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Abstract—For servicemembers who have sustained amputa-
tions and wish to return to Active Duty, performing common 
military tasks is essential. The purpose of this study was to 
examine the metabolic requirements of servicemembers with 
transtibial amputations wearing a loaded rucksack and walking 
at a steady speed. We tested 12 servicemembers with unilateral 
transtibial amputations and 12 uninjured controls on a treadmill 
at two walking speeds (1.34 and 1.52 m/s) while they carried a 
32.7 kg load. Oxygen consumption was recorded. Results showed 
that metabolic demand for the injured servicemembers was 
significantly higher (8.5% at 1.34 m/s and 10.4% at 1.52 m/s) 
than for controls. An understanding of energy expended during
load carriage by this study population is critical for decisions 
regarding return-to-duty requirements. Although significant
differences existed between uninjured controls and those with 
amputations, it is important to note that those differences are less 
than previously published. This finding, coupled with the fact 
that servicemembers with transtibial amputations have rede-
ployed, implies that, despite statistical significance, results may 
not be clinically relevant. Future work should include more tax-
ing conditions to identify a threshold for potential limitations.

Key words: Borg Rating of Perceived Exertion, energy con-
sumption, limb loss, load carriage, locomotion, military, return 
to duty, transtibial, treadmill, unilateral.

INTRODUCTION

All Active Duty U.S. Army servicemembers with 
major limb loss must eventually enter a service-specific 

Medical Evaluation Board (MEB) process as prescribed by 
Army Regulation 40–501 [1]. For soldiers who have sus-
tained amputations and wish to return to Active Duty, it is 
essential that they be able to perform common soldier 
tasks, such as marching with loads in different field envi-
ronments. As a result of Operations Iraqi Freedom (OIF) 
and Enduring Freedom (OEF), the U.S. military is caring 
for an increased number of traumatically injured service-
members with major limb loss. Of 1,337 servicemembers 
with major limb amputation, 118 have remained Active 
Duty or Active Reserve, including 30 who have redeployed 
to Iraq or Afghanistan [2]. There is renewed emphasis on 
supporting servicemembers with amputations who wish 
to return to duty, as many of those injured supporting 
OIF/OEF have much-needed soldier skills and valuable 
experience. In a challenging recruiting environment, it is 
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especially important to retain capable, experienced, and 
motivated military personnel.

Little is known about the ability of servicemembers 
with amputations to meet military standards when exe-
cuting soldier tasks involving physical activity. The MEB 
is therefore limited in the knowledge base it can apply to 
support a soldier’s return to duty. This study is focused 
on acquiring information pertinent to one physical 
activity that dismounted troops are often required to per-
form: foot marches carrying military loads.

Because of advances in technology, including body 
armor, new weapons, and communication equipment, 
average loads carried by dismounted soldiers have tripled 
to upwards of 41 kg (90 lb) since the 18th century [3–4]. 
Reports on current U.S. operations in Afghanistan reveal 
that light infantry troops are carrying weights of 45 kg 
(100 lb) or more during dismounted operations [5–6]. One 
concern for soldiers who have lower-limb amputations and 
wish to return to duty is that, even without a load on the 
body, the reported energy expended in locomotion by 
amputees is greater than for individuals with intact limbs 
[7–9]. Because the conduct of foot marches by uninjured 
military carrying heavy loads entails a high metabolic cost 
[10], the additional physiological stress of load carriage 
may render servicemembers with amputations unable to 
participate successfully in military foot marches.

Experimentation to determine the energy cost entailed 
in walking with loaded military packs has not been per-
formed on human subjects who have sustained lower-limb 
amputations. However, the most widely studied aspect of 
load carriage is the physiological cost to soldiers with 
intact limbs of walking while bearing a load [3,11]. The 
research has indicated an approximately linear relation-
ship between load mass and energy expenditure, as meas-
ured by the rate of oxygen consumption (VO2) [12]. 
Further, the relationship between energy cost and walking 
speed has been described as a simple exponential func-
tion, with energy expenditure increasing rapidly at speeds 
above about 0.8 m/s (1.9 mi/h) [13–14]. Based on the sys-
tematic manner in which energy cost increases as a func-
tion of walking speed, grade of the walking surface, body 
mass, and external load mass, equations have been estab-
lished to predict the energy cost of load carriage in unin-
jured individuals [15–16].

