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participants demonstrated sustained hip abduction through late swing during the pre-

stimulation block (Figure 2-4A) that was not present in the other five participants (Figure 

2-4B).  The presence of increased hip abduction during late swing is indicative of a hip 

circumduction compensatory strategy (Kerrigan et al., 2000).  When sensory stimulation 

was applied to the paretic limb, we observed decreases in this circumduction pattern that 

remained in the post-stimulation trials (Figure 2-4A).  

 

 

Figure 2-4: Subject Hip Frontal Plane Angle During Targeted Step. Frontal plane hip motion of the 
paretic limb from two representative participants when stepping to the normal target location (A: S105, B: 
S104).  Shaded region represents swing phase.  The somatosensory stimulation reduced the amplitude and 
duration of hip abduction during late swing for individuals presenting with a circumduction movement 
pattern (A), but had no effect on hip abduction for the non-circumduction group (B).   

To evaluate the differential effects of stimulation on frontal plane hip motion, we 

correlated changes in frontal plane hip area from the pre-stimulation to stimulation block 

with clinical and functional measures.  This change in hip abduction area significantly 

correlated with lower extremity Fugl-Meyer score (r=0.752, p=0.005), self-selected 

walking velocity (r=0.609, p=0.024), and swing time asymmetry (r=-0.702, p=0.011) 

(Figure 2-5).  Reductions in hip abduction area during swing were observed in 
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3.3 RESULTS 

3.3.1 Balance Measures 

Frontal plane movement of the COM and center of pressure (COP) over the first 

20s of the baseline walking and stationary targeting trials are shown for a representative 

control, and two stroke participants in Figure 3-1.  In general, stroke participants walked 

with a larger COM movement in the frontal plane (Group, p=0.003) and larger step 

widths (Group, p=0.001) compared to age and gender-matched neurologically intact 

individuals (Figure 3-2).  Stroke survivors also placed their paretic foot more lateral to 

the COM at heel strike compared to controls (Group, p<0.001), but no difference was 

observed between groups for the non-paretic limb.  Despite these baseline differences in 

step width and COM movement, stroke participants maintained a similar SW/COM ratio 

(Group, p>0.958).  
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Figure 3-2: Group Differences In Measures Of Frontal Plane Balance Control.  Stroke participants 
walked with larger amounts of frontal plane COM movement and step widths compared to controls across 
all testing conditions.  The ratio of step width to COM movement was not different between groups. (* 
ANOVA, Group p<0.05)  

The COM sway (Condition, p<0.001) and the SW/COM ratio (Condition, 

p=0.002) was statistically different between experimental conditions, but these 

experimental conditions did not impact step width (p=0.243) or frontal plane foot 

placement (paretic p=0.371, non-paretic p=0.211).  Changes in COM sway were different 

between the stroke and control groups (Condition*Group, p=0.034) (Figure 3-3).  The 

stationary targeting condition resulted in lower amounts of COM sway compared to both 

normal (p=0.034) and reduced visual feedback walking (p=0.016) trials without the laser.  

Additionally, adding the laser feedback to the normal walking and reduced visual 

feedback trials slightly reduced COM sway compared to the no laser trials, but these 

differences were not statistically significant for either the stroke (p=0.227) or control 

(p=0.396) group.  
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Figure 4-6: Average COM sway and Step Width Response to Perturbations.  The augment 
perturbations (top) increased COM sway and step width, with larger changes observed at higher 
perturbation forces.  Conversely, the resist perturbations reduced COM sway, with smaller reductions 
observed in step width.  Handrail hold had a general effect of reducing step width across the entire trial, but 
a significant effect was only observed for the resist perturbation type. 

In addition to the changes in frontal plane gait parameters, cycle duration was also 

altered when accentuating perturbations were applied.  The application of accentuating 

forces resulted in decreased cycle duration during the perturbation block compared to the 

pre (p<0.001) and post (p<0.001) perturbation blocks (Figure 4-7).  As the perturbation 

magnitude increased, the cycle duration further decreased, but only when the perturbation 

was applied.  Holding onto the handrail had the general effect of slightly increasing cycle 

duration across all testing blocks (p=0.001). 
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Figure 4-7: Group Gait Cycle Duration.  Gait cycle duration decreased in response to the augment 
perturbation, and increased in response to the resist perturbation.  An effect of force magnitude was only 
observed in for the augment perturbation type.   

