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ABSTRACT
Tamura T, Otaka Y, Nakamoto J, Kato K. Kinematic 
analysis of slipping when stepping. Jpn J Compr 
Rehabil Sci 2016; 7 : 102-106.
Objective: Slipping is a major cause of falls. We 
investigated body kinematics during slipping when 
stepping forward. 
Methods: Five healthy adults (mean age, 22.2 ± 2.4 
years) participated in the study. When the participants 
stepped forward with the right leg onto a treadmill, 
one of three types of slips (forward, lateral, or medial) 
was induced by rapid movement of the treadmill belt. 
The relationship between the base of support (BOS) 
and center of gravity (COG) was investigated using 
three-dimensional motion analysis. 
Results: The COG was displaced anterolaterally 
during all three types of slips. On the horizontal plane, 
the COG often deviated from the BOS with large 
medial and lateral slips. Participants most often lost 
their balance with medial slips, when the COG 
deviated outside an altered BOS.
Conclusion: Postural control is difficult and is at 
increased risk of failure during slipping. The risk is 
greatest in medial slips, followed by lateral slips, and 
is least in forward slips. 
Key words: falls, motion analysis, postural control, 
base of support

Introduction

　Falls can occur in various circumstances, and one-
third of older people experience at least one fall 
annually [1, 2]. Fall-related injuries, such as hip 
fractures, are associated with morbidity and mortality 

[3, 4]. Tripping is the most common cause of falls 
among community-dwelling older people, followed 
by slipping. These two types of falls account for 57.1% 
of all falls in men and 69.3% in women and are more 
common than falls due to dizziness or vertigo [5]. The 
risk of fall-related injuries is especially high with 
slipping; approximately 25% of fall-related hip 
fractures are caused by slips [6]. 
　Exploration of slipping kinematics is important for 
preventing falls and fall-related injuries. Several 
studies have investigated slipping kinematics under 
various conditions: standing on a mat that suddenly 
moves sideways [7], walking across a force plate that 
starts moving at a constant speed upon heel strike [8, 
9], walking across a surface that suddenly moves 
forward on rollers or bearings [10, 11], or walking on 
a slippery surface [11-14]. Little is known about body 
kinematics during slipping when stepping, or how the 
slipping direction affects kinematics. We investigated 
the body kinematics in healthy adults during slipping 
when stepping forward. 

Methods

1. Participants
　Five healthy adults without trunk or lower limb 
impairments participated in the study (mean age, 
22.2 ± 2.4 years; mean height, 168.8 ± 5.5 cm; mean 
weight, 60.8 ± 4.3 kg). The Keiyu Orthopedic Hospital 
Ethics Committee approved the study protocol, and all 
participants gave written informed consent before 
beginning the study.

2. Experimental setup
　Slips were artificially produced with a split-belt 
treadmill (ADAL3D, Techmachine, France) at floor 
level. The ADAL3D belt can shift back and forth 
bidirectionally, and is equipped with left and right 
force plates that record data at 1 kHz. When 
participants stepped forward on the treadmill belt  
with the right leg, the belt was abruptly moved at the 
instance of foot contact to induce a slip. Three slip 
directions were generated by changing the direction of 
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the belt relative to the stepping direction to produce 
forward, lateral, or medial foot slipping. The belt 
speed was set at 2 km/h, and we generated small (56 
mm/100 ms) and large (167 mm/300 ms) slips in each 
direction. The belt was moved 10 ms after foot contact 
produced 5N on the treadmill. 
　A three-dimensional treadmill gait analysis system 
(KinemaTracer, Kissei Comtec Co., Ltd., Japan) was 
used for motion analyses. Markers were placed 
bilaterally on the acromion, hip joint (at a point one-
third of the way from the greater trochanter to the 
anterior superior iliac spine), lateral femoral epicondyle, 
lateral malleolus, and fifth metatarsal head. Marker 
positions were recorded at 60 Hz.

