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1. Introduction

1.1. Definition and application of long and short-stretch 
compression bandages

Long-stretch bandage (LSB) can be defined as “an elastic 
compression bandage (CB) that contains elastic filament 
(rubber, Lycra, or elastane) which allows the bandage to 
stretch more than 120% of its original length”; it can be applied 
smoothly and conformed according to the contour of the human 
leg. According to the level of compression applied by the LSB, 
it might be essential to take it off at night because the resting 
(static) pressure when sleeping is annoying. Short-stretch 
bandage (SSB) can be defined as “elastic CB, however, is 
composed of cotton yarns, but usually it’s highly twisted yarns 
(1,200–2,300 turns/m) [1], these yarns are interwoven to enable 
the bandage’s original length to be extended by almost 60–
70% during application.” The main advantage of these short-
stretch compression bandages (CBs) is that they achieve high 
working pressure which is necessary for lymphatic drainage 
and venous flow [2-7].

Static Stiffness Index (SSI) is defined as the difference between 
the interface pressures when someone is standing or lying 
(mmHg) divided by 1 cm. LSB has a value of SSI  < 10 while 
SSB has a value of SSI  > 10. The pressure peaks at walking 
action are slightly higher than for standing conditions [8].

1.2. Production methods and structures of long and short-
stretch CBs

The main function of SSB is to provide graduated pressure 
on the lower limb decreasing from the ankle to the knee to 
improve venous return, accelerate the venous flow, reduce 
venous reflux by realignment of valves, improve venous pump 
action, and reduce edema [8, 9]. On the other hand, LSB is 
not suitable for lymphedema management because it has low 
working pressure. This low pressure does not offer adequate 
resistance, and fluid would inevitably accumulate. In addition, 
the high resting pressure of LSB could constrict veins and lymph 
vessels during rest or sleep [10]. There are three methods for 
producing woven compression bandages (WCBs) to achieve 
the optimum stretch. The first method is using highly twisted 
warp yarns and the resultant bandage in this case is SSB. 
The second method is elastane (Polyurethane) filament with 
Viscose (VI) or Cotton (CO) to produce LSB. The third method 
is two polymeric yarns with different melting points by steaming 
and heat setting; usually, it is SSB [1, 11, 12].

1.3. Advantages of long and short-stretch CBs

Short-stretch CBs are made using stiff materials that enable 
them to achieve the optimum balance between working and 
resting pressures. They create high working pressure on the 
ankle and calf muscles due to the interaction between the 
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lower leg and CB during any activity or walking action. This 
SSB compresses the muscles by irregular intervals, oscillating 
between high and low pressures. The resultant oscillations form 
an internal pumping action that shifts fluid out of the tissues 
and returns to the vessels of the lymphatic system. Moreover, it 
achieves low resting pressure on relaxed muscles, static state, 
or sleeping. This low resting pressure, when the muscles are 
inactive, enables reducing the spaces in tissues where fluid 
can leak in that means they could be worn day and night and 
are tolerated well by the patient [13, 14].

Wearing LSB increased pressure by 8  mmHg for standing 
position, while using SSB had a significant increase by 
25 mmHg and higher working pressure [15]. Two studies found 
that SSB is superior in healing venous ulcers and reducing 
venous reflux over LSB [16, 17]. Moreover, some others proved 
that short-stretch and Unna’s boot were found to support the 
pump function better than long-stretch CBs (evidence level A) 
[18, 19]. LSB can sustain its pressure up to 1 week due to its 
ability to accommodate changes in the shape and movement 
of the limb. SSB can be effective for 2–3 days because of a 
significant reduction in edema. When the patient is mobile, 
SSB is more effective because of the calf muscle contracts 
against the wrap which forces blood toward the heart. Patients 
with mixed arterial/venous insufficiency can better tolerate SSB 
because it has lower resting pressure [20, 21]. SSB tends to 
generate lower resting pressures but the pressure increases 
with walking due to calf muscle expansion. It is therefore ideal 
for mobile patients. SSB should be reapplied once edema has 
improved. Increased layers not only augment the pressure 
applied but also tend to render the compression less elastic 
[22].

Few studies focused on the optimization and best combinations 
of CBs for venous leg ulcers, edema healing, and prevention 
of recurrence. Most patients depend on specialist practitioners 
or traditional experience. The motivation of this research is to 
investigate the optimum conditions for compression therapy 
using long- and short-stretch WCBs. The methodology is 
based on evaluating the elastic recovery of both bandages 
during cyclic loading-unloading to simulate the real activities 
of the patient or athletic performance during rest and walking.

2. Experimental work

2.1. Materials

Cotton/Polyamide/Polyurethane (CO-PA-PU) and 100% 
bleached Cotton WCBs were selected to represent long- and 
short-stretch WCBs, respectively, meanwhile the mechanical 
and bandage pressure properties were tested and compared. 
The planar structures of selected WCBs are illustrated in 
Figure 3.

