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R E S E A R C H  A R T I C L E

G-LOC (G-induced loss of consciousness) and A-LOC 
(acceleration-induced near-loss of consciousness) refer 
to losing consciousness from failure to sustain blood 

supply to the fighter pilot’s brain. This is caused by sudden 
acceleration during flight and may lead to fatal accidents in 
high-performance aircrafts.3,9,20 Acceleration during flight is 
classified into +Gz, 2Gz, +Gy, 2Gy, +Gx, and 2Gx based on 
directions from which the pilot is seated, and the main cause of 
G-LOC is +Gz acceleration, which is applied vertically down-
ward.18,22,23 The primary reason for loss of vision, cardiac 
arrhythmia, myoclonic convulsions, and loss of consciousness 
during acceleration is the loss of sustainability of venous blood 
flow to the heart, as well as the loss of sustainability of brain 
blood pressure and cerebral blood flow.17,22,25 On average, an 
increase of +1 Gz induces the average cerebral artery blood 
pressure to drop by ;22–25 mmHg. Hence, if the cerebral 
artery blood pressure was 78 mmHg in a normal state of +1 Gz, it 
would drop to 210 mmHg when exposed to +5 Gz acceleration, 

which is the main cause of G-LOC.16 Blood pressure on the feet 
will be increased up to 1165 mmHg and up to ;450–520 
mmHg even when seated. This is a result of the blood conges-
tion in the lower part of the body and reduced venous blood to 
the heart due to the acceleration. From this, a decrease in car-
diac output will be triggered. When exposed to acceleration, 
heart rate will increase sharply in response to the decreased 
arterial blood pressure and cardiac output.3,4,19 A normal per-
son will face changes in vision such as gray out or black out at 
;4.1–4.8 Gz and, without any equipment or techniques to 
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handle rapid acceleration from 1 Gz to 6 Gz, or constant expo-
sure to over 6 Gz, he will go into a G-LOC state within 5 s.2,17,25

Fighter pilots need to increase their G tolerance (level of tol-
erance against G-LOC) with the help of equipment such as the 
angle of the seat or an anti-G suit or through an anti-G straining 
maneuver (AGSM) technique, which includes L-1 respiration 
maneuvering and muscular contraction of the venous capaci-
tance spaces.22,23 AGSM consists of muscular contraction of the 
bottom part of the body, e.g., the abdomen and leg muscles, and 
a respiration maneuvering called L-1 maneuvering. This is the 
most effective method to enhance G tolerance and is essential 
during exposure to acceleration. The reason behind going into 
a G-LOC state, despite using the AGSM technique, is due to 
exhaustion from inefficient or inattentive muscle contraction or 
excessively rapid respiration rate. Hence, monitoring the flight 
trainees in performing the AGSM technique during ground 
training based on their changes in muscle contractility and 
endurance through electromyogram (EMG) monitoring is a 
useful method.5

Our studies have researched possibilities of prognosis 
detection and warning generation of G-LOC through EMG 
monitoring by undergoing human centrifugal simulator exper-
imentation and have reported the rapid changes in muscle con-
tractility and endurance features in EMG around the time of 
G-LOC.8 From this, we proposed G-LOC warning algorithms 
and suggested that creating a G-LOC alarm prior to G-LOC 
based on alteration of patterns in EMG features is feasible. It 
would be effective if there were a way to prevent G-LOC 
through a defining individual manner with bio-signals. This 
study shows the result of objectification and application of a 
real-time method for validating G-LOC prognosis by using 
EMG features.1,21,24 We already introduced concepts developed 
in a regular conference.6,7 Then we proposed G-LOC warning 
algorithms in detail.

METHODS

Subjects
A group that consisted of 67 volunteers who were healthy 
Korean Air Force subjects (63 pilots and 4 pilot trainees), with 
ages between 22 and 40, participated in this study. EMGs were 
obtained while volunteers consisting of pilots were taking the 
centrifugal simulator training for pilots. The participation 
number of the centrifugal simulator training of the pilot train-
ees was less than five as compared to that of the pilots. A total of 
60 EMGs were obtained from 56 pilots and 4 trainees who suc-
cessfully completed the G-LOC training, and 7 EMGs were 
obtained from 6 pilots and 1 trainee who experienced G-LOC. 
All experimental procedures involving human subjects were 
approved by the Research Ethical Review Board at the Korean 
Air Force Academy. All volunteers agreed to bio-signal collec-
tion such as EMG, electrocardiogram (ECG), and body tem-
perature. However, ECG and body temperature data were 
excluded from the analysis due to lack of significance. Collected 
data were coded and then analyzed for privacy protection.

