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Introduction

Introduction
Older people and people with peripheral nervous system disorders (PNSD) (e.g. neuropathies, 
nerve compression syndromes) show a similar decline in the control of posture [1-5]. Both 
groups are at risk of falling [1]. More than 30% of the older people (over 65 years of age) fall 
at least once a year and 50% of these fall more than once [6-9]. Diabetic neuropathy (DN) 
is the most common PNSD [10]. Together, these groups (older people and DN) account 
for the majority of the population with deteriorated balance due to somatosensory loss, 
although in older people somatosensory loss is not the only explanation of the deteriorated 
balance [10;11]. Postural control in people with somatosensory loss is impaired because of 
decreased tactile and proprioceptive feedback from the lower limbs [1-3]. Possibly, tactile and 
proprioceptive sensation from the lower limbs can be improved with an orthotic intervention 
of the ankle and foot. By increasing tactile or proprioceptive sensation from the lower limb, 
balance is thought to improve concurrently. In this thesis orthotic interventions to improve 
standing balance in people with somatosensory loss are studied. 

Somatosensory loss
Falling in older people is related to increased postural sway, mainly in mediolateral (ML) 
direction [12;13]. It can be expected that improvement of postural control leads to a 
decreased risk of falling. Research concerning possibilities to improve balance is therefore 
of great importance. Balance impairment in older people is a result of degeneration of 
multiple systems. Mechanical, motor and sensory deteriorations all contribute to balance 
problems that occur with aging [14;15]. One of the reasons for loss of balance is decreased 
somatosensory input from the lower limbs [12;16], mainly a result of increased thresholds 
for fast adapting type II receptors [17].

Diabetes mellitus (DM) leads to the development of DN in about 30% of the cases 
[10;18;19]. Prolonged disease duration, older age and poor glycemic control lead to an 
increased chance to develop DN [10;18;19]. Patients with type II DM have a higher risk 
of developing DN [10]. DN is present in about 50% of patients with type II DM over the 
age of 60 [10]. The main cause of the DN is axonal degeneration and demyelination. Due 
to severe microvascular changes a reduced nerve blood flow and consequently reduced 
oxygenation is present [20]. Some of the symptoms of DN are increased thresholds for joint 
position sense ( JPS), tactile and vibrotactile sensation [21-23]. Large diameter fibres mainly 
conduct somatosensory information [24;25], however, medium-size afferent fibres seem to 
play the most important role in standing balance control [26-28]. It has been shown that in 
DN a range of fibre types can be selectively affected [29;30].

A wide range of diagnostic tools are described in the literature to assess somatosensation 
in DN, healthy people, and other groups, although disagreement exists about the best 
measurement to be used [31-38]. Impaired tactile sensation of the plantar surface of the 
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feet may lead to deteriorated balance, as changes in pressure distribution are detected less 
accurately [39]. In contrast with older people who have an increased sway mainly in ML 
direction, in DN this is mainly in anteroposterior direction. Most studies focus on standing 
balance, which has been shown to deteriorate with the severity of the sensory loss [40]. 
Balance seems to be less affected during dynamic conditions, possibly due to anticipatory 
strategies [26]. 

Postural control 
In normal stance, the body is not stationary. Rather, during quiet stance the body is constantly 
moving with the direction of the movement constantly changing. Postural control refers to 
maintaining the centre of gravity (CoG) within the base of support (BoS) [41]. CoG in this 
case is defined as the vertical projection of the centre of mass (CoM) on the support surface 
[42]. The postural control system has two main functions: first a mechanical antigravity 
function and secondly it serves as a reference frame for perception and action with respect 
to the external world [14]. Because in this thesis quiet stance is studied, mainly the first 
function is referred to. Posture is thought to be controlled by both open loop (without the 
use of feedback) and closed loop mechanisms (with the use of feedback) [43]. 

Approximately two thirds of the human body weight is located above two thirds of the body 
height. Postural control is therefore a challenging task [42;44]. In order to control posture, 
we rely heavily on our sensory feedback systems. Three main sensory feedback systems 
can be distinguished for postural control, the visual, vestibular and somatosensory system 
[43;45]. During normal stance, somatosensory information provides the most sensitive 
information; standing balance is therefore thought to be controlled mainly by somatosensory 
information [46-48].

Visual system 
The main type of visual information in relation to postural control is the motion of the person 
or the environment detected by the retina [49]. As the projection of an object increases on 
the retina, either the object is moving towards the person or the person is moving towards 
the object [49]. When a person is standing still, yet at the same time moving towards an 
object, the central nervous system has to react to stop the movement towards the object and 
change it in a movement in the opposite direction [50]. The importance of the visual system 
in postural control increases when other sensory systems are impaired [49;51]. Consequently, 
conflicting visual cues, darkness, or visual impairment results in an even greater loss of balance 
in conjunction with reduced function of the vestibular or somatosensory system. 

Vestibular system 
The vestibular organ can be seen as a measuring device for movements of the head in space 
with six degrees of freedom [52]. It can be divided in two subsystems, the semi-circular and 
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the otolith system [52]. The otolith system, responsible for the detection of translational 
accelerations, plays a role in postural control, particularly in the selection of an appropriate 
postural movement strategy when balance is perturbed and in postural reactions to trunk 
movements [53-55]. The semi-circular subsystem, responsible for the detection of angular 
acceleration, is not accurate in detecting low frequency angular accelerations and therefore 
its role in detecting sway during quiet stance seems to be limited [45]. During quiet stance 
the role of the vestibular system seems to be limited [56]. This is in line with Mergner’s 
model, suggesting that vestibular information plays only a role in postural control when 
the support surface is regarded as unstable [52]. 

Somatosensory system
The somatosensory system plays an important role in postural control [57]. It has been 
shown that posture can be controlled based on somatosensory information alone [46], 
and the somatosensory system is thought to be the most automatic feedback system [58]. 
The somatosensory system can be separated in two parts, the tactile and the proprioceptive 
system [57;59]. Both play a role in postural control [59]. 

The tactile system provides the CNS with information concerning the sense of touch. Tactile 
stimuli, detected by cutaneous mechanoreceptors (Meissner’s corpuscles, Pacinian corpuscles, 
Merkel’s disks and Ruffini endings) in the plantar surface of the feet provide the CNS with 
information concerning pressure distribution [24]. Changes in pressure distribution are 
often related to changes in upright position.

Studies in which plantar cutaneous mechanoreceptors are stimulated by vibration are used 
to investigate the role of the tactile system [60;61]. When vibratory stimuli are applied to 
a specific portion of the contact area e.g. one foot, anterior zones of both feet or posterior 
zones of both feet, the CNS reacts, resulting in movement of the centre of pressure (COP) 
in the opposite direction. When the afferents in the plantar foot are anesthetized by cooling, 
ischemic blocking or anesthetics, balance deteriorates, mainly in anteroposterior direction 
[46;62-71]. It is suggested that plantar sensation plays a role mainly in the magnitude 
and not the time-dependant structure of sway [64]. With increasing somatosensory loss, 
balance seems to deteriorate gradually [71]. Moreover, when tactile sensation is improved 
by peripheral nerve decompression or phototherapy, balance seems to improve [72;73].

The proprioceptive system provides the CNS with information concerning movement and 
position of body segments. Proprioceptors in muscles, tendons, ligaments and joint capsules 
(muscle spindles, Golgi tendon organs and joint afferents) play a part in this system [24]. 
The exact role of the proprioceptive information in control of posture and the detection of 
balance perturbation remains unclear. It seems that proprioceptive information from the legs 
is not required to trigger most automatic postural responses [74]. Balance seems to improve 
due to the “proprioceptive effects” of an ankle foot orthosis (AFO) [75;76]. It is possible that 
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normal proprioception from the ankle and foot plays only a minor role in postural control 
if information from all other sensory systems is available. However, extra proprioceptive 
input may have a positive effect on postural control when it is impaired [76]. 

Multisensory integration
Multisensory integration of the sensory systems described above is involved in human postural 
control [14]. Degeneration of one of the sensory systems used for feedback concerning 
balance is often compensated [55;69;77]. Therefore, during normal circumstances, the effects 
of the degeneration of one of the sensory systems might not be apparent. The role of the 
different sensory systems is re-weighted, with the relative role of the intact systems increased 
[77-82]. There are limits in compensatory possibilities though. When the compensating 
systems are challenged (e.g. when it is dark or standing on a soft surface), postural control 
becomes increasingly difficult, resulting in an increased risk of falling [83]. 

Attention
Although not a sensory system, attention also plays an important role in postural control 
[84;85]. Attention can be seen as the information processing capacity of an individual [85]. 
Research concerning the role of attention in postural control is rather new. The precise 
role of attention on balance is still not clear. It is known, however, that as people get older 
or acquire certain pathologies, the attention demands for balance increase. Attentional 
demands for the control of posture are usually studied using a dual task. When a dual task 
is presented, the CNS has to use a reasonable part of the information processing capacity 
for this task, meaning that limited capacity is available for the balance task [85] resulting 
in a deterioration of balance when this is not fully automated [83].

Manipulation and disorders of the sensory systems
In the literature, two important methods for studying the role of the different systems on 
balance are described. The first is the manipulation of the system. Vision is easily manipulated 
by closing the eyes, decreasing the intensity of light, blurring the vision, or by presenting 
optical illusions [49]. The vestibular system can be manipulated by galvanic vestibular 
stimulation (GVS) [86-88]. Using GVS the CNS is provided with sway information without 
the actual presence of sway. In this way the reaction on vestibular detection of sway can be 
studied. The somatosensory system can be manipulated in different ways. Anesthesia can 
decrease or eliminate somatosensory feedback from either the plantar surface of the foot, 
the ankle, or both [46;62-71]. The tactile system can also be manipulated by decreasing 
tactile input from the plantar surface of the foot by having subjects stand on foam [83;89]. 
Another method often used to study the role of somatosensation in the control of posture 
is the application of muscle vibration which can induce a proprioceptive illusion [90]. The 
CNS receives input about the presence of certain rotation of a limb without the actual 
occurrence of the rotation. The postural effects of each of these manipulations explain the 
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relative roles of the different sensory systems. 

A second method of studying the role of the different sensory systems on balance is to 
examine people with specific disorders of one of the systems. Similar to decreasing feedback 
experimentally, when examining specific patient groups, the effect of the absence of certain 
feedback can be studied. In this group however, people usually compensate for their sensory 
loss. When information from one of the systems is decreased or absent, the remaining systems 
become more important. Therefore, people with vestibular or somatosensory loss depend 
heavily on visual information for postural control. 

In this thesis, the focus will be on balance in people with somatosensory loss and on 
possibilities to improve balance by enhancing somatosensory feedback with ankle and foot 
appliances. 