2.2. Testing procedure

2.2.1. Load-elongation test for Cotton SSB and CO-PA-PU 
LSB

The Stress-relaxation test has a priority during the WCB 
application to create the optimum pressure on the patient leg 
during the whole treatment period. Cyclic loading-unloading 
of WCB is investigated based on the standard test method 
ISO 13934-1:1999(E) [23, 24]. Testometric M350-5CT is used 
to evaluate the applied tension by WCB when extending the 
bandage sample by 60% and 120% of its original gauge length 
(5 cm) using constant traverse speed of 100 mm/min [24]. The 
digital camera is used while tensile and cyclic loading-unloading 
of the WCBs; testing details are illustrated in Figure 5.

2.2.2. Testing of bandage pressure using Picopress

All selected WCB types were worn on the human leg to 
measure the bandage pressure by Picopress at the ankle and 
mid-calf positions while walking [1].

It is important to give the patient, nurse, or other bandage user 
clear guidelines for CB application. So, it is possible to predict 
the required bandage pressure as a function of applied tension 
or extension, see Figure 4 [25, 26].

2.2.3. Validation of measured pressure using two 
mathematical models

For validation of WCBs pressure, the measured results using 
Picopress were compared with theoretical pressure calculated 
by Laplace’s Equation (2) and Al Khaburi’s Equation (4) as 
follows [26, 28–30]:

Figure 1. Structure of woven bandages based on the plain weave and 
elastane [11].

Figure 2. Double weft fabric structure based on Twill weave 1/3, highly 
twisted warp yarns [12].
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proportional to the radius of limb circumference (R, m) and 
bandage width (W, m) [26, 31].

2.2.4. Tensile and cyclic loading-unloading test

Optimization of the applied tension during bandage application 
at specified extension ranges is illustrated as summarized in 
Tables 1 and 2.

   (1)

	

(2)

The bandage pressure could be mathematically calculated by 
Laplace’s equation which states that the pressure (P measured 
in Pa) applied to the skin surface is directly proportional to the 
bandage tension (T, N) and the number of wraps, and inversely 

Figure 3. Long- and short-stretch-woven compression bandages parameters.

Figure 4. Positions and guide marks for bandage applications [27].
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45.71 and 68.38 mmHg on the ankle, 30.85 and 44.21 mmHg 
on mid-calf positions achieved at 70% extension, see Tables 1 
and 2 [1, 32].

As for long-stretch CO-PA-PU CB, medium pressure of 20.13 
and 30.49 mmHg on ankle position at 60% extension, whereas 
13.28 and 20.63  mmHg on mid-calf position, as shown in 
Figure 8. Moreover, high pressure 47.93 and 71.69  mmHg 
on the ankle, 33.15 and 45.94  mmHg on mid-calf positions 
achieved at 120% extension, see Tables 1 and 2.

3.3. Effect of bandage tension on resultant pressure for 
WCBs

Figures 9 and 10 display the corresponding working pressure 
as a function of bandage tension for short-stretch Cotton 
and long-stretch CO-PA-PU bandages, respectively. Medium 
pressure of 35.19 mmHg at ankle position can be achieved at 
9.79N using two layers of cotton bandage while high pressure of 
68.38 mmHg at 13.85N can be achieved through three layers. 
On the other hand, CO-PA-PU can achieve 32.15  mmHg at 
8.64N and 71.69 mmHg at 14.23N using two and three layers, 
respectively [1, 33].

3. Results and discussions

3.1. Load-elongation curves for Cotton SSB and CO-PA-PU 
LSB

Cotton and CO-PA-PU WCBs were subjected to tensile 
stress by 60% extension of its original length; cotton bandage 
achieved 10.3N, whereas CO-PA-PU had only 5.31N at the 
same extension. When the CO-PA-PU bandage was extended 
to 120%; it had achieved approximately 14.15N, see Figure 
6. These results are matched with some other experimental 
studies [1, 25].

3.2. Effect of bandage extension on corresponding 
pressure for WCBs

Bandage pressures using Picopress were evaluated during the 
Cotton and CO-PA-PU WCBs application for ankle and mid-
calf position using two and three wraps bandaging techniques. 
Figure 7 illustrates that Cotton SSB exerted medium pressure 
of 21.71 and 32.67 mmHg on ankle position at 50% extension 
for two and three layers, respectively, while 14.21 and 
20.92  mmHg on mid-calf position. Moreover, high pressure 

Figure 5. Testing of tensile and cyclic loading-unloading by Testometric M350-5CT.
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3.4. Effect of cyclic loading-unloading on bandage tension 
and durability

