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Abstract
Study Design A cross-sectional study.
Objective To assess the influence of various surfaces on the gait characteristics of ambulatory participants with incomplete
spinal cord injury (SCI) as compared to data from able-bodied participants.
Setting A tertiary rehabilitation center and communities.
Methods Seventy participants (35 ambulatory individuals with incomplete SCI and 35 able-bodied individuals with gender-
and age-matched) were assessed for their spatiotemporal gait variables while walking over a 10-m walkway of different
surfaces (including hard, artificial grass, soft, and pebble surfaces) at a self-selected and fastest speed. The findings were
analyzed using the method of manual digitization. The data among the surfaces were compared using Kruskal–Wallis test
and Mann–Whitney U test, with a level of statistical significance at P < 0.05.
Results Participants with incomplete SCI could safely walk over every surface without any adverse events. Their average
stride length, cadence, and walking speed, but not percent step length symmetry, were significantly decreased while walking
on the artificial grass, soft, and particularly pebble surfaces as compared to those found on a hard surface. These changes
were found particularly in those with SCI, resulting in a walking speed decreased from 0.11 to 0.35 m/s, whereas the
reduction of walking speed of able-bodied participants ranged from 0.04 to 0.20 m/s.
Conclusions The spatiotemporal characteristics of ambulatory participants with SCI were dramatically affected by the
surfaces as compared to the data found in able-bodied participants. The findings have potential clinical implications for the
incorporation of various surfaces to promote the functional outcomes and safety for ambulatory individuals with SCI.

Introduction

Current rehabilitation programs for patients with neurolo-
gical conditions, including those with incomplete spinal

cord injury (SCI), emphasize the importance of task-specific
practice. With the aim of walking and safety improvement,
patients are trained to walk on a hard, smooth and flat
surface, with minimal distraction [1, 2]. Such training sur-
face differs from that in real-life situations at home and in
their communities, where individuals frequently walk on
grass as well as various unstable and irregular surfaces such
as sand and pebble areas. Consequently, the outcomes of
rehabilitation practice may not be effectively transferred to
actual situations [3]. Thus, most ambulatory patients with
incomplete SCI can walk only within their houses, at short
distances, with abnormal spatiotemporal characteristics and
a high risk of falls (34–75%) [4, 5].

Many studies have applied various surfaces, e.g., irre-
gular and unstable surfaces, to challenge several aspects
relating to mobility such as balance ability, muscular
activity, and energy expenditure of their participants [6–11].
However, the data were confined to able-bodied young
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adults, older individuals, and people with amputees, or
patients with diabetes mellitus [7, 11, 12]. To the best of our
knowledge, there is no evidence on the influence of surfaces
on gait characteristics of ambulatory individuals with
incomplete SCI. Therefore, this study compared spatio-
temporal gait variables of ambulatory participants with
incomplete SCI while walking over hard, grass, soft, and
pebble surfaces as compared to the data found in able-
bodied individuals. The findings have potential clinical
implications for the incorporation of various surfaces to
promote the functional outcomes and safety of ambulatory
individuals with incomplete SCI.

Methods

Participants

Ambulatory individuals with SCI were cross-sectionally
recruited from a tertiary rehabilitation center and several
communities. The inclusion criteria were aged at least 18
years, with an incomplete SCI as determined using the
criteria of the American Spinal Cord Injury Association
impairment scale: AIS C or D, and Functional Independent
Measure-Locomotion scores of 5–7 (i.e., an ability to walk
independently for at least 15 m continuously) [13]. How-
ever, these individuals were excluded if they had any
conditions that might affect their ambulatory ability, such
as unstable conditions, musculoskeletal pain with an
intensity of more than 5 on a 10-point numerical pain rating
scale, joint deformity, obvious leg length discrepancy, and
severe spasticity of the lower extremities (i.e., a score of
more than 2 on the Modified Ashworth Scale) [14, 15].
Able-bodied volunteers, with sex- and age-matched (±5
years) with those of SCI, were also invited to participate in
this study [14].