Outline of the thesis
In this thesis, first theories and current knowledge concerning the balance improving 
possibilities of ankle and foot appliances were studied in a review (Chapter 2). Promising 
interventions with balance improve possibilities in people with somatosensory loss were 
identified. Following, these interventions that have either been show to be effective or that 
in theory might be effective to improve balance were further studied. Chapter 2 presents an 
overview of theories concerning the role of the somatosensory system on balance followed 
by a systematic review about the effects of appliances on the ankle and foot on balance 
in people with somatosensory loss. The research presented in Chapter 3 to 6, in which 
different appliances to the lower limbs were developed and their effects on balance were 
investigated, was guided by the results from the review. Chapter 3 describes the effects of 
ankle and foot compression on JPS and balance. From theories based on previous research in 
ankle instability, it seems that compression of the ankle and foot may lead to improvement 
of JPS due to additional tactile information from the skin of the ankle referring to the 
angle or angular change of the ankle. Improvement of JPS is thought to improve balance 
only in people with both proprioceptive and balance difficulties, which is often present in 
older people. In the following chapters, research and development of vibrating insoles is 
presented. In Chapter 4 the effects of vibrating insoles on balance in people with DN are 
tested. Vibrating insoles provide mechanical noise to the plantar foot in order to improve 
tactile feedback concerning pressure distribution at the plantar surface of the feet. Although 
noise is usually associated with decreased signal information, in some cases it can improve 
signal detection. The mechanism behind this is called stochastic resonance, described as 
a counterintuitive mechanism whereby the addition of noise to a non-linear system can 
enhance the detection of weak stimuli or enhance the information content of a signal. 
Chapter 5 describes the development of vibrating insoles. The most effective mechanical 
properties, components and configuration are investigated. In Chapter 6 the most effective 
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characteristics of the noise signal to improve balance in patients with DN are studied in a 
single case design. The outcomes of the research presented in this thesis and their impact 
will be discussed in Chapter 7. 
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Abstract
The objective of this paper is to identify and review all publications on effects ankle and/or 
foot appliances (AFA) on balance in older people (≥60 years) and patients with peripheral 
nervous system disorders (PNSD). These two groups account for the majority of the 
population with deteriorated balance due to peripheral somatosensory feedback problems. 
To provide a context for understanding and interpreting the studies that have been published 
to date, we will briefly summarize current theories on the role of somatosensory mechanisms 
in control of balance and how balance can be affected by AFA. A systematic literature review 
is presented in which publications were searched in Medline, Embase and Recal. 

In total 146 papers were identified and 18 were selected based on title and abstract for 
qualitative assessment by two independent reviewers. Based on assessment of the total 
articles, seven of the 18 papers fulfilled predetermined qualitative criteria and were selected 
for detailed review. No definitive conclusions can be drawn concerning the effects of AFA 
on balance in older people or in patients with PNSD because of the small number of studies 
and the weak level of evidence. The available literature seems to indicate that a training 
program may be helpful in ensuring the effectiveness of an appliance. Insoles with tubing or 
vibrating elements may improve balance, whereas thick or soft soles may deteriorate balance. 
The effects of these different types of insoles or soles are consistent with theories about 
somatosensory mechanisms that play a role in control of balance. More and better quality 
research is needed to support the prevalent use of appliances in these populations.
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Introduction 
The focus of this review is on balance in older people and people with peripheral nervous 
system disorders (PNSD) and on the effects of ankle and/or foot appliances (AFA), such as 
therapeutic shoes, inlays, and ankle foot orthoses (AFO) on balance. Both older people and 
people with PNSD (e.g. (diabetic) neuropathies, hereditary motor and sensory neuropathies 
(HMSN), nerve compression syndromes) show a decline in control of balance, resulting in 
an increased risk for falling [1–5]. Together, these groups account for the majority of the 
population with deteriorated balance due to somatosensory feedback problems, without 
a specific disorder of the central nervous system (CNS). Diabetic neuropathy is the most 
common PNSD [6]. About one-third of the diabetic population suffers from neuropathy. 
The incidence increases with both age and disease duration [6]. In older people, about 
30% fall at least once a year and about 15% fall more than once a year [7]. Many potential 
modifiable risk factors for falling are described in literature of which mediolateral sway 
was the strongest associated with recurrent falls [7]. Mediolateral sway may be improved 
by AFA, however no data are available concerning the effects of AFA on fall frequency and 
the number of AFA prescribed yearly. 

After an overview of current theories concerning the role of somatosensory mechanisms in 
control of balance, a systematic review concerning the effects of AFA on balance in older 
people and people with PNSD will be presented. Based on evidence for the effects of AFA 
on balance found in the systematic review, the validity of the theories concerning control 
of balance are discussed. 

Somatosensory mechanisms 
Several sensory systems play a role in control of balance. The somatosensory, visual and 
vestibular systems are important in the detection of balance perturbations and control 
of balance [8]. As part of the somatosensory system, probably both the tactile and the 
proprioceptive system play a role in balance control. The tactile system provides the CNS 
with information concerning the sense of touch, detected by Meissner’s corpuscles, Pacinian 
corpuscles, Merkel’s disks and Ruffini endings [9]. The proprioceptive system provides the 
CNS with information concerning joint angles and changes in these angles, detected by 
muscle spindles, Golgi tendon organs and joint afferents [9]. 

Tactile stimuli, detected by cutaneous mechanoreceptors in the soles of the feet provide 
the CNS with information concerning pressure distribution at the soles of the feet [10]. 
Change in pressure is often related to a change in upright position. Studies in which plantar 
cutaneous mechanor eceptors are stimulated by a vibration are used to investigate the role 
of the tactile system [10;11]. When vibratory stimuli are applied to a specific portion of 
the contact area e.g. one foot, anterior zones of both feet or posterior zones of both feet, 
the centre of pressure (COP) moves in the opposite direction, therefore, the sole of the 
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feet can be seen as a ‘‘dynamometric map’’ [10]. However, these vibrations could possibly 
affect intrinsic foot proprioceptors as well, so the postural responses could be the result of 
tactile stimuli as well as proprioceptive sensation. On the other hand, if foot sole afferents 
are anesthetized specifically, without the confounding effect of proprioception, balance is 
impaired [12]. Therefore, feedback from cutaneous afferents is an important mechanism 
in the maintenance of balance. 

The proprioceptive system provides the CNS with information concerning changes in joint 
angles. Propriocep tors in muscle spindles, tendons, ligaments and joint capsules play a part in 
this system [13]. The exact role of the proprioceptive information from the feet and ankles 
in control of balance and the detection of balance perturbation remains unclear. It seems 
that proprioceptive information from the legs is not required to trigger most automatic 
postural responses [14], however proprioceptive training is thought to improve balance 
due to an improvement of proprioceptive feedback from ankles and feet. A proprioceptive 
training program cannot specifically target ankle proprioception alone [15]. Therefore, it 
is questionable that improvement of balance due to proprioceptive training is evidence for 
the role of ankle proprioception in the control of balance. Despite this lack of evidence, it 
is stated that balance improves due to the ‘‘proprioceptive effects’’ of an AFO [16]. Possibly 
normal proprioception from ankle and/or foot plays only a minor role in balance control, 
but extra proprioceptive input due to the application of an AFO may have a positive effect 
on balance control. This view is supported by the finding of no significant effects of ankle 
ligaments anesthesia on joint position sense, whereas, an AFO does have a positive effect 
on joint position sense [17]. These findings suggest that ankle ligament mechanoreceptors 
contribute little to ankle joint propriocep tion and application of an AFO may increase 
afferent feedback from cutaneous receptors in skin of the ankle, resulting in improved ankle 
proprioception. 

In older people, balance performance deteriorates due to changes in the neural, sensory and 
musculoskeletal system [18], independent from geriatric pathologies [19]. The sensitivity 
of foot position declines with age as well, mainly due to decline in plantar tactile sensitivity 
[20]. Additionally, balance is associated with larger attention demands when people get 
older [21]. The inability to assign sufficient attention to postural control during dual tasks, 
seems to contribute to imbalance and falls in this population. 

In patients with PNSD, like neuropathy due to diabetes mellitus, both tactile and 
proprioceptive information is not conducted to the CNS as in healthy people. This loss of 
sensory perception has detrimental effects on postural stability [1], resulting in an increased 
risk for falling [2]. 

Appliances to the ankle and/or foot 
Falls in older people are often related to footwear [22;23]. Both a narrow basis of support 
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and high heels increase the risk for falling. Footwear is a modifiable environmental factor 
that may play a part in preventing falls. Both tactile and proprioceptive mechanisms can be 
influenced by therapeutic shoes or shoe modifications, which may result in improvement 
of balance and a reduced risk for falling [17;24–26]. Greater compression at the ankle may 
improve balance due to increased feedback from cutaneous receptors in the foot and ankle, 
improving joint position sense [17;26]. 

Foot orthoses can have both positive and negative effects on the detection of tactile input 
from the bottom of the foot. Soft soles can distribute pressure under the soles, which has a 
positive effect on pain, but it also may result in a deterioration of the detection of pressure 
changes at the soles, which has a negative effect on balance [27]. In contrast, firm inlays and 
inlays with tubing at the plantar surface boundaries, may improve balance [18]. Lately some 
new techniques like randomly vibrating insoles or magnetic insoles that may improve tactile 
and proprioceptive feed back from the foot and ankle and therefore may improve balance 
have been described [28;29]. 

The exact relation between balance and AFA remains unclear. To analyse the evidence 
concerning the effects of AFA on balance and falls in people with deterioration of 
somatosensory feedback from ankles and feet (older people and patients with PNSD), a 
systematic review of literature was performed. 

Methods 
To identify publications concerning the effects of AFA on balance or falls in older people 
or people with PNSD (regardless of age), a search was performed in Medline, Embase, and 
Recal databases from 1989 until the end of 2004. A search using MESH terms and free text 
words was performed using search terms related to ‘‘shoe’’, ‘‘foot orthosis’’, and ‘‘ankle foot 
orthosis’’, ‘‘older people’’ and ‘‘PNSD’’ and ‘‘balance’’ and ‘‘fall’’. No language restrictions 
were applied. In Appendix A, the Medline search strategy is presented as an example. 
Titles and abstracts of the papers identified by these searches were read by the first author. 
Observational, cross-sectional, case control and cohort studies, case series and randomized 
controlled trials (RCTs) in which the effects of AFA on balance or falls in older people (age 
≥60) or patients with a PNSD were assessed, were selected. Also balance studies in which a 
group of older people or a group of patients with PNSD was compared with another group 
were selected. Review articles, single-case studies and abstracts, not connected to a full paper, 
were excluded. The references of the selected papers were examined and the relevant titles 
published between 1989 and the end of 2004 were added to the initially selected papers. 

Subsequently, all papers selected, based on title and abstract, were assessed by two reviewers 
( JH, JG) indepen dently by examining the whole article on its methodological quality using 
an assessment form (Table 1). Because no general quality scoring systems for observational 
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studies only for RCTs are available, a specific assessment form for quality scoring was 
developed in line with other quality scoring systems for observational studies [30]. 

Inter observer agreement between the scores on the assessment form of the two reviewers, 
was determined by calculating Cohen’s Kappa. During a consensus meeting, in which the 
reviewers compared the results of the assessment procedure, they discussed disagreement 
until consensus was reached. If consensus could not be reached, a third reviewer (PD) passed 
a binding judgement. When the answers on question 1a or 2 and 1b or 1c, and 3a, 3b, 3c, 
5a, 5b, 6a, 6b, 7 and 8 were positive, the study was included for detailed review. 

The methodological value of the included studies was assessed based on the study design 
and population. This level of evidence, derived from ‘‘Oxford Centre for Evidence-based 
Medicine Levels of Evidence’’ (May 2001) describes the methodological quality of the 
study (Table 2).

1a) Are the inclusion criteria described?

1b) Does the included (sub-)population consist of older people (age of the youngest subject 
≥ 60 years)?

1c) Does the included (sub-)population consist of patients with peripheral nervous system 
disorders?

2) Are the exclusion criteria described?

3a) Does the paper describe prospective research?

3b) Does the paper describe an observational study?
(At least a baseline measurement (T0), an intervention, and a measurement after (or dur-
ing) the intervention (T1))

3c) Are the results of T0 and T1 published? 

4) How many subjects are included?

5a) Are any measurements performed? 
(for example: force or movement registration or questionnaire) 

5b) Does at least one of the measurements refer to balance or falling?

6a) Is an intervention described?

6b) Does the intervention involve application of an appliance to the foot or ankle?

7) Are the descriptive statistics concerning gender published?

8) Are the descriptive statistics concerning age published?

