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Abstract

The work comprises a statistical tolerance analysis of human body dimensions using a 3D
body scanner and its impact on the value of unit pressure exerted by a compression product
on the subject’s body. Model calculations of changes in unit pressure due to the susceptibility
of the human body were carried out on the basis of the Laplace law using experimentally
determined values of circumferences of particular parts of a female subject, with and without
a compression product. Experimentally documented changes in the body circumferences under
the influence of a compression garment are one of the reasons for the differences between
the intended and actual pressure value exerted by the product.
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tolerance.
List of symbols: uses products designed and tailor-made
according to individual anthropometric
P — unit pressure, hPa measurements.
P,, —intended value of unit pressure,
hPa The basis for the modeling and design
F/s — circumferential force in the fabric, ¢ compression products is the Laplace
chiem , law (1).
and — longitudinal rigidity of the knitted 2nF
fabric, cN/cm = Gis M
g - abrz.c th?ckness, om . According to this law, the value of unit
G, —fabric circumference in arelaxed pressure P is directly proportional to the
state, cm . . circumferential force F in a fabric strip of
G, —body part circumferences without - e .
. width s, and it is inversely proportional to
, the comp resston p 'TOd”Ct’ em the body circumference G,. A fundamen-
G’, — body par t circumferences with the tal stage in the procedure of designing
COMPression pr oduct, cm . compression products is taking measure-
L, —fabric length reduced by seam width, o4 in order to determine the correct
cm values of patients’ body circumferences.
& —relative elongation of the knitted Nowadays these measurements are of-
Jabric ten performed with special non-contact
¢’ —relative elongation of the knitted s using 3D scanning technology.
Jabric in the compression product  Replacing manual dimensioning meth-
ods with a non-contact measurement of
B Introduction the circumferences of certain body parts
helps to eliminate problems associated
Compression therapy is one of the meth-  ith the accuracy, reliability and repro-
ods supporting the process of external  gucibility of the results, which are due
treatment. It is used, among others, for  to the person’s skills or methods in tak-
the treatment of post-burn scars, lymph-  jng the measurement. When using a 3D
edema, venous diseases, vascular malfor-  scanner for taking measurements of the
mations and after plastic surgery. It in-  hyman body, the issue of uncertainty, as-
volves the use of appropriate, controlled  cribed to unit pressure as a complex val-
pressure, depending on the type and se-  ye connected with the random variable
verity of the disease. of circumference G, and circumferential
force F, is of great importance. In anthro-
Compression therapy uses various types  pometric studies for the design of classic
of compression products, which occurin  clothing, body measurement is carried
a very wide range. They include, among  out practically with a single body scan.
others, vests, overalls, tights, knee-high  In the design of compression garments
socks, headbands and gloves. The best  supporting the process of external treat-
results and effectiveness of compression  ment, much greater accuracy is required
therapy can be obtained when the patient  in determining circumference G,, which
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is due to the fact that it affects the value
of unit pressure exerted on the body and
must be consistent with the requirements
for medical devices used for a particular
kind of therapy [1-6]. For this reason, it is
necessary to determine the measurement
uncertainty of body part circumferences
G,, which in this work will be character-
ized by standard uncertainty (standard
deviation) and maximum uncertainty
(maximum error).

Works [7, 8, 10] discussed the issue of
the impact of tension characteristics and
relaxation — deformation of the fabric on
the value of unit pressure, taking into ac-
count medium and extreme force values
as a function of relative elongation, and
confidence intervals calculated for the
phases of tension and relaxation. This
made it possible to estimate the uncer-
tainty of unit pressure associated with
a random variable, which is the circum-
ferential force F. Papers [9, 11] present-
ed the basics of modeling compression
products with an intended value of unit
pressure for body circumferences with
avariable radius of curvature. They

pointed out some possibilities of using
3D techniques of scanning the human
body to determine the radius of curvature
for the section of the circumference for
which the intended value of unit pressure
is designed. Applications of 3D scanning
techniques in designing compression
products were discussed in [12, 13]. It is
necessary to extend research on the use
of 3D scanners to issues of measurement
accuracy in determining geometrical pa-
rameters of human body parts.

