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Abstract
The paper presents a basis for modelling compression garments with the intended value of 
unit pressure for the body circumference of a variable curvature radius. The Laplace law, 
mechanical characteristic of a knitted fabric and the local curvature radius were taken 
into consideration in deriving dependencies on the dimensions of circumferences of knitted 
fabrics in a free state. The possibilities of applying 3D human body scanning techniques to 
determine the curvature radius of the circumference, for which the intended value of unit 
pressure is designed were indicated. The consequences of using Laplace law for non-cir-
cular circumferences were pointed out. The basis of modelling presented can be applied in 
designing compression garments supporting external treatment such as after-burn therapy 
and lymphadema.
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thereof , as well as the unit pressure P re-
quired and the value of circumference G1 
of the body covered and its geometrical 
parameters. The derived dependencies of 
the dimensions of knitted compression 
garments in a free state are the basis for 
designing knitted compression garments 
of intended pressure for the following 
cases:
n	 For body parts of circumferences in 

the form of a circle
n	For body parts of circumferences of 

different curvature radius.

n	 Assumptions
1.	 Modelling the pressure is performed 

on the basis of the Laplace law.
2.	 Forces F in the knitted fabric along the 

circumference of the human body are 
constant, as they are equalised during 
use.

3.	 It is necessary to know the mechanical 
characteristics of the knitted fabric, 
that is the relation of the force in the 
band and relative elongation deter-
mined for the values of these param-
eters in the relaxation phase in the 5th 
cycle of hysteresis of stretching and 
decompressing. 

4.	 For circumferences of the human body 
with different curvature radii, the unit 
pressure can be determined with the 
intended value only for a selected part 
of the circumference, which can be 
expressed by a part of the circle – the 
known value of the curvature radius 
for this part of the human body is re-
quired.

An important parameter of com-
pression garments supporting 
the process of external therapy 

is a unit pressure exerted on the covered 
body parts. The range of values ​​of this 
parameter is determined from the medi-
cal point of view depending on the type 
of therapy. The range should be complied 
in practice [1 - 6]. The most unambigu-
ous values of the range of unit pressure ​​
are specified for therapies for varicose 
veins. Depending on the severity of the 
disease, the values​​ are classified in four 
stages of pressure [6]. The human body is 
a figure, which in many parts has a cross 
section similar to a circle or an ellipse. 
Works concerning the modelling of a unit 
pressure [6 - 9] are based on the model 
of the human body, in which its circum-
ferences are treated as circles (Figure 1). 
[7] presents the results of modelling the 
unit pressure with the use of the finite el-
ement method for the case of a cylinder 
and cone. While in [9], next to the ana-
lytical model using the Laplace law, the 
finite element method was also used for 
compression bands covering a cylindrical 
model of the body part.

Another field of research related to the 
application of compression garments is 
the experimental evaluation of unit pres-
sure. Experimental methods usually use 
the Laplace law in measurement proce-
dures developed [9 - 12].

In this study the purpose of modelling is 
to determine the dependencies of the di-
mensions of knitted fabric in a free state 
as a function of mechanical parameters 

Symbols
F - 	 circumferential force along knitted 

bend
P - 	 unit pressure
G1 - 	 circumference of human body and 

circumference of knitted fabric in 
stressed state

G0 - 	 circumference of knitted fabric in 
free state

s - 	 width of knitted band
a, b -	regression coefficient
e -	 relative elongation of knitted fabric
R - 	 radius of curvature of human body 

circumference in the form of a 
circle

Rn - 	 subsequent radii of curvature for 
an ellipse 

Pint - 	intended value of unit pressure
Pn - 	 value of unit pressure along the 

circumference in the form of an 
ellipse
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5. The susceptibility of the body to the 
action of unit pressure is omitted.

The final effect of modelling is to deter-
mine the dimensions of knitted fabric in 
a free state, which is the basis for design-
ing knitted compression garments of in-
tended unit pressure.