The predictive equations and research studies establish-
ing relationships between energy cost and variables rele-
vant to load carriage have been used to develop guidance 
for Army field commanders in planning and executing foot 

marches [17]. The Army guidance suggests the load masses 
and march paces possible to complete marches of several 
hours without exhausting the troops. A recent study of 
uninjured servicemembers reports that wearing body armor 
alone significantly increases VO2 associated with walking 
at slow and moderate paces and negatively impacts physi-
cal work capacity [18]. The trade-offs that must be consid-
ered between the march speed and the weight carried in 
order to avoid loss of soldiers to exhaustion are also 
detailed. If soldiers who sustained unilateral, transtibial 
amputations (TTAs) returned to duties that entailed foot 
marches, they would be expected to participate in marches 
conducted in accordance with this guidance. There is a 
dearth of data on which to assess the likelihood that a ser-
vicemember with an amputation could successfully com-
plete a loaded march under these conditions.

No service-wide military physical fitness test exists. 
Of the service-specific tests, objective testing of the work-
related fitness for military occupations is limited. The 
backpack run test is proposed by Vanderburgh and Flana-
gan because it measures aerobic fitness, along with militar-
ily relevant load carriage [19]. Vanderburgh and Flanagan 
claim that the backpack run test eliminates body-mass bias 
of an unloaded run. One obvious drawback is the lack of 
empirical research related to injury risk with loaded run-
ning, especially in the amputee population.

The research on energy cost during ambulation in 
people with lower-limb amputations has been focused 
mainly on evaluating designs of prosthetic devices [8,20–
21]. The test conditions involved lightweight clothing 
only; backpacks and other load-carriage equipment have 
not been used. In some of this research, uninjured sub-
jects have been evaluated for control comparison. These 
studies conclude that people with amputations generally 
consume more energy than nondisabled controls. The dif-
ferences between the two groups are affected by a num-
ber of variables, including the level of amputation, the 
prosthetic device worn, and the physical condition of the 
individuals [9,22]. Energy costs for people with unilat-
eral lower-limb amputations have been reported to range 
from about 20 percent to more than 60 percent higher 
than those without limb loss during walking trials con-
ducted at experimenter-determined (forced) speeds [7–8]. 
When walking speed is selected by the individual rather 
than imposed by the experimenter, people with amputa-
tions tend to walk at a slower pace than uninjured sub-
jects. Energy costs of people with amputations are still 
higher than those without limb loss, but the differences in 
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energy costs between the two groups are reduced some-
what compared with walking at forced speeds [7].

The primary objective of this study was to quantify 
and compare the energy expended by servicemembers 
with no limb loss and those with a unilateral TTA while 
walking at two military foot-march speeds and carrying a 
military approach load. We hypothesized that those with 
unilateral TTA would expend more energy during loco-
motion at each march speed than servicemembers with-
out limb loss. A secondary objective was to evaluate the 
utility of the Borg Rating of Perceived Exertion (RPE) 
[23–24] scale in this environment.

METHODS

Twenty-four male subjects completed the required 
testing for this study, with 12 subjects who had sustained 
unilateral TTAs and 12 subjects with no limb loss (demo-
graphics in Table 1). The study participants who did not 
have amputations were U.S. Army enlisted personnel 
recruited from the U.S. Army Soldier Center, Natick, 
Massachusetts. These individuals were volunteers from 
among the enlisted personnel assigned to serve as human 
research volunteers for studies conducted by U.S. Army 
Natick Soldier Research, Development, and Engineering 
Center and other organizations located at the U.S. Army 
Soldier Center. The control participants traveled to Walter 
Reed Army Medical Center for the purpose of taking part 
in this study.

Volunteers with unilateral TTAs were recruited from 
among current military servicemembers (Regular Army, 
Army Reserve, or National Guard). Individuals with 
TTAs are followed regularly in physical therapy and in 
the Physical Medicine and Rehabilitation Amputee Clinic 
of Walter Reed, where they were informed of the study. 
Inclusion criteria for the subjects consisted of the ability 
to tolerate treadmill walking at multiple speeds under a 
load of up to 32.7 kg, active military status or coverage 

under a serving family member’s healthcare plan, and age 
between 18 and 35 years. Inclusion criteria for the sub-
jects with TTAs also included at least 6 months of ambu-
lation. Exclusion criteria included a history of medical 
conditions preventing cardiovascular training and comor-
bidities that did not permit safe, painless, independent 
walking. All subjects with TTAs wore their preferred 
energy-storing and return feet and were tested in their cur-
rent socket, whether it was check (temporary) or defini-
tive (permanent) (TTA demographics, Table 2). Residual-
limb health was unremarkable as far as skin integrity and 
healing. One subject reported heterotopic ossification that 
did not limit function; three others reported decreased or 
increased sensitivity of the residuum.

