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Abstract
Soldiers working in the field of explosive ordnance disposal (EOD) wear cumbersome personal protective equipment (PPE) 
that may affect their performance in the field, limit their mobility, and cause discomfort. The objective of this study was to 
develop a test methodology to identify the relationship between EOD suit interface loads and mission-critical performance 
metrics. The physical interactions between an EOD suit and human subjects were monitored using a distributed pressure 
sensor network to investigate the interface load distribution during EOD-related physical positions and activities. More 
specifically, a Med-Eng brand Model EOD 8 suit was utilized to evaluate shoulder discomfort and leg mobility restriction. 
Thirty-four college aged adults of varying athletic abilities completed a test course and walked on a treadmill for 2 min 
while wearing the EOD 8. Demographic information was collected before testing via a survey and qualitative observa-
tions were collected at the end of testing with a questionnaire. After each test course repetition, participants ranked their 
perceived exertion using the Borg scale. Overall, the time it took participants to complete the test course increased by 17% 
and participants experienced a 60% increase in perceived exertion while wearing the EOD 8. The region that experienced 
the most pain and discomfort was the top of the shoulders (59%) and there was a negative correlation (r = − 0.5, p < 0.05) 
between participants’ body mass index (BMI) and the max shoulder pressure. The groin protector was found to restrict hip 
rotation when the subject squatted to pick up an object, producing a pressure 30-times higher than without the EOD 8. These 
results suggest that a range of motion evaluation method for EOD suits and other protective ensemble can be successfully 
developed using a combination of user feedback and strategically placed pressure sensors. This study implements the largest 
pressure region ever recorded on the human body and is the first of its kind to investigate the movement restriction of PPE 
for various practical tasks.

Keywords Pressure sensing · Monitoring · Interface loads · Range of motion · Military protective equipment · 
Classification

1 Introduction

In the twenty-first century, the nature of warfare has evolved 
with the dawn of global terrorism leading to a drastic 
increase regarding the threat of improvised explosive devices 
(Barker 2011). This has consequently increased the demand 

for trained explosive ordnance disposal (EOD) technicians 
and state-of-the-art personal protective equipment (PPE). 
The EOD suit worn by military and civilian professionals 
has been subjected to a few investigations regarding blast 
resistance (Bass et al. 2005) and ergonomics (N. Institute 
of Justice 2012a), but presently little is known regarding 
how the weight of the suit is distributed on the body and 
how it impacts performance. The possible physical con-
sequences on the human body due to prolonged field use 
have also not been addressed completely (Roy et al. 1976). 
Personal protective equipment purchased by the U.S. Army 
are thoroughly tested for not only primary functionality, 
but extended performance, ergonomics, cost effectiveness, 
etc. Nonetheless, there is still an opportunity for signifi-
cant improvement of standardized methodologies to better 

 * Murat Inalpolat 
 Murat_Inalpolat@uml.edu

1 Department of Mechanical Engineering, University 
of Massachusetts Lowell, Lowell, USA

2 Department of Physical Therapy and Kinesiology, University 
of Massachusetts Lowell, Lowell, USA

3 US Army Combat Capabilities Development Command 
Soldier Center, Natick, MA, USA

http://orcid.org/0000-0002-2252-656X
http://crossmark.crossref.org/dialog/?doi=10.1007/s41315-021-00178-z&domain=pdf


411Pressure monitoring based identification of the EOD suit–human interface load distribution  

1 3

characterize and thoroughly evaluate EOD suits to reduce 
harmful physical effects on the EOD technician (Nindl et al. 
2013).

The EOD 8 (the “8” denoting the suit version) was 
developed in 1999, becoming one of the most widely uti-
lized EOD suit models used by both military and civilians 
around the world for the next two decades (Bass et al. 2005). 
Aside from the helmet, the EOD 8 consists of three main 
components. The suit’s outer fabric is made from an ara-
mid weave with both hard and soft removable armor panels 
made from proprietary composites. The jacket is the heaviest 
component with flexible armor protecting both arms from 
the wrist to the shoulder and a torso and neck protective 
component providing 360-degree coverage to those areas. A 
large, two-piece rigid composite plate is incorporated into 
the jacket front to protect the pelvic, abdomen, chest and 
neck regions. The trousers (leg protection) provide cover-
age extending from the ankles to the thighs and contain an 
impact absorbing back protector that covers the length of 
the spine. Finally, the groin protector, which resembles a 
pair of shorts, contains a soft armor element that covers the 
waist, groin, and buttocks. Finally, the groin protector is a 
sheath containing a single, soft armor protector that wraps 
around the waist, groin, and buttocks. EOD suits must pro-
vide four critical protection factors: fragmentation, over-
pressure, heatwave, and impact (Krzystała et al. 2019). The 
primary mode of protection is the composite torso plate in 
the EOD suit which is designed to attenuate and redirect 

the blast (pressure) wave of an explosion around the techni-
cian (Gmitrzuk et al. 2018), while providing protection from 
shrapnel when combined with the soft armor and padding 
(Bass et al. 2005).