One of the objectives of this study was to
determine, on the basis of statistical anal-
ysis, the dimensional tolerance of the hu-
man figure measured with a 3D scanner
and assessment of unit pressure uncer-
tainty under the influence of the random
variable of body circumferences G,.

Theoretical part

Due to the susceptibility of soft body
tissue, estimating changes in unit pres-
sure under the influence of compression
clothing requires knowledge of body cir-
cumferences with and without the com-
pression product. Surface pressure ex-

Table 1. The measurements of body circumferences of a female subject.

erted by the compression garment leads
to some changes in the geometry of the
body circumferences and in their lengths.
Currently, designing compression prod-
ucts is based on t knowledge of the pa-
tient’s body part circumferences without
compression clothing. The rationale for
undertaking this study was the analysis
of experimental results, which confirmed
there are some differences in the val-
ues of individual body circumferences
with and without compression clothing.
The relations derived in the theoretical
part of the work make it possible to de-
termine changes in the unit pressure un-
der the influence of surface susceptibility.
The results of these tests will be present-
ed in the experimental part of the work,
and have already been presumed in pre-
vious studies [9-11].

Assumptions:

1. Modeling the pressure is based on the
Laplace relation.

2. Forces F in the fabric along the cir-
cumference of the human body are
constant values, since they are equal-
ised during use.

hand
h,cm G,,cm G,cm
average
0 155 154 148 158 157 15.4
2 155 154 152 16 15.9 15.6
4 16.3 165 163 171 17.2 16.7
6 179 178 175 19.1 187 18.2
8 194 196 194 203 204 19.8
10 213 211 209 22 21.8 214
12 23 23 228 237 236 23.2
14 244 243 243 253 251 24.7
16 252 253 251 26 25.9 255
18 252 253 252 26 25.9 25.5
20 25 252 25 253 252 25.1
22 243 245 243 245 246 24.4
24 243 244 242 243 243 24.3
26 244 247 245 248 251 24.7
28 251 25 249 259 261 254
30 257 259 257 267 27 26.2
32 266 265 263 276 276 26.9
34 273 274 272 28 28.1 27.6
36 283 282 282 29 29.1 28.6
38 29.1 297 29 29.6 293 29.3
40 299 303 308 297 295 30.0

Hand circumferences without clothing
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Scan of a female body

leg
h,cm G,,cm af::;e

8 231 237 232 233 234
10 222 222 223 224 22.4
12 229 23 229 232 23.2
14 243 245 245 247 24.6
16 266 26.8 26.5 27 26.8
18 286 289 289 29 29.2
20 31 313 31 315 31.2
22 328 331 333 333 33.4
24 35 35.2 35 35.2 35.1
26 36.5 36.7 36.8 36.8 36.9
28 376 379 379 381 38.1
30 383 385 387 388 38.9
32 386 389 389 391 39.2
34 382 384 384 387 38.8
36 374 374 374 377 37.7
38 358 359 36 36.1 36.1
40 349 346 345 349 347
42 35.6 35 348 355 34.9
44 36.9 36 35.9 37 36.1
46 384 377 375 385 37.2
48 39.3 388 389 392 39.2
50 40.2 398 398 403 40

52 416 408 41 41.7 41.3
54 439 433 431 441 43.3
56 46.2 455 457 46.1 459
58 48 477 476 483 47.8
60 50 496 49.7 501 499
62 515 513 515 517 51.7
64 53.2 531 531 531 53.2
66 544 546 548 545 54.7
68 56 56.3 56.1 56 56.1
70 56.9 57.3 57.5 57 57.3

Leg circumferences without clothing
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Figuere 1. Average values of leg and trunk circumferences with and
without compression clothing. Series 1 (blue line) —without clothing,

series 2 (red line) — with clothing.

3. Alinear relationship between the
force and relative elongation of the
fabric was assumed for the consider-
ations.

4. Body susceptibility to unit pressure
was determined on the basis of the
measurements of body part circumfer-
ences with and without compression
clothing.