Testing was conducted over 2 days to ensure that sub-
jects did not fatigue. Subjects were asked to refrain from 
eating large meals before testing and also not to ingest any 
caffeine on the testing day. Subjects were fitted with a Polar 
heart rate monitor (Lake Success, New York) and metabolic 
mask. Data were collected using a COSMED K4b2 meta-
bolic unit (Rome, Italy) that was calibrated immediately 
prior to use. Calibration was performed according to manu-
facturer’s specifications, which included room air, refer-
ence gas, delay, and turbine calibrations. Collection began 
while the subjects rested for 5 min, followed by 10 min of 
walking on a treadmill while wearing a rucksack. The sub-
jects continued to be monitored while they rested again.

Table 1.
Subject demographics.

Subjects
Age
(yr)

Height
(cm)

Weight
(kg)

Control (n = 12) 20.9 ± 2.8 179.5 ± 5.2 83.2 ± 9.2
Servicemembers 

with TTA (n = 12)
26.9 ± 5.5 182.1 ± 6.2 93.7 ± 19.3

TTA = transtibial amputation.

Table 2.
Demographics of subjects with transtibial amputations.

Subject
#

Socket Foot
Time from 

Amputation 
(yr)

1 Definitive VSP* 3.3
7 Definitive Ceterus* 0.7
8 Definitive unknown 5.0

10 Definitive VSP* 0.4
11 Check Renegade† 0.8
12 Check VSP* 0.6
13 Definitive Ceterus* 3.5
14 Definitive VSP* 0.5
16 Definitive Ceterus* 2.5
18 Definitive Renegade† 1.4
19 Definitive Renegade MX† 1.1
21 Check VSP* 0.5

*Össur; Reykjavic, Iceland.
†Freedom Innovations, LLC; Irvine, California.
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The resting stage was terminated in 5 min if subjects were 
within 10 beats/min of their baseline resting measures. Col-
lection continued until resting measures met the criterion 
for cessation.

Servicemembers were tested at two walking speeds, 
which were randomized between the two testing days. In 
consonance with military situations in which march pace 
is not under control of the individual soldier, the speeds 
tested in this study were investigator-controlled. Walking 
was performed at speeds of 1.34 m/s (3.0 mi/h) and at 
1.52 m/s (3.4 mi/h), which are in the mid-range and on 
the high end, respectively, of speeds of military foot 
marches [17]. Both speeds are within the ranges tested in 
previous studies of energy costs associated with amputee 
locomotion [8,20–21] and with load carriage by soldiers 
[25]. Walking was performed on a medical-grade tread-
mill (Woodway PPS 55 Med Treadmill; Waukesha, Wis-
consin). The treadmill was set to the horizontal position.

At each speed, servicemembers who had unilateral 
TTAs and soldiers with intact limbs were outfitted in cloth-
ing and equipment, including a rucksack, that reflected the 
components and the weight of an infantry rifleman’s 
approach march load. This load configuration has been 
used in past research on the energy cost of military load 
carriage [11,25]. The weights of the loads carried by rifle-
men and other members of infantry squads vary with the 
mission, the threat, and the environment [4,17]. In this 
study, the weight of all items worn or carried on the body 
was 32.7 kg (72 lb), which is within the range of weights 
included in earlier studies of energy costs of military load 
carriage [10,12,14]. The weight was selected for use in the 
present study because it reflects published Army guidance 
for field commanders regarding load weights to be carried 
on a foot march. The guidance suggests that the mass of 
the fighting load, inclusive of all clothing and equipment 
on the body, not exceed 21.8 kg and that the mass of the 
approach march load not exceed 32.7 kg, again inclusive 
of all items worn or carried on the body [17].