The Explosive Ordinance Disposal 8 (EOD 8) is a full 
body protection suit (see Fig. 1) that is utilized by military 
personnel and police around the world to diffuse/neutral-
ize Improvised Explosive Devices (IEDs). The EOD suit 
protects the technician wearing it from shockwave, pressure 
wave, heat, and shrapnel. The blast resistance of these suits 
has been thoroughly tested and evaluated, but not much 
is known with regards to the ergonomics of the suit. This 
includes, but is not limited to, range of motion, cognitive 
function, comfort, and general maneuverability. The goal 
of the research that was performed was to determine how 
pressure hotspots due to human to suit contact effect the 
performance of the test subjects. This data would then be 
utilized to develop a pressure-based method of quantifying 
the interfacial loads of the EOD suit throughout various 
regions of the body. With this evaluation method it would 
be possible to not only compare the ergonomics of different 
EOD suits, but the data could also be used to influence the 
design of future EOD suits as well.

The user adapting their movement strategy while encum-
bered is a phenomenon that has been observed in previous 
work for other PPE applications (Wettenschwiler et  al. 
2015a). The prevailing theory is that the user will change 
their strategy (Wettenschwiler et al. 2015a). Currently, there 

Fig. 1  Diagram outlining the 
main protection components of 
the EOD 8
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is little documented on this subject for EOD suits while there 
is extensive research regarding more ubiquitous tactical style 
body armor vests (Lenton et al. 2018). The NIJ Bomb Suit 
Standard delineates range of motion and qualitative perfor-
mance of EOD suits. The NIJ standard test course consists 
of a walking portion, climbing over a guard rail, ascending 
stairs, and a timed dexterity and mobility test (N. Institute of 
Justice 2012b). Only observations would be taken from this 
test course procedure, but there is limited amount of quan-
titative data with the exception of accelerometer (Brusey 
et al. 2009), heart rate, and core temperature (Stewart et al. 
2011). The ergonomics portion of the National Institute of 
Justice 0117.01 standard requires the maximum angular 
rotation of each joint to be measured in flexion, extension, 
and abduction with a goniometer. Similar techniques were 
used to evaluate the range of motion for firefighter protective 
ensemble and similar conclusions were made regarding the 
need for a standardized method of evaluating the ergonomics 
of PPE (Coca et al. 2010). In Brusey et al. (2009), postural 
activity monitoring using accelerometers was conducted 
to identify non-compensable heat stress (UHS). Brusey 
et al. (2009) monitored posture position for both static and 
dynamic conditions and used a classifier to distinguish the 
tasks based on patterns in the accelerometer data (Brusey 
et al. 2009). Other studies have observed heat illness by hav-
ing subjects ingest a core temperature sensor while wearing 
a heart rate monitor (Stewart et al. 2011). Combining the test 
course and the classification process could potentially yield a 
methodology of evaluating EOD suit mobility in an obstacle 
course environment. To accomplish this, pressure sensors 
can be used to record data from areas of contact between 
the suit and the wearer (Wettenschwiler et al. 2015b). This 
includes the kneecaps, the shoulders, and the lower back. 
With the pressure data, it can be determined how the load 
of the EOD suit is distributed from a static standing posi-
tion to various dynamic movements such as walking (Zhou 
et al. 2017).

The purpose of this study was to quantify the resistance 
exerted on the user’s body by the EOD suit and how the user 
adapts to complete various tasks that require differing ranges 
of movement. Previous studies related to analyzing soldier 
performance regarding body armor and backpack weight 
have measured the pressure exerted on the shoulders and 
waists of subjects (Lenton et al. 2018). A Load Distribution 
System (LDS) was analyzed by taking human subject data 
from both standing and marching soldiers to determine if 
there existed any improved measure of comfortability (Len-
ton et al. 2018). In this study, a similar methodology was 
applied. Additional dynamic tasks that were classified utiliz-
ing the pressure recorded at the knees as a reference were 
added (Zhou et al. 2016). Specifically, this study proposed 
an experimental methodology for investigating the restric-
tion and discomfort of EOD suits with respect to pressure at 

