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Summary 30 

Effects of localized lower-extremity vibration on postural balance have been reported. The 31 
purpose of the current study was to investigate the effect of low-frequency vibration of calf 32 
muscles on the instrumented Timed-Up-and-Go (iTUG) test among older adults. Older adults 33 
were recruited and classified to low (n=10, age=72.9±2.8 years) and high fall risk (n=10, 34 
age=83.6±9.6) using STEADI. Vibratory system (30Hz or 40Hz), was positioned on calves along 35 
with wearable motion sensors. Participants performed the iTUG test three times, under 36 
conditions of no-vibration, 30Hz, and 40Hz vibration. Percentage differences in duration of iTUG 37 
components were calculated comparing vibration vs no-vibration conditions. Significant 38 
between-group differences were observed in iTUG (p=0.03); high fall risk participants showed 39 
reduction in the duration of turning (-10% with 30Hz; p=0.15 and -15% with 40Hz; p=0.03) and 40 
turning and sitting (-18% with 30Hz; p=0.02 and -10% with 40Hz; p=0.08). However, vibration 41 
increased turning (+18% with 30Hz; p=0.20 and +27% with 40Hz; p=0.12) and turning and 42 
sitting duration (+27% with 30Hz; p=0.11 and +47% with 40Hz; p=0.12) in low fall risk 43 
participants. Findings suggest that lower-extremity vibration affects dynamic balance; however 44 
the level of this influence may differ between low and high fall risk older adults, which can 45 
potentially be used for assessing aging-related sensory deficits. 46 
 47 
 48 
 49 
 50 
 51 
 52 
 53 
 54 
Keywords: Older Adults, Wearable Sensors, Proprioceptive, Dynamic Balance, Vibration 55 
Stimulation, Fall Risk  56 
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Introduction 57 

Aging precipitates many physiological and functional changes in the human body, which result 58 

in impaired function and mobility. As we age, the ability to execute the complex skill of 59 

maintaining body equilibrium declines due to a variety of factors. Sarcopenia, the loss of muscle 60 

mass, and dynapenia, the loss of muscle power, are common consequences of aging-related 61 

muscle degeneration (Clark and Manini, 2010, Manini and Clark, 2011, Yeung et al., 2019). 62 

Additional loss of innervating neural muscle fibers from demyelination can result in decreased 63 

signal transmission velocity, which affects the ability to quickly respond to axonal stimulation in 64 

muscle activation (Goble et al., 2009). These conditions, coupled with further degeneration of 65 

proprioceptors within muscle spindles and tendon organs can diminish muscle length and force 66 

sensation, resulting in unsteady and inconsistent body motion (Horak and Nashner, 1986, Inglis 67 

et al., 1994). These physiological changes culminate in an increase of postural instability, and 68 

ultimately can lead to loss of balance and falls. Falls, in addition to being alarmingly prevalent, 69 

can be notably detrimental to older adults, leading to injury, reduction in quality of life and 70 

independence, and even death. Approximately 30% of adults aged 65 and older experience one 71 

or more falls each year, potentially resulting in injury, hospitalization or fatality (Liu-Ambrose et 72 

al., 2015, Mohler et al., 2016).    73 

 74 

The Timed Up and Go (TUG) test is a validated approach to assess mobility and fall risk among 75 

older adults, which is widely used and recommended by the American and British Geriatric 76 

Societies for assessment of fall risk (Panel on Prevention of Falls in Older Persons and Society, 77 

2011). TUG is a composite measure of functional mobility which incorporates multiple 78 

neuromuscular components, and the ability to sit, stand, turn, and walk is predictive of future 79 

disability and fall (Bohannon, 2006, Podsiadlo and Richardson, 1991, Shumway-Cook et al., 80 