Materials
G-LOC training is a mandatory course air force fighter pilots 
take once every 3 yr and air force pilot trainees have to com-
plete G-LOC training before participating in flight training. G 
training pass/fail criterion is to determine whether or not loss 
of consciousness during the G profiles is a result of the type of 
pilot aircraft. G-LOC training was performed in the high-
performance human centrifugal simulator (ATF400, ETC, 
Southampton, PA). EMG raw data was obtained from an 
embedded bio-signal collection system (MP-150, Biopac, 
Goleta, CA) on the simulator. Surface EMG sensors were 
attached to the pilots’ gastrocnemius muscles in the calves 
and 67 EMGs were obtained and used for analysis.

Procedures
The experiment for this study was carried out in four stages: 1) 
preparation, 2) EMG sensor attachment, 3) the main experi-
ment, and 4) debriefing. First, researchers introduced the main 
experimental contents such as purpose and procedure, and par-
ticipants were asked to sign the experiment agreement form. 
Secondly, pilots participating in the research had active and ref-
erence electrodes attached to their gastrocnemius muscle with 
5 cm in between and the ground electrode attached to the end 
point of the soleus muscle on the ankle prior to entering the 
simulator, as shown in Fig. 1. Thirdly, air force F-15 and F-16 
fighter pilots have to endure 9 G for 15 s with a full coverage 
anti-G suit (CSU-13B/P); air force F-4 and F-5 fighter pilots 
have to endure 7.3 G for 20 s with a full coverage anti-G suit; 
and pilot trainees have to endure 6 G for 30 s without an anti-G 
suit. All pilots participating in the training performed L-1 
maneuvering during +Gz and EMG raw data was collected 
from pilot and pilot trainees while they took G-LOC training. 
Lastly, researchers requested significant things to report or 
opinions on the experimental results.

Mathematical Analysis
EMG raw data was acquired with a sampling frequency of 
400 Hz and a high-pass filter was used to eliminate noise 
below 10 Hz. EMG features representing muscle contraction 

Fig. 1. E MG collection from the calf (gastrocnemius muscle).
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and fatigue were obtained from rectification and digital 
smoothing of EMG raw data. Those were root mean square 
(RMS), integrated absolute value (IAV), and mean absolute 
value (MAV) for muscle contraction,10,13,15 slope sign changes 
(SSC), waveform length (WL), zero crossing (ZC), and median 
frequency (MF) for muscle contraction and fatigue.11,12,14 
RMS can be used as an indicator of the level of activity about 
the mean of the signal. It is a square root of the average of the 
square of the EMG signal amplitude values. IAV is a summa-
tion of the absolute value of the EMG signal amplitude over 
the time segment, and MAV is an average of it. SSC is the 
number of times that the slope of the EMG waveform changes 
sign. WL is the cumulative length of the waveform over the 
time segment. WL is related to the waveform amplitude, fre-
quency, and time. ZC is defined as the number of times the 
signal crosses the reference within a specified interval. This 
feature provides an approximate estimation of frequency 
domain properties. MF is a frequency at which the EMG 
power spectrum is divided into two areas with an equal total 
power. EMG features were calculated as below. In each, nx  is 
the th

n  sample of surface EMG signal amplitude, N  is the 
length of the analysis window for computing the features, iP  is 
the EMG power spectrum at a frequency bin i , and M  is the 
length of the whole frequency bin.
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To analyze the EMG changes before and after G-LOC, EMG fea-
tures over 6 G were divided into two phases: the normal phase 
(withstanding G-force from a 6 G or more start point to alarm 
phase start point) and the alarm phase (3 s before G-LOC). EMG 
features of 1-s units with 0.5-s overlap consecutive windows were 
analyzed for alteration in the EMG patterns.

RESULTS

This study investigated the possibility of detection of G-LOC 
onset and warnings generated through EMG monitoring. In the 
analysis on the characteristics of EMG features before and after 
G-LOC, the EMG pattern of the pilots entering G-LOC generally 
showed a low peak value. This trend was observed by calculating 
moving average values of EMG signals, which is a calculation to 
analyze data points by creating a series of averages based on the 

consecutive time domain of the 
full data set. On average, G-LOC 
occurred when the value reached 
below 0.5 mV. Pilots and trainees 
resisted G-LOC through AGSMs 
and muscle contractions. Most 
G-LOC occurrences were associ-
ated with irregular L-1 respiration 
maneuvering and reduced muscle 
tone. Irregularities of L-1 respira-
tion maneuvering were observed 
not by bio-signals, but through 
monitoring of training situations. 
Pilots withstanding +Gz force 
showed a regular and strong EMG 
pattern, whereas the ones going 
into G-LOC showed an irregular 
and weak EMG pattern, which 
fluctuated irregularly at the time 
of G-LOC occurrence (Fig. 2).6

