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Acute Effects of Vibrating Insoles on Dynamic Balance and Gait Quality in Individuals With Diabetic 

Peripheral Neuropathy: A Randomized Crossover Study 

 

Giorgio Orlando, Steven Brown, Edward Jude, Frank L. Bowling, Andrew J.M. Boulton, and Neil D. 

Reeves 

 

Abstract  

Objective 

This study investigated the effects of vibrating insoles on dynamic balance and gait quality during 

level and stair walking and explored the influence of vibration type and frequency in individuals with 

diabetic peripheral neuropathy (DPN). 

Research design and methods 

Twenty-two men with DPN were assessed for gait quality and postural and dynamic balance during 

walking and stair negotiation using a motion capture system and force plates across seven vibratory 

insole conditions (Vcs) versus a control (Ctrl) condition (insole without vibration). Vibration was 

applied during standing and walking tasks, and 15-min rest-stop periods without vibration were 

interposed between conditions. Repeated measures test conditions were randomized. The primary 

outcomes were gait speed and dynamic balance. 

Results 

Gait speed during walking significantly improved in all Vcs compared with Ctrl (P < 0.005), with Vc2, 

Vc4, and Vc6 identified as the most effective. Gait speed increased (reflecting faster walking) during 

stair ascent and descent in Vc2 (Ctrl vs. Vc2 for ascent 0.447 ± 0.180 vs. 0.517 ± 0.127 m/s; P = 0.037 

and descent 0.394 ± 0.170 vs. 0.487 ± 0.125 m/s; P = 0.016), Vc4 (Ctrl vs. Vc4 for ascent 0.447 ± 0.180 
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vs. 0.482 ± 0.197 m/s; P = 0.047 and descent 0.394 ± 0.170 vs. 0.438 ± 0.181 m/s; P = 0.017), and Vc6 

(Ctrl vs. Vc6 for ascent 0.447 ± 0.180 vs. 0.506 ± 0.179 m/s; P = 0.043 and descent 0.394 ± 0.170 vs. 

0.463 ± 0.159 m/s; P = 0.026). Postural balance improved during quiet standing with eyes closed in 

Vc2, Vc4, Vc6, and Vc7 (P < 0.005). 

Conclusions 

Vibrating insoles are an effective acute strategy for improving postural balance and gait quality 

during level walking and stair descent in individuals with DPN. These benefits are particularly evident 

when the entire plantar foot surface is stimulated. 

 

 

Introduction 

Diabetic peripheral neuropathy (DPN) is the commonest neuropathy worldwide, affecting up to 50% 

of individuals with diabetes (1), and is linked to high levels of disability, poor quality of life, and 

increased mortality (2). On the basis of a recent estimate from the International Diabetes Federation, 

it is possible that as many as 270 million people with diabetes worldwide are affected by DPN (3). 

DPN results in a progressive deterioration of the peripheral sensory and motor nerves, which affects 

the distal segments of the upper and, predominantly, lower limbs (2). Loss of sensory feedback and 

alterations in motor control and function (i.e., loss of muscle power) are typical features of DPN (4). 

Consequently, patients with DPN are predisposed not only to foot ulceration and amputation (5) but 

also to a 20-fold greater risk of falling than individuals without DPN as a result of an altered gait 

pattern and impaired balance (6,7). Typically, patients with DPN are characterized by a slower self-

selected walking speed (range 0.7–1.2 m/s) than that of their age-matched control participants 

without diabetes (range 1.0–1.5 m/s) (8). Changes in gait pattern are accompanied by impaired 

balance, which is particularly pronounced during daily tasks, such as level walking and stair climbing 

https://europepmc.org/article/pmc/pmc11116908#B1
https://europepmc.org/article/pmc/pmc11116908#B2
https://europepmc.org/article/pmc/pmc11116908#B3
https://europepmc.org/article/pmc/pmc11116908#B2
https://europepmc.org/article/pmc/pmc11116908#B4
https://europepmc.org/article/pmc/pmc11116908#B5
https://europepmc.org/article/pmc/pmc11116908#B6
https://europepmc.org/article/pmc/pmc11116908#B7
https://europepmc.org/article/pmc/pmc11116908#B8
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(9). The importance of balance problems in this population is underpinned by unsteadiness being 

identified as one of the main predictors of depressive symptoms (10). 

