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Osmar Pinto Neto a,b,d, Rodrigo Alexis Lazo Osorio a,b 

a Biomedical Engineering Institute, Universidade Anhembi Morumbi UAM, São José dos Campos, São Paulo, Brazil 
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d Arena235 Research Lab, São José dos Campos, São Paulo, Brazil   

A R T I C L E  I N F O   

Keywords: 
Biomedical engineering 
Medical devices 
First aid 
Hemorrhage 
Emergency 

A B S T R A C T   

Massive uncontrolled hemorrhage is an important cause of preventable death in trauma. Therefore, applying an 
arterial tourniquet (TQ) is recommended as a pre-hospital measure to control bleeding after severe traumatic 
bleeding. Limb TQ applies circumferential compression proximally to the injury site to compress the arteries, 
resulting in blood flow and consequently hemorrhage interruption. The use of commercial tourniquets (C-TQ), 
which are designed, tested, and registered to control hemorrhages in pre-hospital care, is a consensus. However, 
they are still uncommon in many prehospital emergency services and the overall level of evidence in most studies 
is low. This narrative review aimed to characterize the importance of tourniquets use in prehospital emergency 
care and its application techniques. Furthermore, it proposes to stimulate the development of new devices, more 
accessible and easier to use, to suggest new directions of studies and medical education demands, with manikin 
and simulation development.   

1. Introduction 

Hemorrhages represent a vital topic in emergency pre-hospital care 
[1] due to the possibility of killing trauma casualties within minutes [2] 
and the uncontrolled bleeding is an important cause of preventable 
death in trauma [3], in both civilian [2], and tactical (military/police) 
scenarios [4,5], among other conditions and concerns [6]. 

Massive blood loss demands immediate control [1,3], and it has 
become the recommendation of initial procedure in all the main 
guidelines in Prehospital Care (PHC) civilian (C-PHC) and tactical 
(T-PHC) [7–10]. 

Severe bleeding can be controlled mainly with the use of tourniquets 
(TQ) [1,3–5], whose fundamental scientific concept is circumferential 
compression, which results in a complete interruption of blood flow 
[11]. The timely application of TQ, which can be compromised by 
improvisation and lack of device, can stop severe bleeding, also 
currently called "massive" or "exsanguinating," and reduce the need for 
volume and blood replacements [12]. Its application may be associated 
with a reduction in mortality and should be recommended from the 

beginning for applications in PHC. [7–10,13]. Thus, the use of Com-
mercial TQ (C-TQ), approved and certified devices, in PHC, is a 
consensus [7–10]. 

There are several types of C-TQ, but there is no consensus about the 
best model or design (type) for application in the civilian scenario [14]. 
The C-TQ models differ in their design and operating mechanisms. 
Several factors can be associated with better TQ application results, such 
as the capacity for arterial occlusion, the prevention of tissue and nerve 
damage, the proper circumferential pressure, the distribution of me-
chanical stress across the width of the device, the induced discomfort, 
the materials, the speed of application and the intuitive use [11,13–21], 
and possibly more. 

In addition, the costs are a variable that significantly impacts the 
implantation capacity of those devices [24], especially in the civilian 
scenario of PHC and the development of new viable models is necessary. 

This analysis of medical literature focuses on the history, physiology, 
types and mechanisms of tourniquets and their current use and appli-
cation techniques for bleeding control. Additionally, it presents the 
importance of that device in prehospital care and the demand to develop 

* Corresponding author. 
E-mail address: contato@rogerronconi.com (R.W.F. Ronconi).  

Contents lists available at ScienceDirect 

Medical Engineering and Physics 

journal homepage: www.elsevier.com/locate/medengphy 

https://doi.org/10.1016/j.medengphy.2022.103923 
Received 24 March 2022; Received in revised form 19 October 2022; Accepted 15 November 2022   

mailto:contato@rogerronconi.com
www.sciencedirect.com/science/journal/13504533
https://www.elsevier.com/locate/medengphy
https://doi.org/10.1016/j.medengphy.2022.103923
https://doi.org/10.1016/j.medengphy.2022.103923
https://doi.org/10.1016/j.medengphy.2022.103923
http://crossmark.crossref.org/dialog/?doi=10.1016/j.medengphy.2022.103923&domain=pdf


Medical Engineering and Physics 111 (2023) 103923

2

new models, to reduce deaths in acute trauma with massive bleeding. 

2. Scientific referential 

2.1. Brief history 

There are traces that the Hindus from the 6th century BC are 
responsible for introducing the technique to the Greeks, who did not 
associate blood loss with death, due to the knowledge limitations about 
human physiology, at the time [23]. 

In the 16th century AD, TQ was explored in surgical applications for 
limb amputation, and in 1593, Wilhelm Fabry de Hilcer described the use 
of a stick to twist a circumferentially compression dressing [23], a 
technique that became known as "Spanish windlass tourniquet", 
currently known as "improvised tourniquet" [24]. 

In 1674, ́Etienne J. Morel, a surgeon in the French army, described the 
"block tourniquet" [25]. His-work is credited for providing the first re-
cord of using standardized TQ on the battlefield [23]. That device pro-
vided the basis for improvements during the following century. It was in 
1718 that Jean-Louis Petit, then Paris’s chief surgeon, created a screw 
device giving rise to the well-known "Petit’s Screw Tourniquet" [26]. 