The approach march load included the basic outfit, a 
helmet, a weapon, and a ballistic protective vest, plus the 
load-carrying vest and the rucksack and frame of the cur-
rent Army carriage equipment, the modular lightweight 
load-carrying equipment (MOLLE). Dummy rounds of 
ammunition and dummy grenades were placed in pockets 
and pouches attached to the front of the MOLLE vest, 
and a 1 qt, water-filled canteen was placed on the vest at 
waist level. The MOLLE rucksack was loaded with items 
that soldiers typically carry to achieve a weight of all 

rucksack components, including the load in the pack 
itself, of 10.9 kg. The 32.7 kg weight of the approach 
march load configuration did not include the TTA volun-
teer’s prosthesis, which was incorporated into the TTA 
volunteer’s body weight.

Volume of oxygen was recorded throughout the period 
of treadmill walking. Data from the last 2 minutes of walk-
ing (assumed that the subject had achieved steady state) 
were averaged to yield the oxygen consumption (kilo-
grams per milliliters per minute). A mean was obtained 
over this period and entered into the analysis. The Borg 
RPE [23–24] was recorded at the end of the walking test. 
The RPE is a 15-category scale, ranging from 6 to 20, used 
to rate perceived exertion from no exertion at all (i.e., rest) 
to maximum exertion. When administered in studies of 
load carriage, the ratings appear to reflect feelings of 
increased muscle tension and sensations from skin, ten-
dons, and ligaments rather than a more generalized level of 
exertion [26]. To account for this, a discomfort question-
naire was completed at the end of each walking test in this 
study. The Discomfort Questionnaire is a schematic of the 
body where the subject reports discomfort in any segment 
using a 5-point scale (1 = no discomfort, 5 = extreme dis-
comfort). The RPE and the Discomfort Questionnaire data 
in the present study were acquired to contrast results of 
servicemembers with no limb loss and those with a unilat-
eral TTA.

RESULTS

For the slow speed, data from three of the service-
members with TTAs and one control were omitted 
because of errors in the data collection equipment. In the 
fast condition, data from three servicemembers with 
TTAs and two controls were removed, secondary to the 
same equipment error. Data were evaluated for normality 
and determined to be non-normal. To evaluate for differ-
ences between groups, a Wilcoxon rank-sum test was 
used with significance set at p = 0.05.

Metabolic results showed significant differences 
between groups at both speeds (p = 0.03 at 1.34 m/s and p = 
0.04 at 1.52 m/s). Differences between speeds were also 
evaluated, with results showing the metabolic output while 
walking at 1.52 m/s to be significantly greater than at 
1.34 m/s (p < 0.001, Figure 1).

Results for the RPE (Figure 2) failed to show a signifi-
cant difference between the servicemembers with TTAs and 
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those with no injury at both speeds (p = 0.08 and p = 0.18
for the slow and fast speeds, respectively). The ratings 
given also failed to show significant difference between 
speeds (p = 0.49), nor were RPE and oxygen consumption 
related (illustrated in Figure 3).

Discomfort Questionnaire scores reflected slight to 
moderate residual-limb discomfort in all but two subjects 
(2.3 ± 0.49) and slight low back discomfort in three of the 
subjects with TTAs. The control subjects reported a slight 
discomfort at a number of body sites: six reported lower 
back discomfort, three shoulder, three abdomen, and two 
pelvic. One control reported moderate discomfort because 
of the helmet. There was no trend related to testing speed 
in either group.

DISCUSSION

An understanding of the energy expended during load 
carriage by servicemembers with unilateral TTAs is criti-
cal for decisions regarding requirements for return to 
Active Duty. Results of this study showed that the VO2
for servicemembers who sustained unilateral TTAs is 
greater than that of their uninjured counterparts under the 

same load and speed conditions (Figure 1). Although sig-
nificant differences existed between uninjured service-
members and those with unilateral TTAs, it is important to 
note that those differences are less than previously pub-
lished. Results from this study showed that metabolic 
demand for servicemembers with amputations was 8.5 
percent and 10.4 percent higher than that for the controls 
at speeds of 1.34 m/s and 1.52 m/s, respectively. An ear-
lier study reported a 16 percent increase in unloaded met-
abolic effort between subjects with TTAs and those with 
no injury [27]. Additionally, in the earlier study, the self-
selected pace of those with TTAs was 11 percent slower 
than the pace selected by uninjured subjects (1.12 m/s and 
1.25 m/s, respectively). Self-selected pace has been 
reported to be the most efficient speed for people with 
lower-limb amputations [28–29]. The individuals with 
TTAs in the earlier study demonstrated a much higher 
metabolic demand than the servicemembers with TTAs in 
the current study, despite the fact that the current study 
entailed a faster speed and the additional stress of load 
carriage.