The sample size was calculated with set the con-
fidence level at 95% (significant level =0.05), the power
of test at 90%, the Zα/2 at 1.96, Zβ at 0.84 [14, 16], and
using the data from a pilot study (5 participants/group).
The findings indicated that the study required at least 35
participants in each group. All participants read and
signed a written informed consent document that was
approved by the Khon Kean University Ethics Com-
mittee for Human Research (HE591368) before taking
part in the study.

Research materials

The study applied four surfaces, including a hard, artificial
grass, soft, and artificial pebble surface with 10 m long and
1 m wide for each surface. Details of each surface are as
follows (Fig. 1):

Hard
walkway

A hard concrete, smooth, and flat surface
(Fig. 1a)

Grass
walkway

An artificial high-density grass surface, with a
leaf length of 4 cm and texture similar to that
of natural grass (Fig. 1b)

Soft
walkway

A compressed, unstable 3-inch thickness
sponge surface (Fig. 1c)

Pebble
walkway

An irregular surface, which consisted of
lightweight artificial pebbles made of rigid
polyurethane foam (i.e., materials used in
limb prosthesis) attached to a yoga mat
(Fig. 1d)

This study used artificial surfaces to promote similarity
and applicability of these surfaces in several clinical and
community settings involved in this study. Prior to being
used, the safety of each surface, together with its similarity
to a real surface, was verified by 30 physiotherapists with
more than 5-year clinical experience. Then they were pri-
marily verified for their safety and clinical application in
able-bodied and older populations [17, 18].

Research protocols

All eligible participants were interviewed for their demo-
graphics (i.e., age, sex, body-weight, and height). Participants
with SCI were also interviewed and assessed for their SCI
characteristics (i.e., cause, stage, severity, and level of injury),
and walking ability (Functional Independent Measure-
Locomotion scores). Then all of them walked over the four
surfaces without shoes in a random order at a self-selected
and fastest speed for three trials over each surface (Fig. 1),
and their spatiotemporal gait characteristics were recorded
[19, 20]. Participants were allowed to use their customary
walking device and to rest between the trials, if required.
They had to fasten a lightweight safety belt with an assessor
always being on their side throughout the trials [19, 20].

Outcome measures

Participants were assessed for their spatiotemporal char-
acteristics, including stride length, cadence, walking speed,
and percent step length symmetry using a camera-based
motion capture (Nikon D5300 with a 60-Hz frame rate)
while they walked over each surface. The camera was
mounted at a position 3.5 m from the walkway to capture
data over 4 m in the middle of the walkway (rhythmic
phase). Prior to data recording, the system was calibrated
using a known length object. The data were then analyzed
using the method of manual digitization, which had excel-
lent inter- and intra-rater reliability (0.98–0.99) and was
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practical in clinical and community settings [17, 21]. Details
of the outcome analyses are as follows [14, 17, 21–23]:

Step length Horizontal pixels between the heel of
one foot and the heel of the other foot
and scaling with respect to the cali-
bration object (meters)

Stride length The sum of average right and left step
lengths (meters)

Cadence The number of steps in 1 min (steps/
minute)

Walking speed Calculated using the formula:
stride length�cadence

120 (m/s)

Percent step length
symmetry

Calculated using the formula:
average data of the shorter step length
average data of the longer step length � 100

The ideal percent step length symmetry is 93–100% [22].

Statistical analysis

Descriptive statistics were applied to explain the demo-
graphics of the participants and findings of the study. The

gait characteristics while walking over the four surfaces
were compared using the Kruskal–Wallis test. Then the
Mann–Whitney U test was used to analyze the pairwise
comparisons. The level of statistical significance was set at
P < 0.05.

Results

Participants

Seventy participants completed the study (35 able-bodied
individuals and 35 participants with incomplete SCI;
Table 1). Most participants with incomplete SCI were at a
chronic stage (average post-injury time more than 3 years),
had mild lesion severity (AIS D), and usually walked with a
walking device (Table 1). Their sensorimotor scores are
presented in Table 2.