the interface of the human body and the suit. The collected 
pressure data can then be combined with subjective rank-
ings of exertion, demographic data, and anecdotal qualitative 
analysis from the participants after wearing the EOD suit. 
Using a combination of qualitative and quantitative analysis 
would help locate and measure the severity of restriction, 
discomfort, and pain with respect to EOD suits. This evalu-
ation method could be utilized by designers/evaluators to 
refine the development of future EOD suits and other fields 
that require cumbersome or mission critical Personal Protec-
tive Equipment (PPE). With the implementation of pressure 
sensors on the body, it is possible to determine changes that 
could be made to the EOD suit to increase range of motion 
or decrease load concentrations. A notable coincidence jus-
tifying the successful approach presented in this paper was 
the removal of the groin protector from the EOD 10, which 
is the latest version of the MedEng EOD suit (used as an 
example system/suit to demonstrate the approach) that is 
widely used. The groin protector was a source of significant 
restriction with regards to hip rotation in the journal paper. 
This restriction appeared in the data as a significant increase 
in pressure (40 × increase) in the quads region when the sub-
jects were overcoming the hurdle, squatting, and climbing up 
stairs. In the post-test questionnaire 11% of subjects reported 
the groin as the second largest source of discomfort while 
completing the test course. By actively tracking the pressure 
hot spots on the body, the PPE can be updated to compen-
sate. This pressure sensor methodology has the potential to 
evaluate the ROM of PPE required in other fields such as 
firefighter ensembles, space suits, body armors, etc. The 
pressure data gleaned from different obstacle course tasks 
when combined with user feedback could be used to influ-
ence the design of future protective suits.

2  Methodology

2.1  Test participants and instrumentation

Thirty-four subjects were recruited from a subject pool pri-
marily consisting of college aged adults (20–38 years) with 
varying levels of physical fitness. One subject had prior 
experience of wearing the EOD suit in the U.S. Army and 
only two subjects were female. There was no clear varia-
tion in the data between these three exceptions and the other 
subjects. All subjects provided their consent to participate 
in this study within compliance of the National Institutes of 
Health (NIH). This study was approved by the Institutional 
Review Board of the University of Massachusetts Lowell (# 
19-023). Before any physical testing, subjects were asked 
to complete a 10-min anonymous (a subject number was 
assigned and used in place of birth name) survey to compile 
demographic information.
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A total of three EOD 8 suits were provided in the sizes 
medium-small (132.41 N), medium (149.61 N), and large 
(172.85 N). The suit size for subjects were determined by 
the height and weight of the subjects. Reference Table 1 
below for the jacket weight by size. The weight was calcu-
lated by allowing the deadweight of the jacket to settle on 
a force plate, then 10 force data points (N) were collected 
at random intervals and averaged to yield the final weights 
for the three different torso sizes. The helmet was excluded 
from this experiment. The suits were air-dried, washed, and 
sanitized after each use.

The pressure sensors (pads) used in this study included 
four novel™  pliance® and one novel™  elastens® pad sen-
sors that were sourced by the team at the US Army Com-
bat Capabilities Development Command Soldier Center 
(CCDC) and UMass Lowell Structural Dynamics and 
Acoustic Systems Laboratory (SDASL). The  pliance® sen-
sor pad works with capacitive transducers in a matrix 
configuration. The elasticity of the sensor permits perfect 
conformability to three-dimensional deformations. The 
pressure transducing elements contain a proprietary elas-
tomer manufactured by novel™. Restoring force, range of 
force, threshold, hysteresis, temperature effect, frequency 
response, and other characteristics are determined during 
the manufacturing process. This makes it possible to adapt 
the sensor characteristic to different measuring needs. Each 
 pliance® pad was 17 × 45 cm with an 8 × 32 sensor matrix 
for a total of 256 recordable data probes (each pad consists 
of pressure sensors similar to pixels of a camera) and a 
resolution of 0.34 sensors per square centimeter. The effec-
tive pressure range of the sensors was 2 to 240 kPa with an 
accuracy of ± 5% according to the manufacturer. The signal 
from the sensor was collected by two synchronized pliance® 
xf-32 units and that signal was transmitted to two separate 
laptops with Bluetooth receivers. The sensors were zeroed 

(calibrated) by laying them flat on a table while recording 
for 30 s. Once the subject was wearing the EOD suit, the 
sensors were re-zeroed by loading the previous zero in the 
proprietary software.