4.5.2.2 Resist Perturbations 

The resisting perturbations acted to reduce COM sway when applied during 

walking (Figure 4-6).  Significant main effects of perturbation magnitude (p=0.013), 

handrail hold (p =0.003), and testing block (p <0.001) were observed.  Additionally, 

interaction effects were observed between handle hold and block (p < 0.001), and handle 

hold, force magnitude, and block (p = 0.005).  When the perturbation was applied during 

walking, COM sway was reduced compared to the pre perturbation (p=0.005) and post 

perturbation block (p=0.001).  Removal of the resisting perturbations resulted in larger 

amounts of COM sway compared to the pre perturbation block (p=0.004).  Holding onto 

the handrail caused further reductions in COM sway, but this effect only occurred during 

the perturbation blocks.   











 89 

 

Figure 5-2: Group COM Sway.  Group average (± standard error) COM sway in response to different 
force magnitudes of assisting perturbations (Upper), and effects of laser and perturbation type (Lower).  
Augmenting perturbations increased COM sway, while resisting perturbations reduced COM sway.  
Changes in COM movement were consistent between groups, despite larger amounts of baseline sway in 
the stroke group.  

No trends were observed in the time courses of adaptation and de-adaptation to 

the applied perturbations in either group (Figure 5-3).  COM sway rapidly changed when 

the perturbations were applied, increasing for the accentuating perturbations, or 

decreasing for the resisting perturbations.  These changes remained relatively consistent 

throughout the perturbation block, indicating that participants did not focus balance 

control strategy on actively resist the applied perturbations.  Removal of the pulls results 

in a short (one to two) step change in the opposite direction of the adaptation, but the 

values quickly return to baseline levels.    
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Figure 5-3: COM Sway Temporal Response.  Average COM sway across entire trial for each group.  
Values are normalized to average sway of pre-pull block.  COM sway quickly changes in both groups when 
pulls are applied (cycles 36-70), and quickly return to baseline levels when the pulls were removed.     

5.3.2 Step Width 

The effects of perturbation type and force level for the stroke and control groups 

are shown in Figure 5-4.  The perturbation type had a significant effect upon step width 

(Type, p=0.008), increasing step width during the augment perturbations, and decreasing 

step width during the resist perturbations.  Step width was only altered during the 

perturbation block (Type*Block, p<0.001).  In addition baseline differences in step width 

(Group, p=0.019), a significant interaction between group and perturbation type was 

observed (Group*Type, p=0.048; Group*Type*Block, p=0.003).  This interaction effect 

is likely due to the smaller increase in step width when the accentuating perturbations 

were applied (22.6±7.3% control, 5.5±2.9% stroke), and smaller reduction in step width 
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stroke participants did not alter foot placement of the paretic limb in response to either 

perturbation type.  As the augmenting perturbation force increased, the control group 

placed the limb more laterally during the perturbation block (Force*Block, p<0.001).  In 

contrast the stroke group demonstrated small to no change in lateral foot placement at the 

2% and 3.5% perturbation magnitudes, but did increase lateral foot placement for the 5% 

force (Group*Force*Block, p=0.13). 

 

 

Figure 5-7: Paretic Limb Foot Placement.  Placement of the paretic limb relative to COM position at 
heel strike in response to perturbations.  Individuals with chronic stroke demonstrated less modulation of 
paretic limb foot placement location in response to different perturbation types (Lower), and different 
perturbation forces (Upper).  
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5.3.4.2 Non-Paretic 

The effects of perturbation type and force magnitude are shown for both groups in 

Figure 5-8.  Stroke survivors placed their non-paretic limb more lateral to the COM 

compared to the non-test limb of controls (Group, p=0.047).  Foot placement was more 

medial with the resisting perturbations, and more lateral with the accentuating 

perturbations, but only during the perturbation block (Type*Block, p<0.001).  The laser-

targeting task had the general effect of reducing lateral foot placement across all blocks 