The intended value of unit pressure ac-
cording to Laplace law equals;

2'ma-e
Pine = 55~ 2)
After introducing a well-known relation
for relative elongation &, we receive:

P _ 2'ma(G1—Gp)
int Go Gy S

3)
Having transformed the equation relative
to the free dimension ,we obtain:
_ 2ma Gy
Go = p—G,stoma Y

Thus the unit pressure P’ under the influ-
ence of changes in the body circumferen-
cein compression clothing equals;

, _ 2mae
Pt = (G1-2mg)-s ©)
Where the relative elongation is
Gy —2mg—G,
g =21 ng—Go (6)

Go

After substituting Equation (6) into
Equation (5) and after necessary trans-
formations, we obtain dependence Equa-
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Fiure 2. Average values of hand circumferences with and without
compression clothing. Series 1 (blue line) — without clothing, series

2 (ved line) — with clothing

tion (7) for the corrected value of unit
pressure P ‘ under the influence of chang-
es in the value of the body circumfer-
ence, caused by the body’s susceptibility
to pressure.

(7

2-ma Gy —2mg—G,
P =P bty ok St et 3
int + s [Gl(G{—an)]

Experimental part

For measurements of body circumfer-
ences of afemale subject we utilized
a VITUS XXL 3D Body Scanner from
Human Solutions GmbH with AN-
THROSCAN software. The scanner uses
optical light triangulation — laser tech-
nology. The BMI (Body Mass Index) of
the subject was 22.59. Body circumfer-
ences were determined with and without
compression clothing with an intended
value of unit pressure P,, = 20 hPa. Five
independent measurements were made of
each leg, trunk and hand circumference
at intervals of 2 cm (Table I). A total of
760 circumferences were determined for
different parts of the body with and with-
out a compression product. The aim of
the analysis of measurement results was
to determine the following data:
percentage differences for average
values of individual body circumfer-
ences with and without compression
clothing,
changes in the value of unit pressure
under the influence of body suscepti-
bility resulting from differences be-
tween the circumference values with
and without compression clothing,

standard deviation for subsequent cir-
cumference measurements,

maximum error in circumference val-
ues for successive scans.

B Analysis of research results

Percentage differences for average
body circumferences with and without
compression clothing

The following two figures present aver-
age values of leg and trunk circumferenc-
es (Figure I) and hand circumferences
(Figure 2) with and without compres-
sion clothing. When scanning the leg
and trunk, the distance from the base was
calculated from the ground, and the low-
er edge of the compression product was
placed at the height of the medial malle-
olus of the ankle. For the hand, the dis-
tance from the base was calculated from
the wrist.

To visualize the changes in circumferenc-
es values, percentage differences in the
average circumferences with and without
a compression garment were calculated
according to Equation (8). The calcula-
tion results are shown in Figures 3 and 4.
!
= 2029 6100%  (8)

1

D%

The biggest differences between the val-
ues of average circumferences with and
without compression clothing are ob-
served in the area of soft tissue near the
edge of the compression product, which
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Figure 3. Percentage differences of average circumferences with
and without compression clothing for leg and trunk.
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Figure 4. Percentage differences of average circumferences with
and without compression clothing for hand.
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Figure 5. Changes in unit pressure caused by body susceptibility
for leg, trunk and subsequent circumferences for/intended value
= 20 hPa. Calculation parameters: G, = 22,3+98,9 cm,
G/ =228+994cm, g = 0,04 cm, a—615cN/cm s=1cm.

mt

is the reason for the decrease in unit pres-
sure (Figures 5 and 6). Therefore the
recommendation that the compression
product should extend at least 5 cm from
the edge of the area undergoing therapy
seems reasonable [14].

Analysis of Figures 3 and 4 shows that
depending on the circumference loca-
tion, the pressure exerted by the garment
causes a decrease or increase in the body
circumference. The variable effect of the
surface pressure on the circumference
value is caused by the changes in its ge-
ometry. It may become closer to a circle,
thereby reducing the circumference, or
more similar to an ellipse, which increas-
es the circumference. Negative values of
percentage differences D% confirm an
increase in the circumference under the
influence of surface pressure, and posi-
tive values — its decrease.

