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Abstract: The most common screening techniques to diagnose a patient’s illness are blood collection
and intravenous procedures. To find a collection or injection site, conventional blood collection
support tools, such as latex tubing and buckle-type tourniquets, are generally used to compress the
patient’s blood vessels. This conventional passive method has significant problems such as latex
allergy, vulnerability to site contamination and potential bloodstream infection, and physical damage
due to improper use. To overcome the disadvantages of conventional blood collection support tools,
an automatic tourniquet with a high-elasticity biocompatible strap was constructed. The automatic
tourniquet is designed to automatically adjust the strap length using a motor to control the pressure
according to the body dimensions of patients. In order to evaluate the performance of the automatic
tourniquet, blood flow characteristics were analyzed using an ultrasound measurement system. The
results demonstrated that the automatic tourniquet showed better performance compared with those
of other blood collection support tools.
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1. Introduction

Recently, medical technologies have attracted much attention due to rapid technologi-
cal development. Among medical technologies, basic screening techniques to diagnose a
patient’s illness are crucial. The most common screening method is through blood collec-
tion using an intravenous procedure. In general, conventional blood collection support
tools such as latex tubing and buckle type-tourniquets are used to compress the patient’s
blood vessels [1–8]. These conventional blood collection methods are operated using pas-
sive methods in which medical staff directly apply the tourniquet to the patient’s limb.
Long-term use of tourniquets can lead to physical damage such as hemolysis due to blood
vessel compression. Furthermore, according to some research results, the reuse of the latex
tubing tourniquets may threaten patients’ safety (e.g., leading to site contamination and
potential bloodstream infection); therefore, such material should be supplemented accord-
ingly [9–11]. In addition, some latex allergy sufferers may experience allergic shock [12–16].
To solve these problems, in some countries single-use tourniquets (e.g., the Tournistrip
device (Iskus Health Ltd., Ireland)) have been used for many years. Similar tourniquets
are easy to tighten and adjust, and their position on the same patient can be changed;
moreover, unlike some rubber-band designs, they do not pinch the patient’s skin. Nev-
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ertheless, medical staff have also expressed the need for fully automatic devices with
single-use tourniquets.

In this study, to overcome the disadvantages of conventional blood collection support
tools, an automatic tourniquet was successfully implemented. It automatically compresses
the limb in preparation for blood collection and is easily operated. Therefore, the damage
caused by improper tourniquet use by medical staff, such as latex allergy, site contamina-
tion, and potential bloodstream infection, will be reduced significantly. Additionally, a
high-elasticity biocompatible strap has been used for the automatic tourniquet. Therefore, it
can be used for some patients with a latex allergy. Specifically, among the various materials
available, a thermoplastic elastomer (TPE) strap was selected on the basis of the experi-
mental results. The proposed automatic tourniquet was designed to automatically adjust
the strap length through the activation of a direct current (DC) motor. This mechanism
was developed based on the current control of the system main controller. To evaluate the
performance of the automatic tourniquet, blood flow characteristics were verified using
ultrasound equipment and compared with the conventional blood collection support tools
of latex tube and buckle-type tourniquet.

2. Methods
2.1. Configuration of an Auto-Tourniquet System

The prototype automatic tourniquet system and concept image of the final automatic
tourniquet system are shown in Figure 1a,b, respectively. The length and tension of the
strap are controlled using a DC motor integrated in the system. The pressure of the
automatic tourniquet is designed to be selected from five different settings. The tension
of the strap is controlled through system signal processing, and the tension level can be
confirmed through the display module.
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2.2. Biocompatible Strap with High Elasticity

The material used for the strap in an automatic tourniquet is important because it
is in direct contact with the human body. Therefore, the development of a biocompat-
ible strap is important. Additionally, the strap also needs the mechanical properties of
high elasticity and tensile strength, which result in superior hemostatic properties when
applied to patients. The elongation characteristics of various strap materials were evalu-
ated using a Push–Pull Gauge (Attonic ARF-50), and the optimum strap material, with
excellent temperature and tensile strength characteristics, was selected. Generally, the
tourniquet is used at room temperature (5~35 ◦C), but it may be used in situations of
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extreme temperatures [17,18]. Here, we used a thermo-mechanical analyzer (TMA) (Q400
TMA, TA Instruments, USA) to evaluate the temperature characteristics of straps. Notably,
TMA are generally employed to measure the deformation of samples over a wide range
of temperatures.