The first operational guidelines for the use of twist-rod TQ, emerged 
during the US Civil War (1861 – 1865) and World War I (1914 – 1918) 
[27]. However, several concerns have arisen about its consequences of 
use, mainly related to the effects of its prolonged use [28]. 

Most concerns regarding the use of TQs are related to inadequate 
training, delays in transport to medical services, and lack of technique. 
In association with the absence of antibiotics, injury severity and 
contamination, these factors resulted in the frequent need for limb 
amputation [29]. 

In World War II (1939 – 1945), there was progress in the field of 
combat trauma care. With case studies, the need for early use of these 
devices became clear. But with essential differences between the sce-
narios, military (the main origin of TQs) and civilian (still looking for a 
definitive insertion), myths and concerns were created about the effec-
tiveness and consequences of TQ applications [30]. 

Studies from the 1940s already demonstrated the effectiveness of the 
early application of TQ for hemorrhage control [30], and many pre-
liminary conclusions occurred, relating amputations to the TQ applica-
tion [28]. Through many case reviews, it was observed there was no 
relationship or significant clinical evidence of limb loss as a direct 
consequence of TQ use [2,16,30]. Generally, the amputation is related to 
the injury severity [30]. However, even in current times there are myths 
of contraindication among general public and health professionals [24, 
12]. 

The Operation Iraqi Freedom (OIF), in Iraq (2003 – 2011) and the 
Operation Enduring Freedom (OEF), in Afghanistan (2001 – 2014), by 
US military forces, made it possible to develop and advance knowledge, 
techniques, and devices in combat casualty care [31,32]. Exsanguinat-
ing hemorrhage was then prioritized as the initial treatment of combat 
casualties [31,32]. 

Although there have been TQ records since ancient times, their 
recommendation has changed significantly [33,34]. With the recogni-
tion of traumatic hemorrhage as the primary cause of death [31,34] and 
the consensus on the early control of massive bleeding, the cost-benefit 
rule was applied, and the indication for the use of TQ became clearer 
[35,36] 

2.2. Most important interest guidelines applied in civilian and military 
PHC 

Important guidelines applicable in prehospital emergency care 
agree, as a consensus, indicating the use of certified TQs. 

The Hartford Consensus and the American College of Surgeons [4] 
advocate the use of certified TQs and the standardization of training 
[37–40], through the "Stop the Bleed" initiative [4,22,38,37]. It is one of 

the most important and evident international strategies to bring this 
reality to the civilian PHC scenario, including the lay public. 

The Tactical Combat Casualty Care (TCCC or TC3) [8] – guideline for 
emergency care of wounded in military operations – and the Tactical 
Emergency Casualty Care (TECC) [9] – guideline for casualties from 
terrorist actions and multiple-victim incidents in the civilian environ-
ment – aim the hemorrhage as the main cause of death, and TQ as the 
first-choice technique to control massive bleeding and to increase sur-
vival rates [41]. 

The Prehospital Trauma Life Support (PHTLS), currently in its ninth 
edition [7] – a guideline for pre-hospital emergency care for trauma 
victims – changed, in 2018, its mnemonic protocol of "ABCDE" to 
"XABCDE", suggesting, as a first concern (where "X" is "exsanguinating"), 
the control of massive bleeding [1,3,42]. 

Recently, the American Heart Association (AHA) published, in 2020, 
its Guidelines for Cardiopulmonary Resuscitation and Emergency Car-
diovascular Care, along with the International Consensus on First Aid. 
As in other editions, first aid procedures were reviewed with the 
American Red Cross, where, this time, commercial, tested, and certified 
TQ were cited, as well as improvised TQ for the control massive bleeding 
[43]. 

Although there is consensus regarding the use of prehospital TQ, the 
data regarding mortality and its effects are uncertain or unclear, given 
the high risk of bias, the heterogeneity of the studies and the absence of 
high quality RCTs in contrast to the high number of observational 
studies [44]. 

2.3. Recommended devices by the committee on tactical combat casualty 
care (CoTCCC) 

The TCCC guidelines were developed by the Joint Trauma System 
(JTS), Committee on Tactical Combat Casualty Care (CoTCCC) [45,46]. 
This committee recommends, through the "CoTCCC Recommended De-
vices & Adjuncts", some commercial models of devices for emergency 
management of combat casualties [47,48]. 

The committee recommends not only TQ, but also other applicable 
devices in tactical medicine, including bleeding control, airway access, 
and maintenance, among others. This recommendation is conducted 
through analysis of the devices available on the market, followed by 
voting and publication. However, there is no predominance of unbiased 
clinical data and substantial scientific evidence index [49]. 

Currently, the list of devices, guidelines, and materials, are published 
on the Deployed Medicine platform [50]. The evaluation of C-TQ in-
volves arterial occlusion, application time, occlusion time, and ease of 
application (usability) [52,53]. In addition, functional details are veri-
fied regarding pressure (involving mechanical stress to reach the initial 
occlusion and damage point), design specifications (involving width, 
length, locking mechanism, place for recording the application time and 
weight), complications, security (involving failures and reported prob-
lems), combat usage reports, civilian usage reports, and logistics 
(involving US inventory and cost per unit) [51,52]. 

