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Abstract—The difficulties confronted by amputees during over-
ground walking are rarely investigated. In this study, we evalu-
ated, in real-world situations, the influence of ground surface on
walking in young, active amputees by measuring temporal and
spatial gait parameters (free walking speed [FWS], step length
[SL], step rate), energy expenditure (EE) (e.g., oxygen uptake,
oxygen cost [O2C]), and Rating of Perceived Exertion (RPE).
Ten active transtibial amputees and ten nondisabled control sub-
jects walked at self-selected speeds on three types of ground sur-
face (asphalt, mown lawn, and high grass). No significant
differences were observed between the two groups on asphalt
and mown lawn. Differences between nondisabled subjects and
amputees occurred for FWS (p = 0.03) and O2C (p = 0.04)
on asphalt and mown lawn and for all variables in high grass.
When amputees (even though very active) were exposed to a
particularly difficult environment, their FWS decreased (p =
0.008) and their EE and RPE increased (p = 0.005) compared
with nondisabled subjects. In high grass, both groups reduced
their self-selected speeds (–15% for control subjects and –16%
for amputees). Control subjects reduced their velocity by reduc-
ing both SL (–8.7%) and cadence (–7.1%), whereas amputees
reduced their velocity by reducing SL (–17%) only.

Key words: energy expenditure, ground surface, lower-limb
amputee, metabolic characteristics, oxygen cost, oxygen rate,
spatial gait parameters, temporal gait parameters, walking,
walking speed.

INTRODUCTION

Human locomotion involves smooth advancement of
the body with the least mechanical and physiological
energy expenditure (EE) [1]. Oxygen cost (O2C)
increases at both slow and fast walking speeds and is
lowest at moderate speed for both nondisabled and dis-
abled persons. However, studies on lower-limb amputees
demonstrated that their oxygen uptake ( ) was
approximately the same as that of control subjects at cus-
tomary walking speed, even though the amputees’ cus-
tomary walking speed was slower [2]. This increased
energy cost (per meter) is a result of slower walking
speed or higher rate of  (per minute), depending on
the level of amputation and physical fitness [2–5].

In most studies, younger amputees (usually from
traumatic injury) are not distinguished from older ampu-
tees (usually from vascular disease). In our clinical prac-
tice, young, active amputees experience little difficulty
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with their activities of daily living, but terrain-related
conditions (e.g., uneven ground, decline, poor visibility)
may cause some problems.

Researchers have conducted most gait studies in the
laboratory at comfortable or defined speeds and mea-
sured the relationships between EE and incremental
changes in walking speed, step rate (SR), or step length
(SL) [6–7]. The type of walking surface and footwear has
little effect on EE, unless the surface in the laboratory is
extremely rough [8–9].

Generally, the researcher’s goal is to investigate biome-
chanical parameters (center-of-mass motion, energy trans-
fer mechanism) [10–11] and energy-related parameters that
could be used to design and improve prosthetic equipment
[12–13]. Studies conducted under real-world conditions
[14] or on simulated terrain [15–16] are scarce compared
with experiments on treadmills. Overground walking is a
part of the quality of life of amputees, particularly active
amputees who want to function well on a variety of terrains
for their professional or recreational activities [17]. To our
knowledge, no studies exist on the influence of terrain on
EE or the strategies prosthesis-wearing amputees (or non-
disabled subjects) use to adapt spatial and temporal gait
parameters to terrain-related factors.

The fact that nondisabled subjects select structures and
strategies that reduce EE for locomotion has been reported
in older publications [8]. The center-of-mass vertical
motion is the most frequently cited hypothesis [18–19].
Nondisabled subjects spontaneously walk at a speed that
minimizes energy cost per unit distance [20–21] by adopt-
ing an optimal relationship between SL and SR [22–23].
Subjects who are unable to attain the preferred cadence are
forced to ambulate in the higher energy-cost range [24].
Such observations are in agreement with data produced
by simple mathematical models of optimal bipedal gait
[25–26]. This cost-effective strategy has been demonstrated
for nondisabled subjects who were walking [27], running
[28], climbing stairs [29], and walking in sand [15].

Apparently, energy-sparing strategies are also
adopted by hemiplegics [30] and amputees [31–32]. Like
nondisabled subjects, hemiplegics and amputees also
adopt strategies to achieve optimal mechanical and ener-
getic adaptation to the environment. Knowledge of how
these strategies operate in amputees in comparison with
other disabled or nondisabled subjects could help us bet-
ter understand the plasticity of what has been termed “the
subtle mechanism of walking” [33].