Table 1. Assessment form
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Results 
In Medline, 110 papers were found. In Embase and Recal respectively, 21 and 15 additional 
papers were found. A flow chart of the literature search is presented in Figure 1 Due to the 
use of different databases, many duplicate papers were found. In total, 146 papers were 
identified. Based on title and abstract, 17 papers were selected. One paper [31] was added 
after examining the references of the selected papers, resulting in 18 papers to be assessed. 

Inter observer agreement expressed as Cohen’s Kappa was .86 (95% CI: .79–.92). The third 
independent reviewer passed a binding judgement on one item. Based on the assessments 
of the reviewers, seven papers were included for detailed review [18;27;29;31–34]. Only 
one paper described the effects of AFA on balance in patients with PNSD [32]. The other 
six papers described the effects of AFA on balance in older people [18;27;29;31;33;34]. An 
outline of the included studies is presented in Table 3. 

Two of the 18 selected papers were excluded because no inclusion or exclusion criteria 
were described [35;36]. Two papers were excluded because people under 60 were included 
(this was not mentioned in the abstract) [28;37]. One study was excluded because the 
measurements did not refer to balance or falling [21]. Finally, six papers were excluded 
based on more than one reason (e.g. wrong population, no inclusion or exclusion criteria, 
no observa tional prospective study and no measurements referring to balance or falling) 
[38–43]. 

Discussion 
Only seven papers met the inclusion criteria for detailed review. One study described the 
effects of AFA in patients with PNSD and six described these effects in older people. None 

Level of evidence Study type

level 1a Systematic reviews of RCTs

level 1b RCTs with a narrow confidence interval (large sample size and a 
homogeneous group)

level 2a Systematic reviews of cohort studies

level 2b Cohort studies and low quality RCTs

level 3a Systematic reviews of case control studies

level 3b Case control studies

level 4 Case series (including poor quality cohort and case control studies)

level 5 Expert opinions

Table 2. Oxford Centre for evidence-based medicine levels of evidence (May 2001)
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of the studies described the effects of AFOs. Therefore, this discussion only accounts for the 
effects of insoles and shoes on balance. No randomized-controlled trials with large sample 
sizes were found (largest sample size was 26). Only two studies used follow-up measure-
ments to evaluate the effects of AFA on balance after some weeks or months [32;34]. The 
results of the included studies cannot be pooled because of the differences in intervention 
and outcome measurements and the weak level of evidence. Based on the small number 
of studies and the weak level of evidence of these studies, no definitive conclusions can be 
drawn about the effects of shoes and insoles on balance in older people and patients with 
PNSD. The only definitive conclusion that can be drawn is that the quantity and quality of 
the research on the effects of AFA on balance is low. Only some preliminary conclusions, 

Figure1. Flowchart of the review process.

Search: (keywords related to “Older people” or “peripheral nervous system disorders”) 
and (keywords related to “shoes“, “foot orthoses“ or “ankle foot orthoses“) and 

(keywords related to “balance“ or “falls“)

58 hits in Embase 22 hits in Recal 110 hits in 
Medline 21 supplementary 

to Medline 
15 supplementary to 

Medline and Embase 

In total
146 publications 

129 papers excluded based 
on abstract 

17 initially selected 
based on abstract 

1 paper included based on 
references of the 17 initially 

selected papers. 

18 papers selected to 
be read 

11 papers excluded based on 
the assessment of the 

reviewers  

7 papers eventually included based on 
the assessment of the reviewers  
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A
uthor

Subjects
Study type 
and LoE

Intervention
Follow

-up
O

utcom
e m

easures
C

onclusions

Peripheral nervous system
 disorders

G
eurts, 1992

10 patients w
ith 

H
M

SN
 (type I 

and II); age 12-44 

C
ase series,

LoE 4
N

ew
 orthopedic 

footw
ear and 

individual training 
program

2-4 
m

onths
Velocity and displacem

ents of 
C

O
P during stance w

ith eyes open, 
blurred vision, eyes closed and dual 
task.

M
arked loss of balance during dual 

tasks. A
fter training program

 this loss 
did no longer exist. 

O
lder people

Lindem
ann, 

2002
26 older w

om
en; 

age 67-99 
C

ross-over, 
random

ized, 
controlled,
LoE 2b

senior sport shoe 
w

ith 1 or 2 cm
 heel 

elevation; 2 hours/ 
day

5 w
eeks

M
ean velocity of the C

O
P during 

stance (eyes closed), m
axim

um
 

gait speed and percentage double 
support tim

e.

N
o differences in static balance and 

gait betw
een habitual shoes and senior 

sports shoes w
ith either 1 or 2 cm

 heel 
elevation.

M
aki, 

1999
14 older people 
w

ith m
oderate 

insensitivity; age 
65-73 &

 7 young

C
ross-over, 

controlled,
LoE 3b

flexible tubing, 
applied to plantar 
surface boundaries 
of the feet

im
m

ediate 
effects 

Stepping reactions (position and 
distance) and C

O
P displacem

ents 
after platform

 perturbations.

Tubing at the boundaries of the plantar 
surface of the foot can im

prove reac-
tions on postural perturbations. 

Priplata, 
2003

12 older people; 
m

ean age 73 
(SD

 3)
&

 15 young

C
ross-over, 

random
ized, 

controlled,
LoE 2b

vibrating gel-based 
insoles

im
m

ediate 
effects 

W
hole-body postural sw

ay, 
m

easured by m
otion capture of a 

m
arker on the right shoulder.

R
andom

ly vibrating insoles could re-
duces im

pairm
ents in balance control. 

R
obbins, 

1992
25 older m

en; 
m

ean age 69 
(SD

 1.1) 

C
ross-over, 

random
ized, 

controlled,
LoE 2b

shoes w
ith differ-

ent sole thickness 
and hardness

im
m

ediate 
effects 
 

Balance failure (num
ber of falls 

from
 a beam

 per 100 m
).

W
alking w

ith footw
ear w

ith thick, soft 
m

idsoles or barefooted, destabilizes. 

R
obbins, 

1997
13 older m

en; 
m

ean age 72.6 
(SD

 4.5) 
&

 13 young

C
ross-over, 

random
ized, 

controlled,
LoE 2b

shoes w
ith differ-

ent sole thickness 
and hardness

im
m

ediate 
effects 

Balance failure (num
ber of falls 

from
 beam

 per 100 m
); rearfoot 

angle; perceived m
axim

al supina-
tion.

Foot position aw
areness declines w

hen 
shoes w

ith thick and soft m
idsoles are 

used. 

W
aked, 1997

13 older m
en; 

m
ean age 72.6 

(SD
 4.5)

C
ross-over, 

random
ized, 

controlled,
LoE 2b

shoes w
ith differ-

ent sole thickness 
and hardness 

im
m

ediate 
effects

Balance failure (num
ber of falls 

from
 beam

 per 100 m
); rearfoot 

angle; perceived m
axim

al supina-
tion.

Strong correlation betw
een foot posi-

tion aw
areness and stability. Th

ick 
and soft soles induce instability and 
declines foot position aw

areness.
H

M
SN

 = hereditary m
otor and sensory neuropathy SD

 = standard deviation 
LoE = level of evidence  

C
O

P = center of pressure

Table 3. O
utline of the included papers.
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based on a low level of scientific evidence can be drawn. These preliminary conclusions 
should be regarded with caution. 

Peripheral nervous system disorders 
One study (10 patients) describes the effects of new orthopedic footwear on balance (e.g. 
COP displacements and velocity) directly after application and after a training period of 2–4 
months. A marked loss of sway control in anterior posterior direction before the training 
program was found due to the application of orthopedic footwear [32]. After the training 
program, this loss was no longer present. This seems to indicate that a central adaptation 
process takes place after application of new orthopedic shoes to patients with HMSN, based 
on the time needed to get used to immobilization of the ankle [32]. During this adaptation 
process, a temporary increase in attention demands can be expected. An individually tailored 
training program might facilitate this learning process. Especially in the case that the ankle 
is immobilized by footwear and a roll-off correction is applied, a switch from ankle strategy 
towards a hip strategy is needed (because the ankle musculature cannot be used for control 
of balance when the ankle is immobilized). 

Older people 
Both the application of mechanical noise to the plantar surface of the feet by vibrating 
insoles and application of tubing at the plantar surface boundaries of the feet seem to 
improve balance in older people [18]. Application of vibrating insoles reduced sway due to 
a proposed mechan ism called stochastic resonance. Via this counterintuitive mechanism, 
mechanical or electrical noise can enhance the detection and transmission of weak signals. 
The mechanical noise, applied by the vibrating insoles to the soles of the feet can improve 
the detection of a change in pressure distribution under the soles. Earlier detection results 
in earlier reaction on a change in upright position, hence in a better control of balance [29]. 
The insoles with tubing consisting of a sole on which a flexible polyethylene tube with an 
outer diameter of 3 mm was attached, positioned at the plantar surface boundaries of the 
feet improved the stepping reactions after platform perturbations based on the facilitation 
of sensation from the boundaries of the plantar surface [18]. 

In the studies concerning standardized shoes it appeared that both thick (16–27 mm) and 
soft (Shore A15) insoles had a negative effect on static and dynamic balance performance, 
potentially due to the reduced foot position awareness caused by shoes with thick and 
soft soles [27;31;34]. It should be noted that these standardized shoes may be prescribed 
because of the positive effects on peak pressure, comfort or prevention or healing of wounds. 
However, when these standardized shoes are prescribed, the negative effects on balance 
and the potential increased risk for falling should be taken into account. In contrast to the 
previously described studies, Lindemann et al. (2003) found no effect of shoe sole thickness 
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on COP [33]. These differences can be caused by the difference in outcome measures. 
Because no gold standard for measuring balance is available, it is arguable which of the used 
measures is the best to evaluate the effects of standardized shoes on balance in older people. 
Additionally, these studies used different interventions. Robbins and Waked compared 
midsoles with varying thickness and hardness [27;31;34], and Lindemann et al. (2003) 
compared the effects of the differences in heel height [33]. Moreover, the standardized shoe 
used by Lindemann et al. (2003) was a senior sports shoe [33]. Although the shore values 
(indication of hardness of the sole) of the shoe were not provided, based on the picture 
and description of the shoes, the soles of the standardized shoe appear soft. A soft sole may 
cancel out the positive effects of a lower heel. 

Theoretically, AFA should aim to improve sensory information by influencing the tactile 
system and/or the proprioceptive system. Some of the included studies clearly show that 
improvement of tactile feedback results in improvement of balance and deterioration of 
tactile feed back results in deterioration of balance and therefore support the theory described 
in the introduction [18;27;29;31;32]. 

Facilitation of tactile sensation due to tubing or vibrating insoles improved balance, while 
worsening of tactile sensation due to the application of soft soles deteriorated balance. In 
the study on patients with HMSN it became clear that balance can be affected by footwear 
in a completely other way [32]. Ankle immobilization has a negative effect on balance 
performance immediately after application because another motor control mechanism (hip 
strategy instead of ankle strategy) is needed for control of balance. 

Balance problems are a major contributor to the risk of falling. Because aging deteriorates 
balance, the population is growing older and the elderly population is growing, it is likely that 
greater numbers of people will fall due to difficulties in postural control. Moreover diabetes 
mellitus is growing in prevalence and many patients with diabetes suffer from peripheral 
neuropathy, which has a negative effect on balance in people, resulting in increased fall 
rates. Prevention of these falls may reduce numerous fractures and other trauma. Therefore, 
if possible, environmental factors should be manipulated in such a way that the chance of 
falling is reduced. More research is needed to identify these environmental factors of which 
AFA may be part. 