Two types of WCB (100% Cotton SSB and CO-PA-PU LSB) 
were selected to investigate the relation between cyclic loading 
and the applied bandage load at 60% and 120% extension. 
Elongation by 3  cm results in extension by 60% and dwell 
time for 2 s, then unloading 1 cm reduces extension by 40% 
and dwell time for 2 s, then repeating the whole cycle for five 
or six repeats, and then relaxation. Cyclic loading-unloading 
could simulate the walking action wearing WCB, but the 
main obstacle is that the testing time is limited compared 
with bandage application. The uniaxial load of Cotton SSB 
decreased by 11.82% after six cycles of loading-unloading, 
whereas CO-PA-PU LSB lost only 4.81% of its applied load 

Table 1. Measured compression using Picopress versus calculated pressure by mathematical models at ankle position

Bandage 
type

No of 
layers

Extension 
(%)

Applied 
tension (N)

SD of 
tension

Measured 
compression 
by Picopress 

(mmHg)

Calculated pressure values (mmHg)

Laplace’s 
equation

Deviation 
percent (%)

Al-Khaburi 
equation

Deviation 
percent (%)

Short- 
stretch 
100% 
cotton 

bandage

2

20 1.75 0.19 7.02 6.45 −8.84 6.29 −11.52

30 2.81 0.07 10.84 10.36 −4.67 10.11 −7.24

40 3.94 0.12 14.62 14.52 −0.68 14.17 −3.16

50 6.06 0.31 21.71 22.33 2.79 21.80 0.41

60 9.79 0.82 35.19 36.08 2.47 35.22 0.07

70 13.37 1.41 45.71 49.28 7.24 48.09 4.96

80 17.26 1.92 56.83 63.61 10.66 62.09 8.47

3

20 1.8 0.22 10.58 9.95 −6.32 9.60 −10.22

30 2.92 0.11 16.39 16.14 −1.53 15.57 −5.25

40 4.05 0.17 21.83 22.39 2.50 21.60 −1.07

50 6.24 0.39 32.67 34.50 5.29 33.28 1.83

60 10.12 0.94 51.61 55.95 7.75 53.97 4.37

70 13.85 1.55 68.38 76.57 10.69 73.86 7.42

80 17.93 2.13 83.62 99.12 15.64 95.62 12.55

Long- 
stretch 

CO-PA-PU 
bandage

2

20 1.41 0.19 5.57 5.20 −7.19 5.07 −9.82

40 3.58 0.13 13.81 13.19 −4.67 12.88 −7.24

60 5.25 0.21 20.13 19.35 −4.04 18.88 −6.59

80 8.64 0.49 32.15 31.84 −0.96 31.08 −3.45

100 10.73 0.73 41.62 39.55 −5.25 38.60 −7.83

120 13.97 1.65 47.93 51.49 6.91 50.25 4.62

3

20 1.43 0.18 8.35 7.91 −5.62 7.63 −9.49

40 3.64 0.15 21.06 20.12 −4.66 19.41 −8.49

60 5.37 0.19 30.49 29.69 −2.71 28.64 −6.47

80 8.91 0.53 46.43 49.26 5.74 47.52 2.29

100 10.94 0.97 56.39 60.48 6.76 58.34 3.35

120 14.23 2.19 71.69 78.67 8.87 75.89 5.53

at 60% extension. Moreover, CO-PA-PU lost 18.11% at 120% 
extension, see Figure 9. Therefore, it is essential to include 
and compensate these reductions of bandage tension during 
its selection and application.

3.5. Comparison between the calculated and measured 
pressures

A 100% of Cotton and CO-PA-PU WCBs were worn on 
the human limb to test the real compression at the ankle 
and mid-calf positions in both resting and walking actions. 
The deviation percentage was calculated as a function of 
measured compression by Picopress and calculated pressure 
by Laplace’s law, see Eq. (3).
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Where 
	

 (5)

Results of Table 2 conclude that the deviation when applying 
Laplace’s equation for mid-calf position is ranging ±0.27 to 
±13.14%, while the deviation range of Al Khaburi’s equation is 
±0.14 to ±11.04%.

3.6. Stress-relaxation test for long and short-stretch WCBs

Figures 12 and 13 illustrate that CO-PA-PU LSB recovered 
approximately 99% of its original length after stress-relaxation; 
this elastic recovery gives beneficial options through the 
optimum elasticity when applying the LSB while Cotton SSB 
recovered only 93% of its gauge length after 5 days of cyclic 

     

 (3)

The obtained results in Table 1 confirm that there are significant 
deviations when applying Laplace’s equation for two and three 
layers bandaging ranging ±0.68 to ±15.64%. However, Jawad 
Al Khaburi developed this Eq. (4) to include the increase in 
limb circumference due to multilayer bandaging; this equation 
has decreased the deviation range to be ±0.07: ±12.55% as 
illustrated in the following Eqs (4) and (5) [34]:

    (4)

Table 2. Calculated pressure versus measured compression values at mid-calf position

Bandage 
type

No of 
layers

Extension 
(%)

Applied 
tension (N)

SD of 
tension

Measured 
compression 
by PicoPress 

(mmHg)

Calculated pressure values (mmHg)

Laplace’s 
equation

Deviation 
percent 

(%)

Al-Khaburi 
equation

Deviation 
percent 

(%)

Short- 
stretch 
100% 
cotton 

bandage

2

20 1.71 0.19 4.61 4.14 −11.25 4.08 −13.05

30 2.74 0.07 7.13 6.64 −7.38 6.53 −9.12

40 3.82 0.12 9.5 9.26 −2.63 9.11 −4.28

50 5.89 0.31 14.21 14.27 0.44 14.05 −1.17

60 9.55 0.82 23.08 23.14 0.27 22.77 −1.34

70 13.15 1.41 30.85 31.87 3.19 31.36 1.62

80 16.86 1.92 37.75 40.86 7.60 40.21 6.11

3

20 1.76 0.22 7.08 6.40 −10.67 6.25 −13.34

30 2.83 0.11 10.73 10.29 −4.31 10.04 −6.83

40 3.97 0.17 14.11 14.43 2.22 14.09 −0.14

50 6.11 0.39 20.92 22.21 5.80 21.69 3.53

60 9.85 0.94 33.47 35.80 6.52 34.96 4.26

70 13.46 1.55 44.21 48.93 9.64 47.77 7.46

80 17.41 2.13 54.97 63.28 13.14 61.79 11.04

Long- 
stretch 

CO-PA-PU 
bandage

2

20 1.39 0.19 3.75 3.37 −11.33 3.31 −13.13

40 3.54 0.13 9.33 8.58 −8.76 8.44 −10.52

60 5.19 0.21 13.28 12.58 −5.59 12.38 −7.30

80 8.54 0.49 21.65 20.69 −4.62 20.37 −6.31

100 10.56 1.11 26.94 25.59 −5.28 25.18 −6.98

120 13.61 1.90 33.15 32.98 −0.51 32.46 −2.14

3

20 1.42 0.18 5.71 5.16 −10.63 5.04 −13.29

40 3.61 0.15 14.41 13.12 −9.82 12.81 −12.47

60 5.29 0.19 20.63 19.23 −7.29 18.78 −9.88

80 8.71 0.53 32.89 31.66 −3.89 30.91 −6.39

100 10.83 1.24 38.37 39.37 2.53 38.44 0.18

120 14.11 2.38 45.94 51.29 10.43 50.08 8.27
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Figure 6. Effect of bandage extension on applied tension for short-stretch cotton and long-stretch Cotton/Polyamide/Polyurethane bandages.

Figure 7. Effect of bandage extension on corresponding pressure for short-stretch cotton bandage.

Figure 8. Effect of bandage extension on resultant pressure for Cotton/Polyamide/Polyurethane woven compression bandage.
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Figure 10. Effect of bandage tension on corresponding pressure for Cotton/Polyamide/Polyurethane woven compression bandage.

Figure 11. Effect of cyclic loading on bandage applied tension.

Figure 9. Effect of bandage tension on corresponding pressure for short-stretch Cotton bandage.
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SSB can be applied for severe leg ulcers and edema cases that 
need high pressure ranges 50–70 mmHg depending on bandage 
extension and number of layers. Cyclic loading-unloading test 
confirmed that short-stretch WCB lost approximately 28.6% 
of its activity, whereas LSB lost only 10.05% after 5 days of 
application. The maximum deviations between Picopress and 
calculated pressure by Laplace’s law were 15.64% and 12.55% 
by Al-Khaburi equation. These deviation values appeared only 
at the highest pressure values using three layers bandaging on 
ankle position.
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load-relaxation. Even when this LSB was wrapped on the 
human leg for 5 days (12 h/day), there was very little residual 
deformation after a longer treatment time. On the contrary, 
when Cotton WCBs used for the same time, there was a 
significant residual deformation, see Figure 12. Moreover, it 
lost approximately 28.6% of its activity, as confirmed by the 
cyclic loading-unloading tests, see Figure 13.

4. Conclusion

CO-PA-PU and 100% Cotton WCBs were selected to compare 
long- and short-stretch WCBs in resting and working actions. 
The short-stretch cotton bandage had 10.3N at 60% extension, 
whereas long-stretch CO-PA-PU achieved only 5.31N, these 
LSB should be extended to 120% to achieve 14.15N. So that 

Figure 12. Effect of stress-relaxation on elastic recovery of long and short-stretch woven bandages.

Figure 13. Effect of cyclic loading on applied load by long and short-stretch woven bandages.
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