We conducted this study to investigate, in real-world
situations, the influence of ground surface on walking in
prosthesis-wearing transtibial amputees compared with
nondisabled subjects by measuring temporal and spatial
gait parameters, EE, and Rating of Perceived Exertion
(RPE). Specific research questions included:
  • How much energy does a transtibial amputee expend

in real-world situations on asphalt, mown lawn, and
high grass?

  • What SR and SL are adopted? 
  • Do young, active amputees adopt different strategies

than nondisabled subjects with equivalent physical
status?

METHODS

This study was conducted between 2001 and 2003 in
two groups of subjects: transtibial amputees and nondis-
abled subjects. For the amputee group, inclusion criteria
were (1) lower-limb unilateral amputation below the knee
with section of the tibia, (2) amputation performed after
trauma, (3) no other disease or disability, (4) no other his-
tory of surgery, (5) daily use of a well-fitted prosthesis for
≥1 yr, (6) ability to walk without a limp and without an
assistive device, and (7) resumed physical, occupational,
and recreational activities. Characteristic features of the
amputee group are presented in Table 1.

Each amputee was matched with a nondisabled con-
trol for sex, age, body weight, length of lower limbs, and
level of physical activity [34]. Characteristics of the two
groups are presented in Table 2. Eating, smoking, and
caffeine intake were proscribed for 4 h before measure-
ments were taken. All subjects volunteered to participate
in the study and provided informed consent. The protocol
received the approval of the District Human Ethics Com-
mittee at the Université de Nancy.

The amputee group was a young population (mean
age 39.2 yr). Leg injury leading to amputation was the
only traumatic event in 8 of the 10 subjects; traffic acci-
dents predominated. Amputation occurred a mean of
17.4 yr before the study. This population of very active
subjects wore high-performance well-fitted prostheses
with silicon liners and suspension sleeves or distal attach-
ments. All the prostheses had an energy-storing foot and
two of them had a complementary shock absorber.
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All amputees had a high level of daily physical activ-
ity (generally occupational activity). Three amputees
participated in recreational sports activities and two oth-
ers in competitive sports.

All measurements were made outdoors on a flat sur-
face. The track, although similar to a running track, had no
half-turn (i.e., it was shaped like an oval). Each subject
walked on three ground surfaces: asphalt, mown lawn
(grass height ~1 in., 2–4 cm maximum), and untended
uneven ground (grass height 5 in., 12–20 cm maximum).
Measurements were made during warm (18 °–24 °C,
mean 20.5 °C) sunny or cloudy, but not rainy, weather, on
dry ground. Baseline measurements of EE and heart rate
were made while subjects were in the sitting position
under the same outdoor conditions after a 10 min rest.

The subjects were instructed to walk as naturally as
possible. No instructions were given concerning speed,
SR, or SL. The subjects walked on each of the 3 types of
terrain for 10 min. The order of the ground surfaces was
randomized for each subject. Each recording lasted 10

min. We retained the last 2 min of the recording for analy-
sis so conditions would be stable (validated with 
curve as generally recommended). After walking over
each ground surface, the subject rested in the sitting posi-
tion until  returned to the baseline level (5–11 min,
mean 8 min 20 s). The RPE was administered after sub-
jects walked over each ground surface [35].

An experimenter observed and counted the number
of steps taken over 100 m during the last 2 min of the
recording. Verification was made a posteriori by analysis
of a videotape recording. Average walking speed was
expressed as the time (measured with a chronometer)
required for a subject to walk the 100 m. We calculated
SR (steps/min), SL (meter/steps), and walk ratio (WR)
[WR = (SL/SR)] from this 100 m data.

Indirect calorimetry was performed with the KB1-C
ambulatory metabolic analysis open-circuit spirometry-
based system (AeroSport, Inc, Ann Arbor, Michigan),
which measures  and other physiological attributes
(carbon dioxide production, minute ventilation, respiratory

Table 1.
Selected characteristics of residual limb and prosthetic devices of amputees (N = 10).