The reality of the recommendation or registration of devices is 
relevant information. Many operators believe that a device can only be 
used in tactical medicine if recommended by the CoTCCC, which is not 
valid. In each country, regulatory standards must be considered. 

2.4. Types of TQ 

The TQs are differentiate in the literature in a few ways, so it be-
comes necessary to standardize terminology to understand better the 
topics that relate to those devices. 

First, considering the mechanism, such as: (A) pneumatic tourniquets 
(pn-TQ), which works by inflating a cuff; and (B) non-pneumatic tour-
niquets (np-TQ), which generate pressure by another way, mainly 
through a rod, to twist the strap [55] or by elastic composition. The 
pn-TQ is very common in intrahospital [54] and surgical scenarios 
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[57–59]. 
Second, based on the intended application site, prehospital TQ are 

currently available for application: (A) to limbs (much more common); 
and (B) in junctional areas (regions that connect the trunk to the ex-
tremities, in which case, usually applied groin, but can also be applied to 
the armpit) [60–62]. 

More commonly and importantly, TQs are presented and discussed in 
the literature as: (A) Commercial Tourniquets (C-TQ), those designed, 
produced, tested, and certified for commercialization, accompanied by a 
registered trademark; (B) Improvised Tourniquets (I-TQ), those pro-
duced with materials available at the scene of the incident [14,16,63] 
and very controversial, given their variability and impossibility of sci-
entific consensus on a specific model. 

About the main guidelines cited, only the AHA consensus presents 
recommendations for the use of I-TQ, based on the risk/benefit ratio for 
the control of massive hemorrhages in the pre-hospital environment 
[10]. 

In addition, C-TQ often ends up suffering from imitations and 
counterfeits. There are devices often found that can be called "coun-
terfeit tourniquets" or even "fake tourniquets" (F-TQ), usually with low 
strength of materials, sold irregularly for the general public, who are 
unaware of the risks of its applications [59]. 

The C-TQ usually present themselves mainly as: (A) TQ with twisting 
rod (in the literature called "windlass tourniquets," classically called 
"stick and strap tourniquets") are the most common type in both tactical 
and civilian scenarios and exert pressure through the torque generated 
by the rotation of the rod; (B) Elastic TQ, which are less common and 
consist of elastic bands applied with compressive bandaging techniques, 
proximal to the bleeding site [11]; (C) Pneumatic TQ, more common in 
intra-hospital and surgical environments, although there are versions for 
use in tactical and civilian PHC [64]. There are other less common types 
of design, present in a few models, such as a ratchet system, for example. 

The colors of C-TQs for prehospital applications are also a factor of 
interest when talking about those devices. The employment of orange, 
black/gray and blue colors is already an international standard that has 
been formed and has become very widespread, used by several C-TQ 
models, which facilitates the visual identification of function. 

The C-TQs employed in T-PHC, in military and law enforcement 
operations, including special operations, receive a low-visibility color 
pattern, usually black or gray [65]. The objective is to reduce the 
contrast with the environment and equipment, reducing visibility in 
conflagrated environments. Some manufacturers also use other colors 
like olive green and tan. 

The C-TQs to be used in C-PHC, on the other hand, receive high- 
visibility colors, usually orange, to facilitate the visualization of the 
device by professionals in the prehospital and intrahospital systems 
[66]. Unlike the first case, in C-PHC the objective is precisely to high-
light the TQ from the rest of the scenario, clothes and equipment, 
drawing attention to its existence, including the staff on admission to the 
definitive in-hospital care. 

In parallel, blue is used for equipment intended for training [67], 
which are precisely the same as the others in structure, except by the 
color, but which will be exposed to repeated use in training activities. 
This separation of specific equipment for training aims to allow repeated 
application of mechanical stress to the device without the risk of failure 
in a real application. So, C-TQ intended for real use is not exposed to 
mechanical loads in training. 

2.5. TQ application and techniques 

The TQ is a device that, either by rotating a rod, by elastic compo-
sition or by other mechanisms, causes a circumferential compression on 
the limb, proximal (anatomical term for closest to the origin of the limb - 
groin or armpit - in relation to the injury) to the bleeding site, with a 
pressure higher than the blood pressure, interrupting the blood flow 
distally from the application site [2]. 

The tension exerted by a TQ is a variable of interest in the study of TQ 
effectiveness [68]. In the case of windlass tourniquets, the main strap is 
passed and locked circumferentially to the limb, and the rod is attached 
to this strap (or to another one, internally) [49,69,70]. By exerting force 
on the ends of the rod, twisting the strap, it results in the reduction of the 
effective length (the length of material that travels through the limb 
area). This action produces tensile stress on the strap so that the twisting 
of the TQ’s internal braces around their central axis (perpendicular to 
their application) results in a decrease in the cross-section (which is the 
area proportional to the diameter of the member) and the material 
creates circumferential compression against the limb. 

In windlass tourniquets the strap traction tension and the compres-
sion against the limb increase directly proportional to the number of 
turns in the rod due to the torque generated by applying forces in 
opposite directions at each end of the rod [71]. 