An analytical model for determining the 
dimensions of circumferences of com-
pression garments in a free state for cir-
cle-shaped cross sections of the body is 
presented in Figure 1. A detailed analysis 
of this model and its empirical verifica-
tion are presented in [8].

The basic equation describing the rela-
tionship between the unit pressure on a 
cylindrical model of circumference G1 
and circumferential force F in a band of 
width s is given by the Laplace law.

                   (1)

where:
F in cN – circumferential force in the 
knitted band of width s,
G1 in cm - circumference of the body part,
S in cm - width of the knitted band,
P in hPa – unit pressure.

Studies on the mechanical properties of 
typical knitted fabrics designed for com-
pression garments indicated that a gener-
al relation between the force and relative 
elongation ε in the decompression phase 
after the 5th stretching cycle is the fol-
lowing:

F= a . e b                (2)

Where a and b are the regression coef-
ficients relative elongation is:

Go
GoG −

= 1e               (3)

where:
G0 - circumference of a knitted fabric in 

a free state in cm,

ing the circumference of the body with a 
length of G1 should be equal to that cal-
culated according to Equation 8. After 
introducing the dependence of the value 
of relative elongation and after trans-
forming Equation 9 with regard to G0 
we obtain Equation 10 of the value of di-
mensions of knitted fabrics in a free state 
G0 for the circumference covered G1.
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Whereas the value of unit pressure Pn 
along the circumference of an ellipse at 
curvatures radii Rn is calculated accord-
ing to the following equation:

n
n R

RPP ⋅= int           (11)

An analysis of Figures 4 and 5 shows 
that the value of unit pressure along the 
circumference of the ellipse varies in 
a wide range. Depending on the choice 
of place for which we design, for ex-
ample for an intended value of pressure  
P = 20 hPa, it will be within the range 
P = 5 - 70 hPa. An excessive pressure of 
the product on the body occurs when its 
intended value applies to the part of the 
circumference of the maximum curvature 

After the substitution of Equations 2 and 
3 into Equation 1, and after transforma-
tion we obtain a dependence for the cir-
cumference of knitted fabric G0 in a free 
state as a function of pressure P and 
circumference G1 required for a certain 
characteristic of knitted fabric.
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	 Designing the dimensions 
of compression garments in  
a free state for circumferences 
of diverse curvature radii

An analysis of unit pressure for a circum-
ference in the form of a mathematical 
ellipse and an exemplary real circumfer-
ence of the human body determined us-
ing the 3D human body scanning tech-
nique is presented below.

Determination of the dimensions of the 
products’ circumferences in a free state 
and values of unit pressure is performed 
using an exemplary ellipse of the follow-
ing geometrical parameters: circumfer-
ence G1 = 104 cm, semi-axis a = 20 cm, 
b = 13 cm (Figure 2).

The curvature radius can be determined 
for an ellipse described by the equation 
of the Lissajous curve. The value of the 
curvature radius calculated for the ellipse 
shown in Figure 2 is within the range 
8.6 ÷ 30.7 cm (Figure 3). According to 
the Laplace law (6), the unit pressure is 
inversely proportional to the curvature 
radius R. The value of unit pressure Pint 
for the selected area of the circumference 
of an ellipse with radius R is equal to:

sR
FP
⋅

=int                     (6)

After introducing a general form of equa-
tion for dependencies between the force 
and relative elongation of knitted fabric, 
we obtain:

sR
aP

b

⋅
⋅

=
e

int
                     (7)

Hence, the value of relative elongation 
equals:

b
a

sRP ⋅⋅
= inte                   (8)

To ensure the value of unit pressure re-
quired for the area of the circumference 
of an ellipse selected, the value of rela-
tive elongation e of knitted fabric cover-

FF
S

Band width

Circumference G1

Peripheral force
in band

Figure 1. Cylindrical model of the body 
part covered with a compression band.

Figure 2. Geometry of an ellipse: circum-
ference G1 = 104 cm, semi-axes a = 20 cm 
and b = 13 cm.