Subject Sex Age
(yr)

Activity
Level*

Cause of Amputation
(Accident)

Yr Since
Amputation

Residual Limb
Length (cm)

Prosthetic Socket/
Suspension

Foot-Ankle
Unit

1 M 51 A Hunting 32 20 TSB/SL, S ESF
2 M 33 R Automobile 13 13 TSB/SL, P ESF
3 M 41 A Motorcycle 13 17 TSB/SL, P ESF
4 M 45 R Occupational (crush) 33 30 TSB/SL, P ESF
5 M 65 R Recreational 38 15 TSB/SL, S ESF
6 M 33 C Motorcycle 11 28 TSB/SL, S ESF
7 M 51 A Occupational automobile 19 16 TSB/SL, P ESF
8 M 28 C Occupational automobile 10 24 TSB/SL, P ESF, SA
9 M 21 A Occupational (fracture) 2 20 TSB/SL, S ESF

10 M 24 C Motorcycle 3 25 TSB/SL, P ESF, SA
*Source: Dejour H. Results of the treatment of anterior laxity of the knee [In French]. Rev Chir Orthop Reparatrice Appar Mot. 1983;69(4):253–302 [PMID: 6226067].
C = competitive sports, R = recreational sports, A = active, S = sedentary, TSB = total surface bearing, SL = silicon liner, P = pin attachment, S = suspension sleeve,
ESF = energy storing feet, SA = shock absorber.

Table 2.
Mean physical characteristics of two study groups (nondisabled, amputee; N = 20).

Characteristic Amputee Nondisabled p-Value*

Age (yr) 39.2 39.7 0.13
Height (cm) 178.1 175.6 0.10
Weight (kg) 79.3 76.7 0.18
Leg Length (cm) 95.9 92.3 0.09
Baseline  (mL O2/kg/min) 4.29 4.41 0.20
*Student’s t-test.

 = oxygen uptake.
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quotient) [36]. EE was derived from the measured .
The KB1-C metabolic system contained electronic instru-
mentation, a battery, oxygen and carbon dioxide sensors,
and telemetry connections to a microprocessor that permit-
ted radio transmissions to a receiver and computer [37–38].
The subjects were required to wear a mouthpiece and a face
mask. The KB1-C was programmed to measure  at
20-second intervals. We used a separate system (Polar
Electro Oy, Kempele, Finland) to monitor heart rate. 
was expressed in mL O2/kg/min and O2C in mL O2/kg/m
[37].

We used independent student’s t-tests to compare
characteristic features of the amputee and control groups.
Two-way analyses of variance were performed to assess
the effect of ground surface (high grass vs mown lawn vs
asphalt) and amputation (nondisabled vs amputee) on the
variables: free walking speed (FWS), SL, SR, WR, ,
O2C, and RPE. The α for significance was set at 0.05.
When we obtained a significant F-statistic, we conducted
a post hoc test using the Scheffé method to establish if
amputees walk differently on grass than on asphalt and if
they walk differently from nondisabled subjects on grass
and on asphalt. We used the nonparametric Mann-
Whitney test for RPE, a discontinuous nominal variable.
Data were processed with StatView (Statistical Analysis
Software, Cary, North Carolina).

RESULTS

The raw data of the two study groups (nondisabled
and amputee) on each ground surface (asphalt, mown
lawn, high grass) are presented in Table 3. For the two
groups, no significant differences were found between

the asphalt and mown lawn conditions; Table 4 presents
data on the asphalt and high-grass conditions.

The data in Table 4 also provide answers to the
following questions about the young, active amputees in
this study:
  1. Do they walk differently on grass than on asphalt?
  2. Do they walk differently from nondisabled subjects

on asphalt?
  3. Do they walk differently from nondisabled subjects

on high grass?
We summarize here only the main results:

  • Walking on high grass versus asphalt led to a decrease
in FWS, an increase in , and an increase in RPE
for amputees.

  • FWS for the amputees decreased significantly from
89.3 m/min on asphalt to 74.7 m/min on the high
grass (p = 0.009).  reached 18.29 mL/kg/min on
high grass (+7% asphalt).

  • With the RPE scale, the amputees described their per-
ceived exertion as “hard” on high grass versus “very
light” on asphalt.

  • Differences between amputees and nondisabled sub-
jects on asphalt were found only for FWS and O2C
(not for ), whereas major significant differences
between amputees and nondisabled subjects were
found for all the metabolic ( , O2C, heart rate,
RPE) and temporal gait characteristics (FWS, SL,
SR) when walking on high grass.
For example, O2C on high grass was very high for the

amputees (0.245 mL/kg/m) compared with the nondisabled
subjects (0.182 mL/kg/m; p = 0.006). Walking on the high
grass was perceived as “hard” by the amputees and as
“fairly light” by the nondisabled subjects (p = 0.006).
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Table 3.
Mean ± standard deviation free walking speed (FWS), heart rate (HR), oxygen uptake ( ), oxygen cost (O2C), Rating of Perceived Exertion
(RPE), step length (SL), step rate (SR), and walk ratio (WR) by type of terrain for two study groups (nondisabled, amputee; N = 20).