Because we live in an era of rapidly evolving technologies, smart wearable devices are being 

developed to monitor the risk factors for foot ulceration (e.g., pressure and skin temperature) and 

improve some aspects of physical function (11). Specifically, smart insoles that provide short periods 

of mechanical vibration to the plantar surface of the feet have been shown to enhance gait quality 

and balance in adults with and without chronic diseases (12–14). There is also evidence that 

mechanical vibration improves vibrotactile foot sensation in individuals with mild to moderate DPN 

(15–17). These acute effects of vibration have also been linked to a significant decrease in postural 

sway, especially when visual feedback is removed, thus highlighting vibration as a potent tool for 

improving proprioception in those with DPN (18–20). Stochastic resonance has been proposed as a 

determinant underpinning the improvements in peripheral sensation induced by specific types of 

vibration (e.g., random and subsensory vibrations). This phenomenon improves the ability of 

cutaneous mechanoreceptors to detect mechanical stimuli that cannot be identified under normal 

circumstances (21). Currently, the long-term effects of vibrating insoles are poorly understood in 

individuals with DPN, with only one study reporting no effects on gait performance after 1 month of 

sole vibration applied for a short daily duration (22 min) (22). 

Although vibrating insoles may induce acute beneficial effects on some aspects of peripheral 

sensation and standing/postural balance, their capacity to improve gait quality and balance during 

daily tasks, such as level walking and stair climbing (i.e., dynamic balance), has not previously been 

investigated. This is important because the main challenges to balance and a majority of falls occur 

during gait rather than while standing (7). Furthermore, because the type and frequency of vibration 

can translate into changes in mechanical stimuli, there is also a need to examine the acute impact of 

these variables on modulating improvements in balance and gait. 

https://europepmc.org/article/pmc/pmc11116908#B9
https://europepmc.org/article/pmc/pmc11116908#B10
https://europepmc.org/article/pmc/pmc11116908#B11
https://europepmc.org/article/pmc/pmc11116908#B12
https://europepmc.org/article/pmc/pmc11116908#B15
https://europepmc.org/article/pmc/pmc11116908#B18
https://europepmc.org/article/pmc/pmc11116908#B21
https://europepmc.org/article/pmc/pmc11116908#B22
https://europepmc.org/article/pmc/pmc11116908#B7
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Therefore, we undertook this study to investigate the effects of a vibrating insole system on gait 

quality and balance during walking and stair negotiation and explored the influence of the type and 

frequency of vibration in individuals with DPN. We hypothesized that mechanical vibration applied to 

the plantar surface of the feet would improve gait quality and balance and that these effects could 

be optimized by modulating the type and frequency of the vibration stimuli. 

Research Design and Methods 

Participants 

Twenty-two adults with type 2 diabetes were identified and recruited across two hospitals in the U.K. 

between 2020 and 2022. Major inclusion criteria included age >18 years and a diagnosis of mild to 

severe DPN based on a vibration perception threshold (VPT) at the halluces of ≥15 V and/or a 

modified neuropathy disability score (mNDS) of ≥3 and at least one palpable pedal pulse on each 

foot (23–25). 

Major exclusion criteria were presence of an active foot ulcer, lower limb amputation of more than 

two toes on either foot, National Health Service prescription footwear, Charcot deformities, and use 

of a pacemaker. The study was conducted in accordance with the 1964 Declaration of Helsinki and its 

subsequent amendments, and the Ethics Committee of the U.K. National Health Service and the 

Medicines and Healthcare Products Regulatory Agency approved the protocol. All participants 

provided written informed consent. 

Study Design and Procedures 

A randomized controlled crossover design was adopted to test the effects of seven vibrating insole 

conditions (Vcs) on improving gait and balance. During the biomechanical assessment, participants 

with DPN were randomly exposed to seven different vibratory stimuli and one placebo control 

condition (insole without vibration). Each condition lasted ∼10 min. In between conditions, there 

were 15 min of rest without vibration and a 5-min acclimatization period during which participants 

https://europepmc.org/article/pmc/pmc11116908#B23
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grew accustomed to the new vibration settings. Data on gait kinematics and balance were collected 

during standing tests, walking, and stair negotiation. The primary outcomes of interest were changes 

in gait speed and dynamic balance. Dynamic balance was assessed by the extrapolated center of 

mass (XCoM), whereas postural balance was assessed by the center of pressure (CoP) velocity 

measured under the feet. Medical history, anthropometric data, neurological evaluation, 

questionnaires, and gait analysis were conducted during a single daily experimental session. 