2000). Traditionally, the TUG test involved the sole measure of the whole testing duration; 81 

however, more recently, the new sensor-based instrumented TUG (iTUG) method provides the 82 
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opportunity to extract spatio-temporal parameters during each of the sitting, standing, turning, 83 

and walking components (Toosizadeh et al., 2015, Zampieri et al., 2010).  84 

 85 

In continuation of research in fall risk assessment based on mobility measures, the purpose of 86 

the current study was to implement lower-extremity vibratory stimulation to magnify 87 

sensorimotor deficits in performing iTUG. Among healthy individuals, vibratory stimulation 88 

adversely influences the range and speed of body sway during upright standing (Čapičikova et 89 

al., 2006, Caudron et al., 2010, Duclos et al., 2014, Ehsani et al., 2018a, Patel et al., 2009, 90 

Radhakrishnan et al., 2011, Toosizadeh et al., 2018a). We previously investigated the effects of 91 

mechanical calf vibration on postural balance among healthy and high fall risk older adults 92 

(Ehsani et al., 2018b, Toosizadeh et al., 2018b, Toosizadeh et al., 2018c). Within low frequency 93 

vibration (30-40Hz) among a small sample of 20 older adults, we observed significant 94 

differences in balance behaviors due to vibration among the groups (Ehsani et al., 2018b, 95 

Toosizadeh et al., 2018b). Within the eyes-closed condition, high fall risk participants showed 96 

70% less vibration-induced changes in medial-lateral body sway (due to less ankle sway), and 97 

54% less sway velocity, when compared to healthy elderly participants (p<0.001; effect 98 

size=0.6-1.4). This observation suggests a reduced proprioceptive performance among high fall 99 

risk elders, which led to less alteration in postural sway due to muscle vibration. Interestingly, 100 

within our pilot project we observed that more than half of high fall risk individuals (likely those 101 

with sensory deficits) showed improvements in balance (reduced overall COG sway) when 102 

exposed to vibration, while less than 10% in the low fall risk group showed improvements 103 

(Ehsani et al., 2018b, Toosizadeh et al., 2018b). Accordingly, we hypothesize that vibratory 104 

stimulation would influence dynamic balance as well; however the level of this influence 105 

depends on the level of aging-related sensory impairments. To test this hypothesis iTUG was 106 

performed with and without calf vibration among low and high fall risk elders, to explore how 107 
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lower-extremity stimulation would influence routine daily activities, including sitting, standing, 108 

walking, and turning.  109 

 110 

Methods 111 

Participants 112 

Two groups of participants were recruited, including 10 low fall risk (age=73±3 years) and 10 113 

high fall risk (age=84±9 years) older adults aged 65 and older. High fall risk participants were 114 

selected according to the Center for Disease Control and Prevention’s STEADI Risk for Falling 115 

Assessment (Rubenstein et al., 2011), which involves four questions, assigning one point to 116 

each affirmative response: 1) Have you fallen in the past year?; 2) Are you worried about 117 

falling?; 3) Do you feel unsteady when you are walking?; and 4) Have you had two or more 118 

falls? Those with a score of zero or one without a history of falling were considered low fall risk, 119 

and those with a score of two to four were considered high fall risk. Exclusion criteria for both 120 

groups were: disorders associated with severe motor deficits and balance performance, 121 

including stroke, Parkinson’s disease, dementia (Mini Mental State Examination (MMSE) score 122 

<20) (Folstein et al., 1975), severe arthritis in lower-extremities, cancer or diabetic neuropathy, 123 

vestibular diseases, and lower-extremity ulceration and amputation, history of dizziness, vertigo, 124 

and sedating medication or alcohol consumption within the prior 24 hours. The above 125 

mentioned disorders were identified using subjective questionnaires as defined in previous work 126 

(Speechley and Tinetti, 1991, Tinetti and Speechley, 1989), and participants were excluded if 127 

they claimed to have any related symptoms. For the low fall risk group, an additional exclusion 128 

criterion of fall incident in a prior year was considered. All participants were recruited after 129 

completing written informed consent according to the principles expressed in the Declaration of 130 

Helsinki (World, 2009), approved by the Review Board of the University of Arizona. 131 

