fluctuations on the wearer.  

There are limitations with assessing 3D functional postures as when the body is static, muscle groups 

may be engaged to hold the body in position that may not be used during dynamic movement. 4D 

scanning has been suggested as a way to combat this and enable participants to be scanned in motion 

[9,11]; however, this technology is still in its infancy and has its own limitations. Anthropometric data is 

unable to be auto-extracted from 3D functional postures and 4D dynamic postures using scanner 

software, and manual extraction tools available in the software are not accurate or reliable as data 

collection methods as repeatability is an issue. Another weakness to scan software is the lack of 

cohesion between different scanners’ landmark definitions, which will cause discrepancies in research 

outputs. 

2 Methodology 

2.1 3D body scanning 

Six German amateur football players, with an average age of (19 ± 4) years, were recruited by 

Hohenstein and scanned using the 3D Vitus Smart Laser scanner (Human Solutions GmbH, Germany). 

Each participant was scanned in two functional postures (Fig. 1) that represent two points on the running 

gait cycle, the ‘take off’ point in the swing and stance phase of the cycle and the ‘heel-contact’ point at 

the start/end of the cycle.  
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Fig. 1 Participant 1 in postures 1 & 2. 

2.2 Scan analysis 

This study utilized the Rhinoceros 3D® version 7 (McNeel, USA) software as well as its plug-in 

Grasshopper, an algorithm editor, to develop algorithms for the auto-extraction of body measurements. 

Measurements were selected dependent on their usefulness in compression legging development (Table 

1). Circumferential measurements along the limb are most important for lower body compression 

garments as the limb circumference will determine the amount of pressure applied across the limb 

[12,13]. This paper focuses on using the dimensions to predict pressure changes in the garment, 

although for pattern development, length measurements are also necessary as the garment needs to be 

long enough to reach the ankle but not too long that fabric bunching/folding occurs, distorting pressure 

application. It is also important to consider areas of high skin stretch, e.g., flexion of the knee can stretch 

the skin on the anterior leg by up to 50%, which may increase during more strenuous exercise [14]. 

Pressure will be applied to the body if the fabric stretch does not correspond to the stretch of the skin’s 

surface. However, for the purposes of this paper only crotch point and calf circumference are discussed. 

The crotch point is the first landmark located for each participant and forms the basis to identify other 

landmarks and measurements, whereas the calf circumference is used as it is significant for SCG 

development as it is a notable pressure measurement location [15,16].  

Table 1. Extracted measurements and their definitions [17,18]. 

Measurement Definition 

Crotch Point Lowest point of the torso on the midsagittal plane with the virtual 
human body. 

Waist Circumference The circumference of the abdomen at the height of the small of the 
back, within a range of 2 cm (SOB + 2 cm). 

Seat Circumference The most posterior point or center of the most posterior area of the 
buttocks. 

Thigh Circumference The largest circumference of the upper leg occurring due to the 
muscles of the upper leg. 

Knee Circumference The midpoint of the posterior superior border of the patella. 

Calf Circumference The largest circumference of the lower leg (shank) occurring due to the 
muscles of the lower leg. 

Ankle Circumference The ankle point is the middle point of the malleolus. Medial is at the 
lower extremity of the tibia. 

3 Discussion 

For this paper, only two of the measurement extraction processes required for garment development are 

discussed, to demonstrate how the use of this software can provide a method to obtain functional 

measurement data and how it can be applied to (modified) Laplace’s Law to predict pressure fluctuations 

at various locations across the limb.  

3.1 Crotch point 

The coding in Grasshopper (Fig. 2) of the sport posing scanned bodies or humanoids took advantage of 
the upright poses. The upright poses allowed for the crotch points to be found within 42% and 52% of 
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total height. As noted by landmarks paper by the IEEE 3DBP [17], while in a standing or upright pose, 
body landmarks can be found within a certain percentage range of body height. The precision of the 
measurements is at one millimetre for this study, so height measurements were taken at every millimetre 
of vertical height after measurement height zones were determined. This allowed for a shorter 
computational time than if the entire scan had height measurements at every millimetre. Even though 
Rhino/ Grasshopper uses “z” as the vertical dimension, the “y” dimension was kept as vertical dimension 
for the scans as this was for an apparel application. 
 

By creating horizontal planes at each vertical millimetre of height measurement, cross-sectional curves 
could be found. Each millimetre height plane had multiple cross-sectional curves, either two legs or arms 
with humanoid curves. This created a data tree which can then be used for filtering curves by count or 
location. Cross-sectional curves for the arms were filtered out by using a testing circle on each millimetre 
height. After applying this filter, due to the fact that there was no bridging between the two legs near the 
crotch region, the code was set up to count the number of curves for each branch. This filter worked 83% 
of the time. Other visual reviews were required for the other 17% due to folding of the fabric creating 
multiple cross-sectional curves in the torso region. The centre point of the body is found at the centre line 
through the middle of the cross-sectional curves of the torso. As there are two poses per 6 humans, 12 
crotch points were obtained.  
 