The shoulder sensors were taped (3M™  Micropore®) to 
the subjects’ bare skin on the pectorals and trapezius regions 
(see Fig. 1). The lower back sensor was secured in the lum-
bar region of the spine via tape, with the length of the sensor 
spanning from the right oblique to the left oblique. A sleeve-
less compression shirt was then used to further secure the 
shoulder and lower back sensors onto the body. For the legs, 
the sensors were attached via safety pins to compression 
pants. The cables from the shoulders ran down the biceps 
and out the armpits, the cables from the legs protruded from 
the back of the knees. The hardware was secured using a 
Velcro belt and a string bag that was pinned to not interfere 
with the shoulder sensor pads. The leg sensor covered from 
the length of the femur all the way past the patella. In Fig. 1 
the layout of the sensor pads under the EOD suit is shown. 
To determine if the sensors had been placed properly, the 
tops of the shoulders and the kneecap regions were palpated 
for bone landmarks (Lenton et al. 2018). The center portion 
of the shoulder sensor would show the clavicle, acromion, 
and the scapula when palpated. For the legs, the patella had 
to be visible on the lower third partition of the sensor.

When putting the EOD suit on the subject, the trousers 
were put on first, the groin protector second, and then the 
jacket. Once the suit was on, the straps were adjusted for 
a secure fit and a basic joint mobility test was conducted 
to ensure that all limbs had equivalent motion. The subject 
would raise each leg, one at a time, with the knee bent to 
compare leg mobility. For arm mobility, the subject would 
make two fists, stick their elbows out, and flex their arms 
into their chest. If this test was passed, the subject would 
point their index and middle finger then attempt to touch 
their temples with both fingers while keeping their elbows 
out.

2.2  Experimental approach

A test course was developed with consideration of the NIJ 
standard and consisted of five tasks: walking 30 m, shuffling 
30 m, clearing a 2.5 ft. hurdle (approx. height of a guardrail 
or common waist-height obstacle), picking up and walk-
ing with a crate containing 20 lbs. up and over a 15 degree 
incline/decline then placing the crate down, and ascending/
descending three steps of stairs in that exact order. Each 
subject would complete this test course five times both with 
and without the EOD suit being worn. The test course and 
its associated tasks are illustrated and labeled in order in 
Figs. 2 and 3.

A 5-s pause of static standing was inserted before 
and after each repetition of the test course. A 5-s pause 

Table 1  The recorded dead weight of the EOD jacket for three differ-
ent sizes

EOD 8 size

Large suit (N) Medium suit (N) Small suit (N)

176 149.6 132.8
173.8 149.7 132.6
173.3 149.6 132.2
172.6 149.4 132.1
172.8 150.2 133.4
172.6 149.8 132
172.4 149.4 132.2
172.2 149.3 132.4
171.8 149.1 132
171 150 132.4

Average weight 172.85 149.61 132.41
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Fig. 2  Outline of sensor attachment and placement under the EOD suit

Fig. 3  Test course diagram with all 5 tasks labeled in order of completion
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consisting of the subject standing still was inserted before 
and after each repetition of the test course. For the final rep-
etition of the test course (Trial 5), the subject would stand 
still for 5 s between each task. For the remaining repetitions 
(Trial 1, 2, 3, and 4), the pauses were removed, so that there 
was no stopping between the five tasks. Trial 5 was then 
used as a reference to rapidly identify the 5 distinct tasks 
when the pressure was visually represented with respect to 
time. The subjects were asked between trials if they needed 
a break and to rank their perceived level of exertion on a 
scale of six to twenty (Borg 1990). The subject was free to 
stop and remove the EOD suit at any time, thus stopping 
and eliminating data collection for that trial. Finally, after 
the five repetitions of completing the test course the subjects 
would walk on a treadmill at a comfortable walking speed 
for 2 min only once, with and without the EOD suit being 
worn. An example of a subject using the treadmill is shown 
in Fig. 4. The treadmill data was collected for future use in 
a study that requires walking data as a training set for an 
artificial intelligence. The walking data from the test course 
was compared against the treadmill data and there was no 
significant difference between the data. Therefore, the walk-
ing data from the test course was deemed adequate to use 
without the need for the treadmill data.

The subject would then be asked to rank their perceived 
exertion using the Borg ranking criteria. The data from all 
five pressure sensors was collected at a recording frequency 
of 18 Hz and the data was transmitted via a fiber optic sync-
ing cable. Total experiment time including preparation time 
was approx. 2.5–3 h. Subjects were given a guided walk-
through of the test course and were able to complete the test 
course once before testing began. On the treadmill, subjects 
were able to walk at a comfortable speed for about 2 min 
before data collection began. Subjects were instructed to 
walk at a comfortable pace on the treadmill. Subject walking 

speed was approximately 2.5 mph. This also allowed the 
EOD suit to settle on the subject to mitigate sensor drift 
associated with the pressure pads.

Upon completion of the test course and treadmill trials, 
participants were required to complete a questionnaire that 
asked them to generally describe the pain, discomfort, and 
exhaustion that was felt because of wearing the EOD 8. Due 
to the relatively low intensity of the experiment, there were 
no designated breaks, however subjects could briefly stop to 
sit or drink water at any time.