 132 

Clinical measurements 133 
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Prior to testing, participants filled out clinical questionnaires, including: 1) the visual analog pain 134 

scale for lower-extremity (VAS-10) (0: no pain; 10: extreme pain) (Langley and Sheppeard, 135 

1985) within the prior 2-week period and at the time of the visit; 2) short falls efficacy scale 136 

international (Short FES-I) for assessing the fear of falling (Kempen et al., 2007); 3) the four-137 

question fall scale (see above); and 4) the number of falls (defined as 0, 1, or 2 or more within a 138 

prior year). The fear of falling and lower-extremity pain were assessed here since they are both 139 

associated with fall risk among older adults (Murphy et al., 2003, Tomita et al., 2015). 140 

 141 

iTUG assessments 142 

Each participant performed four iTUG, including: one practice trial with no vibration system 143 

attached, one trial with vibration system on calves but with no stimulation, one trial with 30 Hz 144 

vibration, and one trial with 40 Hz vibration. Of note, data from practice trials were not used in 145 

the analysis. Each trial comprised of the participant rising from a seated position (STS1), 146 

walking to a predetermined position three meters away (W1), turning (T1), walking back to the 147 

chair (W2), and turning and sitting down (T2&STS2).  Angular acceleration was estimated using 148 

two wearable motion sensors each equipped with a tri-axial gyroscope (LEGSys, BioSensics, 149 

Boston, MA, USA), which were attached to shins on both sides. Using sensor data, the timing of 150 

each of the above iTUG components (STS1, W1, T1, W2, and T2&STS2) were identified. Since 151 

the turning and sitting tasks are not distinct, overlapping in the turning and sitting task was 152 

estimated as the duration of the T2&STS2 over the sum of separate T2 and STS2 duration, 153 

representing the sitting strategy (Weiss et al., 2019). The percentage change in the duration of 154 

task completion was estimated comparing stimulation conditions (30 Hz and 40 Hz vibration) 155 

versus the no-stimulation condition (baseline).  156 

 157 

 158 

 159 
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Vibration stimulation  160 

Mechanical vibration of 30 and 40 Hz frequencies and 1±0.002 mm amplitude were imposed to 161 

both gastrocnemius muscles continuously, using custom-made eccentric rotating servomotor. 162 

Velcro straps were used to attach the vibrators to the belly of each muscle. Based on previous 163 

studies to assure that effects of stimulation reach a plateau level, participants were exposed to a 164 

one-minute warm-up vibration prior to each test (Čapičikova et al., 2006, Tjernström et al., 165 

2002). Each warm-up vibration exposure occurred before starting the iTUG test while the 166 

participant was sitting on the chair. To minimize the residual effects of vibration on iTUG 167 

performance (Čapičikova et al., 2006, Wierzbicka et al., 1998), participants had a minimum of 168 

two-minute rest period between trials. The vibration turned off immediately after the participant 169 

finished the iTUG test. Further, to minimize the residual effects of vibration, instead of 170 

randomizing the trials, tests with no vibration was performed first, followed by 30 or 40 Hz 171 

stimulation trials. Of note, the order of 30 or 40 Hz vibrations were randomized. This study 172 

design was implemented because following a practice session, the learning effect due to 173 

repeating the TUG test is negligible. Therefore, it is expected that the differences in iTUG 174 

performance between vibration and no-vibration trials would mainly represent vibration-induced 175 

alterations with minimum residual effects.   176 

 177 

Statistical analysis 178 

Differences in demographic parameters among low and high fall risk participants were assessed 179 

using one-way analysis of variance (ANOVA) models. Differences in subjective questionnaires, 180 

as well as the baseline no-vibration iTUG parameters were assessed using multivariable 181 