 

Fig. 2 Partial code to generate crotch point as x, y, z value. 

3.2 Calf circumference 

The next measurement that was obtained was the maximum calf circumference. Depending on the 
orientation of the lower leg segment, either horizontal or vertical planes were used to obtain the cross-
sectional curves. For the human body, it is noted that the calf will always be located between the ankle 
and the knee. This assumption allowed for the percentage of the human height or human depth to be 
visually observed and obtained within the proper mesh region; however, these curves were not 
perpendicular to the angle of the lower leg body segment. By determining the centre line of the 
humanoid body segment and using the perpendicular planes to the centre line, the proper perpendicular 
curves for measurements were obtained. Perpendicular planes were then used to intersect with the scan 
mesh. By a simple ranking of the curve lengths from largest to smallest, the largest calf dimension was 
then determined (Fig. 3). The success rate for this filtering method was 87.5%, with the remaining 12.5% 
requiring other visual reviews to obtain the maximum calf measurement. As there are two different 
postures for each of the 6 humans and 2 legs per human, 24 calf circumference measurements were 
acquired. 

 

Fig. 3 Partial code to generate maximal calf circumference point in mm. 
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A mesh is imported into the Rhinoceros 3D® software and attached to the code created in Grasshopper 

to extract numerical measurement data. However, Rhinoceros 3D® can be used as a visual aid to verify 

positioning of measurements and landmarks (Fig. 4). 

 

Fig. 4 Participant 1, posture 1 with crotch point and maximal calf circumferences (front and side views). 

3.3 Pressure prediction 

Using the methodology outlined circumference values are collected from the scans in various positions. 

Differences in circumference measurements of each participant between the different positions can be 

analysed, to determine the average dimensional change at each location. Circumference measurements 

of all participants can be input into Laplace’s equation (1), to calculate the pressure.  

P =
𝑇

𝑅
                           (1) 

Laplace’s Law states that under constant tension T, the radius R of curvature of a cylinder is inversely 
proportional to the interface pressure P [13]. This method was never developed to be used to predict 
pressure exerted by compression garments, so it fails to consider tissue variation (fatty tissue, muscle 
and bony prominences [19]); therefore only an average pressure value across the cross-section can be 
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calculated. In reality, there is variation in curvature around the calf circumference due to the shin bone 
located at the anterior aspect and the gastrocnemius muscle at the posterior aspect [20] (Fig. 5).  

 

 

Fig. 5 Effect of variation in radii of curvature on pressure application [20] 

Researchers have adapted Laplace’s Law for medical compression bandages [21] and compression 
sleeves [22]; however, the version of Laplace’s Law that will be used in this study is Eq. 2 [13].  

𝑃 =
2𝜋𝜀𝐸ℯ

𝐶
 ,                        (2) 

where 𝑃 is interface pressure (mmHg), 𝜀 represents the fabric extension, 𝐸 is the elastic modulus, ℯ is 

the garment thickness and 𝐶 is the leg circumference (m). This pressure prediction method has been 
modified to make it more appropriate and accurate for the intended use, by using circumference instead 
of radius of curvature, which is much easier to obtain from scan data and fabric parameters which 
influence how much pressure is applied to the skin.  

4 Conclusion 

This ongoing study aims to further previous research [9,10,23] into dimensional changes of the human 

body during movement by using this to improve sizing and fit of sports compression leggings, 

guaranteeing an adequate pressure application within a range. The study highlights the need to integrate 

the automaton of functional measurement extraction in scanner software, to minimize the time it takes to 

process the functional scans in alternative software. Limitations include the size of the study; six 

participants of the same nationality, sex and sport do not represent the whole population and values may 

differ between individuals. However, this study provides a framework to enable other populations to be 

evaluated in the same way. This is also a time-consuming process which requires proficiency in the 

software to set up the code to work for all meshes. As well, the participants are wearing clothes (tight-

fitting leggings, tops, and shoes), which has affected measurement extraction at the ankle and waist 

particularly, where either movement or length of the leggings has caused fabric to fold. Possible 

applications for this research quantifying dimensional changes of the lower body will enable a greater 

understanding of how interface pressures between garment and skin may fluctuate during exercise, 

using pressure prediction. Understanding this is important when thinking about garment development; 

ensuring pressures do not rise to the point of discomfort but always apply enough to function is key. 

Fabric selection will impact pressure delivery, so recognising how the stress/strain behavior of the fabric 

may alter during movement and what affect this has on pressure application is important. 
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