2.3  Data analysis

The pressure pad sensors were partitioned using masking 
to record specific regions of the body. The shoulder sensor 
pads were divided into three sections: chest, top shoulder, 
and upper back. The shoulder sensor pads were attached so 
that the cabling was aligned with the center of the biceps/
triceps and spanned from the pectorals, past the trapezius 
muscles. The top shoulder region was then adjusted in the 
novel software package, so that the center portion of the sen-
sor pad contained the scapula acromion and collar bone. The 
same methodology was applied to the leg sensor pads, where 
cabling would extend outward from the thigh region. The 
patella was then aligned so that the pressure detected was 
primarily in the center of the assigned knee section on the 
sensor pad. The remaining portion of the leg sensor pad was 
used to record pressure from the bottom of the knee to the 
groin (essentially the length of the femur). The lower back 
sensor was not segmented into the 5 different tasks, unlike 
the other pressure sensors. The lower back sensor recorded 
pressure from the lower portion of both the left and right 
latissimus dorsi muscles. This region is located just above 
the subject’s waistline. The initial size of the sensor pad 
partitions was determined from preliminary analysis and was 

Fig. 4  Photo of a subject on treadmill not wearing EOD suit (left) and wearing EOD suit (right)
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adjusted accordingly. See Fig. 5 for the shoulder/leg sensor 
placement and associated partitions for data collection.

The post-process data analysis was completed utilizing 
custom code developed in MATLAB R2020a’s signal pro-
cessing toolbox (MATLAB 2021). The raw data collected 
from the pad sensors included force (N), mean pressure 
(kPa), and max pressure (kPa). The mean pressure (the total 
force per unit area of activated sensors, with the exception of 
sensors recording zero pressure) and max pressure [highest 
pressure (kPa)] of a single sensor within the sensor matrix at 
the moment of collection) were manually segmented by task, 
using the subject test course data with pauses as a visual ref-
erence. From initial calibration studies conducted within the 
research group, it was determined that the pressure recorded 
at the knees provided the clearest data for determining the 

type of exercise or motion in question. The pressure data 
collected from the right knee was segmented by tasks for 
each subject. Since all the sensors were synchronized, the 
pressure data from the other sensors could be segmented as 
well. This was accomplished by using the timestamp where 
each of the 5 tasks begins and ends to partition the pres-
sure data. The ‘peak finder’ function was utilized on each 
segment to further compress the data by collecting all the 
peaks greater than the standard deviation of the total signal 
to eliminate peaks due to noise, while retaining dynamic 
pressure peaks related to the actual motion. By averaging 
these segment peaks for each trial, the average dynamic 
pressure or peak-peak dynamic pressure can be obtained and 
analyzed. The flow chart depicted in Fig. 6 illustrates the 
entire data processing methodology utilized for this study. 

Fig. 5  Schematic showing the shoulder and leg sensor partitions 
(https:// www. proko. com/ wp- conte nt/ uploa ds/ 2015/ 06/ 14- shoul der- 
top- view-1- 600x3 35. jpg, https:// www. pnggu ru. com/ free- trans par-

ent- backg round- png- clipa rt- jbjma, https:// stati c8. depos itpho tos. com/ 
13392 88/ 830/i/ 450/ depos itpho tos_ 83013 11- stock- photo- male- muscl 
es. jpg)

Fig. 6  Flowchart illustrating the data processing procedure

https://www.proko.com/wp-content/uploads/2015/06/14-shoulder-top-view-1-600x335.jpg
https://www.proko.com/wp-content/uploads/2015/06/14-shoulder-top-view-1-600x335.jpg
https://www.pngguru.com/free-transparent-background-png-clipart-jbjma
https://www.pngguru.com/free-transparent-background-png-clipart-jbjma
https://static8.depositphotos.com/1339288/830/i/450/depositphotos_8301311-stock-photo-male-muscles.jpg
https://static8.depositphotos.com/1339288/830/i/450/depositphotos_8301311-stock-photo-male-muscles.jpg
https://static8.depositphotos.com/1339288/830/i/450/depositphotos_8301311-stock-photo-male-muscles.jpg
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When comparing sensors on the right side of the body to the 
left side there was no significant difference, apart from the 
shoulders while the subject surmounted the hurdle. The left 
leg sensor pad displayed a bias at the patella (sensors in the 
left knee region were detecting pressure even when com-
pletely unloaded) that was removed to relate the pressure 
data more closely to the pressure data of the right patella.