Spatiotemporal gait characteristics of the
participants

The participants were able to walk on every surface safely
without any adverse events, both at their preferred and

Fig. 1 Characteristics of the surfaces used in the study. a A hard,
smooth and flat surface. b An artificial grass surface with a leaf length

of 4 cm. c A soft surface (3-inch thickness compressed sponge). d An
artificial pebble surface
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fastest speed. Their average stride length and cadence
decreased significantly while walking on an artificial grass,
soft, and particularly pebble surface, as compared with
those when walking on a hard surface (Fig. 2). This
reduction resulted in the decrement of walking speed ranged
from 0.11 to 0.35 m/s (median= 0.66 (0.41: 0.91), 0.55
(0.33: 0.68), 0.48 (0.31: 0.60), 0.31 (0.24: 0.53) m/s for
hard, grass, soft, and pebble surfaces) for participants with

incomplete SCI, and from 0.04 to 0.20 m/s (median= 1.1
(0.17: 1.1), 1.0 (0.88: 1.1), 0.92 (0.82: 0.92), 0.85 (0.62:
0.94) m/s for able-bodied participants while walking on
each surface, respectively (Fig. 2). The dramatic changes in
incomplete SCI were found irrespective of whether they
walked with or without a walking device (Fig. 3). None-
theless, percent step length symmetry of the participants
showed no significant differences among the surfaces

Table 2 Sensorimotor scores of
participants with incomplete
spinal cord injury (SCI)

Variablea All participants (n= 35) Device users (n= 21) Non-device users (n= 14)

UEs motor scores 45.7 ± 6.7 44.4 ± 6.9 47.7 ± 6.1

(total scores= 50) (43.4–48.0) (41.23–47.53) (44.2–51.3)

Motor LEs 34.2 ± 10.1 28.7 ± 8.5 42.5 ± 5.9

(50 score total) (30.6–37.7) (24.8–32.6) (39.1–45.9)

Light touch 96.9 ± 11.2 93.4 ± 12.6 102.2 ± 6.0

(112 scores total) (93.1–100.8) (87.7–99.2) (98.8–105.7)

Pin prick 99.6 ± 9.5 96.7 ± 10.4 103.9 ± 6.1

(112 scores total) (96.3–102.9) (92.0–101.5) (100.4–107.4)

LEs lower extremities, UEs upper extremities

Note: The data are presented using mean ± standard deviation (95% confidence intervals)
aThe data were assessed as per the International Standards for the Neurological Classification of SCI

Device users refer to participants who daily walked with a walking device, and non-device users refer to
participants who did not required any walking device

Table 1 Demographics and
spinal cord injury (SCI)
characteristics of participants

Variable Able-bodied participants
(n= 35)

SCI participants (n= 35)

Age (years), mean (SD) 54.9 (13.1) 50.2 (13.7)

(50.4–59.4) (46.1–55.4)

Gender: malea, n (%) 20 (57) 27 (77)

Body mass Index (kg/m2), mean (SD) 23.7 (4.4) 22.8 (3.3)

(22.2–25.2) (21.7–24.0)

Post-injury time (months)a, mean (SD) 45.7 ± 39.3

(32.2–59.2)

Cause: traumatic SCIa, n (%) 20 (57)

Stage of injury: chronica, n (%) 33 (94)

Severity of injury: AIS Da, n (%) 25 (71)

Level of injury: incomplete paraplegiaa, n (%) 23 (66)

Functional Independence Measure-Locomotor
Scores (FIM-L), n (%)

FIM-L-5 1 (3)

FIM-L-6 20 (57)

FIM-L-7 14 (40)

Using a walking device, n (%)

Yes

Walker 12 (34)

Crutches 4 (12)

Cane 5 (14)

No 14 (40)

n number, SD standard deviation, AIS American Spinal Cord Injury Association Impairment Scale
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Fig. 2 Spatiotemporal characteristics of participants while walking on various surfaces at a preferred and fastest walking speed; aIndicate
significant difference at p <0.05, bp <0.001
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(Figs. 2 and 3), either when they walked at their preferred or
fastest speed.