The high levels of metabolic efficiency displayed by 
the individuals in the current study who had TTAs com-
pared with reports in the literature on individuals with 

Figure 1.
Oxygen consumption (mL VO2/kg/min) for servicemembers with transtibial amputations and uninjured servicemembers while carrying 

32.7 kg load and walking on treadmill at two speeds (1.34 m/s and 1.52 m/s). *Significant difference of p  0.05.
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amputations [8,27–29] may be attributable to differences 
in the populations under study. Much of the literature 
reports on individuals who are older, nonmilitary, or 
whose amputations may be associated with impaired 
health [8–9,22,27,29]. In addition, prostheses are pre-
scribed based on activity level. The military population, 
having a high level of fitness, is prescribed prostheses 
that match that level of function.

With regard to the RPE [23–24] findings, the ratings 
given by the servicemembers in this study were not high 
(Figure 2). In the literature, VO2 was found to be signifi-
cantly correlated with RPE in highly fit males [30]. How-
ever, in this study no relationship was found between the 
RPE and VO2 (illustrated in Figure 3). Typically, the 
RPE increases as the VO2 increases; however, this was 
not the case in this study. Additionally, servicemembers 
take pride in their strength and reject anything that can be 
perceived as weak. This is further supported by the Dis-
comfort Questionnaire: except for three subjects report-
ing moderate discomfort in their residual limb, none of 
the servicemembers with amputations reported a pain 
level more than a slight discomfort anywhere on their 
person. Residual-limb discomfort often stems from limb-
volume changes that can affect socket fit throughout the 
day. However, this sample of servicemembers does not 

appear to readily report discomfort, fatigue, or stress, 
regardless of the physical task imposed.

The results of this study can be explained by many 
factors, including age, preinjury physical fitness, and toler-
ance of servicemembers with amputations to an aggressive 
rehabilitation program. Servicemembers with unilateral
TTAs demand more energy during loaded walking than 
their uninjured counterparts; however, the demand may 
not be prohibitive of returning to premorbid levels of 
activity or returning to duty. Metabolic demands for this 
group do not appear to be as great as the literature would 
lead one to believe. Findings indicate that those with TTAs 
may be able to successfully meet military job performance 
standards; as such, further investigation into servicemem-
bers with all levels of amputation is warranted. Results 
may show that a young and otherwise healthy population 
that follows an aggressive rehabilitation program may be 
able to return to levels of metabolic efficiency close to pre-
amputation levels.

One of the main limitations of this study was that the 
subjects may not have been taxed sufficiently during test-
ing. The speeds were chosen based on Army regulations, 
but did not account for variable terrain over an extended 
period of time. In order to address this limitation in the 
future, treadmill testing should include inclines, as well 
as an increased duration of walking, to better represent 

Figure 2.
Perceived exertion for servicemembers with transtibial amputations and uninjured servicemembers while carrying 32.7 kg load and 

walking on treadmill at two speeds (1.34 m/s and 1.52 m/s).
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conditions experienced in theater. Additional speeds can 
also be considered. It is necessary to test load carriage capa-
bilities during more demanding tasks (e.g., inclines and 
declines, uneven terrain, realistic wartime conditions [in a 
virtual environment], or performance of service-specific
military tasks). Another improvement to this study would 
be to address prosthetic components by creating a study 
with different categories of feet to determine effects on bio-
mechanics and energy efficiency, ultimately to inform man-
ufacturers in order to make adjustable prostheses that 
accommodate to altered loads or terrain. Future research 
can also include individuals with a higher level of injury 
(e.g., transfemoral amputations). Based on the results of 
this research, it appears that the population of interest, spe-
cifically young, active, otherwise healthy servicemembers, 
may not be sufficiently represented in the current literature.

CONCLUSIONS

Functional studies of injured servicemembers are 
essential to provide guidance regarding those who wish 
to remain on Active Duty. The results from this study 
show that the energy consumption for servicemembers 
with TTA is significantly greater than that of uninjured 

servicemembers, although the results may not be clini-
cally relevant. Compared with previously reported data 
on civilian populations, these participants are less bur-
dened by their injury and perform closer to their unin-
jured counterparts. Servicemembers with TTA may be 
able to resume their former duty assignments or remain 
on Active Duty in new roles.
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