Latex tubing made of rubber material is typically used as a conventional hemostatic
substitute strap, and it exhibits somewhat superior characteristics in terms of tensile
strength. However, the latex causes an allergic reaction in some patients, and has poor
wearability because of the high friction coefficient of the latex. Alternatively, buckle-type
tourniquets can be used for urgent hemostasis in field situations rather than being used
in a hospital. These are inconvenient due to the need for manual operation and the
inadequate strap material. In this paper, the temperature characteristics of straps were
evaluated to determine the optimal strap for the proposed automatic tourniquet system.
The experimental environment for evaluating the temperature characteristics for each
material using TMA is shown in Figure 2, and the TMA results are shown in Figure 3.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 3 of 12 
 

using a Push–Pull Gauge (Attonic ARF-50), and the optimum strap material, with excel-
lent temperature and tensile strength characteristics, was selected. Generally, the tourni-
quet is used at room temperature (5~35 °C), but it may be used in situations of extreme 
temperatures [17,18]. Here, we used a thermo-mechanical analyzer (TMA) (Q400 TMA, 
TA Instruments, USA) to evaluate the temperature characteristics of straps. Notably, TMA 
are generally employed to measure the deformation of samples over a wide range of tem-
peratures. 

Latex tubing made of rubber material is typically used as a conventional hemostatic 
substitute strap, and it exhibits somewhat superior characteristics in terms of tensile 
strength. However, the latex causes an allergic reaction in some patients, and has poor 
wearability because of the high friction coefficient of the latex. Alternatively, buckle-type 
tourniquets can be used for urgent hemostasis in field situations rather than being used 
in a hospital. These are inconvenient due to the need for manual operation and the inad-
equate strap material. In this paper, the temperature characteristics of straps were evalu-
ated to determine the optimal strap for the proposed automatic tourniquet system. The 
experimental environment for evaluating the temperature characteristics for each material 
using TMA is shown in Figure 2, and the TMA results are shown in Figure 3. 

 
Figure 2. Environment of thermal test for various straps by TMA. 

 

Figure 3. TMA analysis results for various straps: (a) Teflon; (b) latex tube; (c) silicone tube; and 
(d) thermoplastic elastomer. 

Figure 2. Environment of thermal test for various straps by TMA.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 3 of 12 
 

using a Push–Pull Gauge (Attonic ARF-50), and the optimum strap material, with excel-
lent temperature and tensile strength characteristics, was selected. Generally, the tourni-
quet is used at room temperature (5~35 °C), but it may be used in situations of extreme 
temperatures [17,18]. Here, we used a thermo-mechanical analyzer (TMA) (Q400 TMA, 
TA Instruments, USA) to evaluate the temperature characteristics of straps. Notably, TMA 
are generally employed to measure the deformation of samples over a wide range of tem-
peratures. 

Latex tubing made of rubber material is typically used as a conventional hemostatic 
substitute strap, and it exhibits somewhat superior characteristics in terms of tensile 
strength. However, the latex causes an allergic reaction in some patients, and has poor 
wearability because of the high friction coefficient of the latex. Alternatively, buckle-type 
tourniquets can be used for urgent hemostasis in field situations rather than being used 
in a hospital. These are inconvenient due to the need for manual operation and the inad-
equate strap material. In this paper, the temperature characteristics of straps were evalu-
ated to determine the optimal strap for the proposed automatic tourniquet system. The 
experimental environment for evaluating the temperature characteristics for each material 
using TMA is shown in Figure 2, and the TMA results are shown in Figure 3. 