Discussion

Current rehabilitation therapy commonly takes place on a
smooth and flat area of a rehabilitation room, which is
different from the surfaces that individuals usually
encounter in their daily living. The present study assessed
the challenging effects of different surfaces, including a
hard, artificial grass, soft, and artificial pebble surface, on
spatiotemporal gait characteristics of ambulatory indivi-
duals with incomplete SCI and able-bodied individuals. The
findings indicated that the participants could walk on every
surface safely without any adverse events, but their spa-
tiotemporal characteristics, except step symmetry, were
dramatically affected by the surfaces used in the study.

The findings reflect the challenging effects of the sur-
faces on the walking abilities of the participants. Walking
on the artificial grass surface attributed information through
the leaf length that facilitated the participants to increase
flexor strategy and toe clearance during a swing phase
[6, 12]. Previous studies reported that the soft nature of
grass also reduces the ground reaction force, thereby
enhancing muscle activity and reducing the acceleration
force during a swing period [6, 24]. Thus, the participants
decreased their stride length, cadence, and walking speed
while walking on a grass surface as compared with these
parameters on a hard surface (Figs. 2 and 3). Similarly, a
soft surface (3-inch thickness compressed sponge) reduces
the mechanical work of the muscles and stability, while
challenging balance ability, particularly during a single
support period. It also clearly decreases the ground reaction
force during a push-off phase. Thus, muscle activity, muscle
co-contraction, and the requirements for balance control
while walking on a soft surface increased as compared with
these parameters when walking on a hard and firm surface
[6, 25]. As a result, the participants also decreased their
stride length, cadence, and walking speed while walking
over a soft surface (Fig. 2).

Among these surfaces, the particular changes were found
while the participants walked on an irregular, pebble sur-
face. These changes may reflect the challenging effects of
the surface during both stance and swing periods. During a
stance period, the irregular pebble surface increased
demands on balance control and muscle activity [9, 12, 26].
During a swing phase, the irregular pebble surface also
required the participants to increase the toe clearance to
enable successful walking over various sized pebbles
[9, 27]. Previous studies also reported that an unstable and
irregular surface increases proprioceptive demands and
challenged balance control ability [9, 10, 26]. Such

demanding surfaces obviously affected walking ability of
the participants, especially during a single support phase.
Therefore, they reduced their step length and cadence in
order to minimize the duration of a single limb support
period or the task demands, and the risk of injury while
walking over such areas (Figs. 2 and 3) [8, 11]. These
movement modifications further affected walking speed of
the participants, thus they walked dramatically slower than
that on a hard surface. However, these challenging effects
were attributed to both lower limbs of participants with
bilateral intact (able-bodied individuals) and impaired
(participants with SCI) sensorimotor functions, hence the
proportion of percent step length symmetry showed no clear
differences among the surfaces (Fig. 3).

The influence of these surfaces was demonstrated parti-
cularly in ambulatory individuals with SCI in which their
walking speed decreased from 0.11 to 0.35 m/s while
walking on each surface (Figs. 2 and 3). These changes are
clinically meaningful [28] and reflect the consequences of
sensorimotor deteriorations following SCI (Table 2) that
reduced their self-confidence and ability of movement
modification according to the task demands. Although the
sensorimotor deficits were particularly evidenced in parti-
cipants who walked with a walking device (Table 2), the
upper limb contribution (via a walking device) might help
to compensate for these deficits while walking over chal-
lenging areas. Therefore, the effects of these surfaces on the
ambulatory abilities of participants with incomplete SCI
were similar, irrespective of whether they used a walking
device (Fig. 3).