110

Changes in the value of unit

pressure under the influence of body
susceptibility resulting from differences
between circumferences values with
and without compression clothing

Changes in the value of unit pressure re-
sulting from variations in body circum-
ferences with compression clothing were
calculated according to Egquation (7).
In the procedure of designing compres-
sion products, the determined value of
the circumference of a knitted fabric in
arelaxed state refers to the body circum-
ference without a compression product.
Changing the body circumference to the
value (under the pressure exerted by the
product at constant circumferences of the
knitted fabric in arelaxed state causes
changes in the unit pressure. The values of
unit pressure shown in Figures 5 and 6,
refer to a cylindrical model of body parts.

10 20 30 40

Distance from the base h, cm (hand)

Figure 6. Changes in unit pressure caused by body susceptibility

for hand and subsequent circumferences for intended value
= 20 hPa.Calculation parameters: G, = 15,1-29,9 cm,

G’=1545 28,35 cm, g = 0,04 cm, a—615cN/cm s=1cm.

They show a reduction or an increase in
the average value of unit pressure in re-
lation to its intended value P, = 20 hPa.
The increase in the value of unit pressure
is caused by an increase in the body cir-
cumference in compression clothing, with
the reduction in unit pressure correspond-
ing to a decreased circumference.

Changes in standard deviation and
maximum error for subsequent body
circumferences

The dispersion of values of body circum-
ferences measured by a 3D body scan-
ner, expressed as standard deviation, is
presented in Figures 7 and 8. In order to
present in numerical form the changes in
unit pressure under the influence of di-
mensional tolerance in measuring human
body parts with a 3D scanner, the differ-
ence between the average value for each
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Figure 8. Standard deviation of subsequent hand circumferences
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Figure 9. Dimensional tolerances of a female figure for subsequent
circumferences measured with a 3D scanner without a compression

product (leg, trunk).

circumference and the minimum and
maximum values were determined (Fig-
ures 9 and 10). For many circumferences
the differences between the average val-
ue and the minimum and maximum ones
exceeded AG, £ 1 cm. The effect of the
dimensional tolerance adopted AG, + 1
cm on the changes in unit pressure de-
pending on body circumferences and the
longitudinal rigidity of the knitted fab-
ric is illustrated in Figure 11. From the
analysis of Figure 11 it can be concluded
that the smaller the value of the circum-
ference and the greater the longitudinal
rigidity of the fabric, the greater the in-
fluence of tolerance AG, = 1 cm on the
value of unit pressure. It also increases
the deviation of the unit pressure from
the intended value P = 20 hPa.
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product (hand).

Figure 10. Dimensional tolerances of a female figure for subsequent
circumferences measured with a 3D scanner without a compression
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Figure 11. Influence of dimensional tolerance of a human body AG,+ 1 cm on changes in unit
pressure depending on the circumferences values. Calculation parameters: 1+2 — longitudinal
rigidity a = 200+1000 cN/cm, series 3+ 4— longitudinal rigidity c1 = 2001000 cN/cm, series
5 — intended value of unit pressure P = 20 hPa.
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Conslusions

Designing compression products on
the basis of values of body circumfer-
ences without compression clothing
does not take into account the impact
of body susceptibility on the value of
unit pressure. Experi mentally docu-
mented changes in body circumfer-
ences under the influence of compres-
sion clothing are one of the reasons
for the differences between the actual
value of unit pressure and the intended
one.

Based on our study, determining body
circumferences with single 3D scan-
ning is insufficient in the design of
compression products supporting the
process of external treatment. It should
be preceded by estimating measure-
ment inaccuracy and determining the
necessary number of measurements
in order to eliminate dimensioning er-
rors. In order to increase the accuracy,
reliability and reproducibility of de-
termining circumferences, positioning
of the human body is necessary, by in-
troducing support points for the figure
and moving parts of the body.

The use of knitted fabrics with high
longitudinal rigidity for small circum-
ferences G, <40 cm is the reason for
the differences between the actual unit
pressure exerted on the body and its
intended value, due to the unavoidable
dimensional tolerances of the human
figure. For instance, for an intended
value of unit pressure P =20 hPa, lon-
gitudinal rigidity of the knitted fab-
ric a = 1000 cN/cm and dimensional
tolerance adopted for the calculations
AG, = £1 cm, the unit pressure for
AG,=1 cm increases progressively
from 23 to 46 hPa in the circumfer-
ence range <15; 40 cm > and decreas-
es degressively from 0 to 23 hPa for
AG,=-1cm.