Fig. 2. D ifferential EMG patterns under exposure to +Gz acceleration. A) EMG of the gastrocnemius muscle of a pilot 
who withstood the G force. B) EMG of the gastrocnemius muscle in a pilot who experienced G-LOC.
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Alteration of the feature pattern may be useful for developing 
a G-LOC warning system to inform the pilot prior to G-LOC. 
EMG features were analyzed to elucidate the pattern of each fea-
ture. Out of the features, IAV and WL decayed rapidly in the 
alarm phase, but did not decay while the subject was withstand-
ing +Gz acceleration (Fig. 3). IAV, which represents muscle con-
tractility, and WL, which represents both muscle contractility 
and fatigue, have shown a rapid, distinct change just prior to 
G-LOC, and thus were used as indices to detect G-LOC onset. 
These decay patterns represent the possibility of creating a 
G-LOC warning system. Six cases of G-LOC occurred in +Gz, 
where rapid acceleration has shown the same pattern, except in 
one case of G-LOC which occurred during delayed AGSM.

This study developed two G-LOC warning algorithms based 
on EMG features representing maintaining muscle power 

Fig. 3. F luctuations of WL and IAV after 6 Gz exposure. The alarm phase is indi-
cated by the grey box and was 3 s before onset of G-LOC. The normal phase is a 
time period from the 6-G start point to the beginning of the alarm phase.

Fig. 4. S ummary of algorithms 1 and 2.

during +Gz acceleration and delayed response to +Gz accelera-
tion. G-LOC warning algorithm 1 makes use of the charac-
teristics in Fig. 3 and is tied to muscle endurance. G-LOC 
warning algorithm 2 complements the aforementioned algo-
rithm 1. Associated with muscle flexibility, G-LOC warning 
algorithm 2 monitors EMG signals and generates warnings in 
the stage where Gz-force increases. While using both algo-
rithms at the same time was efficient in detecting G-LOC, the 
rise in the frequency of false signals was a downside. First of 
all, G-LOC warning algorithm 1 through EMG was devel-
oped based on the fluctuation of WL and IAV after exposure 
to high +Gz force (Fig. 3). To minimize interruptions to the 
pilot’s focus during flight missions, the EMG monitoring sys-
tem was activated when acceleration reached above 2 G. 
Once the system is activated, WL and IAV values are calcu-
lated with every 1-s window, of which 0.5 s would overlap. 
When the pilot is exposed to sudden +Gz acceleration, one 
spontaneously runs through the AGSM. In sudden accelera-
tions above 5 G, the EMG monitoring system calculates the 
means of IAV and WL captured during the first three win-
dows as the initial reaction values. Initial reaction values of 
WL (WL-ini) and IAV (IAV-ini) are references which reflect 
the individual tolerance level of a pilot against +Gz force dur-
ing a sudden acceleration. If the WL and IAV values represent 
negative slope signs for three consecutive windows and the 
WL and IAV in the third window drop below 70% of WL-ini 
and IAV-ini, the system will generate a warning signal. A 
total of 70% of WL-ini and IAV-ini came from EMGs of sub-
jects experiencing G-LOC, causing an alarm ;3–0.5 s prior 
to G-LOC. In addition, if the WL and IAV simultaneously are 
decayed under 70% of WL-ini and IAV-ini for three consecu-
tive windows, the system will also generate a warning signal.

G-LOC warning algorithm 2 is based on EMG signals in 
the stage where Gz force is on the rise. The analysis of the 
EMG signals suggests that one experiences G-LOC unless IAV 

and WL do not go up simultane-
ously during this phase. This 
result was a foundation that led 
to the development of G-LOC 
warning algorithm 2. G-LOC 
warning algorithm 2 warns pilots 
by predicting that there is a  
high probability of experiencing 
G-LOC if the IAV or WL reading 
is less than that of a previous one 
when Gz force goes up beyond  
a certain extent. By recognizing 
the rise of Gz force in the early 
stage, this algorithm can secure 
enough time for pilots to cope 
with G-LOC. Summary of algo-
rithm 1 and algorithm 2 are shown 
in Fig. 4.

Examples that apply algorithm 
1 and algorithm 2 are shown in 
Fig. 5. The x-axis is elapsed time 
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and the y-axis is feature values. Figs. 5A and B represent a case in 
which warnings are created by algorithm 1 and 2, respectively.

