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ARTICLE INFO ABSTRACT

Keywords: Background: Peripheral neuropathy is one of the most common complications of type 2 diabetes, which can lead
Bal_ance to impaired balance and walking. Innovative footwear devices designed to stimulate foot sensory receptors, such
Gait as vibrating insoles, could offer a new route to improve motor impairments in people with diabetic peripheral
Electromyography neuropathy (DPN)

Orthotic devices . ’ . . i X . .

Diabetes Research question: Does wearing vibrating insoles for the first time alter measures of balance, walking, and ankle-

foot muscle activity, in people with DPN?

Methods: A randomised cross-over study was conducted with 18 ambulant men and women with a diagnosis of
DPN. Participants performed tests of standing balance (Bertec® force platform) under four conditions (foam/firm
surface, eyes open/closed) and level-ground walking (GAITRite® instrumented walkway), whilst wearing
vibrating and non-vibrating (control) insoles on two separate occasions (one insole/session). Electromyography
(EMG) was used to assess soleus, medial gastrocnemius, tibialis anterior, peroneus longus activity during balance
tests. Outcomes included centre of pressure (CoP) sway, EMG amplitude, spatiotemporal gait patterns, and Timed
Up and Go test. One sample t-tests were used to explore %differences in outcomes between insole conditions.
Results: Wearing vibrating insoles led to a reduction (improvement) in CoP elliptical area, when standing on a
foam surface with eyes closed, relative to non-vibrating insoles (P=0.03). Applying perceptible vibrations to the
soles of the feet also reduced the EMG amplitude in soleus (P=0.01 and P=0.04) and medial gastrocnemius
(P=0.03 and P=0.09) when standing with eyes closed on firm and foam surfaces.

Significance: Our findings of signs of improved balance and altered muscle activity with suprasensory vibrating
insoles provides new insights into how these devices can be used to inform innovative rehabilitation approaches
in individuals with DPN. This will be strengthened by further research into possible clinical benefits of these
devices — given that the effects we detected were small with uncertain clinical meaning.

Peripheral neuropathy

1. Introduction

Deteriorating balance is one of the earliest signs of foot sensory loss
in diabetic peripheral neuropathy (DPN), associated with a high rate of
trauma due to falls and fear of falling [1]. Existing treatments for DPN,
such as footwear, insoles and orthoses, are routinely issued to prevent
foot ulcers [2] or provide pain relief [3], associated with deteriorating
foot sensory loss. However, there is an urgent need to develop rehabil-
itation interventions that better target early signs of sensory loss, to
prevent the escalation of balance and walking impairments.

Vibrating shoe insoles, designed to augment sensory feedback at the

feet, are gaining momentum as a new route to help improve balance and
walking in healthy [4-8] and clinical [5,9-15] populations. The prin-
ciple behind vibrating insoles is that applying ‘noise’ to plantar mech-
anoreceptors can act as a pedestal to help amplify sensory signals that
may be otherwise too weak to be detected [16]. For people with neu-
ropathy, augmenting the sensory environment at the feet can offer major
therapeutic benefit, leading to more efficient movement patterns and
improved balance [9,11,14,15]. There are two forms of vibratory
stimulation, with existing insoles delivering imperceptible (subsensory)
[4-6,8-11,14,15] or perceptible (suprasensory) [12,13] noise; with
varying effects on functional performance.

* Correspondence to: School of Health and Rehabilitation Sciences, Therapies Building (84A), The University of Queensland, St Lucia, Brisbane, QLD 4072,

Australia.
E-mail address: a.hattonl@ugq.edu.au (A.L. Hatton).

https://doi.org/10.1016/j.gaitpost.2024.04.008

Received 15 April 2023; Received in revised form 7 April 2024; Accepted 8 April 2024

Available online 9 April 2024

0966-6362/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:a.hatton1@uq.edu.au
www.sciencedirect.com/science/journal/09666362
https://www.elsevier.com/locate/gaitpost
https://doi.org/10.1016/j.gaitpost.2024.04.008
https://doi.org/10.1016/j.gaitpost.2024.04.008
https://doi.org/10.1016/j.gaitpost.2024.04.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.gaitpost.2024.04.008&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A.L. Hatton et al.