Insole System and Vibratory Conditions 

Vibrating insoles were prototypes designed and produced by Walk With Path (PathFeel; Waltham 

Abbey, U.K.). This device comprised two vibratory motors located under the forefoot and the heel 

and three piezoelectric actuators, one positioned under the heel and two at the medial and lateral 

forefoot (between first and second and fourth and fifth metatarsal heads). Motors were responsible 

for the vibratory stimulation, with actuators generating white noise and measuring foot pressure. A 

printed circuit board and battery were housed in a rigid plastic box attached to the laces of the shoes 

using Velcro. Vcs were selected using a mobile app and transmitted via Bluetooth to the insoles. 

The seven conditions varied in terms of vibration frequency (0–240 Hz), type of activation and 

delivery, and addition or otherwise of white noise. The type of vibrational stimuli was determined by 

a binary or linear activation algorithm developed by the company behind the smart insole, Walk With 

Path. Through the algorithm, the linear activation modulated vibration (within a range of 

frequencies) based on the pressure sensor data, whereas, in binary activation, vibration was applied 

at a specific frequency. The type of vibration delivery varied across the different conditions (i.e., 

single site or whole foot). Motors under the heel and/or forefoot were thus activated based on 

pressure provided by each foot in the single-site setting. In contrast, both motors were active 

simultaneously in the whole-foot stimulation upon detection of weight bearing. Vibration was, 

therefore, released only during the weight-bearing stance phase (i.e., when the foot was on the 

ground) of gait in both settings. White noise was generated by the piezoelectric actuators at an 
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amplitude set to 80% of the individual’s perception threshold, which was established as part of the 

calibration of the insoles at the start of the session. 

The following Vcs were tested: Vc1, mechanical vibration inactive, white noise active; Vc2, vibration 

frequency ranging from 100 to 240 Hz, linear activation, white noise active, whole foot; Vc3, vibration 

frequency of 150 Hz, binary activation, white noise inactive, whole foot; Vc4, vibration frequency 

ranging from 100 to 240 Hz, linear activation, white noise inactive, whole foot; Vc5, vibration 

frequency of 240 Hz, binary activation, white noise inactive, single site; Vc6, vibration frequency of 

240 Hz, binary activation, white noise inactive, whole foot; and Vc7, vibration frequency ranging from 

100 to 240 Hz, linear activation, white noise inactive, single site. 

Clinical Characteristics 

Demographic and anthropometric data and medical history were gathered during a semistructured 

interview. Body mass and height were measured using a digital scale and stadiometer; BMI was then 

calculated. Fear of falling was assessed using an internationally validated questionnaire, the Falls Self-

Efficacy Scale. 

Participants underwent neurological evaluation, which included an assessment of small and large 

sensory functions via a combination of VPT and mNDS. VPT was assessed using a neurothesiometer 

(Horwell Ltd, Nottingham, U.K.); the mean of three results with variable speeds of voltage increase 

from each hallux was taken as the VPT result (2). The mNDS is a semiquantitative composite score 

that evaluates pain sensitivity using a Neurotip, vibration sensation using a 128-Hz tuning fork, dorsal 

temperature using warm and cool rods, and Achilles reflex using a tendon hammer. The assessment 

provides a score ranging from 0 to 10, with a score of 3–5, 6–8, or 9–10 indicating mild, moderate, or 

severe neuropathy, respectively (23). Finally, the pedal pulses in both feet were examined via 

palpation and recorded as dichotomous variables (present or absent). 

Gait Analysis 

https://europepmc.org/article/pmc/pmc11116908#B2
https://europepmc.org/article/pmc/pmc11116908#B23


7 
 

Whole-body kinematics and balance were recorded using a 10-camera optoelectronic motion 

capture system (Vicon, Oxford, U.K.) in combination with force platforms (Kistler, Winterthur, 

Switzerland) during standing tests, level walking, and stair climbing. Motion and force data were 

recorded simultaneously at 100 and 1,000 Hz, respectively. Fifty-six reflective markers were placed at 

key anatomical positions on the participants to track the movement of all body segments according 

to a full-body marker set including medial and lateral ankle and knee markers, four-marker clusters 

on the foot, shank, and thigh, a CODA-style pelvis model, and a plug-in gait–style upper-body torso 

and arms model. Participants were asked to wear tight-fitting shorts, tight-fitting T-shirts, 

standardized socks, and standardized footwear (within which the vibrating insoles were fitted). 