ANOVA models, considering fall risk groups (low versus high), age, gender, and body mass 182 

index (BMI) as independent variables. To assess differences in vibration-induced iTUG changes 183 

between fall risk groups, multivariable repeated measures ANOVA models were used. In each 184 

model, percentage change in balance parameters due to vibration (compared to the baseline 185 
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condition with no stimulation) were considered as dependent variables; fall risk groups, age, 186 

gender, BMI, and vibration frequency (within subject variable) were considered as independent 187 

variables. Cohen’s effect size was calculated for each ANOVA test. The interaction effect 188 

between fall risk groups and vibration frequency was also assessed. Matched-paired t-test was 189 

used to assess significant changes in iTUG performance within each of the low and high fall risk 190 

group. Further analyses were performed to assess the association between baseline no-191 

vibration iTUG and vibration-induced iTUG performance, using Pearson correlations (r). Lastly, 192 

correlations between subjective questionnaires (i.e., the pain score, FES-I, and the fall score) 193 

and vibration-induce changes in balance parameters were assessed using linear regression 194 

models and reported as Pearson correlations. All analyses were done using JMP (Version 11, 195 

SAS Institute Inc., Cary, NC, USA), and statistical significance was concluded when p<0.05. 196 

 197 

Results 198 

Participants 199 

Between low and high fall risk groups, age, FES-I, and fall score were significantly different 200 

(p<0.01, Table 1). All other demographic and clinical measures were not significantly different 201 

between groups (p>0.07, Table 1).  202 

 203 

iTUG and vibration 204 

Although the normal baseline iTUG test showed significant univariate between-group 205 

differences in the task completion duration (e.g., total iTUG duration of 11.26±2.75s for low-fall 206 

risk compared to 23.97±10.00s for high-fall risk, p<0.01), none of these differences were 207 

significant when the model was adjusted with age, gender, and BMI (p>0.12). After the vibration 208 

was applied, iTUG performance altered among both the low and high fall risk groups. Overall, 209 

low fall risk participants performed the iTUG test slower after vibration, while, the performance 210 

improved among high fall risk individuals. For the high fall risk group, applied vibration resulted 211 
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in a 10±19% (p=0.15) and 15±21% (p=0.03) faster completion of the T1 task, as well as a 212 

18±27% (p=0.02) and 10±20% (p=0.08) improvement for the combined task of T2&STS2 during 213 

30 Hz and 40 Hz trials, respectively (Table 2 and Figure 1). On the other hand, low fall risk 214 

participants were observed to have declined performance, which was presented as 18±31% 215 

(p=0.20) and 27±61% (p=0.12) increase in completion time for T1, and 27±46% (p=0.11) and 216 

47±95% (p=0.12) increase for T2&STS2 completion during 30 Hz and 40 Hz trials, respectively 217 

(Table 2). Accordingly, ANOVA models showed significant differences between low and high fall 218 

risk groups in task completion duration changes for T1 and T2+STS2 (p=0.03), when adjusted 219 

for age, gender, and BMI. Although not significant (p=0.09), this trend was also observed for the 220 

overall iTUG duration. No significant between-group and within-group differences were 221 

observed for sitting strategies (p>0.19). Further, no significant interaction effect between fall risk 222 

and vibration frequency was found (p>0.20).  223 

 224 

Independent of the fall risk group classification, current results showed negative associations 225 

between baseline iTUG performance and alterations in iTUG performance when participants 226 

exposed to the vibratory stimulation. As illustrated in Figure 2, changes in T1 and T2&STS2 227 

duration were significantly (and negatively) correlated with the initial baseline duration for 228 

completing these tasks (r=0.51-0.77 and p<0.03 for both 30Hz and 40Hz trials). Further, 229 

significant negative correlations were observed between T1 and T2&STS2 changes within 30Hz 230 

vibration with the fall score (r=0.50-0.55, p<0.03). Although similar negative trends were 231 

noticeable for other correlations between subjective questionnaires and iTUG performance, 232 

none of them were significant (p>0.17).  233 

 234 

Discussion 235 

Effects of vibration on iTUG 236 
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In agreement with the current theoretical hypothesis and our previous findings for postural 237 

balance (Ehsani et al., 2018a, Toosizadeh et al., 2018a, Toosizadeh et al., 2018c), we observed 238 

that the effect of vibratory stimulation differed significantly among low and high fall risk older 239 

adults. Out of 10 low fall risk older adults within the current sample, eight showed an overall 240 

deterioration in iTUG performance when repeating the task with the vibration. On the other 241 

hand, nine out of ten high fall risk elders showed improved iTUG performance with vibration 242 

compared to baseline, which was mainly represented by shorter durations of turning and sitting. 243 