Suprasensory vibrating insoles deliver perceptible haptic feedback
that can provide a user with cues about their postural orientation and
stability, leading to optimisation of movement and posture [7,12,13,
17]. Of the few studies that have investigated suprasensory vibrating
insoles, the primary focus has been on their potential to alter walking
patterns in people without neuropathy [7,12,13,17]. Findings of
increased toe clearance [7], ankle dorsiflexion [12], and reduced toe
trajectory variability [17], suggest that suprasensory vibrating insoles
could play a role in reducing the risk of trips and falls in older people.
Stimulating the foot using perceptible vibration has also shown to
improve spatiotemporal gait patterns in healthy young adults [18] and
people with Parkinson’s disease [13]. These initial studies in sensate
populations provide the basis to now investigate suprasensory vibrating
insoles in those with neuropathy, as a potential early intervention to
help ameliorate balance and gait impairments.

Vibrating insoles that stimulate the feet either below or above a
user’s sensory threshold can have a positive influence on balance [19]
and walking [18] in healthy adults. There is lack of understanding
concerning the underlying mechanisms by which vibrating insoles in-
fluence balance and walking. Enhanced neuromuscular control is one
possible option, whereby substitute tactile input may help to maintain
the normal flow of sensory information at the feet [20]. In neuropathy,
this is critical to help prevent any compensatory muscle activity (e.g.,
higher co-activation) across the ankle and knee joints [21] that occurs to
counter sensory loss, yet exacerbates postural instability. Applying
vibratory stimuli to the foot can lead to more controlled activation of
ankle-foot muscles [4], which help to regulate balance. Greater under-
standing of how vibrating insoles work is essential to inform the
development of efficacious footwear innovations for people with and
without neuropathy.

The aim of this study was to determine whether immediate wear of
suprasensory vibrating insoles alters measures of balance (centre of
pressure sway) and walking (spatiotemporal gait patterns, Timed Up
and Go test) in people with DPN. We hypothesised that wearing
vibrating insoles would lead to reductions in centre of pressure measures
(sway velocity and elliptical area), improvements in spatiotemporal gait
patterns (increased gait velocity and stride length, and reduced double-
limb support and base of support), and a faster time to complete the
Timed Up and Go Test, compared to wearing non-vibrating insoles.
Secondary aims were to investigate if vibrating insoles alter the ampli-
tude of ankle-foot muscle activity, as a potential underlying mechanism
to any changes in standing balance. Specifically, we hypothesised that
the amplitude of ankle-foot muscle activity would be lower when
wearing vibrating insoles versus non-vibrating insoles.

2. Methods
2.1. Design

A randomised, single-blind, cross-over study of adults with DPN was
conducted. Participant recruitment and assessments took place between
March 2019 and April 2020. The study was approved by The University
of Queensland (#2018002272) Human Research Ethics Committee and
conducted in accordance with the Declaration of Helsinki. All partici-
pants provided written informed consent prior to their enrolment.

2.2. Participants

Men and women living in Brisbane (Australia), with a diagnosis of
DPN were recruited through volunteer databases held at The University
of Queensland, community organisations (e.g., Diabetes Queensland),
and social media (e.g., Facebook). Participants were screened via an
online questionnaire (SurveyMonkey®) or telephone to determine if the
met the inclusion criteria: aged >18 years; diagnosis of DPN secondary
to type 2 diabetes; ambulant over 20 m (with/without use of an assistive
device); willing to wear insoles during laboratory assessments; adequate
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comprehension of the English language. A diagnosis of DPN was deter-
mined using one of two methods, described in previous work [22].
Exclusion criteria were: current foot ulcers or lower limb injury; current
use of prefabricated or prescription foot orthoses/insoles; Charcot
arthropathy; neurological disease; cardiorespiratory conditions that
limit ambulation; impaired cognition (Short Form Mini-Mental State
Examination Score <24 [23]).