(Laser, p=0.001).   There was also a trend towards a group interaction with the 

perturbation type (Group*Type, p=0.092), driven by the stroke group not increasing 

lateral foot placement during the augment perturbations.  This trend was also observed 

when comparing the force levels for the augmenting perturbations.  In general, lateral 

foot placement increased as the perturbation force increased (Force*Block, p=0.036), but 

the stroke group only slightly increased in lateral foot placement at the 5%BW force 

(Group*Block, p=0.09).   
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Figure 5-8: Non-paretic Foot Placement.  Changes in non-paretic (non-test leg in controls) foot 
placement relative to COM location at heel strike for different perturbation amplitudes (Upper) and types 
(Lower).  The stroke group did not alter non-paretic foot placement in response to the augmenting 
perturbations. 

5.3.5 Cadence 

The accentuating perturbations produced a significant increase in cadence during the 

perturbation block for both groups, with larger changes observed as the force magnitude 

increased (Block, p<0.001; Block*Force, p=0.001).  Resisting perturbations tended to 

slightly reduced cadence when applied during walking (Type, p=0.001; Type*Block, 

p<0.001).  Addition of the laser and stationary targeting task had the general effect of 

increasing cadence across all testing blocks (Laser, p=0.003), with the responses mainly 

driven by the stroke group (Laser*Group, p=0.066).  Across all testing conditions, stroke 



 98 

survivors walked with significantly lower cadences compared to the control group 

(Group, p=0.021).   

 

 

Figure 5-9: Cadence.  Average cadence for different augment perturbation magnitudes (upper), and 
different perturbation types (lower).  The augment perturbations increased cadence in both groups, while 
the resist perturbations reduced cadence.   
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5.3.6 Handrail Hold Forces 

We observed a modulation of the handrail forces when the perturbations were 

applied.  This modulation occurred mainly in the medial-lateral direction, while the non-

paretic (non-test) leg was in swing, as shown in Figure 5-10.  In general, the stroke group 

demonstrated larger lateral forces during swing, potentially to help with balance control 

during walking (Group, p=0.039).  The medial lateral handle forces during the 

perturbation block were in the same direction as the perturbation.  Accentuating 

perturbations caused the mean force during swing to become more medial, while the 

resisting perturbations increased the lateral forces (Type*Block, p <0.001).  There was an 

interaction effect between the perturbation type and group (p=0.046) due to the mean 

force remaining lateral in the stroke group, but becoming medial for the control group 

when the accentuating perturbations were applied.  As the force level of the accentuating 

perturbations increased, the mean handle force during swing became more medial 

(Force*Block, p=0.001).   
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Figure 5-10: Mean Lateral Handle Force During Swing.  Changes in average medial-lateral handle force 
during swing phase of non-paretic (non-test) limb, with lateral forces in positive direction.  Overall, the 
stroke group had higher lateral forces compared to controls.  Handle forces modulated during the 
perturbation block in the direction of the applied force.  
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5.4 DISCUSSION 

The cable-drive device used in this study was able to provide consistent frontal 

plane perturbations of trunk motion across the stroke and control groups.  Overall, the 

chronic stroke survivors in this study were able to adapt to external perturbations without 

falling.  Locomotor adaptations made in response to the perturbations were focused on 

foot placement adjustments made to modify the base of support to the changing COM 

movement.  However, foot placement adjustments made by the stroke group were smaller 

than the control group.  This finding supports our hypothesis that deficits in foot 

placement control alter dynamic balance control strategy post-stroke.  