3. Task
　The participants began in a standing position with 
arms crossed in front of the chest and were instructed 
to step approximately 700 mm forward onto the 
treadmill with the right leg. To standardize the step 
size and weight bearing, the participants were 
instructed to align their head with a target 900 mm in 
front and to maintain this posture for a few seconds 
after stepping. Participants practiced the tasks before 
measurements were attempted. Six slips (large or 
small and forward, lateral, or medial) were measured 
for each participant. Although the participants were 
aware that forward and mediolateral slips would be 
generated by the treadmill belt, the order of the slip 
sizes and directions (lateral or medial) was randomized. 
Participants wore safety harnesses during the task 
(Figure 1). 

4. Analysis
　The trajectory of each marker was analyzed for 
1,000 ms after slip onset. The virtual center of gravity 
(COG) position was calculated from the markers [15]. 
The base of support (BOS) area was calculated as the 
area bounded by the markers bilaterally placed at the 
fifth metatarsal head and malleoli on the horizontal 
plane (Figure 2). COG displacement on the horizontal 
plane during slips, changes in BOS percentage during 
slipping, and the relationship between BOS and COG 
on the horizontal plane were analyzed. For each slip 
size, the Friedman test was used to determine whether 
there was a difference in COG displacement and BOS 
change between the slip directions, and multiple 
comparisons were performed using the Wilcoxon 
signed-rank test with Bonferroni’s correction. Statistical 
analyses were performed using IBM SPSS Statistics 
23 (IBM Corp., USA). p-Values less than 0.05 were 
considered statistically significant.

Results

　Stick figures illustrating the kinematics during each 
type of slipping are presented in Figure 3. A stepping 
strategy, or stepping with the right or left leg to alter 

the BOS and control balance, was observed in three 
participants with large lateral slips and in all 
participants with large medial slips.

1. �COG displacement on the horizontal plane 
(Table 1) 
　The COG on the horizontal plane was displaced 
anterolaterally by all slips. Anteroposterior COG 
displacement by large slips was greater with forward 
slips than with other types of slips. The difference 
between types was statistically significant by the 
Friedman test (p < 0.05), but multiple comparisons did 
not reach significance. The Friedman test did not 
reveal statistically significant differences in mediolateral 

Figure 1. Experimental setup.
Setup for a forward slip is shown. 
A. �Before stepping, participants stood still with arms 

crossed in front of the chest. 
B. �Participants made one step approximately 700 mm 

forward on the treadmill belt, aligning the head to a 
target 900 mm in front.

C. �Posture at the end of the task. Participants were 
instructed to maintain the posture for a few seconds.

Figure 2. Base of support (BOS) calculation.
The BOS area was calculated as the area surrounded 
by markers bilaterally placed at the fifth metatarsal 
head and malleoli on the horizontal plane.
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COG displacement between slip directions for each 
slip size. 

2. BOS change (Table 1)
　The BOS area became larger with lateral slips and 
smaller with forward and medial slips, but there was 
no statistically significant difference between slip 
directions.

3. �Relationship between BOS and COG on the 
horizontal plane
　The COG deviated from the BOS at the end of large 
medial and large lateral slips in all participants. In 
other slips, the COG remained within the BOS. The 
relationship between the BOS and COG with large 
lateral and large medial slips is shown in Figure  4. 
Because the forward foot’s position was altered by a 

Figure 3. Stick figures of slipping.
A. Forward slip
B. Lateral slip
C. Medial slip
Arrows indicate the direction of slips (direction of the 
belt). All figures represent large slips.

Table 1. Displacement of COG and changes in BOS induced by slipping when stepping forward with the right leg 
and manifestation of stepping strategy.

Displacement of COG on the horizontal plane (mm)
Changes in 
BOS (%)

Stepping strategy
N (%)Anteroposterior direction

(Anterior direction as positive)
Mediolateral direction

(Lateral direction as positive)

Forward slip Small 65±4 10±5 0.93±0.20 0 (    0)
Large 176±25   28±17 0.94±0.40 0 (    0)

Lateral slip Small   68±11 12±5 1.02±0.06 0 (    0)
Large 149±36 35±1 1.13±0.29 3 (  60)

Medial slip Small 62±2   9±2 0.83±0.15 0 (    0)
Large 151±20   21±14 0.67±0.27 5 (100)

Mean ± standard deviation; COG, center of gravity; BOS, base of support.