2.3. Shoe insoles

The vibrating insoles (Walk With Path, London) were constructed
from a combination of foam and harder materials, with three pressure
sensors located at the heel, first and fifth metatarsals (Fig. 1). The heel
counter (3D printed hard case) housed a printed circuit board and bat-
tery. During balance assessments, the motors delivered intermittent
perceptible vibrations when participants swayed anteriorly and poste-
riorly, and in doing so, activated the sensors at the forefoot and heel.
During gait assessments, the motors delivered step-synchronised
perceptible vibrations at heel strike and forefoot contact. The non-
vibrating (control) insoles were the vibrating insoles with the stimula-
tion turned off, and so, the same material construction. Assessments of
balance and gait were conducted with participants wearing standard
shoes (Volley International Canvas, Volley, China), into which the in-
soles were fitted, to control for any shoe/insole interactions. Prior to
data collection, participants walked for 5-min wearing the standard
shoes only, to allow for familiarisation.

2.4. Randomisation and blinding

Participants attended the Gait Laboratory at The University of
Queensland on two separate occasions (2-h/occasion) to complete as-
sessments wearing vibrating and non-vibrating insoles (one insole/
occasion, randomised). The two testing sessions took place over a 14-day
period, at the same time of day, with at least one day off between ses-
sions. This washout period was used to minimise cross-over, as any
prolonged or latent effects of the vibration stimuli (for participants
randomised to the vibrating insoles first) could have contaminated the
control condition, if assessed within the same session/day. The insole
randomisation schedule was determined and managed by a research
assistant who was only responsible for administering the insoles during
testing sessions. All other investigators involved in data acquisition,
processing and analysis were blind to the conditions. As it was not
possible to blind participants to the perceptible vibrations, the full aims
of the study were concealed. Participants were informed that the study
aimed to investigate the effects of different insoles on balance and gait; it

Fig. 1. Vibrating shoe insoles.
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was not made explicit that the vibrating insoles were the intervention of
primary interest. Debriefing occurred upon completion of the study.

2.5. Laboratory assessments

Participants completed questionnaires reporting their demographic
details (e.g., sex, height), medical history, medications, time since
diagnosis of diabetes, and number of falls in the previous 12-months.
Patient-reported outcomes concerning foot health specific quality of
life and fear of falling were assessed using the Foot Health Status
Questionnaire (FHSQ) [24] and Falls Efficacy Scale-International (FES-I)
[25], respectively.

2.6. Foot posture, sensation, and proprioception

Standing foot posture was evaluated using the 6-item Foot Posture
Index (FPI-6) to quantify overall foot shape [26]. Foot sensory function
was assessed bilaterally using published methods [22]. Light-touch
pressure sense (Semmes-Weinstein monofilaments, 1.65-6.65 gauges)
was determined by recording the smallest monofilament perceived
(>2/3 applications) at the hallux, first and fifth metatarsal head, heel,
and dorsal foot [27]. Vibration sense (neurothesiometer, frequency
100 Hz, amplitude 0-50 V), was assessed at the hallux and first meta-
tarsophalangeal joint (normal: <25 V; average of 3 readings/per site)
[28]. Foot position awareness (proprioception) was assessed using the
ankle joint angle reproduction test (in plantarflexion and dorsiflexion
directions) [29]. Accuracy in joint positioning was determined by
measuring the difference between the target and actual angles using an
internet-based goniometer (average of 3 recordings/foot). Measures of
foot posture, sensation, and proprioception were only taken at the first
testing session and used to characterise the sample.

2.7. Balance

Double-limb standing was assessed using a Bertec® force plate
(sampling rate 1000 Hz). Participants maintained standardised posi-
tioning (heels placed at 1/10th participants height apart, angled at 14
degrees [30]; arms hanging by their sides [31]) for 30 seconds. Balance
was assessed whilst standing on a foam and firm surface, with eyes open
and closed (randomised). For each balance condition, the average of
three trials was calculated for each CoP outcome.

2.8. Ankle-foot muscle activity

Ankle-foot muscle activity was collected during balance assessments
using bipolar surface electrography (EMG) electrodes (Trigno, Delsys,
LA, USA). Following skin preparation, EMG electrodes were placed on
both legs over soleus, medial gastrocnemius, tibialis anterior, and per-
oneus longus, according to the SENIAM recommendations [32]. For
each muscle, maximal voluntary isometric contractions were performed
to normalise EMG signals. During the balance tests, EMG signals were
recorded at a sampling frequency of 1.000 Hz and filtered with a
10-500 Hz bandpass filter. Average EMG amplitude for each ankle-foot
muscle was calculated across three trials per balance test condition.