Upon completion of the pre-processing of the raw mean 
pressure data, the dynamic peaks for each sensor partition 
was averaged for all 34 subjects and all five repetitions of 
the test course. The resulting averaged mean pressure values 
for each bodily location and task is shown in Table 2 below. 
It should be noted that the left leg sensor was consistently 
reporting a bias that was 2 kPa higher than the right knee. 
The left leg sensor was noticeably more sensitive than the 
right leg sensor with regards to pressure at the knee. An 
attempt was made to re-calibrate the sensor using a pro-
prietary compressed air device, but the device broke and 
was rendered unusable. It is unknown why the left leg sen-
sor specifically displayed a greater sensitivity and could be 
due to a variety of factors. One such common factor could 
have been a compression set in the elastomer material that 
envelopes the capacitive sensor matrix. Another is moisture 
absorption over time from test subject perspiration as these 
sensors had been used previously in military body armor 
studies.

For the statistical analyses, paired t-tests were used to 
compare the differences between the loaded (EOD worn) 
and unloaded (No EOD worn) conditions. We set the sig-
nificance level at 0.05. The pressure data was then corre-
lated with the body mass index (BMI) data using the Pear-
son correlation and other qualitative data using MATLAB. 
The RPE was compared against the pressure data using the 
Spearman’s rank correlation. All statistical analyses were 
performed in MATLAB.

2.4  Results and discussion

The subjects were instructed to complete the course at their 
own pace, this was after completing the course twice without 
being recorded for practice. In general, the test subjects were 
able to complete the test course without the EOD in roughly 

1 min. While wearing the EOD, completing the course took 
approximately 10 s longer. The 2 obstacles that would con-
tribute the most to differences in completion time were the 
hurdle and the stairs. When surmounting the hurdle, subjects 
with longer legs were able to walk over the 2.5 ft obstacle 
with relative ease. With the stairs some subjects cautiously 
climbed down the stairs while holding the guard rail, while 
other subjects quickly descended the stairs at a jogging pace. 
These inconsistencies would appear in the pressure data as 
an increase or decrease in frequency between peaks.

Analysis of perceived exertion revealed a significant 
increase (p < 0.05) from the unloaded condition (6.82 ± 0.29) 
to the loaded (while wearing the EOD suit) condition 
(10.95 ± 0.67) and is depicted as bar chart in Fig. 7. How-
ever, this increase was from ‘very, very light’ to ‘fairly light’ 
activity due to the short amount of time spent wearing the 
suit and the relative ease of completing the tasks. Over a 
longer period, heat exhaustion would have further increased 
the exertion ranking (Stewart et al. 2011). On average, test 
subjects took 10.08 s longer to complete the test course 
while wearing the EOD suit. This time delay occurred 
when the subjects surmounted the hurdle (1.12-s increase), 

Table 2  Mean peak values of 
mean pressure (mean ± a 95% 
of confidence interval, CI 95) 
separated by task and sensor 
location

a Left knee has a bias of approximately 2 kPa for all subjects

Task Sensor region

R. knee R. quad R. shoulder L.  kneea L. quad L. shoulder Lower back

Walking 2.81 ± 0.22 0.32 ± 0.04 3.06 ± 0.24 3.86 ± 0.29 1.20 ± 0.08 3.60 ± 0.31 0.11 ± 0.006
Shuffling 1.90 ± 0.17 0.18 ± 0.03 2.79 ± 0.24 3.02 ± 0.25 1.09 ± 0.08 3.28 ± 0.31 0.09 ± 0.004
Hurdle 4.30 ± 0.39 1.16 ± 0.16 2.58 ± 0.25 4.95 ± 0.53 1.88 ± 0.27 3.02 ± 0.25 0.26 ± 0.010
Crate/ramp 4.96 ± 0.40 9.91 ± 0.41 3.35 ± 0.22 6.26 ± 0.40 11.28 ± 0.75 3.90 ± 0.27 0.35 ± 0.008
Stairs 3.79 ± 0.27 1.56 ± 0.11 3.21 ± 0.22 5.29 ± 0.37 1.95 ± 0.10 3.74 ± 0.28 0.13 ± 0.004

Fig. 7  Comparison of the average EOD fatigue versus the non-EOD 
fatigue. For each participant, the Borg rankings for all 5 trials were 
averaged
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squatted to secure the 20-lb crate (4.53-s increase), and when 
the subjects ascended/descended the stairs (2.31-s increase). 
The remaining 2 s of delay was due to a decreased walking 
speed while wearing the EOD 8 when the subjects were 
walking from where the crate was placed on the ground to 
the stairs.