Accordingly, within the current sample, adding the vibration to iTUG noticeably improved the 244 

identification of fall risk compared to the common iTUG test, as iTUG performance was not 245 

significantly different between the two groups. Within the current vibration-based iTUG approach 246 

we aimed to reduce some between-subject differences in physical activity performance, by 247 

calculating the percentage changes in iTUG performance for each subject when exposed to 248 

outside vibration. In the other word, the overall iTUG performance was normalized using the 249 

baseline performance, with the purpose of solely focusing on proprioceptive differences 250 

between the fall risk groups. Therefore, components of the iTUG test that were expected to 251 

more sensitively alter with proprioceptive stimulation, showed a significant between-group 252 

vibration-induced changes, which were turning and sitting.    253 

 254 

Turning and changing direction tends to be a challenging motor task for older adults, especially 255 

those influenced by Parkinson’s disease, low back pain, and especially those who are prone to 256 

falling (Hulbert et al., 2015, Toosizadeh et al., 2016, Yamada et al., 2012). Qualitative analyses 257 

of turning mechanism have suggested differences in turning strategies due to aging-related 258 

motor function deficits, which was observed by a tendency for performing spin turns (i.e., 259 

ipsilateral turns: left turn while the left limb is the stance limb) among older adults compared to 260 

step turns (i.e., contralateral turns: left turn while the right limb is the stance limb) among young 261 

individuals (Akram et al., 2010, Fino et al., 2015). Further, case-control research among older 262 
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adults demonstrated that falling while turning had the highest likelihood of hip fracture with an 263 

odds ratio of about eight (compared to an odds ratio of one for normal walking) (Cumming and 264 

Klineberg, 1994). Although evidence exist that turning is a demanding task in terms of 265 

neuromuscular burden, to the best of our knowledge, no study exists to assess the association 266 

between a disturbed turning task and fall risk. Current findings suggest that an efficient 267 

execution of the turning task may highly depend on proprioceptive performance. Hypothetically, 268 

low fall risk older adults with more intact proprioceptive performance showed a compromised 269 

turning performance when exposed to vibration, while high fall risk elders benefitted from 270 

vibration to improve the turning task execution. Of course, this hypothesis requires further 271 

investigation with more accurate assessment of proprioceptive performance before testing.     272 

 273 

Performing a turning task becomes even more challenging when it is followed by sitting, which 274 

requires an accurate proprioceptive sensation to provide efficient timing of muscle activation to 275 

safely lower the body center of mass (Parvaneh et al., 2017, Weiss et al., 2019). Previous work 276 

suggested different sitting strategies among older adults, including distinct-strategy (cautious 277 

sitting) and overlapping-strategy (Parvaneh et al., 2017, Weiss et al., 2019). Within the distinct-278 

strategy, turning and walking would be fully completed and then the task of sitting takes place; 279 

while, within the overlapping-strategy individuals tend to perform turning/walking and sitting 280 

concurrently. Results from these previous studies suggested that frail elders and those with 281 

Parkinson’s disease tend to implement a cautious sitting strategy, which involves a more 282 

prolonged time delay between turning/walking and sitting (Parvaneh et al., 2017, Weiss et al., 283 

2019). Although current results showed vibration-induced improvement and deterioration in 284 

turning and sitting performance among high and low fall risk participants, respectively, our 285 

further analysis showed no difference in the sitting strategies; the amount of overlapping before 286 

and after vibration was not significantly different between either groups (p>0.19).   287 

 288 
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Effect of vibration on proprioceptive performance – Theoretical explanation  289 