Acknowledgements

This research was financially supported by
the Polish National Centre for Research and
Development Project No. 244972, Agree-
ment nr PBS3/B9/46/2015.

References

1

. Nyka W, Tomczak H. Rehabilitation of

patients with thermal burns. Medical
Rehabilitation 2003; 7, 4, published by:
Elipsa-Jaim s.c.(in polish).

2. Garrison SJ. Fundamentals of rehabilib

112

tation and physical medicine. Warsaw

10.

1.

12.

13.

14.

Medical Publishing House PZWL 1997.
(in polish)

. Adamczyk W, Magierski M. Treatment of

hypertrophic scars by pressure therapy
Annals of Burns 1996-97.7/8.219-222.
(in polish)

. Mikotajczyk A, Sosniak K, Fryc D, Mis K.

Strategy of action in the treatment of hy-
pertrophic scars in children with burns.
Clinical and Invasive Dermatology 1999;
1, supl. 2, 74-76. (in polish)

. Fritz K, Gahlen |, Itschert G. Gesune

de Venen — Gesunde Beine. Rowohit
Taschenbuch Verlag GmbH 1996, Rein-
bek bei Hamburg.

. Normy: ISC 11.120.20 prEN 12718:
1997.
. Maklewska E, Nawrocki A, Ledwon J,

Kowalski K. Modelling and Designing of
Knitted Products used in Compressive
Therapy. Fibres and Textiles in Eastern
Europe 2006: 14, 5(59): 111-113.

. Nawrocki A, Kowalski K, Maklewska E.

Modelling and instrument evaluation of
compression exerted by textile garments
used in a treatment and rehabilitation of
post-burn scars. Research Project 4T08
E 05425, £6dz, 2000.

. Kowalski K, Mielicka E, Kowalski T M.

Modelling and Design of Compression
Products of the Intended Unit Pressure
for the Circuits of the Body with a Var-
iable Radius of Curvature. Fibres and
Textiles in Eastern Europe 2012; 20,
6A(95): 98-102.

liska A, Kowalski K, Klonowska M, Kow-
alski TM. Influence of Stress and Relax-
ation Characteristics of Knitted Fabrics
on the Unit Pressure of Compression
Garments Supporting External Treat-
ment. Fibres and Textiles in Eastern Eu-
rope, 2014, 22, 4(106): 87-92.

Kowalski K, liska A, Ktonowska M. Rea-
sons for changes in the value of unit
pressure of compression products sup-
porting external treatment. 48th IFKT
Congress 8-10 /06/2016 — 48th Interna-
tional Federation of Knitting, Materials
IOP Conference Series: Materials Sci-
ence and Engineering.

Mohamed Najib Bin Salleh, Memis Acar,
Neil D. Burns. Customised Pressure
Garment Development by Using 3D
Scanned Body Image. Research Jour-
nal of Textile and Apparel 2011; 15, 4:
9-18.

MN. Salleha, H.M. Lazim a. S.N.
Othman a. A.F. Merican “Development
of aflexible customized compression
garment design system”,Proceedings
of the 2012 International Conference on
Advanced Mechatronic Systems, Tokyo,
Japan, September 18-21, 2012.
Macintyre L, Baird M. Pressure gar-
ments for use in the treatment of hyper-
trophic scars-a review of the problems
associated with their use. Burns 2006;
32: 10-15.

Received 19.04.2017 Reviewed 24.05.2017

Institute
of Biopolymers
and
Chemical Fibres

FIBRES
& TEXTILES
in Eastern Europe
reaches all corners
of the world!
It pays
to advertise
your products
and services
in our journal!

We'll gladly

assist you in placing

your ads.

FIBRES & TEXTILES
in Eastern Europe

ul. Sktodowskiej-Curie 19/27
90-570 tédz, Poland

Tel.: (48-42) 638-03-63,
638-03-14

Fax: (48-42) 637-65-01

e-mail:

infor@ibwch.lodz.pl
http: //www.fibtex.lodz.pl

FIBRES & TEXTILES in Eastern Europe 2017, Vol. 25, 5(125)