2.9. Gait

Level-ground gait performance was evaluated whilst walking over a
10-m instrumented walkway (GAITRite® CIR Systems, USA). Start and
finish lines were marked on the floor 1 m in front and behind the
walkway to allow for acceleration and deceleration outside the walkway
[33]. Five walking trials were completed at participants’ self-selected
pace, whilst wearing vibrating insoles and non-vibrating insoles. Par-
ticipants also performed the Timed Up and Go (TUG) test, which mea-
sures gait speed during functionally important tasks [34]. Participants
performed one practice trial to ensure familiarity with the TUG test,
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prior to the actual test (one trial/insole).
2.10. Outcome measures

Balance outcomes included the difference in CoP total sway velocity
(mm/s), anteroposterior (AP) and mediolateral (ML) sway velocity
(mmy/s), and elliptical area (mm?) between insoles. Ankle-foot EMG
activity was calculated as root mean square (RMS) values measured over
30 s during standing balance tests and over 0.3 s during the maximal
voluntary contractions. For each ankle-foot muscle, the EMG RMS
measured during balance tests was normalized to the highest peak EMG
RMS value recorded during the maximal voluntary contractions.
Spatiotemporal gait parameters included velocity (cm/s), stride length
(cm), double-limb support (%), and base of support (cm). Time taken to
perform the TUG test was recorded (seconds).

2.11. Data analysis

Data analyses were conducted in a blinded manner, using Stata 17.0
(StataCorp. 2021). Plots of within-subject differences in log-transformed
outcomes versus average were examined for heteroscedasticity before
deciding to analyse natural log-transformed data. Symmetric percentage
differences were calculated [35]. One sample t-tests were performed.
The significance level was set to 0.05, with no adjustments for multiple
testing. Gait and foot sensory outcomes were averaged across the right
and left lower limbs.

3. Results

141 people with DPN were screened for eligibility. Thereafter, 24
people with DPN were enrolled into the study, of whom 18 participants
completed all assessments. Demographic and clinical characteristics of
the sample are displayed in Table 1.

3.1. Balance

When standing on a foam surface with eyes closed there was a sig-
nificant between-condition difference for CoP elliptical area (P=0.03)
(Table 2). On average, participants demonstrated a 23 % reduction in
the amount of CoP movement when wearing vibrating insoles (versus
control), indicative of better balance. No other significant differences
(all P values >0.13) were observed for any of the other CoP measures of
interest across the balance tests.

3.2. Ankle-foot muscle activity

When standing on a firm surface with eyes closed there was a sig-
nificant difference for the amplitude of soleus (P=0.01) and medial
gastrocnemius (P=0.03) activity (Table 3). Wearing vibrating insoles led
to reduced ankle-foot muscle activity by 19-20 % on average. Simi-
larly, an 18 % reduction in soleus activity (P=0.04) was observed
when standing on foam with eyes closed whilst wearing vibrating insoles
versus the control insoles (Table 3). There were no further significant
between-condition differences (all P values >0.09) for the lower limb
muscle activity across the balance tests (Table 3).

3.3. Gait

There were no significant between-condition differences (all P values
>0.36) for any of the laboratory (spatiotemporal measures) or clinical
(TUG) gait outcomes when walking with vibrating insoles and non-
vibrating insoles (Table 4).

4. Discussion

This study provides novel evidence that suggests wearing
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Table 1
Demographics and clinical characteristics for people with diabetic peripheral
neuropathy who completed the study.