The increase in compression by the TQ aims to exceed the blood 
pressure values, interrupting the arterial flow from the point of appli-
cation [2,72]. That is why TQ is applied proximally to the injury and 
bleeding point [5,7,46]. Thus, the device secondarily stops severe 
bleeding due to the cessation of blood flow promoted by compression 
[73,74]. 

The TQ application is performed at a location proximally to the 
injury, ceasing blood flow from that point, as illustrated in Fig. 1. 

The greater the tension and compression produced by the TQ, the 
higher the tension gradients and the increase of device-related injuries 
risk [75]. For lower risks of injury, the TQ must present arterial occlu-
sion capacity with lower tension values [11]. The ability to achieve 
optimal arterial occlusion pressures is a necessity for such a device. 
Producing partial occlusions may not control bleeding [17,98] and lead 
to complications as compartment syndrome [92]. 

Classical studies have allowed C-TQ to evolve to safer standards as 
arterial occlusion with lower pressures may be related to a lower 
probability of nerve damage. However, an adequate swathe width must 
be employed to effectively distribute pressure across the TQ range [76]. 
The C-TQ varies in bandwidth according to the type of device. Although 
virtually all promote arterial occlusion [70], there is a lack of studies 
with data on pressure distribution and its effects on the body. 

The evaluation of the compression generated by C-TQ is controver-
sial. For example, tensions in manikins and simulators depend on how 
the response compares to the reaction in human limbs. 

There is a lack of scientific data on the application of TQ compression 
and the use of manikins and humans [16], as well as appropriate mea-
surement methods and techniques [11,93,97,73]. Some authors use 
Doppler and pulse oximetry to assess vascular occlusion [18,77,111,] 
and adaptations of sphygmomanometer cuffs to indirectly assess 
compression [11,18,73]. There is a need to develop more realistic 
manikins and simulations [78]. 

Furthermore, the evaluation of the mechanical stress distribution by 
the contact area of the C-TQ application, which makes it possible to 
understand better the mechanism of injuries secondary to the applica-
tion [17], is also represented in a few studies, principally comparing 
models. 

2.5.1. Initial and final tightening 
In this work, the term "initial tightening" is used to represent the 

tightening promoted by the first part of the application, in which the 
device is positioned in the place of interest and its fixation is promoted. 
In some models, this is done by the traction of the strap, velcro, friction, 
specific locking systems, or by the association of more than one. 

The term "final tightening" was chosen to refer to the tightening that 
occurs in the TQ with the objective of overcoming blood pressure and 
promoting total vascular occlusion, ceasing blood flow distally to the 
device application site. The mechanical advantage of a TQ (like the twist 
rod) relates to the final tightening of the device. 

There are data to suggest that a TQ should produce, from initial 
tightening, a compression of at least 150 mmHg and with visible 
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deformation of the skin [19] followed by the final tightening. For 
example, in the C-A-T (Combat Application Tourniquet) model, a 180◦

rotation of the rod may be sufficient to achieve arterial occlusion, 
generating pressures between 250 and 428 mmHg in normotensive 
adults’ thighs [16]. 

2.5.2. TQ application techniques 
About the application of C-TQ, there are two main distinct forms: one 

involves the use of only one hand when self-application is performed on 
the upper limb, for example; and the other involves the use of both 
hands, as when self-application is applied to the lower limb or applied to 
another person [7,9,23,37,44,73], as illustrated in Fig. 2. 

The self-application of TQ in the upper limb is a technique used to 
control massive bleeding itself, in the upper limbs, and represents the 
most significant difficulty in the use of a TQ. It requires skills with one 
hand, contralateral to the affected limb, and familiarity with the type 
and model of device. This technique is widely taught in T-PHC, due to a 
large number of upper limb injuries in military/police officers injured in 
combat [90]. 

Each device model has its characteristics and requires specific usage 
techniques [32,33]. Some operators adapt established models that pre-
sent difficulties, such as using the mouth and teeth, attaching some part 
of the device, or attaching a cord tied to the device and biting the cord. 
Training is what makes the big difference when using a familiar device 
whose skills have already been developed [21]. The efficacy of TQ 
application increases with training [80]. 

The application of TQ using two hands is a technique mostly used by 
professional attendants caring for other people. A TQ-type device should 

be evaluated for its ease of use in both one-handed and two-handed use 
situations. 

About the place of application, there are also two techniques in the 
guidelines: the deliberate technique and the emergency technique. The 
deliberate technique, known as "deliberate TQ" consists of applying TQ 
approximately 2 – 3 inches proximal to the lesion and bleeding site [79]. 
The emergency technique, known as "emergency TQ" uses the principle 
of "high and tight" application, when the TQ is placed as proximal as 
possible on the injured limb [5,7,46]. 

TQ must be applied transversely to the limb and cannot be used over 
joints, such as elbows and knees. In tactical medicine there are pockets, 
velcro and patches (rubberized or embroidered images that are placed in 
the arms, identifying courses, specializations, etc.) that get in the way of 
TQ application and require additional care and training. 

The deliberate application still involves application issues in seg-
ments of double bones, such as forearm and leg, which could influence 
the occlusion capacity. This is a current scientific question, lacking 
concrete and impartial data, but some studies suggest the same effec-
tiveness [81,82]. 

Such a gap and lack of consensus between the guidelines offers an 
important demand for research on C-TQ functionality testing. 