Two standing balance assessments were performed, which included quiet standing with eyes open 

and eyes closed. Participants stood comfortably on a force plate, with their arms down at their sides 

and their feet side by side (approximately shoulder width apart) while facing straight ahead. For each 

test, motion and force data were collected for 30 s. 

Level walking was evaluated while the participant walked on an 8-m-long walkway equipped with 

two embedded force plates. This evaluation was performed at the participant’s self-selected 

comfortable walking speed three times. Participants were instructed to stand behind a mark on the 

level walkway and, when required, to walk to the other end of the walkway. 

Stair negotiation was assessed on a seven-step instrumented staircase equipped with four force 

plates embedded in the middle four steps. Each step had a width of 1,050 mm, a depth of 275 mm, 

and a step riser height of 175 mm. For safety, a full-body harness was worn by each participant for 

the entire duration of the assessment. Participants were asked to start at the foot of the staircase, 

ascend the stairs, turn around on reaching the platform at the top, and then descend the staircase. 

They ascended and descended the staircase three times at a speed at which they were comfortable 

without using the handrails. However, participants were permitted to use the handrails minimally if 

they felt they could not complete the task safely. 
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Data Processing 

Motion and force data were labeled using Vicon Nexus and then exported to Visual 3D (C-Motion, 

Germantown, MD). Raw kinematic and kinetic data were filtered using 6- and 25-Hz low-pass 

Butterworth filters, respectively. Filtered data were then used to model and calculate body position, 

spatiotemporal parameters, CoP velocity under the feet (i.e., measure of postural balance while 

standing), and XCoM (i.e., measure of dynamic balance, walking, and stair walking). The XCoM was 

measured in the mediolateral plane, because previous work has shown individuals with DPN have 

impaired sway control during walking and stair walking in the mediallateral plane (9,26). The XCoM 

considers the position and velocity of the CoM and the mean length of left and right legs multiplied 

by 1.34 (i.e., length of the pendulum) (27). Dynamic balance throughout a gait cycle was then 

quantified as the deviation from the path the XCoM would follow if traveling in a straight line 

throughout the gait cycle (28,29). 

Where multiple gait cycles were recorded per participant (three per walking trial and stair ascent and 

descent), average values per participant were calculated for variables calculated per gait cycle. 

Variables calculated per side of the body (left/right) were also averaged to provide overall values per 

participant, per Vc. 

Statistical Analysis 

Data are expressed as mean ± SD for parametric variables, median and interquartile range for 

nonparametric data, and percentages for categorical variables. All parameters were tested for normal 

distribution by visual inspection and using the Shapiro-Wilk test. As an exploratory investigation, the 

seven Vcs were assessed using a dose-response analysis for best improvement in the primary 

outcomes (dynamic balance and walking speed). This yielded three key Vcs with similar response 

levels as the optimum at improving the primary outcomes. These conditions were then further 

analyzed statistically as follows. Differences among vibratory and placebo control conditions were 

tested using paired Student t tests. ANCOVA was used to test the difference in dynamic balance 

https://europepmc.org/article/pmc/pmc11116908#B9
https://europepmc.org/article/pmc/pmc11116908#B26
https://europepmc.org/article/pmc/pmc11116908#B27
https://europepmc.org/article/pmc/pmc11116908#B28
https://europepmc.org/article/pmc/pmc11116908#B29
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among Vcs and placebo control, including as covariate gait speed. All statistical tests were performed 

via Matlab (version 2022a; MathWorks, Natick, MA), with significance set at P < 0.05. 

Sample Size Calculation 

Because the impact of vibration on dynamic balance in individuals with DPN has not been previously 

explored, a power analysis was performed using the CoM velocity (m/s) during standing derived from 

previous investigations exploring the effects of sole vibration on postural balance (19). A minimum 

group sample size of 22 participants with an effect size of 0.720 (β = 0.1; α = 5%) was identified based 

on a conservative population SD of 3.3 m/s1 and a between-group difference of 0.5 m/s. 

Data and Resource Availability 

The data sets generated during and/or analyzed in the current study are available from the 

corresponding author upon reasonable request. 