The outcomes of the seven included studies were difficult to compare because many different 
outcome measures were used to measure balance. One suggestion for future research, in 
order to facilitate comparisons across studies, an agreed upon general measure for balance, 
for example COP displacement and velocity, should be used. Specific outcome measures, 
such as the number of falls from a beam per 100 m, can be ancillary measures, however 
these should be coupled with a general outcome measure. In only two of the seven included 
studies, both the immediate and the long term effects of an AFA on balance were assessed. 
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In future research it is important to investigate both the immediate effects and the effects 
of AFA when the users had time to get used to the appliance, because the application of an 
AFA can have a short term destabilizing effect and a long term stabilizing effect. 

Important in future research is investigating the effects of AFA step by step. Changing only 
one of the properties of a standardized shoe instead of comparison with habitual footwear 
would give more insight in the underlying mechanisms. When a standardized shoe is 
compared with a habitual shoe, it is difficult to attribute the effects of the intervention to 
one of the features of the standardized shoe. 

This review has shown that more research and develop ment concerning usable AFA that 
improve balance and reduce falling is needed. Research concerning new appliances, such as 
those that provide compression at the ankle which may improve proprioception thus resulting 
in improvement of balance and reduction of fall risk, is essential. Furthermore, extension of 
current research is needed. A promising development that warrants further exploration is 
the improvement of plantar sensation by insoles with tubing or vibrating insoles.
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#1 explode “Aged”/ all subheadings 
the thesaurus term is exploded with: 
Aged, 80 and over
Frail Elderly

#2 elder*
#3 older*
#4 explode “Peripheral-Nervous-System-Diseases”/ all subheadings

the thesaurus term is exploded with: 
Acrodynia
Amyloid Neuropathies 
Brachial Plexus Neuropathies 
Complex Regional Pain Syndromes 
Diabetic Neuropathies
Guillain-Barre Syndrome 
Isaacs Syndrome
Mononeuropathies 
Nerve Compression Syndromes 
Neuralgia 
Neuritis 
Neurofibromatosis 
Pain Insensitivity, Congenital
Peripheral Nervous System Neoplasms 
Polyneuropathies 

#5 neuropathy
#6 #1 or #2 or #3 or #4 or #5
#7 “Shoes”/ all subheadings
#8 explode “Orthotic-Devices”/ all subheadings 

the thesaurus term is exploded with: 
Braces

#10 foot orthos*
#13 foot orthot*
#14 afo
#15 footwear
#16 shoe*
#17 (#16 in ti) or (#16 in mjme) or(#16 in mime) or (#16 in ab)
#18 inlay*
#19 insole*
#20 #7 or #8 or #10 or #13 or #14 or #15 or #17 or #18 or #19
#21 “Musculoskeletal-Equilibrium”/ all subheadings  
#22 “Posture”/ all subheadings
#23 postur*
#24 balance*
#25 #24 or #23 or #22 or #21
#26 #6 and #25 and #20

Appendix A. Search in Medline (1989–2004).
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Abstract
This study investigates the effects of foot and ankle compression on joint position sense 
( JPS) and balance in older people and young adults. Twelve independently living healthy 
older persons (77-93y) were recruited from a senior accommodation facility. Fifteen 
young adults (19-24y) also participated. Compression was applied at the ankles and feet 
using medical compression hosiery. The mean velocity of the centre of pressure (COP) 
displacements and the root mean square of the COP velocity, in both anteroposterior and 
mediolateral directions, were measured with a foot pressure plate. In older people, ankle 
compression was associated with an improvement of JPS towards normal values. However, 
a concurrent deterioration of their balance was found. In young adults compression had no 
effect on either JPS or balance. 
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Introduction
Balance disorders in older people are often associated with impaired somatosensory input 
from the lower limbs [1-5]. Somatosensory feedback is thought to provide the central 
nervous system (CNS) with joint position sense ( JPS) and information concerning pressure 
distribution on the plantar surface of the feet [6;7]. It has been argued that postural control 
can be improved by enhancing the somatosensory input from the ankles and feet [8]. 

The application of ankle foot orthoses (AFOs) and compression of the ankle and foot 
have been shown to have an association with improvement of ankle JPS [9-15]. Due to 
compression, additional feedback from mechanoreceptors in the skin could contribute 
to the improvement in JPS. In healthy people ankle JPS plays little role in balance control 
[16]. Whereas in older people and those with disabilities JPS plays a greater role. Evidence 
is available about the immediate effects of an appliance providing compression at the 
ankle on JPS and balance [9-13]. However, these studies were on healthy young people 
or young athletes with ankle instability. No studies were found that described the effects 
of compression on balance or JPS in older people. In people with polyneuropathy, AFOs 
were associated with improved balance apparently due to additional somatosensory cues 
from the skin [14]. To some extent this population is comparable to older people who can 
experience problems in both JPS and balance [17]. To date there is no data showing whether 
compression improves JPS in older people or whether improvement of JPS is associated with 
improvements in balance in older people.

This study investigates whether JPS is enhanced by the application of compression by 
an elastic bandage (medical compression hosiery (MCH)) and whether enhanced JPS is 
related to enhanced standing balance in older people. In healthy young adults it is expected 
that MCH has no effect on either balance or JPS, given that they do not have sensory 
impairments. 

Methods
All residents of a senior accommodation facility in Groningen, the Netherlands, were invited 
to a lecture about balance and falls which took place in their common room. During the 
lecture they were invited to participate in research concerning the effects of compression 
on balance in older people. Residents were eligible to participate in this study if they were 
between 75 and 95 years of age and could stand and walk without assistive devices. People 
with diabetes, rheumatoid arthritis, foot wounds, an endoprosthesis, amputation of their 
lower limbs, deformities of ankles or feet, or history of stroke were excluded. They were 
also excluded if they used a lower limb orthosis, orthopaedic footwear, or MCH on a daily 
basis. A group of students (age 18-25y) were invited to participate as a control, matched 
on gender.
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Participants
Nineteen older people who attended the lecture volunteered to participate (out of an 
approximate 50 attendees). One person was excluded because she was unable to stand 
without assistance. Two were excluded because they had obvious deformities of the foot 
and four were excluded because they used MCH on a daily basis. Twelve older people (10 
female, 2 male), aged between 77 and 93 were included. Fifteen healthy students (11 female, 
4 male) aged between 19 and 24 were included in the control group. All participants signed 
an informed consent and the study was approved by the medical ethics committee of the 
University Medical Center Groningen (UMCG) (METc2006/205). Participant details are 
summarised in Table 1. 

Measurements
Tactile sensitivity was tested by pressing a 5.07/10g Semmes Weinstein Monofilament [18] 
three times at each test location (plantar side of: first toe, MTP1, MTP5 and heel of both 
feet). Vibrotactile sensitivity was tested with a 128Hz tuning fork pressed at both the medial 
and lateral malleolus (Table 1). 

JPS was defined as the ability to indicate the steepness of a slope by standing on it with one 
foot. JPS was measured with a modified slope box [19-21], as a functional way of measuring 
JPS. In contrast with other JPS measures [11], the participant stood on a slope and estimated 
the angle. The slope box used in this study consisted of two parts: a flat surface; and an 
adjustable surface, in steps of 2.5˚ (Figure 1). The participant was asked to sense the steepness 
by stepping on the slope with their preferred foot. After the first step, the investigator made 
sure that every following step was with the same foot. 

Each participant had to score the steepness of the slope on a -10 (plantar flexion) to 10 (dorsal 
flexion) scale for 10 times. A maximum score of 10 corresponded with the maximum angle 
of the slope box of 25˚. Before the actual measurements, slopes with a score of 8 (20˚ dorsal 
flexion), 0 (horizontal) and -8 (20˚ plantar flexion) were presented to the participants as 
reference scores. During the actual measurements, ten different slopes were presented in a 
random order, varying 20˚ and -20˚. 

During the measurements the participants were asked to either close their eyes or to use 
special glasses that made it impossible to see the slope. All participants were allowed to hold 
on to the wall for stability. For safety, the investigator also supported the older participants 
by holding their arm. Only JPS in the plantar/dorsal flexion direction was measured. The 
perception error, expressed as the mean absolute error in degrees, was used as the primary 
outcome. JPS measurements were repeated two times, once with and once without MCH. 
Because compression was applied only once, the first measurement with compression (either 
the balance or the JPS measurement) was directly followed by the other measurement with 
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compression. The remaining measurements (without compression) were presented in a 
random order.

Balance was defined as the displacements of the COP and was measured with a foot pressure 
plate (RSscan footscan® 2D Balance 0.5m system). Pressure plate data were sampled at 17 
Hz and low-pass filtered (Butterworth) with a cut-off frequency of 6 Hz. The mean velocity 
of the COP displacement (vCOP) over a period of 40s was used as the primary outcome. 
Secondary outcomes were the root mean square of the COP velocity in anteroposterior 
(rmsAP) and mediolateral (rmsML) directions. The measurement protocol consisted of 
standing for 60s (first and last 10s were not taken into consideration) on the foot pressure 
plate in four different conditions. During the first condition, the participants were asked to 
stand with their arms relaxed at the side of their body, looking straight ahead at a dot on the 
wall (2.5m away), with the feet placed parallel and 7cm apart. The other three conditions 
were standing with the eyes closed, performing an attention demanding task (continuously 

Table 1. Characteristics and sensitivity test results of the participants.

Older participants 
(n = 12 )

Younger participants 
(n = 15 )

Mean age in years ±SD 85.3±4.6 22.1±1.6

% female (n) 83% (10) 73% (11)

Mean mass in kg ±SD 68.9±10.1 69±10.9

Left Right Left Right

% 5.07 / 10g SWM correctly located at 
first toe (n)

42% (5) 42% (5) 100% (15) 100% (15)

% 5.07 / 10g SWM correctly located at 
MTP1 (n)

33% (4) 50% (6) 100% (15) 100% (15)

% 5.07 / 10g SWM correctly located at 
MTP5 (n)

67% (8) 42% (5) 100% (15) 100% (15)

% 5.07 / 10g SWM correctly located at 
heel (n)

67% (8) 33% (4) 100% (15) 100% (15)

% correct response to 128Hz tuning fork 
(n)

25% (3)* 25% (3)* 100% (15) 100% (15)

Mean pressure under the MCH above 
medial malleolus in mm Hg ±SD

22.0±3.5 22.0±4.3 26.1±3.7 26.3±4.0

SD= standard deviation; SWM = Semmes Weinstein Monofilaments; MTP = metatarsophalangeal joint;  MCH = 
medical compression hosiery; * 2 older participants responded correctly to the tuning fork at both sides 
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subtracting six from a randomly chosen number) and standing in the Romberg position (feet 
placed against each other). These three conditions were presented in a random order. 

JPS and balance of the older participants were measured in a room at their residence. The 
foot pressure plate was placed in a standardized position, 2.5m from a wall. The control group 
was measured with the same foot pressure plate at the Laboratory for Human Movement 
Analysis of the Center for Rehabilitation, UMCG. 

Compression
Compression was applied with MCH type AB compression bandage class II (Varitex, 
Haarlem, the Netherlands). Type AB corresponds with an ordinary sock without toes. 

Figure 1. Modified slope box. The slope of the slope box on the right side of this figure can be altered between 
-25 º and 25 º in steps of 2.5 º. The participant has to step on the slope with the preferred foot, is allowed to use 
the wall for stability, and is not allowed to see the slope.
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According to the CEN European standard1, compression class II corresponds with pressure 
under the MCH of 23-32mm Hg. Three different sizes of bandages were used. The applied 
size was chosen based on the circumferential of the thinnest part of the lower leg. Pressure 
under the MCH was measured with a pressure monitoring device (Kikuhime, Harada 
Company, Japan) [26] about 3cm proximal to the medial malleolus (Table 1). 