 
Figure 2. Environment of thermal test for various straps by TMA. 

 

Figure 3. TMA analysis results for various straps: (a) Teflon; (b) latex tube; (c) silicone tube; and 
(d) thermoplastic elastomer. 

Figure 3. TMA analysis results for various straps: (a) Teflon; (b) latex tube; (c) silicone tube; and
(d) thermoplastic elastomer.

The temperature and dimension changes of various strap materials, consisting of
Teflon, latex tube, silicone tube, and thermoplastic elastomer, were analyzed by TMA.
Although the appropriate temperature range of the practical use of straps is 20–40 ◦C, the
straps were analyzed to investigate their thermal stability at a wide temperature range.
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On the basis of the thermal stability of the straps, the temperature ranges were determined
and analyzed. Teflon has a thermal expansion coefficient (α) of 1180 µm in the temperature
range from 20 to 60 ◦C, which shows that it displays large thermal deformation. The latex
tube used widely as a conventional tourniquet has an α of 495.3 µm in the temperature
range from 27 to 40 ◦C. Although latex tube is widely used currently, it displays large
thermal deformation at a narrow service temperature range. The silicone tube has an
α of 296.3 µm in the temperature range from 20 to 200 ◦C, indicating that the thermal
deformation is relatively small. Finally, TPE as proposed in this paper has the most stable
α compared with the other materials: 185.5 µm in the temperature range from 20 to 60 ◦C.
In short, TPE is the most suitable material for use as an automatic tourniquet strap when
considering the temperature range of practical use (20–40 ◦C).

To determine the optimal strap (i.e., wire) for the automatic tourniquet system, the
mechanical properties of straps made of six different materials (i.e., Teflon, PVC, latex,
TPE, PE, silicone) were analyzed by a universal testing machine (i-UT50, Excelab, Republic
of Korea) (results in Figure 4). The elongation was measured by applying a constant
force of 1.5 kgf. The specific experimental conditions were as follows: dimension of the
materials, 50 mm2; speed, 10 mm/min; gauge distance, 20 mm. Although Teflon had
the highest tensile strength of 2.10 MPa, TPE had the highest strain-rate of 3.3 times and
an elastic modulus of 0.30 kgf, with a high tensile strength of 2.05 MPa, as shown in
Table 1. Additionally, TPE was highly wearable for skin. In conclusion, TPE has the highest
mechanical properties among various strap materials, which demonstrates that TPE is an
excellent material for tourniquet straps.
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Table 1. The elasticity properties of the straps.

Material Strain Rate
(Times)

Elastic Modulus
(kgf/cm)

Tensile Strength
(MPa)

Wearable for
Skin

Teflon 1.2 0.10 2.10 Middle
PVC 1.4 0.15 1.95 Middle
Latex 2.1 0.20 1.58 Middle
TPE 3.3 0.30 2.05 High
PE 2.5 0.25 2.00 High

Silicone 1.5 0.16 2.00 Low

On the basis of the mechanical properties, TPE was selected for the auto-tourniquet
system in this study. In general, TPE can support the needs of medical device development
from virtually every angle. The TPE measured was a standard product based on ISO 10993
biocompatibility standards [19–21].
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2.3. Fabricated Automatic Tourniquet System

The operation of the automatic tourniquet is shown in Figure 5. The TPE strap was
applied to the patient, and the operation was started after checking whether the strap was
connected by using the load cell (BF1000, Zemic Europe, Netherlands) in the device.
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The motor (MG-F1626, Mogen, Republic of Korea) in the device is designed for 9 V
operation, with a rated current of 60 mA and a gear ratio of 1/60. Figure 5b shows the inside
of the system, so that it is easy to understand the hardware configuration of the automatic
tourniquet, which consists of the battery, motor, and PCB. The automatic tourniquet system
can be charged using the LTC4054 charger, and can be fully charged within 3 h under
conditions of 12 V and 1.5 A. To ensure the operating efficiency of the system, a 7.4 V
1250 mAh Li polymer battery was used. The battery size was 6.5 × 51 × 73 mm, which fit
easily into the system case.