The Fig. 3 illustrates the deliberate and the emergency TQ 
techniques. 

The C-TQ usually has a place to demarcate the application time. It is 
a post-application care that aims to record interest information to the 
definitive care, estimating the produced time of ischemia. Currently, the 
guidelines refer to a safety consensus within 150 min after application 
[5,22]. 

Fig. 1. TQs applied proximally to injuries with massive hemorrhages. The black arrows emphasize that the devices are positioned closer to the origin of the limbs in 
relation to the injury. 

Fig. 2. One- and two-handed application techniques examples.  
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Another issue to consider is that in the early days of consensus on the 
use of TQ, there was a recommendation to relieve pressure over time, 
which is no longer part of the standard procedures [5]. The TQ aims a 
compression that generates a total (arterial) occlusion of blood flow in 
the treated limb. When the TQ is loosened or even applied with low 
compression, a partial (venous) occlusion occurs, in which blood con-
tinues to enter the limb but is prevented from leaving. This can cause 
compartment syndrome, a cascade of events that increase interstitial 
pressure over capillary perfusion pressure within a closed fascial 
compartment, which may compromise vessels, muscles and nerve end-
ings, causing tissue damage [75]. 

2.6. TQ effectiveness 

The effectiveness of C-TQ in the civilian environment is demon-
strated, unfortunate, with a low overall level of evidence [83], with 
highly heterogeneous studies [84], usually with a high risk of bias [85] 
and concerning only about young men [83,86]. There is no wide com-
parison between different commercial available models with strong 
scientific standards, where there is an important demand for studies. 

It is still a topic for discussion, with needs for demystification, 
implementation, and training [38,87]. There are still some myths about 
the use of TQ in the pre-hospital civilian environment [1], related to 
possible contraindications of its use, what needs to be treated through 
awareness, dissemination, training and skills development [21,37]. 

Amputations as a result of TQ use have become one of the biggest 
myths. However, there is evidence of old data misinterpretation. The 
amputation is usually related to a primary severe injury, which not only 
indicates the use of the device (due to the presence of massive 

hemorrhage), but it is also the direct cause of traumatic or surgical 
amputation [5,14,27,47]. 

However, the decades of controversy must be considered [88], as 
well as the large volume of published studies that do not contain con-
crete and prospective clinical data [89] when analyzing the ris-
k/effectiveness relationship of the use of TQ [90,83]. Considering that 
the application of TQ is related to a risk/effectiveness ratio, where the 
risk of death is imminent, the time of application of the TQ makes the 
difference [5]. 

2.7. Aspects that influence effectiveness 

Several aspects must be considered when evaluating the effective-
ness of a TQ, such as the design [1,50,51], ease of use and usability 
(intuitive use) [39,52], time spent on application [37,49,53], the pres-
sure capable of promoting arterial occlusion [95,71,19] and the loss of 
pressure over time and due to the victim’s movement during trans-
portation [96,18,17]. 

Training is a determining factor for effectiveness, especially in the 
lay public [110]. Failure to control severe hemorrhages may occur due 
to incorrect or incomplete use of the devices [97] and training requires 
updates and new simulations after a few months [98]. In these cases, 
there are frequent errors related to the positioning of the TQ, the amount 
of tightening and slack, the confusion regarding the locking system, and 
the application time [99]. All these aspects are directly related to the 
design of the C-TQ model, which suggests the need for simpler devices 
[14,29,100]. 

The windlass tourniquet is often more effective. Some studies suggest 
that TQ without a rod fails in most tests to control bleeding [101]. For 

Fig. 3. . TQ application: (A) the deliberate TQ and (B) the emergency TQ.  
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this reason, there is a predominance of torsion rod C-TQ among devices 
for PHC, which makes it the most common design, both in the civilian 
and military scenarios [2,30,38,49]. 

But, on the other hand, torsion rod models involve production with a 
greater number of materials and processes [17,103], occupy a greater 
volume and tend to be unintuitive, and presents failures of use by people 
who have not been properly trained [103]. 

A minimalist device can even provide more conditions for use by the 
lay and less trained public and increase the application’s success [53], 
allowing greater agility in approaching a hemorrhage that threatens the 
life of a victim [11,104,106]. 

2.8. Application time 

The time variable can be studied regarding the device application 
time (from its draw to the end of tightening), as well as the occlusion 
time (spent in the final tightening). In the civilian environment, tour-
niquets are often applied outside the best window of opportunity to 
control exsanguinating hemorrhages. There is some evidence that even 
lay rescuers are capable of application of C-TQ and, with minimal 
training, significantly increase the success of application [53]. That is an 
important reason to develop more intuitive devices and simplified 
mechanisms. 

The application time required by C-TQ models is also a critical var-
iable, especially in the T-PHC and tactical scenarios [11,104,106]. The 
simpler and more intuitive C-TQ facilitate training, operation, and 
enable better results in application by people with less knowledge and 
skills, including laypersons [22,60,86]. 

Simulation studies and tests of TQ efficacy in military volunteers and 
mannequins have been performed, but there are no large comparison 
studies between C-TQ models or between C-TQ and I-TQ. Simulated tests 
suggests mean arterial occlusion time of approximately 30 s [53] and 
better occlusion results are quite possibly related to a more intuitive and 
practical design [107]. 