Characteristic Total Participants
(N=18)

Age, years 58 (9)

Male 10 (56 %)

Body mass, kg 102 (22)

Height, m 1.74 (0.10)

Body mass index, kg/m2 34 (6)

Years since diabetes diagnosis 15 (6—20)

Mini mental state examination 29.6 (1.0)

Number of medications 5.2 (2.4)

Types of medications

e Cardiovascular (e.g. anti-hypertensive) 67 %)

e Cholesterol (44 %)

o Diabetes 78 %)

o Gastrointestinal (39 %)

e Pain (e.g. anti-inflammatory, opioid) (33 %)

o Psychological (e.g. anti-depressant) 28 %)

o Respiratory (e.g. bronchodilator) 6 %)

e Other (e.g. thyroid hormones) 6 (33 %)

Number of falls in previous 12 months

o0 78 %)

o1 6 %)

2 3(17 %)

Falls efficacy scale international 23 (8)

Foot health status questionnaire

e Foot pain 68 (23)

e Foot function 82 (24)

o Footwear 49 (24)

e General foot health 47 (21)

e General health 54 (18)

o Physical activity 77 (19)

e Social capacity 80 (24)

e Vigour 50 (17)

Foot posture index

Left foot

e Supinated 16 %)

e Neutral 13 (72 %)

e Pronated 4 (22 %)

Right foot

o Supinated 3(17 %)

o Neutral 12 (67 %)

o Pronated 3017 %)

Light touch pressure sense

o Great toe 4.6 (1.1)

o 1st metatarsal head 4.8 (0.7)

e 5th metatarsal head 4.8 (0.8)

o Heel 4.9 (0.7)

o Dorsum of foot 4.4 (1.0)

Vibration sense (V)

o 1st metatarsal head 9.5 (5.6)

o Medial malleoli 10.6 (4.7)

Proprioception (error)

e Ankle joint position sense 3.5(2.1)

Insole comfort (VAS rating scale)

e Vibrating insole 7.9 (2.4)

e Non-vibrating insole 8.3 (2.1)

Data are presented as mean (SD) or median (IQR) for continuous measures, and
n (%) for categorical measures.

suprasensory vibrating insoles for the first time may have the capacity to
reduce CoP sway and ankle-foot muscle activity during challenging
balance tasks in people with DPN. We found that whilst standing under
conditions where vision and proprioceptive inputs were removed or
distorted, vibratory stimulation led to a reduction in CoP elliptical area.
Smaller elliptical area represents less variability in the CoP sway trace
and is interpreted to suggest greater postural stability. Yet, variability in
CoP measures can also play an important role in balance, allowing for
the detection and exploration of stability boundaries to achieve steady
posture [36]; it is unclear if a reduction (or increase) in elliptical area
infers greater stability. The current findings are congruent with previous
work on vibrating insoles on two counts; the first being reduced CoP
measures when people with DPN wear vibrating insoles for the first time
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Table 2

Centre of pressure measures for vibrating insoles and non-vibrating insoles, for
people with diabetic peripheral neuropathy who completed all balance tests,
including two surface and two vision conditions (N=18).

Non-
Vibrating
Insole

Balance
Measure

Vibrating
Insole

% Difference (Vibrating vs
Non-Vibrating)

Mean (SD) Mean (SD) 95 % P

CI value

Mean
(SD)

Firm
Surface,
Eyes Open

Total Sway
Velocity
(mm/s)

AP Sway
Velocity
(mm/s)

ML Sway
Velocity
(mm/s)

Elliptical
Area
(mm?)

Firm
Surface,
Eyes
Closed

Total Sway
Velocity
(mm/s)

AP Sway
Velocity
(mm/s)

ML Sway
Velocity
(mm/s)

Elliptical
Area
(mm?)

Foam
Surface,
Eyes Open

Total Sway
Velocity
(mm/s)

AP Sway
Velocity
(mm/s)

ML Sway
Velocity
(mm/s)

Elliptical
Area
(mm?)

Foam
Surface,
Eyes
Closed"

Total Sway
Velocity
(mm/s)

AP Sway
Velocity
(mm/s)

ML Sway
Velocity
(mm/s)

Elliptical
Area
(mm?)