Results 

Clinical Characteristics and Demographics 

The clinical characteristics of the study population are listed in Table 1. Our cohort included 22 

participants with DPN with a mean age of 68 ± 8 years, diabetes duration of 17 ± 10 years, and mNDS 

and VPT values of 8 ± 2 points (range 4–10) and 27 ± 10 V, respectively. A score of 29 ± 10.6 was 

recorded on the Falls Self-Efficacy Scale, indicating that participants were moderately concerned 

about falling. Four (18.2%) participants had a history of foot ulcers (right foot n = 3; left foot n = 1): 

one on the heel, one on the metatarsal head, and two on the toes. There were no cases of 

amputation. Pedal pulses were present on both feet in 86.4% of the cohort, whereas 13.6% had only 

one pedal pulse. 

Table 1 

Clinical characteristics of study participants 

https://europepmc.org/article/pmc/pmc11116908#B19
https://europepmc.org/articles/PMC11116908/table/T1/
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Variable DPN 

Participants, n 22 

Age, years 68 ± 7.8 

Diabetes duration, years 17 ± 10 

Body mass, kg 89 ± 13 

BMI, kg/m2 30.2 ± 6 

mNDS score (0/10) 8 ± 2 

VPT halluces, V 27 ± 10 

FES-I score (16/64) 29 ± 10.6 

History of diabetic foot ulcer, % 

 
 Yes 18.2 

 No 81.8 

FES-I, Falls Self-Efficacy Scale; mNDS, modified neuropathy disability score; VPT, vibration perception 

threshold. 

Gait Quality 

Table 2 summarizes the comparison between the seven Vcs and the placebo control condition in 

relation to gait quality and dynamic balance. Figures 1 and and22 present the comparison of the 

seven conditions in relation to gait speed and dynamic balance during level walking and stair 

descent, respectively. Significant differences were identified between the placebo condition and Vc2, 

https://europepmc.org/articles/PMC11116908/table/T2/
https://europepmc.org/articles/PMC11116908/figure/F1/
https://europepmc.org/articles/PMC11116908/figure/F2/
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Vc4, and Vc6 in gait speed during level and stair walking. These insole conditions were identified as 

the most effective because they significantly increased gait speed in all three walking settings (i.e., 

level and stair walking [ascent and descent]) compared with control. Gait speed and stride length 

significantly increased and stance and step times were reduced (reflecting faster gait speed) during 

level walking in Vc2 (gait speed P = 0.005; stride length P = 0.019; stance time P = 0.006; step 

time P = 0.007) and Vc6 (gait speed P = 0.007; stride length P = 0.039; stance time P = 0.005; step 

time P = 0.005) compared with the placebo condition. Similarly, Vc4 increased gait speed (P = 0.021) 

and reduced step (P = 0.035) and stance (P = 0.033) times (reflecting faster gait speed), whereas only 

a nonsignificant increase in stride length was observed (P = 0.053). During stair ascent, gait speed 

increased and step time, stance time, and swing time decreased (reflecting faster gait speed) in Vc2 

(gait speed P = 0.037; step time P = 0.011; stance time P = 0.026; swing time P = 0.030), Vc4 (gait 

speed P = 0.047; step time P = 0.044; stance time P = 0.038; swing time P = 0.031), and Vc6 (gait 

speed P = 0.043; step time P = 0.005; stance time P = 0.010; swing time P = 0.007). Gait speed 

increased and step time decreased during stair descent (reflecting faster gait speed) in Vc4 (gait 

speed P = 0.017; step time P = 0.021) and Vc6 (gait speed P = 0.026; step time P = 0.022), whereas 

only gait speed improved in Vc2 (P = 0.016). 

Table 2 

Gait and dynamic balance (measured by XCoM) changes during level and stair walking across 

vibratory and control (without vibration) conditions 

Varia

ble 

Ctr

l 

Vc

1 P 

Vc

2 P 

Vc

3 P 

Vc

4 P 

Vc

5 P 

Vc

6 P 

Vc

7 P 

Walk

ing 
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Varia

ble 

Ctr

l 

Vc

1 P 

Vc

2 P 

Vc

3 P 

Vc

4 P 

Vc

5 P 

Vc

6 P 

Vc

7 P 

 

Spee

d, 

m/s 

1.0

31 

± 

0.1

83 

1.1

32 

± 

0.1

67 

0.0

04 

1.1

19 

± 

0.1

50 

0.0

05 

1.1

02 

± 

0.1

74 

0.0

14 

1.1

00 

± 

0.1

65 

0.0

21 

1.1

21 

± 

0.1

49 

0.0

01 

1.1

29 

± 

0.1

52 

0.0

07 

1.1

01 

± 

0.1

84 

0.0

05 

 