There are many commercially available TQ but no concrete evidence 
of simulation and comparison of application and occlusion times [56]. 
This is probably due to the difficulty in stating about the time of 
application, given the variability of scenario, equipment, type of 
clothing or uniform, and type of pocket, backpack or first-aid kits, which 
include wall-mounted ones. 

2.9. Design and materials 

The C-TQ emerged from military experience and its application, 
whether civilian or military, involves harsh environments, which can 
include moisture, dust, dirt, mud, rain, solar radiation, heat and cold, 
fresh and salt water, friction and other mechanical forces, among other 
factors. 

The complexity of the project and the number of materials used may 
influence the device’s behavior in terms of the application scenario 
[108]. For this reason, the project needs to consider design and materials 
that can withstand use in special operations [32,104,105]. 

These crucial differences in design and mechanisms [91] create 
space and necessity for research and improvement, both in training and 
in biomedical engineering, for development and performance in the use 
of C-TQ on bleeding control [109]. 

Anthropometric issues require care, regarding dimensions of the 
devices [73]. The strap width must be at least 20 mm, for an ideal 
contact area [113]. Many windlass devices have 38 mm strap width and 
elastic have 104 mm [71]. The width, at lower values, results in greater 
pressure and this can cause different responses in terms of secondary 
vascular-nervous injury [114]. That is a topic that requires further 
studies. 

The strap length is also an essential anthropometric variable [115], 
as it can be challenging to apply in limbs with above-average diameters 
[102]. The C-A-T TQ is 925 mm long [94]. Smaller limb diameters are 

also an issue to consider, as in the case of children. There are studies 
with children suggesting efficiency results similar to those of adults 
[116]. The area right behind the TQ compression plate must be designed 
preventing from having a long rigid area, harming the contour of limbs 
with smaller diameters. 

2.10. Scientific data consistency 

Most of the references on TQ applications are studies with observa-
tional characteristics, with low levels of evidence [83,89]. There are 
practically no effectiveness rate comparisons between a significant 
number of C-TQ models [109] and, therefore, there is an urgent demand 
for research that relates and validates effects of different models. 

2.11. Future directions 

The use of C-TQ have been studied and they promote clinically sig-
nificant pressure changes [113], being able to achieve vascular occlu-
sion [20,94,17], as already discussed. 

But in addition to the impacts of its use in terms of mortality (which 
was the main objective of research with TQ for many years), results 
should also be evaluated after the application of C-TQ [11,17,19], 
including other characteristics, as use in children [66,112] and in seg-
ments of double bones, such as forearms and legs [16], as well as in 
terms of pressure levels by time (ability to maintain the compression) 
[18]. These themes still have gaps in the literature and require further 
studies and simulations. 

About new devices, a lot has been done, such as improvements in 
buckles and integration of torque systems [114], a pen that can serve as 
a resistant twist-rod for I-TQ [115], time marker embedded into the rod 
[116], digital cuff pressure indicator for pn-TQ [117], new models of 
final tightening systems, often even impairing the portability, new 
mechanisms of rodless traction, as well as insertion of electronic systems 
such as application time recording [118]. 

It would be useful an automated TQ, whether by a mechanical, hy-
draulic or pneumatic system, in terms of a circumferential tightening 
mechanism, simultaneously acting with a pressure sensor in order to 
monitor the applied mechanical stress and to guarantee the interruption 
of the flow and, at the same time, maintaining levels of compression that 
could guarantee the integrity of biological tissues. 

There is no doubt that the insertion of mobile, electronic and 
microprocessed technology in first aid devices is part of the future, 
although elaboration is necessary considering the aggressive environ-
ment of special operations. 

With the necessity of a TQ that works operating with only one hand, 
Budak et al. developed a device with a motor so when the buttons “arm” 
or “leg” are pressed, the system automatically starts the tourniquet 
process and continues until the bleeding is stopped, with feedback by 
sensors about blood flow and applied force. It also has Bluetooth signals 
transmitting the location and application time of the TQ [119]. 

The monitoring of vital signs, including blood pressure and applied 
pressure, as well as signs of communication to user or victim are also 
possible with on-board technologies [120]. Concerning about power 
loss, Dhanalakshmi et al. used wireless communicating network and 
solar panel to provide power backup to their automatic device [121]. 

3. Conclusion 

Massive bleeding is an important cause of preventable death from 
trauma, a time-dependent emergency condition, that can be controlled 
by some techniques and devices, including tourniquets. 

These devices, which emerged from military experiences, have 
already been studied for their civilian and military effectiveness, so its 
application is a consensus and a first-choice technique to stop 
exsanguination. 

However, there is an important demand for unbiased studies and 
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high quality RCTs, comparison of commercial available models, evalu-
ation of pressure loss over time, pressure distribution by area, use in 
children and elderly, applications in double bone anatomical segments, 
and the development, in medical education, of more realistic manikins 
and simulations. 

As regards to biomedical engineering, the development of simpler, 
intuitive and more efficient devices can facilitate the use by untrained 
people and help to reduce preventable trauma deaths by hemorrhagic 
shock. 
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phantom design and production for blood flow and pressure tests. Eurobiotech J 
2017;1(4):278–84. Oct 27. 