2.4. Experimental Procedure

To confirm the applicability of the proposed automatic tourniquet system, it was
applied to the control group of five human subjects. First, a latex tube, a buckle-type
tourniquet, and a portable automatic tourniquet were placed on one of the subject’s
upper extremities. Then, the blood flow velocity under varying degrees of compression
was measured by a medical doctor using an ultrasonic device (Acuson Sequoia c512,
Siemens Healthcare GmbH, Germany). Straps (e.g., single-use tourniquets) are generally
placed on the median cubital or cephalic veins for the sake of hemostasis [22,23]. Clinical
experimentation upon the health control group of this study was performed with prior
approval from the Institutional Review Board of Bioethics (IRB No. 1041459-202011-HR-
003-01). In this experiment, the cephalic vein was squeezed in all cases and the blood
flow velocity in the median cubital vein was measured. Experiments were performed
on three adult males and two adult females, and repeated five times at 30 min intervals
for each patient. The experimental environment for the evaluation is shown in Figure 6,
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and information about the subjects is shown in Table 2. Normal state and pressure were
compared and the auto-tourniquet was measured at tension settings 1, 3, and 5.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 6 of 12 
 

from the Institutional Review Board of Bioethics (IRB No. 1041459-202011-HR-003-01). In 
this experiment, the cephalic vein was squeezed in all cases and the blood flow velocity 
in the median cubital vein was measured. Experiments were performed on three adult 
males and two adult females, and repeated five times at 30 min intervals for each patient. 
The experimental environment for the evaluation is shown in Figure 6, and information 
about the subjects is shown in Table 2. Normal state and pressure were compared and the 
auto-tourniquet was measured at tension settings 1, 3, and 5. 

Table 2. The healthy control group information. 

Sex Weight (cm) Height (kg) Age Disease 

Male 
173 81 32 None 
172 73 42 None 
168 75 50 None 

Female 
159 49 24 None 
164 55 30 None 

 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Experimental environment photograph and measurement picture of blood flow velocity
using ultrasonic equipment: (a) normal; (b) using the latex tube; (c) using the fabricated auto-
matic tourniquet.

Table 2. The healthy control group information.

Sex Weight (cm) Height (kg) Age Disease

Male
173 81 32 None
172 73 42 None
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3. Experimental Results
3.1. Results of Blood Flow Control

The blood flow control characteristics of the proposed automatic tourniquet are shown
in Table 3 and Figure 7a. In particular, Table 3 shows the velocity of blood flow measured
when applying latex tubing and the automatic tourniquet to each of the five members
of the control group. For the conventional latex tube tourniquet, the compression level
(1.5~2 N) for blood sampling was uniformly adjusted [24,25]. Blood flow velocities in
the normal state, measured on the subjects’ median cubital vein, were measured to be
0.950 m/s on average. In addition, when the latex tubing was applied, the measured
blood flow velocities averaged 0.760 m/s. In the control group, blood velocities were
measured to be somewhat lower in female than male subjects. In the case of the automatic
tourniquet, it was adjusted to tension steps 1 to 5. When the automatic tourniquet was
used at tension steps 1 to 5, the means of the corresponding blood flow velocities were
0.806 m/s, 0.593 m/s, 0.533 m/s, 0.425 m/s, and 0.310 m/s, respectively. The experiment
using the proposed system was measured repeatedly, five times for each step, and was
performed after the subject took sufficient rest at 30 min intervals.

Table 3. Results of blood flow velocity with the healthy control group according to the pressure method (the blood flow
velocities were measured using the ultrasonic measurement system).