Dynamic balance control strategy post-stroke was characterized by evaluating 

locomotor adaptations in response to external perturbations of COM movement.   In this 

study, we constructed a cable-driven device, similar to that of Wu et al. (2011), to apply 

external perturbations of trunk movement.  These applied perturbations were timed to the 

individual’s walking pattern, phasing with the fontal plane COM velocity.  The augment 

perturbations increased COM sway, while the resist perturbations reduced COM sway in 

both groups.  COM movement in the frontal plane was only significantly altered when 

the perturbations were applied, with no significant differences observed between the pre 

and post perturbation blocks.  Since these effects are only present in the perturbation 

block, locomotor differences between the pre and post blocks would provide insight into 

any potential after-effects of the perturbation.  Despite larger amounts of baseline COM 

movement in the stroke group, there was no significant interaction between group and 

either perturbation type or magnitude.  The similarity of the perturbation magnitude 
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between groups enables the characterization of changes in dynamic balance control 

strategy by directly comparing the locomotor adaptations between groups.          

Step width was modified by both groups to adjust their base of support to the 

perturbed movement of the COM in the fontal plane, but the magnitude of these 

adaptations were smaller in the stroke group.  Individuals increased step width in 

response to perturbations accentuating COM movement, and decreased step width to 

perturbations resisting COM movement.  Similar results were observed when a short 

lateral perturbation was delivered to the trunk in young controls, with foot placement 

location kept at a constant distance outside the COM location even with the perturbations 

(Hof et al., 2010).  Coupling between the extent of COM movement and step width were 

also observed when step width decreased in young and elderly participants in response to 

the application of forces to stabilize trunk movement during walking (Dean et al., 2007).  

Although the stroke group adjusted step width in a similar manner as controls, they made 

significantly smaller adjustments when the perturbations were applied. Since the change 

in COM movement was similar between groups, the smaller step width increases for the 

assisting perturbations could be due to reduced balance control, and may partially explain 

the increased fall risk post-stroke.  Additionally, these reduced changes may also 

represent a change in dynamic balance control strategy post-stroke.   

In addition to a lateral foot placement control strategy, dynamic balance can also 

be maintained by directly controlling COM movement during walking.  If stroke 

survivors were attempting to directly control COM movement, we would anticipate 

smaller increases in COM sway for the assist perturbations.  Smaller percent changes 

observed in the stroke group are likely attributed to larger amounts of baseline COM 
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sway, because there was no significant interaction effect of group.  However, it is 

possible that stoke subjects are making locomotor adaptations intended to control COM 

sway, but are not detected by our measures.  Two potential sources of COM control 

observed in this study were changes in walking cadence, and increased handrail forces.  

The handrail could be used to generate forces to directly oppose the perturbation forces, 

while increasing cadence would act to reduce COM sway by reducing both duration and 

extent of COM movement.  We observed both changes in cadence and lateral handrail 

forces in both groups when the perturbations were applied.  Since no significant group 

interaction effects were observed for changes in COM sway during the perturbation 

block, we do not believe the stroke subjects were solely focused on controlling COM 

control movement.  However, given larger percent changes in both handrail hold force 

and cadence in the stroke group, it is likely that stroke survivors are placing a greater 

emphasis on COM control to maintain balance during walking. 

In addition to a reduced step width in responses to the external perturbations, 

stroke survivors demonstrated reduced foot placement modulation.  Specifically, 

placement of the paretic limb relative to the COM did not change in response to the 

accentuating or resisting perturbations at 3.5%BW.  The control group increased lateral 

foot placement of the test limb during the accentuating perturbations, and reduced lateral 

foot placement during the resisting perturbations.  Additionally, control participants 

placed both feet more lateral as the magnitude of the perturbation forces increased.  

Stroke survivors showed a similar increase in lateral foot placement for the 5%BW 

perturbation, but the change in paretic foot placement was much smaller for the 3.5% and 

2%BW force levels.  A similar trend was also observed in non-paretic foot placement, 
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with little modulation at the 2% and 3.5%BW force levels.  The lack of paretic foot 

placement modulation presents a potential source of the increased fall risk post-stroke, 

since the base of support on the paretic side is not accommodating for the increased COM 

movement.  However, increased lateral placement of the paretic limb for 5%BW 

accentuating perturbations indicates that stroke survivors retain the ability to make lateral 

foot placement corrections.  Changes in their balance control strategy are likely related to 

both difficulties executing frontal plane step corrections (Nonnekes et al., 2010), and 