[79] Kragh JF, Aden JK, Dubick MA. Deliberate practice in combat application 
tourniquet placement by loop passage. J Spec Oper Med 2019;19(3):45–50. Sep 1. 

[80] Unlu A, Kaya E, Guvenc I, Kaymak S, Cetinkaya RA, Lapsekili EO, et al. An 
evaluation of combat application tourniquets on training military personnel: 
changes in application times and success rates in three successive phases. J R 
Army Med Corps 2015;161(4):332–5. Dec 1. 

[81] Volkmar AJ, Day MA, Fleury IG, Lawler EA, Seering M, Caldwell LS. Safety and 
efficacy of forearm tourniquet compared to upper arm tourniquet for local 
intravenous regional anesthesia in hand surgery: a randomized clinical trial. Iowa 
Orthop J 2021;41(1):177–81. Jan 1. 

[82] Vaughn N, Rajan N, Darowish M. Intravenous regional anesthesia using a forearm 
tourniquet: a safe and effective technique for outpatient hand procedures. Hand. 
2020;15(3):353–9. May 1. 

[83] Beaucreux C, Vivien B, Miles E, Ausset S, Pasquier P. Application of tourniquet in 
civilian trauma: systematic review of the literature. Anaesthesia critical care and 
pain medicine, 37. Elsevier Masson SAS; 2018. p. 597–606. 

[84] Eilertsen KA, Winberg M, Jeppesen E, Hval G, Wisborg T. Prehospital tourniquets 
in civilians: a systematic review. Prehospital and disaster medicine, 36. 
Cambridge University Press; 2021. p. 86–94. 

[85] Charlton NP, Goolsby CA, Zideman DA, Maconochie IK, Morley PT, 
Singletary EM. Appropriate tourniquet types in the pediatric population: a 
systematic review. Cureus 2021. 

[86] Benítez CY, Ottolino P, Pereira BM, Lima DS, Guemes A, Khan M, et al. 
Tourniquet use for civilian extremity hemorrhage: systematic review of the 
literature. Rev Col Bras Cir 2021;48. 

[87] Teixeira PGR, Brown CVR, Emigh B, Long M, Foreman M, Eastridge B, et al. 
Civilian prehospital tourniquet use is associated with improved survival in 
patients with peripheral vascular injury. J Am Coll Surg 2018;226(5):769–76. e1. 

[88] Smith AA, Ochoa JE, Wong S, Beatty S, Elder J, Guidry C, et al. Prehospital 
tourniquet use in penetrating extremity trauma: decreased blood transfusions and 
limb complications. J Trauma Acute Care Surg 2019;86(1):44–51. 

[89] Kauvar DS, Dubick MA, Walters TJ, Kragh JF. Systematic review of prehospital 
tourniquet use in civilian limb trauma. J Trauma Acute Care Surg, 84. Lippincott 
Williams and Wilkins; 2018. p. 819–25. 

[90] Scerbo Michelle H, Mumm Jacob P, Gates Keith, Love Joseph D, Wade Charles E, 
Holcomb John B, Cotton Bryan A. Safety and appropriateness of tourniquets in 
105 civilians. Prehosp Emerg Care 2016;20(6):712–22. 

[91] Valliere MJ, Wall PL, Buising CM. From pull to pressure: effects of tourniquet 
buckles and straps. J Am Coll Surg 2018;227(3):332–45. 

[92] Gibson R, Aden JK, Dubick MA, Kragh JF. Preliminary comparison of pneumatic 
models of tourniquet for prehospital control of limb bleeding in a Manikin model. 
J Spec Oper Med 2016;16(2):21–7. 

[93] Kragh JF, Mabry RL, Parsons DL, Broussard DW, Aden JK, Dubick MA. Learning 
curves of emergency tourniquet use exploring for utility in training. J Spec Oper 
Med 2016;16(4):7–14. 

[94] Schroll R, Smith A, Martin MS, Zeoli T, Hoof M, Duchesne J, et al. Stop the bleed 
training: rescuer skills, knowledge, and attitudes of hemorrhage control 
techniques. J Surg Res 2020;245:636–42. 

[95] Wall Piper L, Bruising Charisse M, Grulke Lisa, Troester Alexander, 
Bianchina Nicholas, White Shannon, Freymark Rosemarie, Hassan Ali, 
Hopkins James W. Catherine Hackett Renner SMS. Effectiveness of pulse oximetry 
versus Doppler for tourniquet monitoring. J Spec Oper Med 2017;17(1):36–44. 

[96] Piper L, Wall Charisse M, Bruising Emma, Hingtgen Alex, White JJ. Limb position 
change affects tourniquet pressure. J Spec Oper Med 2021;21(1):11–7. 

[97] Baruch EN, Kragh JF, Berg AL, Aden JK, Benov A, Shina A, et al. 
Confidence–competence mismatch and reasons for failure of non-medical 
tourniquet users. Prehospital Emerg Care 2017;21(1):39–45. Jan 2. 

[98] Goralnick E, Chaudhary MA, McCarty JC, Caterson EJ, Goldberg SA, Herrera- 
Escobar JP, et al. Effectiveness of instructional interventions for hemorrhage 
control readiness for laypersons in the public access and tourniquet training study 
(PATTS) a randomized clinical trial. JAMA Surg 2018;153(9):791–9. Sep 1. 