Statistics
Differences in perception errors with and without compression were tested using the 
Wilcoxon signed rank test. Differences in perception errors between the two groups were 
tested with a Mann Whitney U test. The effects of compression on balance were tested 
with a multivariate analysis of variance (MANOVA) with repeated measures. SPSS software 
(version 14.0) was used for all statistical analyses. 

Results
In older participants a significant difference (p = 0.025) in perception error was found 
between conditions with (3.2º ± 1.0) and without (4.8º ± 1.7) compression. In younger 
participants no differences (p = 0.93) in perception errors were found (3.0º ± 0.9 and 3.1º 
± 1.1 with and without compression respectively). The difference in JPS between the older 
and younger participants when no compression was applied was significant (p < 0.01). When 
compression was applied, no differences in JPS between the two groups were found. 

Table 2 shows the mean vCOP, rmsAP, and rmsML, with and without compression. 
A MANOVA, with repeated measures, showed a significant (p = 0.03) main effect of 
compression on balance in the older participants, with balance significantly disturbed. 
Univariate tests did not show significant main effects of compression on the vCOP (p = 
0.11), rmsAP (p = 0.09), or rmsML (p = 0.26). In the younger participants no main effects 
of compression on balance were found. 

In one case, the participant (older) was not able to stand in the Romberg position for 60 
s. For this participant, calculations of the outcomes were based on the first 30s (which the 
participant completed both with and without compression).

Discussion
This study demonstrated that JPS improved towards normal values as a result of the 
application of compression in older participants yet not in younger adults who had no 
impairment of JPS. The mean perception errors in this study while standing barefoot 
(younger: 3.1º; older: 4.8º) are comparable to earlier research reporting errors of 2.9º - 3.4º 

1 CEN European Prestandard. ENV12718. Medical compression hosiery. European Committee for  
 Standardization. Brussels,2001;1–43.
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in young adults; 3.9º in older people (mean age 73y); and 3.9º - 4.2º in young adults with 
unstable ankles [19-21]. Interestingly, although JPS improved, balance deteriorated in 
older participants with the application of compression. Compared to barefoot standing, 
with the application of compression, all balance parameters deteriorated in all four balance 
conditions. 

Several possible explanations can be given for this deterioration of balance in older 
participants. First, the role of JPS on balance during bipedal stance may be limited, because 
the angular rotations at the ankle were minimal (<0.5º). Many studies have shown that with 
the application of compression, balance during unipedal stance improved in young athletes 
with ankle instability [8-15]. As few older people can [23] stand on one foot, unipedal 
stance was not an option in our study. More angular rotations at the ankle are present during 
unipedal stance. Improving the detection of these rotations (in other words improved JPS) 
may enhance unipedal balance control [12]. Compared to bipedal stance, the role of JPS 
in balance control during unipedal stance seems to be more important. 

A possible explanation for the deterioration of balance in older people shown in this study, 
may be that the MCH on the plantar side of the foot reduced tactile feedback from plantar 
mechanoreceptors. Plantar mechanoreceptors play an important role in the detection of 
changes in plantar pressure distribution. These changes are directly related to changes in 
upright stance [6;7]. Possibly, compression of the dorsal part of the foot and the lower 
leg, provides the CNS with additional information, whereas compression of the plantar 
foot impairs the detection of plantar pressure changes. This deterioration may complicate 
balance control. Continuous pressure applied to plantar mechanoreceptors may result in 
an adaptation of these receptors [24]. This may cause a reduced ability to detect changes in 
pressure distribution, which in turn affects the control of upright stance. This explanation 
supports the idea that plantar pressure distribution, when compared to ankle JPS, is a more 
important source of information for balance control in upright stance [8].

Previous research provides an alternative explanation, suggesting that older people have 
problems in rapidly resolving the conflicting sensory information required for balance 
control [25]. A change in this sensory feedback may occur when compression is applied. 
Re-weighting of the gains for sensory feedback systems in the CNS must then take place 
in order to optimally control balance [26]. As this re-weighting takes place, balance may 
temporarily deteriorate. However, after the re-weighting process, balance may be restored or 
even improved. Whether this occurs after long-term use of compression cannot be analysed 
based on our data. 

Some weaknesses of this study need to be acknowledged. Firstly, participants were chosen 
selectively. The older participants in our study may not represent the average population 
between 75 and 95 years of age. People with a better physical condition are likely to live more 
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independently, and people with a poorer physical and mental condition need more help 
in daily living and therefore, may live in a facility where more care is provided. Secondly, it 
may be possible that the MCH does not affect balance due to additional somatosensation 
alone; rather, it also may have a limited mechanical effect on stance. If a mechanical effect 
would have been present, however, effects in both populations would have been expected. 
Thirdly, the slope box and the related protocol were modified in our study compared to 
earlier work [23-25]. The older age of the participants was the main reason to apply the 
modifications. Finally, in this study we only used static balance measures. Although the 
inclusion of measures for dynamic balance would have provided a more comprehensive 
assessment of balance function, we decided to focus on a static balance task because the role 
of JPS in quiet standing tasks is thought to be relatively important. 

In conclusion, in older people, ankle compression applied by MCH, was associated with an 
improvement of JPS towards normal values. However, a concurrent deterioration of their 
balance was evident. In young adults compression had no effect on either JPS or balance.
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Abstract
This study investigated the effects on standing bal ance in subjects with neuropathy and 
nondisabled subjects of random vibrations applied to the plantar side of the feet by 
vibrating insoles. In four different conditions (eyes open or closed and with or without 
an attention-demanding task (ADT)), subjects with neuropathy secondary to diabetes 
mellitus (n = 17) and nondisabled subjects (n = 15) stood for 60 s on vibrating insoles 
placed on a force plate. During each condition, the insoles were turned on for 30 s and off 
for 30 s (random order). The calculated balance measures were mean velocity of the centre 
of pressure displacements and root-mean-square of the veloc ity of these displacements in 
the anteroposterior and mediolateral directions. In subjects with neuropathy, an interac tion 
effect between vibration and an ADT was found for balance. No effects of vibration on 
balance were found in nondisabled subjects. Vibrating insoles improved standing balance 
in sub jects with neuropathy only when attention was distracted. Improvement of the insoles 
and their activation is needed to make their implementation in daily living possible and 
effective. 
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Introduction 
In nondisabled humans, balance is under constant con trol. Several sensory mechanisms 
play a role in the control of balance. Information from the somatosensory, visual, and 
vestibular systems is used for the detection of postural changes [1–3], and attention plays 
a crucial part as well [4]. The somatosensory system can be subdivided into the tactile and 
the proprioceptive systems. Feedback from both these systems plays a part in the control 
of balance [3;5–6]. 

The tactile system provides the central nervous system (CNS) with information concerning 
the sense of touch. Mechanoreceptors such as Meissner’s corpuscles, Pacinian corpuscles, 
Merkel’s disks, and Ruffini endings are respon sible for the detection of tactile input. 
Mechanoreceptors situated on the plantar side of the feet provide the CNS with information 
concerning the pressure distribution under the feet [3]. During stance, shear stresses and 
changes in pres sure are related to changes in the centre of mass position, which are mediated 
by the plantar mechanoreceptors. Feed back concerning these changes is important for the 
mainte nance of balance during standing. 

The proprioceptive system can be seen as the system that provides the CNS with information 
concerning angles and angular changes of the joints. Muscle spin dles, Golgi tendon organs, 
and joint afferents play a part in the detection of joint angles and angular velocities dur ing 
both the stance and swing phases of walking [6]. In nondisabled people, the proprioceptive 
system seems to play only a minor role in balance control [7]. 

When problems arise in the conduction of somatosen sory information to the CNS, problems 
in balance control are likely to occur, especially when the availability of compensatory 
mechanisms is limited. In persons with neuropathy, neither tactile nor proprioceptive 
information is conducted to the CNS with as much intensity as in per sons without 
neuropathy. This reduction in somatosensory perception has detrimental effects on postural 
stability, resulting in an increased risk for falling [8–10]. Appli ances for the foot (which do 
or do not encompass the ankle) may compensate for these detrimental effects [7]. 

Peripheral neuropathy is a common problem in per sons with diabetes mellitus (DM). About 
one-third of persons with DM have peripheral neuropathy. Longer disease duration is one 
of the factors associated with a higher incidence of neuropathy [11]. In diabetic neuropa-
thy, both large fibres and small fibres may be affected. In people with impaired tactile 
sensation, the large fibres are affected [12]. Therefore, in this study, we focus on large-fibre 
neuropathy only. 

A new technique that may improve tactile, and possi bly proprioceptive, feedback is the 
application of noise to the plantar surface of the feet [13–16]. By adding sub threshold 
electrical [13] or mechanical noise (vibration with a randomly varying frequency) [14–16] to 
a sub threshold sensory input, the sensory threshold may be crossed. In this way, a signal that 



58
C

ha
pt

er
 4

is not detected during normal circumstances can be detected. The subthreshold noise signal 
can enhance the tactile sensation of changes in pressure under the foot, resulting in more 
sensitive detection of these pressure changes. More sensitive detec tion may result in an earlier 
reaction to the change in pres sure, which may result in better balance performance. The 
mechanism by which signal detection is improved by noise is called stochastic resonance (SR) 
[17]. A few stud ies have shown that the application of noise can improve tactile sensitivity 
[18] and balance in nondisabled adoles cents, elderly adults, people with diabetic neuropathy, 
and those with stroke [13–16]. In Figure 1, the mechanism of SR is explained. 

In the present study, we assessed the effects of vibrat ing insoles on balance in persons with 
peripheral neuropa thy secondary to DM and in nondisabled subjects. Vibrating insoles 
were designed in which random vibra tions are applied to the plantar surface of the feet by 
piezo electric elements [19]. Piezoelectric elements are thin and relatively cheap and therefore 
ideal for application in an insole without appreciably increasing its thickness. 

Figure 1. Stochastic resonance. (a) Sinusoid signal (solid line) with two examples of threshold (dashed line 
which is not reached and dotted line which is reached). (b) Noise signal below both examples of thresholds. 
(c) Mechanism of stochastic resonance. When the noise signal is added to the sinusoid signal, two important 
phenomena are noticed: (1) signal reaches threshold example 1 (dashed line), which is not reached under 
normal circumstances, and (2) signal reaches threshold example 2 (dotted line), which is reached under normal 
circumstances. 

A

B

C

Threshold example 1
Threshold example 2
Signal 



59
V

ibrating insoles and balance in diabetic neuropathy

Methods

Subjects 
We screened the medical records of all persons with DM (type 1 and 2) between 40 and 
60 years of age who visited the outpatient clinics of the Diabetes Center of the University 
Medical Center Groningen (UMCG) between June 2006 and April 2007. This age range 
was chosen because persons with DM usually do not develop neurop athy before 40 years 
of age. Older people without DM may develop plantar surface insensitivity [20]. We 
expected that in a control group with a maximum age of 60 years, sensory problems would 
be uncommon and the sensory problems in the study group would be secondary to DM. 
When the presence of neuropathy was mentioned in the medical record, the individual was 
invited to partic ipate if he or she met the other inclusion criteria. All par ticipants signed 
an informed consent. The procedures were approved and registered by the medical ethics 
com mittee of the UMCG. 

To include or exclude a patient, we tested for the presence of neuropathy by pressing a         
10 g Semmes-Weinstein monofilament (SWM) (North Coast Medical, Inc; Morgan Hill, 
California) [21] three times at each test location (first toe, first metatarsophalangeal (MTP)
joint, MTP5, and heel) [20]. Neuropathy was defined as inability to feel the SWM (for all 
three test trials) at four or more of the eight test locations [21]. Exclusion criteria for both 
groups were (1) ulcerations and/or infections on the plantar surface of the feet, (2) (partial) 
foot or toe amputation, (3) inability to stand without aid, (4) inability to understand the 
instruc tions of the examiner, (5) disorder of the musculoskeletal system (unrelated to 
DM, e.g., rheumatoid arthritis), and severe visual impairment. Exclusion criteria for the 
nondisabled subjects were (1) DM, (2) inability to feel the 10 g SWM on more than two 
test locations [21], and (3) inability to report correctly whether a tuning fork posi tioned at 
the medial side of MTP1 of both feet was vibrat ing [21]. Vibrotactile sensitivity was part 
of the inclusion criteria for nondisabled people in order to be sure that the control group 
had no sensory problems. 