The present findings confirm the safety issues and the
challenging effects posed by various surfaces that are
commonly encountered in daily living. Thus the inclusion
of such surfaces in rehabilitation programs may help to
promote functional ability and levels of independence, in
addition to minimizing the risk of falls of ambulatory
individuals with incomplete SCI. However, some limita-
tions need to be addressed for data interpretation. This study
used surfaces from artificial materials (e.g., grass, sponge,
and pebbles) to simulate ambulatory environments
encountered in daily living such as grass, sand, and pebble
areas, and promote the similarity of the surface used for
various clinical and community settings involved in this
study. Prior to their use, the suitability of these surfaces and
their similarity to real surfaces were confirmed by 30
experienced physiotherapists, able-bodied, and older popu-
lations [17, 18]. Although repetitive walking on such areas
may increase learning effects on the subsequent trials, the
sequences of these surfaces were randomly assessed in
order to keep the learning effects at a minimum. Moreover,
the study excluded individuals with SCI who had severe
spasticity of the lower extremities (i.e., a score of >2 on the
Modified Ashworth Scale) because they may have limit

Various surfaces challenge gait characteristics of ambulatory patients with spinal cord injury 811



walking ability and high risk of fall during walking. The
researchers believed that such patients may be better trained
to walk over a smooth and flat area to promote their self-
confidence while practicing walking. Therefore, the findings
preliminary confirm the incorporation of various surfaces in
clinical rehabilitation for ambulatory individuals with SCI
who have rather good walking ability (FIM-L scores=
5–7), and do not have severe spasticity. However, a further
investigation using real surfaces, in individuals with severe
spasticity and rather low walking ability, with the mea-
surement of other variables, e.g., ground reaction force,
muscle activities, and self-confidence, is needed to extend
the benefit of these surfaces for ambulatory individuals with
SCI.

Data archiving

All reasonable requests for participant-level data upon
which the results of this study are based will be considered.

Funding The researchers sincerely thank for funding support from the
Research and Researcher for Industry (RRi) (PHD57I0062), Post-
graduate School, and the Improvement of Physical Performance and
Quality of Life (IPQ) research group, Khon Kaen University,
Thailand.

Author contributions All authors were responsible for study concep-
tion and design, and drafting of manuscript. DP was also involved in
data acquisition, statistical analysis, and data interpretation. SA was
additionally responsible on project management, funding application,
data interpretation, and finalized the manuscript.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical statement We certify that all applicable institutional and
governmental regulations concerning the ethical use of human
volunteers were followed during this research.

Publisher’s note: Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Harvey LA. Physiotherapy rehabilitation for people with spinal
cord injuries. J Physiother. 2016;62:4–11.

2. Behrman AL, Harkema SJ. Locomotor training after human spinal
cord injury: a series of case studies. Phys Ther. 2000;80:688–700.

3. Patterson MR, Whelan D, Reginatto B, Caprani N, Walsh L,
Smeaton AF, et al. Does external walking environment affect
gait patterns? Conf Proc IEEE Eng Med Biol Soc 2014;2014:
2981–4.

4. Phonthee S, Saengsuwan J, Amatachaya S. Falls in independent
ambulatory patients with spinal cord injury: incidence, associated
factors and levels of ability. Spinal Cord. 2013;51:365–8.

5. Brotherton SS, Krause JS, Nietert PJ. Falls in individuals with
incomplete spinal cord injury. Spinal Cord. 2007;45:37–40.

6. Pinnington HC, Dawson B. The energy cost of running on grass
compared to soft dry beach sand. J Sci Med Sport. 2001;4:
416–30.

7. Hatton AL, Dixon J, Martin D, Rome K. The effect of textured
surfaces on postural stability and lower limb muscle activity. J
Electro Kinesiol. 2009;19:957–64.

8. Lejeune TM, Willems PA, Heglund NC. Mechanics and ener-
getics of human locomotion on sand. J Exp Biol.
1998;201:2071–80.

9. Gates DH, Wilken JM, Scott SJ, Sinitski EH, Dingwell JB.
Kinematic strategies for walking across a destabilizing rock sur-
face. Gait Posture. 2012;35:36–42.

10. Menant JC, Steele JR, Menz HB, Munro BJ, Lord SR. Effects of
walking surfaces and footwear on temporo-spatial gait parameters
in young and older people. Gait Posture. 2009;29:392–7.

11. Morrison K, Braham RA, Dawson B, Guelfi K. Effect of a sand or
firm-surface walking program on health, strength, and fitness in
women 60-75 years old. J Aging Phys Act. 2009;17:196–209.