Figure 3. Radii of curvature of the ellipse, 
depending on the angle between the vector 
radius and axis for an ellipse with circum-
ference G1 = 104 cm, semi-axes a = 20 cm 
and b = 13 cm. 
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For circumferences of the human body 
different from the geometry of a circle 
or an ellipse, the results of the 3D scan-
ning of the human body can be used. 
These results can be utilised to calculate 
the curvature radius in the circumference 
part, for which the value of intended unit 
pressure is designed. This case relates 
mainly to the torso of the human body, 
where there are circumferences of curva-
ture substantially different from the cir-
cle (Figures 7 and 8).

In order to determine the radius of cur-
vature, the coordinates of at least three 

radius (Figure 5). Then in the part of a 
circumference with a minimum value of 
the curvature radius, excessive values of 
unit pressure, ​​from a medical point of 
view, may occur (eg 70 hPa, Figure 5).

In current practice, the designing of com-
pression garments for after-burn therapy 
is conducted assuming that the circum-
ferences of the human body are circular. 
The consequence of this assumption is 
the variable value of the pressure of the 
product along the circumference of the 
body part covered. The value of this pres-
sure in the after-burn therapy treated area 
may not fulfil the condition of the mini-

mum value of pressure. This is illustrated 
in Figure 6, which shows the results of 
modelling the value of unit pressure as-
suming that the circumference presented 
in Figure 2 is a circle. The calculations 
were performed assuming a value of pres-
sure P = 20 hPa and radius R = 16.56 cm, 
which corresponds to the length of a cir-
cle of circumference G1 = 104 cm. In this 
case, the unit pressure is within the range 
P = 11 - 39 hPa. For a large part of the cir-
cumference of the body, the condition of 
the minimum value of unit pressure (eg 
20 hPa) for effective after-burn therapy 
is not fulfilled.

Pint=20 hPa Pint=20 hPa

30

20 hPa

Figure 4. Unit pressure along the circumference of the ellipse for 
the intended value Pint = 20 hPa in the area of the minimum val-
ue of curvature radius R = 8.65 cm. Parameters for calculations:  
a = 241.77, b = 0.7739, 8.65 < Rn < 30.71 cm.

Figure 5. Unit pressure along the circumference of the ellipse for 
the intended value Pint = 20 hPa in the area of the maximum val-
ue of curvature radius R=30.71 cm. Parameters for calculations:  
a = 241.77, b = 0.7739, 8.65 < Rn <30.71 cm

Figure 6. Unit pressure along the circumference, assuming that 
the circumference given in Figure 2 is a circle. Parameters of 
calculations: G1 =104 cm, R= 16.56 cm, Pint = 20 hPa.
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points from the body part selected have 
to be known.

For three neighbouring points of circum-
ference (x1, y1), (x2, y2), (x3, y3) we es-
timate the radius R of the curvature by 
determining the centre of a circle (x0, y0) 
containing these points. Using Pythago-
rean Theorem, we obtain the following 
set of equations:

where x1, y1, x2, y2, x3, y3 are variables 
and R, x0, y0 are unknown.

( ) 2
01

2
01

2 )( yyxxR −+−=      (5.1)

( ) 2
02

2
02

2 )( yyxxR −+−=     (5.2)

( ) 2
03

2
03

2 )( yyxxR −+−=     (5.3)

 The values of curvature radii determined 
for the circumference in Figure 8 are 
presented in Figure 9.

The following Figures 10 – 12, present 
the distribution of unit pressure for the 
following three cases:
n	 for the measured value of unit pres-

sure Pint = 20 hPa for the part of the 
circumference with the minimum val-
ue of the curvature radius;

n	 for the measured value of unit pres-
sure Pint = 20 hPa for the part of cir-
cumference in the range of maximum 
values of the curvature radius;

n	for the measured value of unit pres-
sure Pint = 20 hPa with an assumption 
that the circumference analysed is a 
circle of radius R = 13.68 cm.