Strid

e 

lengt

h, m 

1.2

26 

± 

0.0

18 

1.2

92 

± 

0.1

56 

0.0

04 

1.2

77 

± 

0.1

55 

0.0

19 

1.2

69 

± 

0.1

64 

0.0

59 

1.2

68 

± 

0.1

53 

0.0

53 

1.2

80 

± 

0.1

52 

0.0

03 

1.2

72 

± 

0.1

55 

0.0

39 

1.2

65 

± 

0.1

84 

0.0

20 

 

Strid

e 

widt

h, m 

0.1

50 

± 

0.0

34 

0.1

44 

± 

0.0

29 

0.2

06 

0.1

44 

± 

0.0

33 

0.2

74 

0.1

43 

± 

0.0

28 

0.2

91 

0.1

53 

± 

0.0

28 

0.6

92 

0.1

52 

± 

0.0

27 

0.1

31 

0.1

43 

± 

0.0

33 

0.1

85 

0.1

47 

± 

0.0

26 

0.7

22 

 

Step 

time, 

s 

0.5

98 

± 

0.0

34 

0.5

75 

± 

0.0

45 

0.0

24 

0.5

72 

± 

0.0

34 

0.0

07 

0.5

79 

± 

0.0

45 

0.0

11 

0.0

44 

± 

0.0

35 

0.0

35 

0.5

74 

± 

0.0

42 

0.0

05 

0.0

31 

± 

0.0

05 

0.0

05 

0.5

79 

± 

0.0

38 

0.0

08 
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Varia

ble 

Ctr

l 

Vc

1 P 

Vc

2 P 

Vc

3 P 

Vc

4 P 

Vc

5 P 

Vc

6 P 

Vc

7 P 

 

Stan

ce 

time, 

s 

0.7

28 

± 

0.0

71 

0.6

80 

± 

0.0

77 

0.0

14 

0.6

79 

± 

0.0

62 

0.0

06 

0.6

93 

± 

0.0

80 

0.0

14 

0.0

85 

± 

0.0

33 

0.0

33 

0.6

80 

± 

0.0

73 

0.0

04 

0.6

70 

± 

0.0

61 

0.0

05 

0.6

90 

± 

0.0

72 

0.0

08 

 

Swin

g 

time, 

s 

0.4

66 

± 

0.0

35 

0.4

68 

± 

0.0

32 

0.5

11 

0.4

65 

± 

0.0

31 

0.2

60 

0.4

66 

± 

0.0

31 

0.1

95 

0.0

30 

± 

0.3

10 

0.3

10 

0.4

66 

± 

0.0

32 

0.1

89 

0.4

60 

± 

0.0

29 

0.0

53 

0.4

64 

± 

0.0

36 

0.0

73 

 

Dyna

mic 

bala

nce, 

m 

0.0

27 

± 

0.0

08 

0.0

28 

± 

0.0

08 

0.6

16 

0.0

30 

± 

0.0

09 

0.1

49 

0.0

28 

± 

0.0

09 

0.6

16 

0.0

30 

± 

0.0

08 

0.2

77 

0.0

28 

± 

0.0

09 

0.7

02 

0.0

29 

± 

0.0

08 

0.6

02 

0.0

28 

± 

0.0

07 

0.5

56 

Stair 

asce

nt 
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Varia

ble 

Ctr

l 

Vc

1 P 

Vc
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Figure 1 

Gait speed (mean ± SD) during level walking across the different vibratory conditions (bars). Red line 

shows gait speed for control condition (gean [solid red line] ± SD [dotted lines]). *P value <0.05. 
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Figure 2 

Dynamic balance (measured by XCoM [mean ± SD]) during stair descent in relation to the seven 

vibratory conditions (bars). Red line shows dynamic balance for control condition (mean [solid red 

line] ± SD [dotted lines]). 

Postural and Dynamic Balance 

There was no significant difference in dynamic balance across the seven conditions during level 

walking and stair descent. A significant increase in dynamic balance (Table 2), indicating a poorer 

control of balance, was observed during stair ascent in Vc2 (P = 0.016), whereas no changes were 

detected in Vc4 or Vc6 after adjusting for gait speed. Postural balance measured by CoP velocity 

improved significantly during quiet standing with eyes closed in Vc2 (Vc2 vs. Ctrl 0.013 ± 0.004 vs. 

https://europepmc.org/articles/PMC11116908/figure/F2/
https://europepmc.org/articles/PMC11116908/figure/F2/
https://europepmc.org/articles/PMC11116908/figure/F2/
https://europepmc.org/articles/PMC11116908/table/T2/
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0.017 ± 0.008 m/s; P = 0.041), Vc4 (Vc4 vs. Ctrl 0.012 ± 0.003 vs. 0.017 ± 0.008 m/s; P = 0.01), Vc6 

(Vc6 vs. Ctrl 0.013 ± 0.005 vs. 0.017 ± 0.008 m/s; P = 0.044), and Vc7 (Vc7 vs. Ctrl 0.013 ± 0.006 vs. 