Figure 4. Relationship between the base of support (BOS) and the center of gravity (COG) on the horizontal 
plane during lateral and medial slips.
The quadrilaterals indicate the BOS: the dotted line is just before an induced 167-mm slip, and the solid 
line is just after the slip. The trajectory is the projected COG on the horizontal plane. The trajectory from 
the onset to the end of the slip (0-300 ms) is shown as a thin line and that just after the slip to the end of 
measurement (300-1,000 ms) is shown as a thick line. 
A. �In a large lateral slip, the COG deviated anteromedially from the BOS.
B. �In a large medial slip, the COG deviated posterolaterally from the BOS. The thin-lined quadrilateral indicates 

the BOS after the stepping strategy.
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slip, the BOS changed in shape and position. The 
trajectory indicates the COG on the horizontal plane. 
With lateral slips (Figure 4A), the COG deviated 
anteromedially outside the BOS just after the slip. The 
mean ± standard deviation of the vertical distance 
between the BOS and COG on the horizontal plane 
was 43 ± 20 mm. With medial slips (Figure 4B), the 
BOS shifted medially, and the COG deviated 
posterolaterally outside the BOS just after the slip. 
The mean vertical distance between the BOS and 
COG on the horizontal plane was 32 ± 26 mm.

Discussion

　In this study, slips were artificially generated when 
stepping forward. The COG was displaced anterolaterally 
during all types of slips. The BOS area was largest 
with lateral slips and smallest with medial slips. The 
COG remained within the BOS with large forward 
slips, but deviated from the BOS with large lateral and 
large medial slips. The COG deviated anteromedially 
from the increased BOS with lateral slips. In medial 
slips, the COG deviated posterolaterally from the 
decreased BOS, and a stepping strategy was observed 
in all participants with large slips. 
　The COG must remain within the BOS to maintain 
a stable upright posture, and a smaller BOS makes this 
more difficult. A stepping strategy is used when the 
COG cannot remain within the BOS [16]. In this study, 
the BOS was smallest with medial slips, and 
participants could not keep the COG within the BOS. 
Ankle and hip strategies did not work well with medial 
slips because the COG was lateral to and behind the 
body, requiring a stepping strategy to regain postural 
stability. Although the effect of forward slips on the 
COG relative to the BOS and balance control during 
walking has been reported [14], there have been no 
reports on mediolateral slips. It is a noteworthy finding 
that slips in the mediolateral direction are associated 
with greater falling risk. 
　Lateral stability is reduced in older people who fall 
compared to those who do not [17, 18]. A lateral body 
perturbation, such as a medial foot slip, might therefore 
increase the risk in older people already at risk of 
falling. Since the lateral fall direction is a hip fracture 
risk factor independent from other risks, such as 
decreased bone density [19, 20], medial foot slips 
might be a strong hip fracture risk factor in older 
people at risk of falling. In real-world environments, 
mediolateral slips might occur while walking across a 
slope, and the risk of falling would increase. Older 
people at risk of falling should avoid such conditions 
as much as possible. When unavoidable, fall prevention 
precautions are needed, such as increasing the BOS by 
widening the step and decreasing the step length, 
wearing slip-resistant footwear, or using a walking aid 
or caregiver assistance. Slippery environments in 
public spaces should be corrected for drainage and 

slope.
　This study has several limitations. First, the slips 
were artificially induced by the treadmill, and thus 
might not be the same as actual slips. Second, the 
participants were instructed to stop after making a 
step. Findings should be interpreted with caution, 
because the study task was not the same as the gait 
initiation step. Finally, the study did not fully 
investigate the corrective strategies for the BOS and 
COG changes induced by the slip and did not explore 
strategies preventing falls after slips. Further studies, 
including thorough investigation of corrective 
strategies and falling mechanisms after slipping, are 
needed to enhance clinical application. 