The analysis of Figures 10 and 11 shows 
that the value of unit pressure along the 
circuit analysed, presented in Figure 8, 
changes within a wide range. Depend-
ing on the choice of a place for which we 
design, for example an intended value of 
pressure P = 20 hPa, it will be within the 

range P = 0.8 - 238 hPa. An excessive 
pressure of the product on the body oc-
curs in the case where the intended value 
is related to the part of the circumference 
with maximum values of the curvature 
radius (Figure 11). Then in the part of the 
circumference with a minimum value of 
the curvature radius, excessive values of 
unit pressure from a medical point of view 
may appear (eg, 238 hPa, Figure 11).

Figure 12 shows the results of model-
ling the value of unit pressure assuming 
that the circumference presented in Fig-
ure  8 is a circle. The calculations were 
performed assuming a value of pressure  

Figure 8. Geom-
etry of the circum-
ference determined 
with the use of 3D 
scanning technique 
with an exemplary 
radius midpoint for 
an angle of 45°.

Figure 12. Unit pressure along the circumference assuming that 
the circumference presented in Figure 3 is a circle. Parameters 
for calculations: G1 = 85.96 cm, R = 13.68 cm, P = 20 hPa, 
5.8 <Rn < 136 cm.

Figure 11. Unit pressure along the circumference presented in 
Figure 8 for the intended value Pint = 20 hPa in the area of the 
value of curvature radius R = 68.9 cm. Parameters for calculations: 
 a = 241.77, b = 0.7739, 5.8  < Rn < 136  cm.

Figure 10.  Unit pressure along the circumference presented in 
Figure 8 for the intended value of Pint = 20 hPa in the area of the 
minimum value of curvature radius R = 5.8 cm. Parameters for 
calculations: a = 241.77, b = 0.7739,  5.8 < Rn <136 cm.

Figure 9. Curvature radii of the circumference given in Figure 8, 
depending on the angle between the vector radius and axis for cir-
cumference G1 = 86 cm.
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P = 20 hPa and radius R = 13.68 cm, 
which corresponds to the length of a cir-
cle with a circumference G1 = 85.96 cm. 
In this case, the unit pressure is between 
P = 2 - 47.2 hPa. The condition of the 
minimum value of unit pressure (eg 
20 hPa) necessary for effective after-burn 
therapy is not fulfilled for a part of the 
circumference of the body.

The designing of compression garments 
on the assumption that the body circum-
ferences are circular can lead to failure 
in medical requirements relating to the 
values of unit pressure recommended. 
In particular, it refers to the circumfer-
ence of the human body. In such cases 
very useful is the 3D scanning technique, 
which should be updated with software 
in order to determine the curvature radius 
for the circumferences of the body ana-
lyzed.

n	 Conclusions
n	Compression garments supporting 

the process of external treatment, for 
example in after-burn therapy and 
lymphedema do not provide a con-
stant unit pressure along the circum-
ference of individual body parts with 
different curvature radii.

n	In order to meet the requirements re-
lated to providing a certain value of 
unit pressure in the place of hyper-
trophic scars (keloids) for parts of the 
body with different curvature radii 
of the circumference, it is necessary 
to consider the curvature radius in a 
place subjected to pressotherapy in 
the procedure of designing the prod-
uct. Then the value of circumference 
of knitted fabric in a free state G0 is 
defined by Equation 10.

n	Sample calculations of unit pres-
sure made for the circumference of 
a body in the form of an ellipse with 
the following geometrical parameters:  
G1 = 104 cm, semi-axes a = 20 cm 
and b = 13 cm for areas with a mini-
mum and maximum curvature radius 
and intended value of unit pressure 
P = 20 hPa for these locations, were 
within the following ranges: from 5.0 
to 20 and from 20 to 70 hPa. In con-
trast, assuming the mentioned ellipse 
as a circle of radius R arising from 
the circumference of an ellipse, and 
the intended value of unit pressure  
P = 20  hPa results in the following 
range of pressure 11 ÷ 39 hPa along 
its circumference.
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