sensing the increased trunk movement (Ryerson et al., 2008).  Augmented visual 

feedback of body movement had the general effect of reducing fontal plane COM 

movement and step width across the entire trial, but did not appear to increase locomotor 

adaptations to the perturbations in either group.  These reductions resulted in a net 

increase in the SW/COM ratio with the targeting task.  Additionally, SW/COM ratio 

increased more when the stationary targeting task was combined with the resisting trunk 

perturbations.  The visual feedback signal had a larger impact in the stroke group, with 

larger increases in the SW/COM ratio compared to controls, and a trend towards larger 

reductions in COM sway.  This group effect is likely due to an increased reliance on 

visual feedback for balance control in the stroke group (Marigold & Eng, 2006b).  The 

observed improvements in frontal plane control are similar to those observed when 

feedback of trunk position was provided to young controls during walking (Verhoeff et 

al., 2009).  This stationary targeting task may present a potential tool to improve dynamic 

balance control post-stroke, since it had the net effect of increasing the base of support 

relative to COM movement.  
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The trunk perturbations protocol used in this study also have a potential use as a 

training tool to improve dynamic balance control post-stroke.  Both groups demonstrated 

an aftereffect in step width during the post perturbation block, but only for the augment 

perturbation delivered at 2%BW.  Additionally, there was also a trend towards reduced 

COM sway at 2% force level, but the difference was not significant for either group.  No 

significant aftereffects were observed for the 3.5%BW or 5% BW assist perturbations.  

Reisman et al. (2007) observed post-adaptation aftereffects when a split-belt speed 

perturbation was used to accentuate baseline asymmetries, resulting in the stroke 

survivors producing a more symmetric gait pattern when the speed perturbation was 

removed.  The low level perturbations accentuating trunk movement have the potential to 

induce plastic changes that may be useful to reduce the larger step widths observed in 

chronic stroke survivors.  Further research is necessary to characterize the duration of 

these aftereffects persist, as well as their impact on both balance control and walking 

function.       

One potential limitation of our analysis of balance control strategy is the presence 

of the handrail hold throughout the walking trial.  A light touch cue has been shown to 

stabilize motion of the pelvis in the frontal plane during walking post-stroke 

(Boonsinsukh et al., 2009).  Furthermore, forces produced at the handrail can 

significantly contribute to the control of frontal plane COM movements (Tung et al., 

2011).  During treadmill walking, holding onto the handrail is often necessary to ensure 

patient safety and comfort, especially for individuals with functional deficits.  The effects 

of handrail hold were minimized in this study by limiting the handrail hold to the non-

paretic (non-test) hand and placing the handle in front of the individual.  Additionally, 
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both stroke and control participants were to hold onto the handle throughout the duration 

of the experiment.  The handle was instrumented with a six-axis load cell to quantify 

forces applied by the individual throughout the walking trial.  In this experimental setup, 

we observed differences between groups and with the perturbations for the average 

medial-lateral force during swing of the non-paretic (non-test) leg.  In general, stroke 

survivors used the handrail during walking more than controls, walking with larger lateral 

forces during swing.  This lateral force would help provide stability when in single limb 

stance on the paretic leg.  Both groups showed similar trends when perturbations were 

applied, with the assisting perturbations resulting in increased medial forces, while 

resisting forces increased the lateral forces.  The modest change in forces during the 

perturbation block, demonstrates that the stroke group did not primarily generate forces at 

the handrail to counter the trunk perturbations.  

The results of this study demonstrate that, similar to age-matched controls, stroke 

survivors were able to adjust their gait pattern in order to adapt to frontal plane trunk 

perturbations.  However, smaller step width changes, and a lack of lateral foot placement 

modulation in the stroke group, demonstrate changes in dynamic balance control post-

stroke.  Providing additional feedback of body movement with the head mounted laser 

helped to improve foot placement and COM control during walking.  Inclusion of the 

stationary targeting task into a rehabilitation protocol might help to further improve 

walking function by improving dynamic balance control.  Additionally, post adaptation 

aftereffects demonstrate the potential use of low-level accentuating perturbations as a 

training tool to improve dynamic balance control post-stroke.  Taken together the results 
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of this study provide further insight into the changes in dynamic balance control strategy 

post-stroke. 
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CHAPTER 6: APPLICATIONS AND FUTURE DIRECTIONS 

