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INTRODUCTION 
About one third of older adults fall at least once a 
year, with tripping as the main cause [1]. There are 
two main strategies that people use to prevent 
falling due to a trip: an elevating and a lowering 
strategy [2]. Strategy selection depends on the 
timing of the trip stimulus within the swing phase of 
the walk [3]. Early swing perturbations result in 
elevating and late swing perturbations result in 
lowering strategy recoveries [3]. Around mid-
swing, there will be a ‘strategy overlap’ phase 
where strategy selection is not mechanically 
obvious. Previous studies showed that older adults 
more often adopt a lowering strategy than younger 
adults [4], but it is not understood why. The older 
adults may become incapable or unwilling to use an 
elevating strategy as this strategy may be more 
demanding when perturbed later in swing. The aim 
of this study was to investigate whether an elevating 
strategy recovery becomes more demanding when 
perturbed later in swing. 
 
METHODS 
A combined experimental and simulation modelling 
approach was used. Experimental methods were 
similar to those described previously [5]. Briefly, 
female participants were recruited into a ‘younger’ 
(n=8) or an ‘older’ group (n=7). Trips were induced 
in random walking trials at varying points during 
the swing phase. Kinematic data were collected at 
200 Hz with a CODA CX1 system (Charnwood 
Dynamics Ltd., UK). Kinematic data were 
processed as described in [5]. The percentage of the 
swing phase at which trips were induced (%swing) 
was calculated relative to the average swing 
duration of all walking trials. The recovery limb 
angle at contact was calculated (αexp, defined like α 
in Fig. 1). 
 
An inverted pendulum model of trip recovery 
(Fig. 1) was developed to investigate how timing of 

the trip stimulus and placement of the recovery 
limb influenced the force required by the recovery 
limb for successful recovery using an elevating 
strategy. The model was developed in 
Simmechanics (Mathworks Natick, MA) and 
comprised a rigid segment with a mass 
(mbody=61 kg). A rotational spring, with stiffness 
Krot, at the base simulated the reduction of the 
body’s forward angular momentum by the initial 
stance limb. A massless linear spring, with stiffness 
Klin, attached to the rigid segment by a fixed hinge 
joint (hip) at an angle α, simulated the reduction of 
the body’s forward angular momentum by the 
recovery limb during the first recovery step. It was 
assumed that at a trip the linear momentum of 
walking (at 1.7 m/s) would be directly translated 
into angular momentum. Recovery was successful 
when the angular momentum was reversed 
(θ&<0°/s). A fall occurred when θ>90°.  

Perturbations were initiated with %swing between 
30% and 90% (corresponding to θ0 = -8° and 
θ0 = 16°), and α between 0° and 90°. When 
perturbed later in swing the swing limb will be 
further in front of the body; however there will be 
less time available for placement of the recovery 
limb.  

 
Figure 1:  Structure of the inverted pendulum 
trip recovery model, a) at the instant of the trip 
stimulus and b) at ground contact of the recovery 
limb. 



We therefore expected recovery step length (and 
therefore α) to vary with %swing. Klin and Krot were 
estimated from experimental trials (15 kN/m and 
1850 Nm/rad, respectively). 
Outcome measures indicated whether successful 
recovery was possible, as well as the maximum 
force in the linear spring during the contact phase 
(Fmax). 
 
RESULTS AND DISCUSSION 
%swing was calculated for 61 trip trials of the 
younger adults (59% elevating strategies) and 89 
trials of the older adults (20% elevating strategies). 
Both younger and older adults used an elevating 
strategy when perturbed in early swing 
(%swing<40%), and almost always used a lowering 
strategy when perturbed in late swing 
(%swing>80%); subjects used both strategies when 
perturbed in early mid-swing (%swing: 40-60%) 
(Table 1). Responses to perturbations in late mid-
swing (%swing: 60-80%) differed between younger 
and older adults; older adults always adopted a 
lowering strategy, while younger adults also 
adopted elevating strategies (Table 1).  

Younger adults showed a positive correlation (r = 
0.706, p=0.002) between αexp and %swing during 
elevating strategy recoveries, which means subjects 
took larger recovery steps when perturbed later in 
swing. This correlation was not present in the older 
adults (r = -0.208, p = 0.516). 

The simulations showed that an increased Fmax 
(maximum force in the recovery limb) was required 

to recover successfully when perturbed later in 
swing (increasing %swing). An increased recovery 
step (increased α), like the younger adults showed 
when perturbed later in swing, reduced the Fmax 
value required to recover successfully. (Fig. 2) 
 
In summary, we showed that the shift to adopting a 
lowering strategy instead of an elevating strategy is 
made earlier for older (%swing ≈ 60%) than for 
younger adults (%swing ≈ 80%). We propose that 
an elevating strategy would be more effective but 
more difficult than a lowering strategy recovery 
when individuals are perturbed later in swing. This 
is based on the assumptions that for an elevating 
strategy: (1) there is more time available to 
counteract the forward angular momentum by the 
initial stance limb, as described by [6]; and (2) the 
recovery limb is lifted over the obstacle and placed 
more anterior relative to the body center of mass 
(CM), providing a larger moment arm to reduce the 
body’s forward angular momentum [6]. It becomes 
however more difficult to elevate the swing limb 
over an obstacle when perturbed later in swing, as 
the body CM moves more anterior to the center of 
pressure. This may be why the older adults did not 
increase αexp with %swing. The simulations confirmed 
that an elevating strategy recovery becomes more 
difficult later in swing, as larger forces were 
required in the recovery limb.  
 
CONCLUSIONS 
Older adults did not use an elevating strategy when 
perturbed during late mid-swing (60-80%), while 
younger adults adopted either an elevating or a 
lowering strategy. Simulations with an inverted 
pendulum model showed that recovery limb 
strength and step length may be the limiting factor 
for the use of an elevating strategy in mid and late 
swing. This suggests that strengthening of the 
appropriate muscle groups is essential in fall 
prevention practice. 
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Table 1: The percentage use of elevating 
strategy recoveries by younger and older adults 
in response to perturbations in different phases 
of swing. 

  Younger Older 
Early swing 100% 100% 

Early mid-swing 86% 54% 
Late mid-swing 26% 0% 

Late swing 0% 6% 

 
Figure 2:  Fmax for varying α and %swing. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