Noticeable areas of mobility restriction and pressure 
concentrations for both the loaded and unloaded conditions 
were observed. One of the first important observations to 
note was the Pearson correlation between BMI and maxi-
mum recorded pressure (kPa). The Pearson correlation 
measures the strength of the linear association between two 
variables by attempting to draw a line of best fit through 
the data of both variables. A correlation coefficient close 
to the value of 1 indicates a strong correlation and whether 
the sign of the coefficient is positive or negative describes 
the relationship trend. While there was a correlation pre-
sent (r = − 0.51) when the influence of BMI on maximum 
pressure was analyzed, it was neither a strong nor a weak 
correlation (see plot in Fig. 8). This was indicative of how 
the broader the shoulder build of the subjects the lower the 
maximum recorded pressure. The possible explanation for 
the correlation of BMI vs. both shoulders (the right shoulder 
data was provided as an example) would be the size of the 
subjects’ chest and shoulder region. Theoretically, a subject 
with a more pronounced chest and broader shoulders would 
experience a more even pressure distribution. Subjects with 
more slender body types would experience pressure con-
centrated on the scapula acromion. Subjects with broader 
shoulders would have a more evenly distributed pressure 
that would be noticeable on the top of the clavicle as well. 
For subjects with narrower shoulders, it appeared that the 

pressure was more concentrated on the scapula acromion, 
meaning that the vertical weight of the jacket portion of the 
EOD 8 was primarily resting on the outside of the shoulders. 
In previous studies on backpacks, it was shown that 70% of 
pressure rests vertically on the shoulders and the remaining 
30% should rest on the lower back (Lafiandra and Harman 
2004). If this logic is applied to EOD suits, then it is possi-
ble for more narrow body types to carry the majority of the 
jacket weight on the outermost part of the shoulders rather 
than the weight being more evenly distributed across the 
shoulders and neck. Most subjects reported discomfort and 
pain in the shoulders (59%).

It is important to note the response of the shoulders 
and knees when the subject cleared the hurdle. Some of 
the subjects were able to walk over the hurdle by rotat-
ing their entire body. First, the subject would place their 
dominant leg over the hurdle. Second, the subject would 
raise their non-dominant leg and rotate their body, so that 
the non-dominant leg passes over the hurdle heel first. This 
was done in a smooth, spinning motion. Subjects that took 
longer would pause before swinging their trailing leg with 
their toes first. This also caused the shoulder pressure to be 
higher on the right shoulder than the left. See Fig. 9 for the 
time domain plot of both quads clearing the hurdle for two 
different subjects.

Another observation worth noting was the groin protec-
tor as a site of restriction, especially with respect to when 
subjects had to squat down to pick up the crate. Without the 
EOD suit worn, the detected pressure was negligible for both 
the left and right side of the groin region. With the EOD suit 
worn there was a 30-times increase in mean pressure within 
the same groin region and subjects were forced to widen 
their stance to complete lifting the crate. When subjects were 
climbing the stairs mean pressure increased by 25-times at 
the groin. An example of this trend is shown in Fig. 10.

From the post-experiment questionnaire, the quads/groin 
was the second most reported location of discomfort (11%). 
In Fig. 11, the max pressure was compared against the 
mean pressure for the right quad. Upon inspection, the vari-
ability and degree of separation of the crate data from the 
other tasks is very distinguishable. The stairs data also has 
increased variability and is significantly different (p < 0.05) 
than the shuffling and walking data. The crate and stairs 
data were isolated into scatter plots in Fig. 12 to show the 
large increase in pressure from the loaded condition to the 
unloaded condition.

In Fig. 13, a heuristic overview of pressure increase is 
shown with the utilization of a visual aid to show the larg-
est increases in pressure from the unloaded condition. From 
this diagram it is clear that, while the shoulders maintained 
a relatively constant change in pressure from the unloaded 
condition for most tasks, there were also larger spikes in 
pressure in other regions for certain tasks. As a result, the 

Fig. 8  Average maximum pressure for the right shoulder during the 
walking portion of the test course for each subject versus body mass 
index
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shoulders were the source of most discomfort due to the pain 
associated with constant force being applied on the ends of 
the shoulders away from the neck. Simultaneously, in brief 
instances a portion of the EOD 8 can become cumbersome 
dependent on the task being accomplished. Typically, any 
task requiring a participant to change elevation results in 
noticeable restrictions at the interface of the legs.

3  Conclusions and future work

This was the first study conducted for the purpose of observ-
ing discomfort in EOD suits using strategically located pres-
sure pad sensors combined with a relatively large number 
of diverse participants. A total of 34 subjects completed 
an obstacle course consisting of five different tasks and 

walked for 2 min on a treadmill. The obstacle course was 
completed five times and the treadmill was used once for 
both the loaded and unloaded conditions. Our results dem-
onstrate that the EOD 8 consistently exerted a large amount 
of pressure in the acromion region of the shoulder, while 
also restricting motion in the groin.