[99] McCarty JC, Hashmi ZG, Herrera-Escobar JP, de Jager E, Chaudhary MA, 
Lipsitz SR, et al. Effectiveness of the American College of Surgeons bleeding 
control basic training among laypeople applying different tourniquet types: a 
randomized clinical trial. JAMA Surg 2019;154(10):923–9. 

[100] Eilertsen KA, Winberg M, Jeppesen E, Hval G, Wisborg T. Prehospital tourniquets 
in civilians: a systematic review. Prehosp Disaster Med 2021;36. 

[101] Altamirano MP, Kragh JF, Aden JK, Dubick MA. Role of the windlass in 
improvised tourniquet use on a manikin hemorrhage model. J Spec Oper Med 
2015 Jun 1;15(2):42–6. 

[102] Glick CY, Furer MA, Glassberg CE, Sharon R, Ankory MR. Comparison of two 
tourniquets on a mid-thigh model: the Israeli silicone stretch and wrap tourniquet 
vs. the combat application tourniquet. Military medicine. Oxford University Press; 
2018. p. 157–61. 

[103] Dennis A., Bajani F., Schlanser V., Tatebe L.C., Impens A., Ivkovic K., et al. 
Missing expectations: windlass tourniquet use without formal training yields poor 
results. In: J Trauma Acute Care Surg. Lippincott Williams and Wilkins; 2019. p. 
1096–103. 

[104] Hay-David AGC, Herron JBT, Thurgood A, Whittle C, Mahmood A, Bodger O, 
et al. A comparison of improvised and commercially available point-of-wounding 
tourniquets in simulated traumatic amputation with catastrophic hemorrhage. 
Mil Med 2020;185(9–10). 

R.W.F. Ronconi et al.                                                                                                                                                                                                                          

http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0047
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0047
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0047
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0048
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0048
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0049
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0049
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0049
https://www.deployedmedicine.com/content/40
https://www.deployedmedicine.com/content/40
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0051
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0051
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0051
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0052
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0052
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0053
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0053
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0053
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0053
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0054
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0054
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0055
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0055
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0055
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0055
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0056
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0056
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0056
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0057
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0057
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0057
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0058
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0058
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0059
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0059
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0059
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0060
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0060
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0060
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0062
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0062
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0063
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0063
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0064
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0064
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0065
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0065
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0065
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0066
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0066
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0067
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0067
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0068
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0068
https://doi.org/10.1016/j.tcr.2019.100217
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0070
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0070
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0070
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0070
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0071
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0071
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0071
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0071
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0071
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0072
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0072
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0072
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0073
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0073
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0074
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0074
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0074
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0076
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0076
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0077
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0077
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0077
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0078
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0078
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0078
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0079
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0079
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0080
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0080
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0080
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0080
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0081
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0081
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0081
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0081
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0082
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0082
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0082
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0083
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0083
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0083
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0084
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0084
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0084
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0085
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0085
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0085
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0086
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0086
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0086
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0087
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0087
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0087
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0088
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0088
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0088
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0089
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0089
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0089
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0090
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0090
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0090
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0091
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0091
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0092
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0092
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0092
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0093
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0093
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0093
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0094
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0094
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0094
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0095
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0095
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0095
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0095
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0096
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0096
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0097
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0097
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0097
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0098
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0098
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0098
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0098
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0099
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0099
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0099
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0099
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0100
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0100
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0101
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0101
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0101
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0102
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0102
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0102
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0102
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0104
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0104
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0104
http://refhub.elsevier.com/S1350-4533(22)00171-0/sbref0104


Medical Engineering and Physics 111 (2023) 103923

9

[105] Lutz N, Labrousse T, Borowko R, Lecurou A, Lefort H. The ABC’s of the tactical 
tourniquet. Rev Infirm 2021;70(273):21–2. Aug 1. 

[106] McCarty JC, Hashmi ZG, Herrera-Escobar JP, de Jager E, Chaudhary MA, 
Lipsitz SR, et al. Effectiveness of the American College of Surgeons bleeding 
control basic training among laypeople applying different tourniquet types: a 
randomized clinical trial. JAMA Surg 2019;154(10):923–9. Oct 1. 

[107] Treager C, Lopachin T, Mandichak S, Kinney B, Bohan M, Boboc M, et al. 
A comparison of efficacy, efficiency, and durability in novel tourniquet designs. 
J Trauma Acute Care Surg 2021 Aug 1;91(2S Suppl 2):S139–45. 

[108] Theodoridis CA, Kafka KE, Perez AM, Curlee JB, Yperman PCJ, Oppermann N, 
et al. Evaluation and testing of junctional tourniquets by special operation forces 
personnel: a comparison of the combat ready clamp and the junctional emergency 
treatment tool. J Spec Oper Med 2016;16(1). 

[109] Katsnelson S, Oppenheimer J, Gerrasi R, Furer A, Wagnert-Avraham L, 
Eisenkraft A, et al. Assessing the current generation of tourniquets. Mil Med 2020; 
185(3–4). 

[110] Rohrich C, Plackett TP, Scholz BM, Hetzler MR. Proficiency in improvised 
tourniquets for extremities: a review. J Spec Oper Med 2019;19:123–7. 
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