A total of 45 persons with DM was selected based on their medical record. Of these, 18 did 
not participate for various reasons (e.g., physician reported an exclusion criterion, patient 
did not want to participate). The other 27 persons with DM were tested. We excluded 10 
for various reasons (no neuropathy n = 6, inability to stand without aid with the eyes closed 
n = 2, toe amputation n = 1, severe visual impairment n = 1). In addition to the included 
subjects with neuropathy (n = 17), we included 15 nondisabled subjects, matched by age 
and sex. 

Procedures 
After inclusion, all subjects’ vibrotactile sensitivity was tested. To test the tactile sensitivity 
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of the plantar surface of the feet in both nondisabled subjects and sub jects with neuropathy, 
we used a set of 20 SWMs that varied between 0.008 g and 300 g [22]. The SWM was 
pressed to the skin three times at each location (first toe, MTP1, and MTP5). The SWM 
with the smallest buckling force that could be located correctly at least two of the three 
times was noted. To test vibrotactile sensitivity of the subjects, we used a 128 Hz tuning fork 
positioned at MTP1 [23]. The subjects had to report whether the tuning fork was vibrating 
or not. Vibrotactile sensitivity was tested so we could describe additional characteristics of 
the subjects with neuropathy. 

After the sensitivity tests, subjects were asked to stand on a pair of vibrating insoles that were 
attached to a force plate (Bertec 4060, Bertec Corporation; Columbus, Ohio) with double-
sided tape. The insoles were made in five sizes, and the best fitting pair of insoles for each 
subject was chosen. The distance between the heels was 5 cm, and the insoles were positioned 
in 15° external rotation. This is the foot position used in platform stabilometry [24]. While 
the subject was standing on the insoles, we separately determined the perception thresholds 
for the noise signal for both feet. The amplitude of the noise was gradually increased by 
the examiner, and the subject had to report when the noise signal was perceived. Then, the 
amplitude was set at 90 percent of the tactile threshold for each indi vidual subject (therefore, 
the vibrations were not percepti ble). Previous research reported on a 90 percent threshold 
[15–16]. In this way, subjects were blinded to the interven tion. When the threshold could 
not be reached, the maxi mum amplitude that could be applied to the piezoelectric elements 
(120 V) was chosen. Subject characteristics, including vibrotactile sensitivity and amplitude 
of the insole vibrations, are reported in Table 1. 

The measurement protocol consisted of five trials in which the subjects were asked to stand 
on the vibrating insoles for 60 s. During the first and fifth trial, the sub jects stood with 
their eyes open looking straight ahead. The other three trials consisted of subjects standing 
with their eyes closed, performing an attention-demanding task (ADT), and completing 
a combination of both. These three trials were presented in random order. The ADT 
was a calculation task, consisting of continuously subtracting six from a random number. 
Throughout each 60 s trial, the vibrating insoles were turned on during either the first or 
second 30 s (randomly chosen). During the other 30 s, the insoles were turned off. Because 
the vibrations of the insoles were audible to the subjects, we applied a sound to both ears 
using earphones to ensure the subjects were unaware of whether the vibrations were turned 
on or off. The subjects were allowed to rest after every trial for a maximum of 2 minutes. 

Vibrating Insoles 
The vibrating insoles consisted of a cork sole with three built-in piezoelectric elements (piezo 
element EPZ35 MS29, 35 mm diameter, Karl/Heinz Mauz GMBH; Ost fildern, Germany) 
at MTP1, MTP5, and the heel; the sole was covered with a thin leather layer. We chose the 
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position of the actuators in order to apply the noise to the anterior and posterior supporting 
areas. The total thickness of the insole was 6 mm. The piezoelectric elements were driven by 
a custom-built amplifier. Input to the amplifier was an on/off signal, changing between 0 
and 5 V at random intervals between 2 and 40 ms. This signal was generated on a personal 
computer and output to the amplifier via the digital output of a USB-DAQ AD/DA card 

Neuropathy (n = 17 ) Healthy (n = 15 )

Mean (SD) age (y), 52.1 (6.0) 51.8 (5.6)

% (n) female 53% (9) 53% (8)

Mean (SD) weight (kg) 92.6 (23.1) 78.0 (12.1)

% DM type I diabetes 65% (11 type I; 6 type II)

Left Right Left Right

% (n) 5.07/10g SWM 
correctly located at first toe

12% (2) 6% (1) 100% (15) 100% (15)

% (n) 5.07/10g SWM 
correctly located at MTP1

0% (0) 6% (1) 100% (15) 100% (15)

% (n) 5.07/10g SWM 
correctly located at MTP5

18% (3) 6% (1) 100% (15) 100% (15)

% (n) 5.07/10g SWM 
correctly located at heel

12% (2) 22% (4) 93% (14) 93% (14)

Median (range) thinnest 
detected SWM at first toe (g)

60  (6-xx) 60  (6-xx) 1.4  (0.16-4) 1.4 (0.16-4)

Median (range) thinnest 
detected SWM at MTP1 (g)

100  (15-xx) 60  (10-xx) 2 (0.6-8) 1.4 (0.16-6)

Median (range) thinnest 
detected SWM at MTP5 (g)

60  (6-300) 26  (10-xx) 2 (0.6-8) 2 (0.6-4)

Median (range) thinnest 
detected SWM at heel (g)

60 (8-xx) 26  (2-xx) 4 (1.4-15) 4 (1-15)

% (n) 128Hz tuning fork at 
MTP1 correctly reported

24% (4) 12% (2) 100% (15) 87% (13)

Median (range) vibration 
amplitude (V) 

120 (42-120) 120 (42-120) 47 (22-120) 48 (24-120)

SD= standard deviation; DM= diabetes mellitus; SWM = Semmes Weinstein Monofilaments; MTP = 
metatarsophalangeal joint; xx= Thickest (6.67/300g) SWM could not be detected 

Table 1. Characteristics and test results of subjects.
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(USB-6008, National Instruments, Corp; Austin, Texas). The ampli tude of the amplifier 
output signal could be manually adjusted from 0 to 120 V for each insole individually, but 
the input for the three actuators in a single insole was iden tical. Taking into account the 
limited frequency response of the actuators (not specified by the manufacturer), we found 
that this resulted in a random noise signal with a nominal bandwidth from 25 to 500 Hz 
and adjustable amplitude. The vibrating insole configuration is described in Figure 2. 

The analog signals from the force plate (Bertec 4060) were acquired by the AD/DA 

Figure 2. Schematic representation of vibrating insoles and their activation. Via portable USB-DAQ AD/DA 
card a transistor-to-transistor logic (TTL) input signal of varying frequency was provided to the amplifier by a 
personal computer. The amplifier provided the piezoelectric elements in the insoles with input with a manually 
adjustable amplitude. The amplitude of the output signal to both insoles could be adjusted separately. Same 
personal computer and USB-DAQ AD/DA card were used to record force plate data. 
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channels of the USB-DAQ card. Signal generation and data acquisition were done with 
custom LabVIEW software (version 8.0, National Instruments, Corp). Force plate data 
were sampled at 100 Hz and low-pass filtered (Butterworth) with a cut off frequency of 
6 Hz. Data processing was done in MATLAB (version 7.1, The MathWorks, Inc; Natick, 
Massachusetts). 

Outcome Measures and Statistics 
The primary outcome measure was the mean velocity of the center of pressure (COP) 
displacements in millimeters per second. The total path length of the COP displacements 
was measured over a period of 25 s, and the mean velocity was calculated. During each 
measurement (60 s), two inter vals of 25 s were used to collect outcome data (vibration-on 
and vibration-off condition). Data from the first 5 s of both conditions were left out of 
consideration. Secondary out comes were the root-mean-square (RMS) of the anteroposterior 
(AP) and mediolateral (ML) COP velocity. 

In a repeated measures analysis of variance (ANOVA) model, the effects of vibrating 
insoles on balance, defined by previously described outcome measures, were tested. Main 
effects of vibration (on or off ), vision (eyes open or closed), and ADT (calculation task 
or not) and interaction effects of vibration × vision and vibration × ADT were tested. 
Differences between the neuropathy group and the nondisabled group were tested with a 
two-way ANOVA. A t-test was used to test the differences between the first and the fifth 
measurement. We used SPSS (version 14.0, SPSS, Inc; Chicago, Illinois) for all statistical 
analyses. 

Results 

Mean Velocity of COP Displacements 
Both the nondisabled and the neuropathy groups showed significant main effects of vision 
and ADT (eyes closed and an ADT increased mean velocity of COP dis placements) on mean 
velocity of COP displacements (main effect of vision: p = 0.01, main effect of ADT: p < 0.01 
in neuropathy group, main effects of both vision and ADT: p < 0.01 in nondisabled group) 
(Figure 3). Com pared with the nondisabled controls, subjects with neurop athy showed a 
significant increase in the mean velocity of COP displacements (p < 0.01). No main effect of 
vibration was found for either the neuropathy group (Figure 3(a)) or the nondisabled group 
(Figure 3(b)) (p = 0.07 neuropa thy group, p = 0.37 nondisabled group). The neuropathy 
group showed a significant favourable interaction effect of vibration × ADT (p = 0.05). No 
interaction between vision and vibration was found in the neuropathy group (p = 0.17). 
In the nondisabled group, no interaction effects were found between vibration and either 
vision or ADT (p = 0.79 and p = 0.28, respectively). 
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No significant differences between the identical first and fifth condition (both conditions 
consisted of eyes open with out an ADT) on mean velocity of COP displacements were 
found (p = 0.11 and p = 0.29 in the neuropathy group and p = 0.24 and p = 0.52 in the 
nondisabled group for the vibration-on and vibration-off condition, respectively). Therefore, 
the fifth measurement was omitted. Data from both the first and the fifth measurements are 
shown in Figure 3 and Tables 2 and 3 in order to show the absence of fatigue. 

Figure 3. Mean velocity of center of pressure (COP) displacements with vibrating insoles turned on (black 
bars) and off (gray bars) in (a) subjects with neuropathy and (b) nondisabled subjects during five different trials.   
ADT = attention-demanding task. Error bars = standard error of the mean.
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RMS of COP Velocity in AP and ML Direction 
As the data presented in Tables 2 and 3 show, no main effects of vibration on RMS of the 
COP velocity in the AP or ML direction were found for either group (neuropathy group: 
p = 0.12 in AP direction and p = 0.35 in ML direction, nondisabled group: p = 0.30 in AP 
direc tion and p = 0.43 in ML direction). Significant main effects of vision and ADT (eyes 
closed and an ADT increased RMS in the AP direction) on RMS of the COP velocity in 

Table 2. Mean ± standard error of mean of root-mean-square of center of pressure velocity in anteroposterior 
direction with vibrating insoles turned on and off in subjects with neuropathy and nondisabled control subjects 
during five different trials.