14.3 (7.3) 12.8 (3.0) 4 (26) -9-17 0.54

11.9 (4.9) 11.5 (2.8) 0(18) 0.97

5.2(5.2) 4(1.1) 11 (43) -11-32 0.31

267 (267) 199 (172) 21 (66) -11-54 0.19

23.6 (16.1) 23.8 (8.6) -8 (21) -18-3 0.14

21.7 (15.1) 21.9(8.1) -8 (21) -18-3 0.13

6.2 (3.8) 6.3 (2.4) -7 (24) -19-5 0.23

332 (225) 333 (194) -3 (44) -24-19 0.80

24.3 (10.3) 23.6 (7.0) 1(20) -9-11

21.2 (9.7) 20 (6.3) 3 (20) -7-13 0.51

8.6 (3.1) 9.1 (2.9) -8 (21) -18-3 0.15

743 (346) 748 (218) -6 (36) -24-11

48.5 (22.2) 49.3 (20.2) -4 (22) -16-7 0.42

40.7 (17.9) 41.8 (15.9) -5 (21) -16-5

19.2 (10.7) 18.9 (10.0) -3(33) -20-14 0.74

1927 (1349) 2239 (1356) -23 (41) -44 to 0.03

@ Data represents N=17, due to the removal of an outlier.
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Table 3
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Normalised EMG amplitude (mV) for lower limb muscles (average of right and left lower limbs) during balance tests wearing vibrating insoles and non-vibrating
insoles, for people with diabetic peripheral neuropathy who completed all assessments (N=18).

Muscle Vibrating Insole Non-Vibrating Insole % Difference (Vibrating vs Non-Vibrating)

Mean (SD) Mean (SD) Mean (SD) 95 % CI P value
Firm Surface, Eyes Open
Soleus 21.7 (8.2) 22.6 (6.6) -8 (26) -21-5 0.19
Medial Gastrocnemius 11.1 (5.2) 12.2 (4.9) -12 (37) -30-6 0.19
Tibialis Anterior 2.4 (2.4) 2.3(1.5) -5 (81) -45-36 0.81
Peroneus Longus 5.64 (3.08) 6.85 (4.47) -16 (50) -41-9 0.20
Firm Surface, Eyes Closed
Soleus 22.3(9.3) 25.9 (8.6) -19 (29) -34to -4 0.01
Medial Gastrocnemius 12.8 (5.3) 15.6 (6.3) -20 (35) -37 to -3 0.03
Tibialis Anterior 29 (2.1) 2.8(2.4) 5 (49) -20-29 0.70
Peroneus Longus 6.82 (3.10) 8.15 (5.02) -13 (52) -39-13 0.32
Foam Surface, Eyes Open
Soleus 21.1(8.8) 22.9 (9.0) -10 (36) -28-8 0.26
Medial Gastrocnemius 13.7 (4.9) 14.6 (5.8) -4 (35) -22-13 0.60
Tibialis Anterior 4.7 (3.3) 5.4 (5.3) -3(63) -34-28 0.85
Peroneus Longus 9.77 (4.48) 9.79 (3.07) -8 (49) -32-16 0.50
Foam Surface, Eyes Closed"
Soleus 22.1(11.4) 26.8 (16.5) -18 (35) -36 to —1 0.04
Medial Gastrocnemius 17 (5.3) 19.2 (5.7) -13 (30) -29-2 0.09
Tibialis Anterior 10.9 (7.0) 11.4 (9.4) 3(44) -20-26 0.77
Peroneus Longus 12.14 (5.23) 11.91 (4.01) -2 (38) -21-17 0.84

2 Data represents N=17, due to the removal of an outlier.

Table 4

Laboratory and clinical gait measures for vibrating insoles and non-vibrating
insoles, for people with diabetic peripheral neuropathy who completed all as-
sessments (N=18).

Gait Measure Vibrating Non- % Difference (Vibrating vs
Insole Vibrating Non-Vibrating)
Insole
Mean (SD) Mean (SD) Mean 95 % P
(SD) CI value
Velocity (cm/ 121 (16) 122 (17) -1(8) -5-3 0.59
s)
Stride Length 135 (14) 135 (14) 0 (4 -2-2 0.83
(cm)
Double-Limb 9.7 (2.2) 9.9 (2.3) -3(12) -8-3 0.36
Support (%)
Base of 30 (2.5) 29.9 (2.3) 0(5) -2-2 0.96
Support
(cm)
Timed Up and 7.5(1.4) 7.4 (1.4) 1(11) -4-6 0.73
Go
(seconds)

[4,11,14]. Second, the effects of vibrating insoles on CoP measures
become most evident during higher-level balance tasks, for example by
adding an unstable supporting surface or cognitive load [11]. Our
finding of reduced elliptical area should be interpreted with caution, as
it is only one of 16 CoP outcomes that reached significance and the
p-value was not very small. Whilsta >20 % reduction in CoP elliptical
area is clinically meaningful, only a little evidence of possible clinical
benefit was found in this small study.