12. Allet L, Armand S, de Bie RA, Pataky Z, Aminian K, Herrmann
FR, et al. Gait alterations of diabetic patients while walking on
different surfaces. Gait Posture. 2009;29:488–93.

13. Kirshblum SC, Burns SP, Biering-Sorensen F, Donovan W,
Graves DE, Jha A, et al. International standards for neurological
classification of spinal cord injury. J Spinal Cord Med.
2011;34:535–46.

14. Pramodhyakul N, Amatachaya P, Sooknuan T, Arayawichanon P,
Amatachaya S. Effects of a visuotemporal cue on walking ability
of independent ambulatory subjects with spinal cord injury as
compared with able-bodied subjects. Spinal Cord. 2014;52:220–4.

15. Bohannon RW, Smith MB. Interrater reliability of a modified
Ashworth scale of muscle spasticity. Phys Ther. 1987;67:206–7.

16. Portney LG, Watkins MP. Foundations of clinical research:
applications to practice. Upper Saddle River, New Jersy: Pearson
Prentice Hall; 2009.

17. Promkeaw D, Yam-ubon A, Saensook W, Amatachaya P, Tha-
weewannakij T, Amatachaya S. Gait characteristics of able-bodied
individuals while walking on hard and soft surfaces with different
levels of thickness. Thai J Phys Ther. 2017;39:77–84.

18. Promkeaw D, Mato L, Thaweewannakij T, Arrayawichanon P,
Saensook W, Amatachaya S. Walking on different surfaces
challenged ability of community-dwelling elderly. J Med Technol
Phys. 2018;30:39–46.

19. Bohannon RW. Comfortable and maximum walking speed of
adults aged 20-79 years: reference values and determinants. Age
Ageing. 1997;26:15–19.

20. Kim CM, Eng JJ, Whittaker MW. Level walking and ambulatory
capacity in persons with incomplete spinal cord injury: relation-
ship with muscle strength. Spinal Cord. 2004;42:156–62.

21. Kumprou M, Amatachaya P, Sooknuan T, Thaweewannakij T,
Mato L, Amatachaya S. Do ambulatory patients with spinal cord
injury walk symmetrically? Spinal Cord. 2017;55:204–7.

22. Seeley MK, Umberger BR, Shapiro R. A test of the functional
asymmetry hypothesis in walking. Gait Posture. 2008;28:24–28.

23. Kumprou M, Amatachaya P, Sooknuan T, Thaweewannakij T,
Amatachaya S. Is walking symmetry important for ambulatory
patients with spinal cord injury? Disabil Rehabil.
2018;40:836–41.

24. Zamparo P, Perini R, Orizio C, Sacher M, Ferretti G. The energy
cost of walking or running on sand. Eur J Appl Physiol.
1992;65:183–7.

25. Dickin DC, Surowiec RK, Wang H. Energy expenditure and
muscular activation patterns through active sitting on compliant
surfaces. J Sport Health Sci. 2017;6:207–12.

812 D. Promkeaw et al.



26. Thies SB, Richardson JK, Demott T, Ashton-Miller JA. Influence
of an irregular surface and low light on the step variability of
patients with peripheral neuropathy during level gait. Gait Posture.
2005;22:40–45.

27. Schulz BW. Minimum toe clearance adaptations to floor surface
irregularity and gait speed. J Biomech. 2011;44:1277–84.

28. Lam T, Noonan VK, Eng JJ. A systematic review of functional
ambulation outcome measures in spinal cord injury. Spinal Cord.
2008;46:246–54.

Various surfaces challenge gait characteristics of ambulatory patients with spinal cord injury 813


	Various surfaces challenge gait characteristics of ambulatory patients with spinal cord injury
	Abstract
	Introduction
	Methods
	Participants
	Research materials
	Research protocols
	Outcome measures
	Statistical analysis

	Results
	Participants
	Spatiotemporal gait characteristics of the participants

	Discussion
	Data archiving
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