For validating the performance of two developed G-LOC 
warning algorithms, we have obtained results as shown in Table I 
by applying the algorithms introduced in the prior paragraphs 
through using EMG data of 67 cases retrieved from the human 
centrifugal simulator. In all seven cases who have experienced 
G-LOC, true warning signals have been shown between 0.5 s 
and 3 s prior to G-LOC. However, data from 28 out of 60 par-
ticipants who did not experience G-LOC suggested G-LOC 
warnings which could be interpreted as false warning signals. 
False warning signals were not generated for the other 32 sub-
jects. After the training, we interviewed all subjects and found 
that out of 28 volunteers who were issued warning signals, 86% 
or 24 of them experienced blackout and grayout, which are con-
sidered an early sign prior to G-LOC. Thus, it can be concluded 
that the generation of G-LOC warning signals to those 24 par-
ticipants who experienced a blackout and grayout is a desirable 
result. Ultimately, only 4 out of 67 subjects, approximately 6%, 
were actually issued false warning signals and the sensitivity of 
the algorithms using IAV and WL features was 100% and the 
specificity was 66.7%.

DISCUSSION

G-LOC is considered one of the most critical conditions to air 
force fighter pilots. In addition to the importance of creating a 

system to increase G tolerance, it came to our attention that the 
effectiveness of the system can be attained if G-LOC could be 
prevented in a customized manner during flight. Pilots wear 
G-suits and perform AGSM to resist a rapidly increasing +Gz 
force. However, physical reactions to +Gz force may differ 
depending on an individual’s physical state or operational con-
dition. Hence, even the expert pilots consider G-LOC a critical 
condition.

Surface EMG data was obtained from pilots’ gastrocnemius 
muscles of the calves. Before collecting this data from their 
calves, EMG data signals were measured in the neck and abdo-
men. The data from these two areas, however, were unreliable 
due to excessive noise caused by the differences in pilots' behav-
ioral patterns and perspiration. On the other hand, the gastroc-
nemius muscle provided stable EMG data because of its wide 
area that helped reduce the noise level during flight. Meanwhile, 
two of the EMG features, WL and IAV, showed a sharp decay 
prior to onset of G-LOC, and thus were considered key vari-
ables for creating G-LOC warning algorithms. As a result of 
analyzing the decay pattern of EMG features, not all EMG fea-
tures of the subjects were equivalent. WL, IAV, RMS, and MAV, 
out of seven features, were rapidly decayed in the alarm phase, 
which was 3 s before G-LOC. The decay patterns of MAV and 
RMS are relatively small.

This study suggests that G-LOC onset could be detected 
through real-time monitoring with EMG features and that 
warning signals could be generated during flight. G-LOC warn-
ing algorithm 1 uses the initial value of WL and IAV obtained 
from a state of high +Gz force above 6 G as a reference, and is 
generated upon the simultaneous decay of WL and IAV to a 
certain degree by monitoring the two features during every 1-s 
window, of which 0.5 s would overlap. The calculation interval, 
of course, must be adjusted and optimized during the practical 
stage. Based on EMG signals in the stage where Gz force 
increases, G-LOC warning algorithm 2 issues G-LOC warnings 
if IAV and WL do not go up simultaneously during the phase in 
which Gz force is on the rise. This system is turned on/off 

Fig. 5.  Application for generation of G-LOC warning by implementing algorithm 1 and 2. Vertical arrows represent the time points at which G-LOC warning is 
generated.

Table I. S ummary of Algorithm Validation.

SYMPTOMS OF EXPOSURE  
TO HIGH G FORCE WARNING NO WARNING

G-LOC 7 (1) (100.0%) 0 (0.0%)
Blackout & Gray-Out 24 (3) (50.0%) 24 (50.0%)
No Symptoms 4 (33.3%) 8 (66.7%)
Total 67 cases

* The numbers in parentheses are those of pilot trainees included in the displayed 
number.
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repetitively depending on the +Gz force and the reference for 
detection of G-LOC onset and generation of warnings varies 
depending on the individual manner and situation changes 
during flights. In conclusion, as far as the authors are aware, 
this system may be the first customized and adaptable G-LOC 
warning system depending on EMG monitoring.

This system will be improved further by finding ways to 
ramp up the accuracy of G-LOC detection and minimizing the 
generation of false warning signals through sensing from other 
sites of the body such as the quadriceps, multiple sensors such 
as the electroencephalogram, and change of activating point 
from above 2 G to above 3.5 G, etc. Also, in order to apply this 
to aircraft capable of rapid onset and reduce the false positive 
rate, this system should be refined and stabilized by adjusting 
the time windows of the EMG features and analyzing more 
cumulative data.
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