0.017 ± 0.008 m/s; P = 0.038), whereas a nonsignificant decrease was detected in Vc1 (Vc1 vs. Ctrl 

0.014 ± 0.006 vs. 0.017 ± 0.008 m/s; P = 0.257), Vc3 (Vc3 vs. Ctrl 0.014 ± 0.005 vs. 0.017 ± 0.008 

m/s; P = 0.254), and Vc5 (Vc5 vs. Ctrl 0.015 ± 0.006 vs. 0.017 ± 0.008 m/s; P = 0.296). No significant 

differences were observed across the balance parameters during quiet standing with eyes open (Vc1 

vs. Ctrl 0.016 ± 0.018 vs. 0.013 ± 0.009 m/s; P = 0.472; Vc2 vs. Ctrl 0.014 ± 0.009 vs. 0.013 ± 0.009 

m/s; P = 0.989; Vc3 vs. Ctrl 0.014 ± 0.008 vs. 0.013 ± 0.009 m/s; P = 0.667; Vc4 vs. Ctrl 0.012 ± 0.006 

vs. 0.013 ± 0.009 m/s; P = 0.502; Vc5 vs. Ctrl 0.014 ± 0.008 vs. 0.013 ± 0.009 m/s; P = 0.525; Vc6 vs. 

Ctrl 0.013 ± 0.006 vs. 0.013 ± 0.009 m/s; P = 0.748; and Vc7 vs. Ctrl 0.013 ± 0.008 vs. 0.013 ± 0.009 

m/s; P = 0.884). 

Conclusions 

This is the first study to show the beneficial effects of a vibrating insole system on gait quality and 

postural balance in individuals with DPN. The most salient results show that mechanical vibration 

applied through a smart insole system improves gait speed (i.e., one of the main determinants of gait 

quality) in those with DPN. Vibration was responsible for a 7–10% increase in self-selected gait speed 

during level walking, 8–16% increase in gait speed during stair ascent, 11–25% increase in gait speed 

during stair descent, and a modest improvement in postural balance. These findings indicate that the 

vibrating insole system is an effective acute therapeutic strategy for improving postural balance and 

gait quality, particularly during extremely challenging locomotor tasks, such as stair walking (9). 

We recruited patients with mild to severe DPN, with a group mean VPT of 27 V; this suggests that 

most of our participants had moderate to severe neuropathy. Therefore, our results show that 

vibrating insoles were effective in individuals with marked deterioration of sensory function and 

almost total peripheral sensory loss. Because postural sway was reduced and gait speed increased 

during level walking across the seven Vcs, our findings suggest that mechanical vibration is itself a 

https://europepmc.org/article/pmc/pmc11116908#B9
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stimulus that promotes beneficial effects on gait and balance in individuals with DPN. On the basis of 

our secondary analysis encompassing specific factors that influence the effects of vibration on gait 

and balance, our findings also indicate that benefits for gait and balance are optimized when the 

entire plantar surface of the feet is stimulated, and modulation of the type of activation, change of 

frequency (range vs. fixed stimulation), and addition of white noise do not have a significant impact 

on maximizing the beneficial effects of foot sole vibration. 

Gait speed is one of the main determinants of gait quality and a predictor of fall risk, physical 

disabilities, quality of life, and mortality in elderly individuals (30,31). In those with DPN, gait speed is 

markedly reduced, and it is associated with diminished lower-limb joint strength and reduced range 

of motion, predisposing patients to instability and risk of falls (7). Among the available strategies for 

counteracting the functional consequences of DPN, exercise-based solutions are widely recognized as 

optimal for improving gait speed in individuals with and without diabetes (32). In studies conducted 

in patients with diabetes with or without DPN, those with neuropathy reported an increase in gait 

speed during level walking, ranging from 0.06 to 0.14 m/s, after short-term exercise programs (33–