Neuropathy Nondisabled 

vibration on vibration off vibration on vibration off

Eyes open; No ADT; 
1st measurement

9.6 (0.5) 10.0 (0.6) 7.5 (0.5) 7.5 (0.5)

Eyes open;  ADT 17.1 (2.5) 17.1 (1.7) 12.0 (1.5) 10.7 (0.7)

Eyes closed;  No ADT 17.5 (2.5) 16.9 (2.7) 9.7 (0.8) 9.6 (0.9)

Eyes closed;  ADT 20.4 (2.5) 24.3 (3.3) 14.2 (1.5) 12.6 (1.1)

Eyes open; No ADT; 
5th measurement

11.3 (0.9) 11.2 (1.1) 8.7 (0.8) 8.0 (0.6)

ADT = attention demanding task

Table 3. Mean ± standard error of mean of root-mean-square of center of pressure velocity in mediolateral 
direction with vibrating insoles turned on and off in subjects with neuropathy and nondisabled control subjects 
during five different trials.

Neuropathy Nondisabled

vibration on vibration off vibration on vibration off 

Eyes open; No ADT; 
1st measurement

8.6 (0.4) 8.7 (0.4) 7.4 (0.5) 7.5 (0.4)

Eyes open;  ADT 12.1 (1.0) 12.4 (0.8) 9.6 (0.8) 9.2 (0.7)

Eyes closed;  No ADT 11.3 (0.8) 12.1 (1.0) 8.8 (0.6) 8.6 (0.6)

Eyes closed;  ADT 14.5 (1.4) 14.9 (1.2) 10.2 (0.9) 9.9 (0.8)

Eyes open; No ADT; 
5th measurement

9.0 (0.5) 9.2 (0.5) 7.6 (0.3) 7.6 (0.5)

ADT = attention demanding task
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the AP direction were found in both groups (main effect of vision p = 0.01 and p = 0.01; 
main effect of ADT p = 0.01 and p < 0.01 in the neuropathy group and nondisabled group, 
respectively). Significant main effects of vision and ADT (eyes closed and an ADT increased 
RMS in the ML direction) on RMS of the COP velocity in the ML direction were found 
in both groups as well (main effect of vision p = 0.01 and p < 0.01; main effect of ADT p 
< 0.01 and p < 0.01 in the neuropathy group and nondisabled group, respectively). 

The neuropathy group showed a significant favourable interaction effect of vibration × ADT 
on RMS of the COP velocity in the AP direction (p = 0.05), whereas this inter action effect 
was not present in the ML direction (p = 0.76). In the nondisabled group, no interaction 
effects of vibration and either vision or ADT on the RMS of the COP velocity were found 
in either the AP or ML direction. 

Discussion 
In line with other research [9–10;25], we found that in subjects with neuropathy, balance 
was impaired and that balance problems worsen when the balance task becomes more 
difficult. Moreover, when an ADT was presented, vibrating insoles improved balance in 
subjects with neuropathy, suggesting that when attention is dis tracted from the standing 
task, random vibrations applied to the feet improve balance. In contrast to earlier research 
[15–16], we found no effects of vibrating insoles in nondisabled subjects. The interaction 
effect in persons with neuropathy can mainly be explained by the improvement in balance 
as a result of vibrating insoles during the most difficult balance task: standing with the eyes 
closed and performing an ADT (Figure 3). The results from our study show that when vision 
is occluded and attention is distracted, the destabilizing effect of these interventions seems 
to diminish when random vibrations are applied to the plantar surface of the feet. During 
the condition with the eyes closed and an ADT, subjects have fewer com pensatory options 
for balance control. Therefore, subjects have to rely more on the remaining information 
sources, of which mechanoreceptors on the plantar side of the feet are the most important, 
to control their standing balance. Improvement of the sensation of plantar surface pressure 
by vibrating insoles may lead to improved balance when subjects cannot use compensatory 
strategies. 

The interaction between vibration and attention in subjects with neuropathy can mainly be 
explained by a decrease in COP velocity in the AP direction and not the ML direction. One 
possible explanation is that COP velocity in the AP direction was relatively more affected 
by the additional ADT (without vibration) than the COP velocity in the ML direction and, 
therefore, more improvement was possible in the AP direction. A second and more important 
explanation could be that plantar cutaneous mechanoreceptors play a more important role in 
the control of COP in the AP direction than in the ML direction [26]. This study showed 
deteriorated COP con trol in the AP direction after plantar hypoesthesia. Improving plantar 
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sensation of people with reduced plan tar sensation (neuropathy) by vibrating insoles may 
therefore lead to improvement in balance control in the AP rather than the ML direction. 

The findings of this study seem to be less pro nounced compared with earlier research on 
vibrating insoles and application of noise to the feet [13–16]. The effects in persons with 
neuropathy seemed smaller, and in contrast with previous research, no effects in nondisabled 
people were found. Several explanations may account for these less pronounced effects. In 
our study, different mea sures and a different measuring device for balance were used. The 
first studies concerning vibrating insoles used excursions of a single shoulder marker to 
determine bal ance [15–16]. These shoulder-marker excursions are not commonly used as 
outcome measures for balance [27]. For example, rotation about the longitudinal axis will 
result in excursions of a single shoulder marker but is not a balance mechanism. However, 
according to Priplata et al. (2003, 2006), excursions of a shoulder marker used in their 
studies on vibrating insoles [15–16] correlated with COP dis placements measured by a force 
plate [28]. This can only be the case when the human body acts completely as an inverted 
pendulum and no bending at the hip takes place. A possible explanation, although not very 
plausible, for the less pronounced findings in our study may be that vibrating insoles have 
a larger effect on hip strategy and less on ankle strategy, which may explain larger shoulder 
excursions measured by cameras and smaller effects on COP measured by a force plate. 

The physical properties of the insoles differed from those used in the work of Priplata et al. 
(2003, 2006) as well [15–16]. In our study, we used insoles of 5 mm-thick cork with three 
built-in piezoelectric elements that were covered with a thin leather layer, whereas the first 
vibrating insole studies used gel-based insoles that were 16 mm thick and had electromagnetic 
actuators. We chose to use this insole configuration for several reasons. First, in this study, 
piezoelectric activators were used because these are much thinner then electromagnetic 
actuators. There fore, it was possible to develop 6 mm-thick insoles that could be more easily 
implemented in clinical practice. Second, we decided to use rather hard insoles, because soft 
insoles may deteriorate balance due to deteriorated feedback concerning plantar pressure 
distribution. Differ ences in effects between the current study and previous work could be 
a result of these differences in insole configuration. 

A weakness of our study is the applied amplitude of the vibrations. In the majority of the 
included subjects with neuropathy (71%), the maximum amplitude that could be applied 
by our vibrating insole system (120 V) was not sufficient to reach the sensory detection 
thresh old. Therefore, in 71 percent of the included subjects with neuropathy, the amplitude 
of the vibrations was probably below 90 percent of the sensory detection threshold. On the 
other hand, in 93 percent of the nondis abled subjects, the threshold was reached. However, 
in the nondisabled group, no effects of vibration were found. This result suggests that the 
ability to detect the maximum amplitude of the vibrations, as was found in 93 percent of 
the nondisabled subjects, does not imply improvement of balance by vibrating insoles. 
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The weight of the people with neuropathy in our study was almost 15 kg more than the 
nondisabled sub jects. This difference might influence the differences in balance between 
the two groups. However, because in this study the effects of mechanical noise were tested 
in a crossover design in which the subjects served as their own controls, we did not expect 
that the weight of the subjects would influence the results. 

The noise type used in this study was a transistor-transistor logic signal with a randomly 
varying frequency band of 25 to 500 Hz. In previous research, digitized white noise, low-pass 
filtered to 100 Hz, with uniformly distributed amplitude was used. Research is needed to 
optimise the input signal to the insoles. Application of a fourth piezoelectric element under 
the big toe, where many mechanoreceptors are located, and an individually controllable 
amplitude of each piezoelectric element may contribute to improvement of the effects of 
the vibrating insoles [19]. 

Conclusion 
The findings from this study are encouraging. The use of vibrating insoles in which the 
vibration is applied by piezoelectric elements seems to be an option for increas ing stability 
in persons with neuropathy when compensa tory strategies to control balance are limited. 
These insoles are thin (6 mm) and can therefore easily be worn in regu lar shoes. The absence 
of effects of vibrating insoles in nondisabled subjects and in persons with neuropathy when 
attention is not distracted requires extension of cur rent research and development. The next 
step is to optimise the properties of the random vibrations applied to the feet, followed by 
research concerning the effects of these insoles on balance during walking and ultimately 
on fall frequency. To make the latter research possible, research ers must develop a wearable 
device that provides input to the plantar surface of the feet. 

Finally, random vibrations applied to the plantar sur face of the feet improved balance of 
persons with neuropa thy only when attention was distracted and vision was occluded. The 
balance improvement can mainly be explained by improvement of the COP displacement 
veloc ity in the AP and not the ML direction. Assessment of the effects of vibrating insoles 
on a more functional level, such as research on the effects on balance during walking, is 
essential before implementation in daily living is recom mended. Moreover, improvement 
of the insoles and their activation is necessary to make the use of these medical aids in daily 
living possible and effective. 

Acknowledgements 
We would like to thank OIM Holding BV, the Neth erlands; K. Vaartjes, W.A. Kaan, W. 
Hollander, and K.S. Veldman for their technical support; and the Diabetes Center at 
UMCG for its help in patient recruitment. This material is the result of work supported with 



69
V

ibrating insoles and balance in diabetic neuropathy

resources of Stichting Beatrixoord Noord-Nederland, the Netherlands, and the Annafonds, 
the Netherlands. 

The authors have declared that no competing interests exist. 

References 
Maurer C, Mergner T, Bolha B, Hlavacka F. Vestibular, visual, and somatosensory contributions 1. 
to human control of upright stance. Neurosci Lett. 2000;281(2–3):99–102. 

Roll R, Kavounoudias A, Roll JP. Cutaneous afferents from human plantar sole contribute to 2. 
body posture awareness. Neuroreport. 2002;13(15):1957–61. 

Kavounoudias A, Roll R, Roll JP. Foot sole and ankle mus cle inputs contribute jointly to human 3. 
erect posture regula tion. J Physiol. 2001;532(Pt 3):869–78. 

Shumway-Cook A, Woollacott M. Attentional demands and postural control: The effect of 4. 
sensory context. J Ger ontol A Biol Sci Med Sci. 2000;55(1):M10–6. 

Maurer C, Mergner T, Peterka RJ. Multisensory control of human upright stance. Exp Brain 5. 
Res. 2006;171(2):231–50. 

Bloem BR, Allum JH, Carpenter MG, Honegger F. Is lower leg proprioception essential for 6. 
triggering human automatic postural responses? Exp Brain Res. 2000;130(3):375–91. 

Hijmans JM, Geertzen JHB, Dijkstra PU, Postema K. A systematic review of the effects of 7. 
shoes and other ankle or foot appliances on balance in older people and people with peripheral 
nervous system disorders. Gait Posture. 2007; 25(2):316–23. 

Horak FB, Dickstein R, Peterka RJ. Diabetic neuropathy and surface sway-referencing disrupt 8. 
somatosensory infor mation for postural stability in stance. Somatosens Mot Res. 2002;19(4):316–
26. 

Simoneau GG, Ulbrecht JS, Derr JA, Becker MB, Cavanagh PR. Postural instability in patients 9. 
with diabetic sensory neuropathy. Diabetes Care. 1994;17(12):1411–21. 

Uccioli L, Giacomini PG, Monticone G, Magrini A, Durola L, Bruno E, Parisi L, Di Girolamo 10. 
S, Menzinger G. Body sway in diabetic neuropathy. Diabetes Care. 1995; 18(3):339–44. 

Young MJ, Boulton AJ, MacLeod AF, Williams DR, Sonksen PH. A multicentre study of the 11. 
prevalence of dia betic peripheral neuropathy in the United Kingdom hospital clinic population. 
Diabetologia. 1993;36(2):150–54. 

Brown MJ, Asbury AK. Diabetic neuropathy. Ann Neurol. 1984;15(1):2–12. 12. 