Terrain FWS
(m/min)

HR
(bpm) (mL O2/kg/min)

O2C
(mL O2/kg/min) RPE SL

(m)
SR

(step/min)
WR

(m/step/min)
Asphalt

Nondisabled 91.4 ± 6.7 99.2 ± 10.2 13.43 ± 0.21 0.147 ± 0.020 9.1 ± 0.7 0.816 ± 0.09 112 ± 4.1 7.28 × 10–3

Amputee 89.3 ± 9.2 101.0 ± 15.3 14.55 ± 0.19 0.163 ± 0.015 8.7 ± 0.5 0.826 ± 0.12 108 ± 7.3 7.64 × 10–3

Mown Lawn
Nondisabled 90.1 ± 9.4 103.0 ± 12.1 14.05 ± 0.15 0.156 ± 0.022 9.6 ± 1.1 0.811 ± 0.07 111 ± 6.2 7.30 × 10–3

Amputee 88.1 ± 7.3 101.0 ± 8.9 15.06 ± 0.23 0.171 ± 0.010 9.4 ± 2.3 0.808 ± 0.13 109 ± 6.8 7.41 × 10–3

High Grass
Nondisabled 77.5 ± 9.8 107.0 ± 13.5 15.63 ± 0.14 0.182 ± 0.023 12.3 ± 1.7 0.745 ± 0.11 104 ± 9.2 7.16 × 10–3

Amputee 74.7 ± 6.9 115.0 ± 16.8 18.29 ± 0.20 0.245 ± 0.015 16.9 ± 0.9 0.685 ± 0.10 109 ± 11.4 6.28 × 10–3
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In high grass, the nondisabled subjects reduced their
velocity by reducing both SL (–9%) and cadence (–7%),
whereas the amputees reduced their velocity by reducing
SL (–17%) only.

DISCUSSION

This study reported the effect of different types of ter-
rain on the metabolic and temporal gait characteristics of
young active, male transtibial amputees compared with
matched control subjects. This study is original because the
measurements were conducted in real-world conditions.

EEs recorded in the control group at rest and when
walking were in line with data reported for active male
subjects [20,27,39]. The  rate for control subjects
when walking was slightly higher than [40] or similar to
[1] that generally reported because our physically fit popu-
lation adopted a more rapid spontaneous pace. O2C [40]
was similar to [1] or slightly lower than in earlier reports
[41], since our control subjects walked much faster than
other populations reported earlier [41–44]. The values for
metabolic and gait temporal characteristics of our ampu-
tees were similar to those reported for healthy young sub-
jects while walking fast [2,27,45–46].

This similarity found between nondisabled subjects
and our amputee group is interesting and probably related
to the fact that the study population was among the most
fit and active subset of individuals with lower-limb loss.
Level of physical fitness is the main factor that improves
walking efficiency and associated energy cost [1,40].
However some differences in spontaneous speed (aver-

age speed was measured in this experiment) may be pos-
sible between nondisabled and amputee subjects.

When walking on asphalt at a self-selected speed,
nondisabled and amputee subjects exhibited no differ-
ences, except FWS, p = 0.03 and O2C, p = 0.04. This sur-
prising result can, at least partly, be explained by the
selected population of amputees with characteristics
(height, body weight, age, level of physical activity, occu-
pational activity) similar to the matched control subjects;
the measures might simply not be sensitive enough for us
to discern differences between the two populations and
the sample size might not be large enough. One should be
careful in generalizing these results because our study
was specifically directed at young, active transtibial post-
traumatic amputees. The O2C difference is probably
related to the slower speed because  in this study was
the same for both nondisabled and amputated subjects.

Nondisabled and amputee subjects did not differ
when walking on mown lawn versus asphalt; this result is
not surprising because the grass was short (<5 cm) and
the surface could be seen easily.

When the subjects walked on high grass, the
increased EE became evident. In the control subjects,
O2C increased despite the minimal observed change in
FWS. In the amputees, EE increased because of
increased  and decreased speed. Possible explana-
tions for the increased EE when subjects walked in high
grass are an increase in resistance and friction of the long
grass on the feet, an increase in lifting of the lower limb,
and apprehension related to not being able to see the sur-
face under the uneven grass. These factors may also con-
tribute to the slower gait for nondisabled subjects and,
more obviously, for amputees. A slower gait is probably

Table 4.
Mean ± standard deviation free walking speed (FWS), heart rate (HR), oxygen uptake ( ), oxygen cost (O2C), Rating of Perceived Exertion (RPE),
step length (SL), step rate (SR), and walk ratio (WR) by type of terrain (asphalt, high grass) for two study groups (nondisabled, amputee; N = 20).