This study demonstrates the feasibility that pressure could 
be used as a metric to help evaluate the ROM of EOD suits. 
This conclusion was supported by the recorded quantitative 
pressure data and qualitative discomfort anecdotes reported 
by participants in regions that showed a significant increase 
in pressure for certain tasks while wearing the EOD 8. 
Even the newer model EOD 9 bomb suit only added minor 
changes as compared to the EOD 8 to improve basic user 
quality and functionality. These changes included the addi-
tion of an improved helmet ventilation system to the back of 

Fig. 9  Subject 14 left quad clears hurdle first (a) versus subject 16 right quad clears hurdle first (b)

Fig. 10  Mean pressure over time of the right quad for crate (a) and stairs (b) tasks for loaded and unloaded conditions
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the helmet and a cabled control panel on the sleeve to actuate 
the helmet ventilation system and lights built into the helmet 
(Kemp et al. 2008). While these additions provided modest 
improvements in comfort and convenience to the user, it is 
only recently that there have been substantial changes to 
the suit with the release of the EOD 10. The biggest change 
being the elimination of the separate groin protector that was 
a source of movement restriction identified in this current 

study. With these insights, our study has provided a method-
ology to assist with the quantification of task performance, 
mobility, restriction, and discomfort while wearing EOD 
suits.

Based on the findings of this study, we would like to 
propose three recommendations to reduce EOD suit restric-
tion and discomfort. Our first recommendation is to avoid 
unnecessary material bulk that may hinder hip joint rotation, 

Fig. 11  Right quad pressure 
scatter plot shows that the crate 
and the stairs have a signifi-
cantly higher pressure than the 
other tasks and increased vari-
ability

Fig. 12  Mean pressure on the right quad picking up the crate (a) and mean pressure at the right quad ascending/descending the stairs (b)
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shoulder joint rotation, elbow, and/or knee rotation. If mate-
rial bulk is necessary at a bodily joint to protect vitals, there 
should be some form of strain relief to allow joint rotation 
in that region. The second suggestion would be to design 
EOD jackets that rest closer to the midline of the shoulder 
while reducing weight. This suggestion would be critical 
to avoid soft tissue damage under the clavicle with future 
iterations of any EOD suit (Hadid et al. 2015). Finally, 
EOD suits should be redesigned to better fit the contours of 
the human torso, so that the suit is resting proximal to the 
shoulder. Better shoulder pressure distribution and a tighter 
fit on the pectoral region would increase the surface area 
to distribute the vertical forces on the shoulder while the 
compression of the suit on the chest would help partially 
redistribute the load. This would reduce the physiological 
strain on the EOD technician and increase the effectiveness 
of their performance (Holewijn 1990; Vacheron et al. 1999). 
These measures would help improve task performance and 
mobility while also reducing the risk for spinal and soft tis-
sue damage from continuously carrying a heavy load (Roy 
et al. 1976; Park 2013).

Future research should utilize smaller sensors, especially 
on joints like the knees and shoulders to produce a more 
precise pressure reading. It is also crucial to protect the 

sensors from humidity and moisture since it could affect the 
material properties of the elastomer containing the sensor 
matrix (Wettenschwiler et al. 2015b; Jansson et al. 2012). 
Multiple EOD suits such as the Med-Eng EOD 9 and EOD 
10, as well as a Next Generation Advanced Bomb Suit pro-
totype developed by Combat Capabilities Development 
Command Soldier Center in Natick, Massachusetts, could 
be tested against each other in conjunction with the inclusion 
of a load distribution system (LDS) and exoskeleton. Load 
redistribution systems can be used to alleviate discomfort at 
the shoulders by redistributing some of the pressure to the 
hips using a passive mechanical system. Exoskeletons can 
assist the muscles in the body by redistributing or reducing 
their loads. As an example, motorized or hydraulic actua-
tors that are strategically placed parallel to the quads could 
reduce muscle fatigue during a squatting motion (Hite 2014; 
Mooney et al. 2014; Zhang et al. 2017; Ding et al. 2018; Xia 
et al. 2020; Patil et al. 2018; Xu et al. 2020). An example of 
a passive exoskeleton system would be elastic bands span-
ning the length of the quads, acting as an artificial mus-
cle (Herr and Langman 1997; Briner and Linn. 2011; Hite 
2014). The results in this paper have provided a baseline 
to conduct these evaluations and could inform better EOD 
suit designs, while also examining the effects of passive and 

Fig. 13  EOD 8 mean pressure normalized by the unloaded condition for each task and bodily region
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active assistive devices using distributed pressure sensing 
or other sensing approaches. This methodology could also 
be used to improve the fit a functionality of exoskeleton 
systems.
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