35). There is also evidence that an increase of 0.10 m/s in self-selected speed over a 1-year period 

decreased the risk of mortality in older individuals, after adjusting for multiple risk factors (30). In our 

study, we detected immediate increases in gait speed ranging from 0.07 to 0.10 m/s after the 

application of Vcs, indicating that this acute therapeutic strategy induced a marked increase in gait 

speed comparable to those obtained by multiple months (3–6 months) of specific exercise programs 

(33–35). These effects do not require training or supervision, potentially promoting the vibrating 

insole system as a more feasible strategy for improving gait and balance in individuals with DPN 

compared with the exercise-based solution, where compliance with exercise is very low (36). It is 

important to note, however, that we tested the acute effects of vibration. Therefore, whether these 

benefits will be maintained or exacerbated by the chronic use of vibration and whether these effects 

translate into increased physical activity and better general health remain to be addressed by a long-

term clinical trial. 

https://europepmc.org/article/pmc/pmc11116908#B30
https://europepmc.org/article/pmc/pmc11116908#B31
https://europepmc.org/article/pmc/pmc11116908#B7
https://europepmc.org/article/pmc/pmc11116908#B32
https://europepmc.org/article/pmc/pmc11116908#B33
https://europepmc.org/article/pmc/pmc11116908#B33
https://europepmc.org/article/pmc/pmc11116908#B30
https://europepmc.org/article/pmc/pmc11116908#B33
https://europepmc.org/article/pmc/pmc11116908#B36
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Our findings are in line with previous investigations indicating improvements in standing balance 

after the use of a vibrating insole system in individuals with DPN (18,19). Foot sole vibration has 

previously been demonstrated to decrease postural sway, particularly during standing with eyes 

closed, in those with DPN (18). We found similar effects in our cohort, with a decrease in CoP velocity 

during standing tasks without visual feedback indicating improved balance. This is likely explained as 

follows: without visual feedback, maintenance of postural control relies exclusively on sensations 

underneath the feet and joint proprioception, thus making the beneficial effects on proprioception 

induced by vibration more apparent. Indeed, vibration has been associated with a reduction in VPT 

(i.e., improved peripheral sensation) and pressure perception at different locations of the foot in 

individuals with DPN (16,17). It has been suggested that mechanical vibration affects balance by 

improving the peripheral vibrotactile sensation (17). Although the mechanisms underlying the effect 

of vibration are not yet clear, it has been hypothesized that stochastic resonance enhances sensation 

by making cutaneous mechanoreceptors more sensitive to mechanical stimulation (21). Similarly, 

because of the prior improvements in balance seen during standing, we hypothesized that we would 

observe similar improvements in dynamic balance during level walking and stair walking. We did not 

detect any significant improvements here. This may be associated with the increased walking speed 

in the Vc, which, although representing functional improvements, required greater muscular effort, 

thereby increasing the challenge to the participant’s balance control and obscuring any benefit to 

balance control provided by the vibration. To confirm any potential beneficial effects on dynamic 

balance, a longitudinal study would be required to allow participants time to adapt to their new gait 

speed and potentially realize improvement in dynamic balance. 

Our study presents several limitations. Our sample size was determined to allow for statistical 

comparison between vibration and control conditions, which prevents us from detecting some 

statistical differences across the Vc beyond a dose-response analysis. Also, it is worth noting all 

participants were male because of the size of the devices used in the study, which may limit the 

generalizability of our findings. Our study also explored the acute effects of vibration in a laboratory 

https://europepmc.org/article/pmc/pmc11116908#B18
https://europepmc.org/article/pmc/pmc11116908#B19
https://europepmc.org/article/pmc/pmc11116908#B18
https://europepmc.org/article/pmc/pmc11116908#B16
https://europepmc.org/article/pmc/pmc11116908#B17
https://europepmc.org/article/pmc/pmc11116908#B17
https://europepmc.org/article/pmc/pmc11116908#B21
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setting, and therefore, new prospective clinical trials are necessary to test the effects of longer-term 

use of the vibrating insole device on gait and balance, as well as to determine whether these 

improvements will translate to a lower incidence of falling. To mitigate any residual effects of 

vibration, our study included the randomization of the Vcs, a placebo control condition, and a rest-

stop period of 15 min between conditions. 

In conclusion, our study shows that vibrating insoles are an effective acute therapeutic strategy for 

improving postural balance and gait speed during stair negotiation in individuals with mild to severe 

DPN. These effects appear immediately as a result of the application of vibration and are intensified 

when the entire plantar surface of the feet is stimulated. 
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