6.1 SUMMARY OF RESULTS 

The results of this study provide further insight into stroke-related changes in 

dynamic balance control strategy during walking.  Overall, stroke survivors walked with 

larger amounts of frontal plane COM movement, as well as larger step widths compared 

to age-matched control subjects.  Despite these larger baseline differences, the ratio of 

step width to COM sway was consistent between groups.  The similarity of the ratio 

between groups indicates that simply choosing a wider step width does not produce a 

safer walking pattern for the stroke group, since the movement of the COM also 

increases.  Stroke survivors placed their paretic limb more lateral to the COM compared 

to the non-paretic limb, as well as both legs for the control group.  This asymmetric foot 

placement would widen the base of support on the paretic side, helping to maintain 

balance during walking.  However, we observed no changes in paretic foot placement 

relative to the COM when trunk movement was externally perturbed.  This lack of paretic 

foot placement modulation would limit the ability of the individual to maintain balance 

when COM movement increases, which may partially explain increased fall prevalence 

post-stroke.  In addition to characterizing dynamic balance control in chronic stroke 

survivors, we also evaluated the impact of augmented sensory feedback upon this control.  

Augmented sensory feedback improved paretic foot placement control during a targeted 

stepping task, and COM control during treadmill walking.  These improvements were 

observed mainly in the frontal plane, and may help to improve dynamic balance control 
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for chronic stroke survivors.  Specifically, improved paretic foot placement control would 

enable stroke survivors to utilize a lateral foot placement control strategy, while 

improved COM control might reduce the need for wider step widths during walking.  

These results demonstrate that augmented sensory feedback signals could be used to 

improve balance control, and thus walking function for chronic stroke survivors.   
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6.2 IMPLICATIONS FOR REHABILITATION 

The results of this dissertation provide information that can be used to direct 

rehabilitation techniques aimed at improve walking function in chronic stroke survivors 

by targeting specific deficits in dynamic balance control.  Wider step widths have been 

observed in chronic stroke survivors compared to age matched controls walking at the 

same speeds (Chen et al., 2005b), and is typically associated with stroke survivors 

selecting a more conservative walking pattern to maintain balance.  However, increased 

COM movement during walking results in a similar step width/COM ratio between the 

stroke and control groups, which suggests potential underlying changes in dynamic 

balance control strategy.  Rehabilitation techniques focused upon improving dynamic 

balance control by targeting medial-lateral control of paretic foot placement and/or 

frontal plane COM movement may increase walking function in chronic stroke survivors.  

Imparied foot placement control post-stroke limits the effectiveness of a lateral 

foot placement control strategy in maintaining dynamic balance during walking.  Deficits 

in medial adjustments of paretic foot placement are observed even when balance 

constraints are removed (Nonnekes et al., 2010).  This deficit was observed in our studies 

as a lack of foot placement modulation in response to external perturbations of trunk 

motion.  Not adjusting paretic foot placement to the task demands would lead to an 

increase in the relative fall risk.  Therefore, improving paretic foot placement control 

might provide a means to reduced the incidence of falls during walking post-stroke.  In 

the first aim of the dissertation, we demonstrated that somatosensory stimulation of the 

paretic foot/ankle improved paretic limb control and reduced medial-lateral targeting 

error during a stepping task.  The inclusion of somatosensory stimulation into traditional 
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rehabilitation techniques could help to improve paretic foot placement control, and thus 

walking function post-stroke.  Further examination into the effects of somatosensory 

stimulation of the paretic foot/ankle during continuous walking needs to be completed, 

before incorporating this technique into rehabilitation protocols.   