Control
Group

Normal (m/s),
Mean (N = 5)
(Min–Max)

Latex Tubing
(m/s) (N = 1)
(Min–Max)

Proposed Automatic Tourniquet (m/s), Mean (N = 5)

Step 1
(Min–Max)

Step 2
(Min–Max)

Step 3
(Min–Max)

Step 4
(Min–Max)

Step 5
(Min–Max)

Male

0.946
(0.917–0.980) 0.845 0.764

(0.717–0.896)
0.590

(0.567–0.610)
0.557

(0.522–0.600)
0.454

(0.420–0.489)
0.316

(0.293–0.377)
1.034

(0.974–1.064) 0.760 0.884
(0.738–0.940)

0.579
(0.560–0.602)

0.523
(0.501–0.581)

0.468
(0.430–0.482)

0.334
(0.310–0.380)

0.915
(0.901–0.933) 0.773 0.789

(0.721–0.850)
0.597

(0.564–0.622)
0.559

(0.510–0.596)
0.447

(0.404–0.490)
0.320

(0.286–0.361)

Female
0.967

(0.930–1.006) 0.710 0.712
(0.672–0.830)

0.612
(0.592–0.624)

0.521
(0.490–0.587)

0.405
(0.384–0.477)

0.324
(0.294–0.350)

0.888
(0.851–0.920) 0.714 0.854

(0.658–0.896)
0.595

(0.565–0.618)
0.504

(0.480–0.556)
0.354

(0.320–0.457)
0.257

(0.210–0.328)

Mean 0.950
(0.851–1.064)

0.760
(0.710–0.845)

0.806
(0.658–0.940)

0.593
(0.560–0.624)

0.533
(0.480–0.600)

0.425
(0.320–0.490)

0.310
(0.210–0.380)
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It was confirmed that blood flow was controlled quantitatively according to the pres-
sure intensity, although there was some difference according to the physical characteristics
and the experimental environment of the healthy control group. The results demonstrate
that the velocities of blood flow were maintained at more than 6 dB higher at the maximum
pressure state, compared with those of the conventional latex tube tourniquet.

The tensile strength of the automatic tourniquet, which was measured using a Push–
Pull Gauge (ARF-50, Attonic, Japan), is compared in Figure 7b. The force of the proposed
tourniquet measured at tension steps 1 to 5 was measured as 0.9, 2.1, 4.9, 7.1, and 9.9 N,
respectively. The tension force test using the push–pull gauge was less error-free than the
ultrasonic test because there was no significant variation in the experimental environment.

3.2. System Charge Property

In the characteristics of the proposed tourniquet system, another important point may
be the operating time of the system. In particular, as a healthcare device, the characteristics
of the battery are also included as an important factor. The operating time of the prototype
automatic tourniquet system is affected by the battery and charging circuit. The battery
used in the automatic tourniquet was a Li polymer battery (7.4 V, 1250 mAh). In this study,
the characteristics of the applied battery were analyzed using a battery cycling tester, with
results shown in Figure 8.
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Figure 8. The battery properties of the automatic tourniquet: (a) potential capacity; and (b) differential capacity.

As shown in Figure 8a,b, the average potential of the battery was approximately 3.8 V
and its cycling performance was very stable after 30 cycles. From the experimental results,
the battery shows stable characteristics, which are applicable to the system in practice to
enable safe operation. The operating time and power consumption characteristics of the
portable automatic tourniquet system based on the evaluated battery were measured and
the results are shown in Figure 9.

The current and power for devices operating at tension step 5 (9.9 N load) were
measured. The current was measured to be about 20 mA in the standby state and about
42 mA after an average of 13 h in operation. The battery capacity of the device is 670 mAh,
and it can operate for 15 h considering the measured current.