It was hypothesized that the observed different responses to the vibratory stimulation within the 290 

iTUG test among fall risk groups may be attributed to the differences in age-related sensory 291 

performance. These influences were explained by the fact that mechanical vibration of muscle 292 

can increase excitement of type a afferents in spindles, and increase the excitability of muscle 293 

motor neurons (Burke et al., 1976, Wierzbicka et al., 1998). Signals from muscle spindles are 294 

directed to motor neurons, which activate the parent muscles to restore joint position (i.e., the 295 

ankle joint) within a short-latency reflexive mechanism (Horak and Nashner, 1986). Thus, lower-296 

extremity muscle vibration can affect this reflexive mechanism by altering the interaction 297 

between sensory spindles and the muscle motor executive system. Also, proprioceptive 298 

feedback from muscle spindles provides information regarding the level of motor activities, 299 

which is processed in the brain cortex to adjust muscle activity (Hulliger, 1984, Mihara et al., 300 

2008). Muscle vibration can cause some illusionary sensation in the brain regarding the lower-301 

extremity position, and consequently influences the long-latency responses (Goble et al., 2009, 302 

Roll et al., 1989). With aging, the efficiency of the reflexive loop declines due to changes in 303 

covering capsule dimensions, reduced number of intrafusal fibers within spindles, and 304 

denervation process (Goble et al., 2009). Also aging of the central nervous system can cause 305 

reduction in attentional resources and a general loss of neural substrate (Raz and Rodrigue, 306 

2006). Although these two hypothetical mechanisms can explain the observed between-group 307 

differences in response to vibration, the concept of mechanical stimulation effects on 308 

proprioceptive performance needs to be validated within future studies. More specifically, it 309 

would be critical to understand how mechanical vibration can influence the ankle joint position 310 

sense, kinesthesia, force sense, and more importantly the postural balance feedback 311 

mechanism.     312 

 313 

Limitations and future direction 314 
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Due to some limitations, findings from the current study should be interpreted cautiously, and 315 

further confirmations are required. One of these limitations was the small sample size. Although 316 

results are promising, the number of participants within each group was limited and may not be 317 

representative of a wide range of aging-related neuromuscular deficits that can possibly lead to 318 

the observed between-group differences. Also, high fall risk participants were selected based on 319 

the history of fall and poor balance. Therefore, no direction conclusion can be made regarding 320 

the association between aging-related lower-extremity proprioceptive deficits and vibration 321 

effects. Our findings, however, showed that regardless of fall risk categories, elders with worse 322 

iTUG performance benefited more from the vibratory stimulation.  323 

 324 

Other limitation of the current study was to have a few testing conditions for the vibration 325 

exposures. Findings cannot inform what vibration areas (gastrocnemius vs. peroneus longus) or 326 

vibration frequencies (lower frequency (30Hz-40Hz) vs. higher frequency ~80Hz) could have 327 

greater effects on iTUG. Of note, the vibration area and frequency were selected based on 328 

previous studies on postural balance (Abrahámová et al., 2009, Ehsani et al., 2018a, Ivanenko 329 

et al., 1999, Toosizadeh et al., 2018a). This limitation needs to be addressed within future 330 

systematic studies of vibration effects on both postural balance as well as dynamic balance.  331 

 332 

Lastly, a two-minute rest period was allocated between trials, the vibration frequencies were 333 

randomized, and the no-vibration trial was designed to be performed before any exposure to 334 

calf vibration; however, some confounding vibration residual effects may still exist. To overcome 335 

this limitation, in larger studies, sessions should be done in separate days to completely 336 

eliminate the residual effects of vibration on iTUG performance.  337 

 338 

Conclusions 339 
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Within our sample of high fall risk older adults, we observed that vibration improved the 340 

performance of more demanding components of the iTUG test including turning and sitting. 341 