Contrary to our hypotheses, wearing vibrating insoles did not alter
measures of walking in people with DPN. This finding conflicts with
existing work that reports improved spatiotemporal gait measures in
healthy young adults [18] and people with Parkinson’s disease [13],
when wearing suprasensory vibrating insoles. Differences in gait
assessment could explain this discrepancy; in this study participants
walked a short distance (6-10 m) over level-ground, whilst others have
implemented more demanding tasks, including walking on an inclined
treadmill [18] and over a greater distance [13]. Therefore, we propose
that the effects of vibrating insoles may only become apparent when the
gait task is sufficiently demanding for ambulant populations. Further,
suprasensory vibrating insoles have been shown to alter gait kinematics
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(e.g., improved toe clearance) that could translate to a reduced risk of
tripping [7,12,17]. It is possible that vibrating insoles may bring about
changes in other measures of walking (e.g., joint kinetics) that were
beyond the scope of this study.

Secondary aims were to explore underlying mechanisms by which
vibrating insoles may bring about their effects on balance, specifically
ankle-foot muscle control. When standing with eyes closed, we observed
significant reductions in the amplitude of plantar flexor activity, when
the vibrational stimuli was active. Delivering perceptible vibrations to
the feet, specifically when vision is occluded, may facilitate sensory re-
weighting towards the augmented proprioceptive cues, leading to more
efficient control of lower limb muscles. Specifically, a lower amplitude
of ankle-foot muscle activity may enhance balance, by reducing the
mechanical contribution for postural control and excessive energy
expenditure, which have previously been associated with postural
instability in older people with a history of falls [37].

To date, only one other study [4] has explored the effects of vibrating
insoles on lower limb muscle activity during balance in healthy adults
who underwent an ice intervention designed to simulate diminished foot
sensation. Applying subsensory noise to the feet appeared to help restore
muscle activity to a level commensurate to that when foot sensation was
intact [4]. Further studies suggest that altering sensory load to plantar
cutaneous receptors, through ice interventions or sensory-stimulating
devices, can regulate the intensity and timing of lower limb muscle ac-
tivity for balance and gait [38-40].

4.1. Study limitations

There were several study limitations. First, participants performed
assessments wearing vibrating and non-vibrating insoles on two sepa-
rate occasions, with at least a one day washout period. However, it is
unclear if, and for how long, latent sensory effects are experienced after
exposure to vibrating insoles. Second, walking was not assessed under
conditions that simulate free-living, which may be more sensitive to
detect intervention effects. This is important to consider in the context of
the sample who demonstrated minimal walking impairment. Third,
participants wore the insoles during assessments only, allowing us to
observe immediate effects. Yet, the beneficial effects of vibrating insoles
may accrue, and additional benefits may emerge, with long-term wear.
Fourth, vibrating insoles could improve measures that were beyond the
scope of this work, e.g., reactive balance.
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5. Conclusions

Wearing vibrating insoles may help to facilitate more efficient lower
limb muscle activity during challenging balance tasks, which could
enhance upright stability, in people with DPN. Specifically, insoles that
deliver perceptible vibrations may have the capacity to alter plantar
sensory loads that play a critical role in regulating neuromuscular con-
trol for balance. Changes in the amplitude of lower limb muscle activity
may be one underlying mechanism by which vibrating insoles bring
about their effects in people with diminished foot sensation. The current
findings offer new insight into sensory-stimulating insole design features
that can be used to help inform the development of innovative balance
rehabilitation strategies. For people with DPN, a new evidence-based
footwear device could help to facilitate safe, active, and independent
living. Further exploration of the potential therapeutic effects of
vibrating insoles following long-term wear in the community, across a
wider range of functional, behavioural, and neurophysiological mea-
sures, is warranted.
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