Considering external environmental factors such as the charge state and the tempera-
ture during use, the measured operating time characteristic is expected to be similar to the
theoretical calculated time range. In addition, the blood collection equipment used in a
hospital is in operation only when collecting blood and is in a charged state at other times.
Therefore, the manufactured device’s performance of 13 h of operation without external
charging can be applied in practical use.
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In this paper, a TPE strap with excellent mechanical and biocompatible properties was
used in an automatic tourniquet device. The device also comprised a module composed of
a low-power motor, a sensor, and a signal processing circuit. The functions of the module
were evaluated quantitatively using an ultrasonic blood flow measuring instrument. The
controllability of the automatic tourniquet during a conventional blood collection setup
was superior to those of a latex tube or buckle-type tourniquet. In particular, the built-in
charging and intensity-control function in the system module have superior features over
those of conventional methods.

4. Discussion

We expect that the portable automatic tourniquet device described in this paper will
be highly useful in a complicated operating room, battlefield, or emergency environment.
The proposed automatic tourniquet system incorporates a biocompatible TPE strap. This
material has been shown to have a tensile strength of about 2.05 MPa through experiments;
its mechanical properties are superior to the 1.58 MPa of conventional latex tubing. As
mentioned in the introduction, some countries use a single-use tourniquet of latex-free
material such as Tournistrip to reduce cross-infection and other damage. It is applied
manually by wrapping it around a patient’s arm and fixing it. While this approach is not
inconvenient, some medical staff require a portable automatic tourniquet. The automatic
tourniquet system of this study is designed to control the pressure on the hemostasis area by
adjusting the length of the strap in five steps. It functions quantitatively and conveniently
in comparison with other more conventional methods, but the pressure applied depends
on the patient’s body type and may vary from person to person. As shown in Figure 5b, it
is possible to measure the pressure level through a load sensor for feed-back, but it may be
difficult to finely adjust the tension because this would require lowering one of the five
steps. Therefore, in future research, implementation should enable fine tension control
by configuring many steps. In addition, if fine pressure control is required for surgery, it
may be desirable to use a pneumatic tourniquet. The pneumatic tourniquet is relatively
bulky and consumes large amounts of current but has a linear tension control characteristic.
However, for pneumatic tourniquets used in operating rooms, improvement is needed to
reduce volume, power, and weight for use in complex spaces [26–28].

In this study, the proposed automatic tourniquet system is designed to replace existing
latex tubing with a function for simple hemostasis or compression, and to be used conve-
niently by medical staff. If test results validate a fine tension control function and more
health control groups endorse the proposed portable tourniquet system in the future, it
may serve as a replacement for the pneumatic tourniquet. The proposed system is designed
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to operate with a built-in charging circuit and to sustain maximum tension for about 13 h,
which can be enough for hospital use.

The proposed system is an electronic medical device that requires an environmental
reliability evaluation for electromagnetic interference (EMI), cytotoxicity, and user stability
as well as operational reliability. In a previous study, the control of tensile strength and
blood flow velocity by a health control group using a TPE strap was confirmed, but for a
tourniquet of the proposed structure to be used in hospitals, additional evaluations will
have to be made.

5. Conclusions

In this study, an automatic tourniquet system with a biocompatible strap wire and a
direct current motor was constructed and its performance was verified. The system’s DC
motor adjusts the length of the TPE strap wrapped around the patient’s arm, and thus the
pressure in the area where the strap is wound is indirectly increased to control blood flow
velocity. We selected a strap wire with a tensile strength of about 2.05 MPa using a tension
testing machine and incorporated it into the system.

The system was applied to a control group of five healthy subjects and its control
of blood flow velocity was measured with an ultrasonic device. Our system compared
favorably with the widely used latex tubing and buckle-type tourniquet. The results of
our previous research will be effective in emergency situations such as simple hemostasis,
complex operating rooms, and battle conditions in the future. It is understood that it must
undergo certification as a medical device and must undergo a standard test evaluation as
a medical electronic device. In addition, it is necessary to improve the system by testing
it with more users. We look forward to performing further research to support these
developmental steps.
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