Terrain FWS
(m/min)

HR
(bpm) (mL/kg/min)

O2C
(mL/kg/m) RPE SL

(m)
SR

(step/min)
WR

(m/step/min)
Asphalt

Nondisabled 91.4 ± 6.7 99.2 ± 10.2 13.43 ± 0.21 0.147 ± 0.020 9.1 ± 0.7 0.816 ± 0.09 112 ± 4.1 7.28 × 10–3

Amputee 89.3 ± 9.2* 101.0 ± 15.3 14.55 ± 0.19 0.163 ± 0.015* 8.7 ± 0.5 0.826 ± 0.12 108 ± 7.3 7.64 × 10–3

High Grass
Nondisabled 77.5 ± 9.8† 107.0 ± 13.5‡ 15.63 ± 0.14§ 0.182 ± 0.023‡ 12.3 ± 1.7‡ 0.745 ± 0.11‡ 104 ± 9.2‡ 7.16 × 10–3

Amputee 74.7 ± 6.9†§ 115.0 ± 16.8‡§ 18.29 ± 0.20‡§ 0.245 ± 0.015†§ 16.9 ± 0.9†§ 0.685 ± 0.10*‡ 109 ± 11.4* 6.28 × 10–3*†

Note: p-values from Scheffé Test.
*p < 0.05 vs nondisabled group.
†p < 0.01 vs asphalt group.
‡p < 0.05 vs asphalt condition.
§p < 0.01 vs nondisabled condition.
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more reassuring in the presence of an uneven surface,
particularly for amputees who need to control a pros-
thetic device.

The results concerning the temporospatial character-
istics (SL, SR, and WR) are interesting. We know that the
same walking speed can be achieved with different com-
binations of SL and SR, but when asked to walk at a com-
fortable self-selected speed, a subject adopts a specific SL
and SR that determine the WR (SL/SR) [47–48]. The WR
is considered a general law of human locomotion [22,49].

In our study, the WR remained constant in the non-
disabled subjects for all terrains (simultaneous adaptation
of SL and SR). The nondisabled subjects appeared to be
able to adapt these two parameters without changing the
level of exertion or increasing EE. Our physically fit
amputees displayed the same type of adaptation under
normal walking conditions. However, when the terrain
became more difficult, their SR remained unchanged but
the stride length became shorter. This raised the WR and
concurrently EE. The hypothesis of a lack of optimiza-
tion in SR has been formulated. A study by Danion et al.
[50] on the temporospatial variability of step parameters
in nondisabled subjects led to the hypothesis that the
spontaneously selected SR is the optimal SR [23,51]. A
parallel hypothesis can be formulated concerning the
temporospatial variability of gait parameters and the rela-
tionship between optimal EE and a constant WR. In non-
disabled subjects, gait variability is lowest at a SR of
1 Hz (a U-shaped curve). The effect of SL on gait vari-
ability is different: longer strides correlate with less vari-
ability (a straight line relationship) [50].

Is the SR a preprogrammed or regulated parameter
related to energy efficiency or is the SR only a conse-
quence of center-of-mass motion and energy transfer
between limb segments [18,52–55]? Further studies are
needed to explore this question. A cause-and-effect state-
ment that the increased metabolic cost is related to the
change in temporal characteristics cannot be affirmed;
the metabolic demands of the activity may cause the sub-
jects to modify their temporal gait characteristics to mini-
mize the metabolic consequences.

CONCLUSION

Changes in terrain (asphalt, mown lawn, high grass)
modify the metabolic and temporal gait characteristics of
nondisabled and transtibial amputee subjects. In both

subject groups, self-selected velocity decreased and EE
increased.

Differences between 10 young, active male transtib-
ial posttraumatic amputees who wore high-performance
prostheses and 10 nondisabled subjects occurred only for
FWS (p = 0.03) and O2C (p = 0.04) on asphalt and mown
lawn, whereas differences emerged for all the metabolic
and temporal gait characteristics in high grass. The
amputee’s locomotion disability becomes a significant
factor when exposed to a particularly difficult environ-
ment, such as uneven ground: the amputees walked
slightly slower with higher EE and RPE. On this uneven
terrain, the control subjects reduced their velocity by
reducing both SL and cadence, whereas amputees
reduced their velocity by reducing SL only.
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