References

  1.	Tinetti ME, Speechley M, Ginter SF. Risk factors for 
falls among elderly persons living in the community. N 
Engl J Med 1988; 319: 1701-7.

  2.	Campbell AJ, Borrie MJ, Spears GF, Jackson SL, Brown 
JS, Fitzgerald JL. Circumstances and consequences of 
falls experienced by a community population 70 years and 
over during a prospective study. Age Ageing 1990; 19: 
136-41.

  3.	Rubenstein LZ, Josephson KR. The epidemiology of 
falls and syncope. Clin Geriatr Med 2002; 18: 141-58.

  4.	Keene GS, Parker MJ, Pryor GA. Mortality and 
morbidity after hip fractures. BMJ 1993; 307: 1248-50.

  5.	Yasumura S, Haga H, Niino N. Circumstances of 
injurious falls leading to medical care among elderly 
people living in a rural community. Arch Gerontol Geriatr 
1996; 23: 95-109.

  6.	Nyberg L, Gustafson Y, Berggren D, Brannstrom B, 
Bucht G. Falls leading to femoral neck fractures in lucid 
older people. J Am Geriatr Soc 1996; 44: 156-60.

  7.	Hsiao ET, Robinovitch SN. Common protective 
movements govern unexpected falls from standing height. 
J Biomech 1998; 31: 1-9.

  8.	Tang PF, Woollacott MH. Inefficient postural responses 
to unexpected slips during walking in older adults. J 
Gerontol A Biol Sci Med Sci 1998; 53: 471-80.

  9.	Tang PF, Woollacott MH. Phase-dependent modulation 
of proximal and distal postural responses to slips in young 
and older adults. J Gerontol A Biol Sci Med Sci 1999; 54: 
89-102.

10.	Smeesters C, Hayes WC, McMahon TA. Disturbance 
type and gait speed affect fall direction and impact 
location. J Biomech 2001; 34: 309-17.

11.	Troy KL, Grabiner MD. Recovery responses to surrogate 
slipping tasks differ from responses to actual slips. Gait 
Posture 2006; 24: 441-7.

12.	Brady RA, Pavol MJ, Owings TM, Grabiner MD. Foot 
displacement but not velocity predicts the outcome of a 
slip induced in young subjects while walking. J Biomech 
2000; 33: 803-8.

13.	Cham R, Redfern MS. Lower extremity corrective 
reactions to slip events. J Biomech 2001; 34: 1439-45.



Tamura T, et al.: Kinematic slipping analysis

Jpn J Compr Rehabil Sci Vol 7, 2016

106

14.	You J, Chou Y, Lin C, Su F. Effect of slip on movement 
of body center of mass relative to base of support. Clin 
Biomech (Bristol, Avon) 2001; 16: 167-73.

15.	Ehara Y, Yamamoto S. Introduction to Body-Dynamics―
Analysis of Standing up Movement, 1st ed. Tokyo: 
Ishiyaku Publishers, Inc; 2001. p. 11-15. Japanese. 

16.	Shumway-Cook A, Woollacott M. Normal postural 
control. Motor Control, Translating Research into Clinical 
Practice, 4th ed. Philadelphia: Lippincott Williams & 
Wilkins; 2011. p. 161-94.

17.	Maki BE, Holliday PJ, Topper AK. A prospective study 
of postural balance and risk of falling in an ambulatory 
and independent elderly population. J Gerontol 1994; 49: 

72-84.
18.	Lord SR, Rogers MW, Howland A, Fitzpatrick R. Lateral 

stability, sensorimotor function and falls in older people. J 
Am Geriatr Soc 1999; 47: 1077-81.

19.	Greenspan SL, Myers ER, Kiel DP, Parker RA, Hayes 
WC, Resnick NM. Fall direction, bone mineral density, 
and function: risk factors for hip fracture in frail nursing 
home elderly. Am J Med 1998; 104: 539-45.

20.	Greenspan SL, Myers ER, Maitland LA, Resnick NM, 
Hayes WC. Fall severity and bone mineral density as risk 
factors for hip fracture in ambulatory elderly. JAMA 
1994; 271: 128-33.