  In addition to reduced foot placement control, the results of this dissertation also 

suggest deficits in the control of COM movement during walking post-stroke, with stroke 

survivors walking with larger amounts of COM sway compared to neurologically intact 

individuals.  Feedback of body movement from the head mounted laser had the general 

effect of reducing COM sway in both groups, with larger reductions observed in the 

stroke group.  This reduced sway could help to reduce energy expenditure associated with 

larger amounts of COM sway and larger step widths during walking (Donelan et al., 

2001; 2004).  Providing this additional sensory feedback source may have a larger effect 

during overground walking, when the lateral motion of the individual is not constrained 

by the size of the treadmill surface.    
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6.3 FUTURE STUDIES 

One main limitation of the work presented in this dissertation is a lack of a direct 

metric of overall walking function in chronic stroke survivors.  Typically the individual’s 

comfortable or maximum overground walking speed is used to characterize walking 

function post-stroke (Lord et al., 2004), but walking speed remained constant throughout 

the experiment due to testing walking function on the treadmill.  Both neurologically 

intact individuals and chronic stroke survivors were able to successfully complete the 

walking tasks without falling during either challenging treadmill walking conditions 

(Chapter 3) or perturbations of trunk motion (Chapter 5).  However, stroke survivors 

utilized different walking patterns to maintain balance, mainly larger step widths and 

greater COM sway compared to controls.  These differences may contribute to increased 

energy expenditure during walking post-stroke (Waters & Mulroy, 1999; Donelan et al., 

2001), which has been linked to an increased fall risk (Carver et al., 2011) and reduced 

walking function (Michael et al., 2005).  Additionally, visual feedback of body 

movement reduced COM movement, decreasing the metabolic cost of walking (Donelan 

et al., 2004).  Incorporating the measurement of the metabolic rate during the walking 

trials would provide additional insight into the overall impact of locomotor changes on 

walking function.  It is likely that stroke survivors were expending more energy during 

the perturbation trials compared to controls, which would provide further insight into the 

consequences of altered dynamic balance control strategy post-stroke.   

Further investigation is needed into how augmented sensory feedback impacts 

dynamic balance control and walking function post-stroke.  In Chapter 2, we 

demonstrated that somatosensory stimulation of the paretic foot could be used to improve 
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paretic foot placement control during a targeted stepping task.  Providing somatosensory 

stimulation during external perturbations of trunk motion might facilitate modulation of 

paretic foot placement, which was not observed in the stroke group (Chapter 5).  It is 

important to note that we did not observe changes in paretic foot placement control when 

somatosensory stimulation was applied during continuous treadmill walking.  However, 

only a small number of stroke survivors were tested (n=6) with and without the 

stimulation during normal and reduced visual feedback treadmill walking.  It is possible 

that the increased demands on lateral foot placement control due to the cable-driven 

perturbations of trunk motion may facilitate a greater impact of the stimulation.  

The custom cable-driven device used in Chapters 4 and 5 might be useful as a 

training tool to improve walking function in chronic stroke survivors.  Adaptation to 

differences in belt speed between the legs has been used to produce a more symmetric 

walking pattern in stroke survivors during the de-adaptation phase (Reisman et al., 2007; 

2009).  It is possible that perturbations assisting trunk movement may result in reduced 

amounts of COM movement and smaller step widths when the perturbations are 

removed.  In the present study (Chapter 5) we observed an aftereffect of reduced step 

widths between the pre and post perturbation blocks.  This aftereffect was observed in 

both stroke survivors and neurologically intact participants, but only for assisting 

perturbations delivered at 2% of the participant’s body weight.  However, we did not 

observe this aftereffect of reduced step width when trunk perturbations were applied to 

healthy young participants (Chapter 4), but there were differences in the experimental 

design of the two studies.  The lowest perturbation force was larger for the young 

participants (2.5% BW vs. 2%BW), the perturbations were provided over more steps 
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(100 vs. 35), and the application of catch perturbation catch trials in the post perturbation 

block in the young control study.  Further study is necessary to characterize the factors 

contributing these aftereffects, to optimize the step width reductions in chronic stroke 

survivors.  Additionally, it is necessary to evaluate whether step width aftereffects have 

the potential to transfer to overground walking in chronic stroke survivors, similar to the 

improved symmetry observed after split-belt adaptations (Reisman et al., 2009).     

  