Interestingly, the effect of vibration was adverse among low fall risk participants. Accordingly, 342 

current findings suggest that adding vibratory stimulation to the gastrocnemius muscle can be 343 

used to assess dynamic balance performance within the iTUG test. We believe that the main 344 

effect of vibration is on muscle spindles, which can in turn influence the proprioceptive 345 

performance of lower-extremities. The concept of vibratory stimulation for assessing 346 

proprioceptive performance has high potential to inform clinical screening and future 347 

applications in fall risk prevention. Current promising findings, although preliminary, may lay the 348 

groundwork to promote lower-extremity vibratory stimulation for improving postural and dynamic 349 

balance among elders at high fall risk.  350 
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Table 1: Sociodemographic Information and clinical measures for low and high fall risk 358 
participants. Significant between fall risk group differences are indicated with asterisks. 359 

 360 

Variables Low Fall Risk High Fall Risk p-value 

Number, n (% of total) 10 (50%) 10 (50%) - 

Female, n (% of group) 6 (60%) 7 (70%) 0.99 

Age, year (SD) 72.90 (2.81) 83.60 (9.46) 0.01* 

Stature, cm (SD) 165.03 (10.91) 165.62 (11.21) 0.91 

Body mass, kg (SD) 64.71 (8.37) 65.24 (16.39) 0.93 

BMI, kg/m2 (SD) 23.75 (2.11) 23.52 (4.08) 0.87 

Pain at the moment, 0-10 (SD) 0.20 (0.63) 1.90 (2.69) 0.07 

Pain within two weeks, 0-10 (SD) 0.80 (2.53) 3.50 (3.72) 0.07 

Short FES-I, 7-28 (SD) 8.00 (1.63) 14.90 (3.96) <0.001* 

Fall score, 0-4 (SD) 0.10 (0.32) 3.10 (0.74) <0.001* 

Number of falls within one year (SD) 0.00 (0) 0.80 (0.92) <0.01* 

 361 

  362 
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Table 2: Percent change in the duration of completion of iTUG tasks after applying vibratory 363 

stimulation. Results from age, gender, and BMI adjusted repeated measure ANOVA models for 364 
between group differences are presented. Significant between fall risk group differences are 365 
indicated with asterisks. 366 

iTUG Task Low Fall Risk High Fall Risk p-value GROUP Effect Size 

Sit to Stand (STS1)     

30 HZ (SD) 0.66 (1.14) 0.08 (0.62) 
0.19 0.36 

40 HZ (SD) 0.58 (0.82) 0.05 (0.52) 

Walk three meters (W1)     

30 HZ (SD) -0.09 (0.23) 0.06 (0.21) 
0.85 0.26 

40 HZ (SD) -0.04 (0.33) 0.05 (0.20) 

Turn around (T1)     

30 HZ (SD) 0.18 (0.31) -0.10 (0.19) 
0.03* 0.53 

40 HZ (SD) 0.27 (0.61) -0.15 (0.21) 

Walk back to chair (W2)     

30 HZ (SD) -0.01 (0.37) 0.11 (0.37) 
0.81 0.33 

40 HZ (SD) -0.12 (0.27) 0.11 (0.18) 

Turn and sit down (T2&STS2)     

30 HZ (SD) 0.27 (0.46) -0.13 (0.27) 
0.03* 0.51 

40 HZ (SD) 0.47 (0.95) -0.10 (0.20) 

Total duration     

30 HZ (SD) 0.11 (0.26) -0.03 (0.23) 
0.09 0.29 

40 HZ (SD) 0.14 (0.32) -0.02 (0.17) 

 367 

368 
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Figure captions  369 

Figure 1: Changes in instrumented Timed-Up-and-Go (iTUG) performance comparing vibration 370 
versus no-vibration trials. 371 

Figure 2: Correlations between changes in instrumented Timed-Up-and-Go (iTUG) performance 372 
due to vibration and baseline iTUG performance. Significant correlations are indicated with 373 
asterisks.   374 



18 
 

 375 

 376 

 377 

Figure 1: Changes in iTUG performance comparing vibration versus no-vibration trials. 378 
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 380 

Figure 2: Correlations between changes in iTUG performance due to vibration and baseline 381 
iTUG performance. Significant correlations are indicated with asterisks.  382 
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