Priplata A, Niemi J, Salen M, Harry J, Lipsitz LA, Collins JJ. Noise-enhanced human balance 13. 
control. Phys Rev Lett. 2002;89(23):238101. 

Gravelle DC, Laughton CA, Dhruv NT, Katdare KD, Niemi JB, Lipsitz LA, Collins JJ. Noise-14. 
enhanced balance control in older adults. Neuroreport. 2002;13(15):1853–56. 



70
C

ha
pt

er
 4

Priplata AA, Niemi JB, Harry JD, Lipsitz LA, Collins JJ. Vibrating insoles and balance control 15. 
in elderly people. Lancet. 2003;362(9390):1123–24. [

Priplata AA, Patritti BL, Niemi JB, Hughes R, Gravelle DC, Lipsitz LA, Verves A, Stein J, 16. 
Bonato P, Collins JJ. Noise-enhanced balance control in patients with diabetes and patients 
with stroke. Ann Neurol. 2006;59(1):4–12. 

Collins JJ, Priplata AA, Gravelle DC, Niemi J, Harry J, Lip sitz LA. Noise-enhanced human 17. 
sensorimotor function. IEEE Eng Med Biol Mag. 2003;22(2):76–83.

Liu W, Lipsitz LA, Montero-Odasso M, Bean J, Kerrigan DC, Collins JJ. Noise-enhanced 18. 
vibrotactile sensitivity in older adults, patients with stroke, and patients with diabetic neuropathy. 
Arch Phys Med Rehabil. 2002;83(2):171–76. 

Hijmans JM, Geertzen JH, Schokker B, Postema K. Devel opment of vibrating insoles. Int J 19. 
Rehabil Res. 2007;30(4): 343–45. 

Perry SD. Evaluation of age-related plantar-surface insen sitivity and onset age of advanced 20. 
insensitivity in older adults using vibratory and touch sensation tests. Neurosci Lett. 2006;392(1–
2):62–67. 

International Working Group on the Diabetic Foot. Interna tional consensus on the diabetic foot 21. 
and practical guidelines on the management and the prevention of the diabetic foot. Amsterdam: 
International Working Group on the Diabetic Foot; 2003. 

Sosenko JM, Kato M, Soto R, Bild DE. Comparison of quantitative sensory-threshold measures 22. 
for their associa tion with foot ulceration in diabetic patients. Diabetes Care. 1990;13(10):1057–
61. 

Meijer JW, Smit AJ, Lefrandt JD, Van der Hoeven JH, Hoogenberg K, Links TP. Back 23. 
to basics in diagnosing dia betic polyneuropathy with the tuning fork! Diabetes Care. 
2005;28(9):2201–5. 

Kapteyn TS, Bles W, Njiokiktjien CJ, Kodde L, Massen CH, Mol JM. Standardization in 24. 
platform stabilometry being a part of posturography. Agressologie. 1983;24(7): 321–26. 

Corriveau H, Prince F, Hébert R, Raîche M, Tessier D, Maheux P, Ardilouze JL. Evaluation of 25. 
postural stability in elderly with diabetic neuropathy. Diabetes Care. 2000; 23(8):1187–91. 

McKeon PO, Hertel J. Plantar hypoesthesia alters time-to boundary measures of postural control. 26. 
Somatosens Mot Res. 2007;24(4):171–77. 

Lafond D, Mouchnino L, Prince F. Tactile stimulation of insoles and balance control in elderly 27. 
people. Lancet. 2004; 363(9402):84. 

Priplata AA, Niemi JB, Harry JD, Lipsitz LA, Collins JJ. Tactile stimulation of insoles and 28. 
balance control in elderly people. Lancet 2004;363(9402):85–6. 



71
V

ibrating insoles and balance in diabetic neuropathy





5

Development of vibrating 
insoles

Juha M. Hijmans

Jan H.B. Geertzen

Bart Schokker

Klaas Postema

International Journal of Rehabilitation 
Research 30 (2007) 343–345

Reprinted with kind permission 



74
C

ha
pt

er
 5

Abstract
The objective of this study was to describe the development of vibrating insoles. Insoles, 
providing a subsensory mechanical noise signal to the plantar side of the feet, may improve 
balance in healthy young and older people and in patients with stroke or diabetic neuropathy. 
This study describes the requirements for the tactors (tactile actuators), insole material, and 
noise generator. A search for the components of vibrating insoles providing mechanical 
noise to the plantar side of the feet was performed. The mechanical noise signal should be 
provided by tactors built in an insole or shoe and should obtain an input signal from a noise 
generator and an amplifier. Possible tactors are electromechanical tactors, a piezo actuator 
or the VBW32 skin transducer. The Minirator MR1 of NTI, a portable MP3 player or 
a custom-made noise generator can provide these tactors with input. The tactors can be 
built in foam, silicone or cork insoles. In conclusion, a C2 electromechanical tactor, a piezo 
actuator or the VBW32 skin transducer, activated by a custom-made noise generator, built 
in a cork insole covered with a leather layer seems the ideal solution.
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Introduction 
Stochastic resonance (SR) can be described as a counter-intuitive mechanism whereby 
the addition of noise to a nonlinear system can enhance the detection of weak stimuli or 
enhance the information content of a signal [1]. SR is associated with biological systems 
and even with human somatosensation [2]. The somatosensory system provides the central 
nervous system with information concerning joint position sense and the sense of touch. 
Mechanoreceptors, muscle spindles, Golgi tendon organs and joint afferents are responsible 
for somatosensation. Mechanoreceptors situated in the soles of the feet provide the central 
nervous system with information concerning pressure distribution under the feet. Muscle 
spindles, Golgi tendon organs and joint afferents situated in the lower leg are responsible for 
the detection of changes in the ankle joint angle. During standing, changes in pressure and 
changes in ankle joint angle are often related to changes in upright position. In older people 
and people with peripheral sensory deficits the detection of changes in upright position is 
often impaired, resulting in impaired balance and an increased risk for falling. 

Application of mechanical noise to the feet may improve somatosensation due to SR. 
Vibrating insoles may be used for the application of a subsensory mechanical noise signal 
to the soles of the feet [3;4]. The subsensory noise signal may amplify tactile input like 
change in pressure distribution under the sole of the foot, resulting in earlier detection of 
the pressure change. It has been shown that the sway amplitude, measured by motion capture 
of a shoulder marker, decreased when vibrating insoles were applied to healthy adolescents, 
elderly, stroke patients, and patients with diabetic neuropathy [3;4]. Our research group is 
engaged in studies concerning the effects of ankle and foot appliances on balance. To be able 
to compare the effects of vibrating insoles with the effects of other appliances we developed 
vibrating insoles. In this study we will describe the development and the requirements for 
vibrating insoles. 

Methods 
The main reason for developing vibrating insoles is to improve balance in people with a 
deterioration of the somatosensory feedback from mechanoreceptors that play a role in 
balance control. Most crucial mechanoreceptors are located at the metatarsal phalangeal 
joint (MTP) region, the heel and the plantar side of the first toe [5]. Therefore, it seems 
reason able to position vibrating tactile actuators, called tactors, at these positions (Fig. 1). 
To apply a vibration to the soles of the feet, these tactors should be built in an inlay or in 
the shoe. As the mechanical noise should be applied with a certain adaptable amplitude, 
some requirements for the actuator should be taken into account. 

Requirements for tactors 
To make it possible to build in tactors in an insole or shoe without increasing the thickness of 
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the sole too much, the tactors should be as thin as possible. A large sole thickness (between 
16 and 27 mm) is associated with deterioration of balance [6]. Therefore, the thickness of 
the tactor should not exceed 15 mm. As two actuators should be positioned next to each 
other at the MTP region (as seen in Fig. 1), the width of the tactor should not exceed half 
of the width of the foot at this location. Moreover, one of the tactors should fit under the 
first toe. Consequently, the width or diameter of the tactors should not exceed 35 mm. 
The vibration frequency should be adjustable within limits of about 1–1000 Hz (noise 
signal with varying frequency) and the tactors should instantly react to the input frequency 
changes. In the only studies concerning the effects of vibrating insoles on balance, the 
amplitude of the vibration was set at 90% of the sensory threshold [3;4]. Therefore, the 
amplitude of the vibration applied by the tactor should be adjustable, to make tuning of the 
amplitude towards individual differences in tactile perception threshold possible. As the 
appliance may benefit people with impairment of the somatosensory system, the maximum 
amplitude when loaded should reach the tactile perception threshold in these people. The 
average threshold amplitude (vibration perception threshold) in a neuropathic population 
is about 400 mm, in a healthy population this threshold is about 20 mm, both at a vibration 
frequency of 60 Hz [7]. 

Requirements for noise generator/amplifier 
The tactors should be activated by a noise generator and possibly by an amplifier. To make 
utilization in daily living (e.g. during walking) possible, both the noise generator and 
the amplifier should be portable. It is not known what the ideal frequency range of the 
noise signal should be and whether white noise or coloured noise has the best effects on 

Figure 1. Tactor locations; one at the first toe, two at the metatarsal phalangeal joint (MTP) region and one 
at the heel.
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balance. Therefore, the noise generator should be able to produce different types of noise 
within a wide range of frequencies. Moreover, it would be best to set the amplitude of all 
tactors individually, because of differences in tactile perception thresholds at the different 
locations. 

Requirements for material 
It would be best to replace a standard insole by a vibrating insole without making any 
modifications to the shoe, instead of building in tactors in a shoe. The material of which 
this insole is made plays an important role. The material should be comfortable, should 
not absorb the vibration and should be adaptable to make fitting of the actuators possible. 
Moreover, the material should be relatively hard (Shore A50), because soft insoles (Shore 
A15 or A33) are associated with negative effects on balance [6]. In a diabetic population, 
however, too hard material will increase the risk for wounds owing to incorrect pressure 
distribution. 

Results 
A profound search resulted in a wide range of brands and types of actuators that can produce 
a vibration. In Table 1 the actuators found and their properties are shown. All actuators 
described in Table 1 should be provided with an input signal. Noise generators may be 
responsible for the input signal. 

A lot of different noise generators exist. Most of them are, however, not portable, or have 
to be built in a personal computer. Only one suitable portable noise generator was found. 
The Minirator MR1 of NTI is an analogue noise generator that can produce a noise signal 
with a frequency range of 20 Hz–20 kHz. This noise generator has only one output channel. 
Another possibility is to use a portable audio player, such as a MP3 player; these have only 
one output channel as well. 

Materials most used for insoles are synthetic foam (as polyurethane and ethylene vinyl 
acetate; Shore A10 A80), rubber (Shore A10-A95), silicone (rubber) (Shore A5-A90) and 
cork, combined with thermoplastic material to make adaptations possible when the material 
is heated (Shore A55-A65). All these materials are often covered with a thin leather or fabric 
layer, to make the insole more comfortable. 

Discussion 
A combination of a tactor, a noise generator and sole material should make the ideal product 
to apply a random vibration to the soles of the feet. For prototyping and individually moulded 
insoles, cork covered with a thin leather layer seems an ideal product. The hardness of the 
cork material ranges between Shore A55 and A65. In our opinion, Shore A55 is soft enough, 
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especially when a leather layer on top of the cork is used. 

Different tactors can be used in vibrating insoles. Vibration motors are not usable because 
only a small frequency range can be applied and the amplitude of the vibration depends on 
the design of the vibration motor only, and is therefore not individually adaptable. Possible 
tactors are the C2 electromechanical tactor, used by Priplata et al. (2003, 2006) in vibrating 
insoles [3;4]; piezo actuators, for example the APA400M actuator; or the VBW32 skin 
transducer. The dimensions, frequency range and amplitude of the vibration applied by 
these tactors seem to be suitable for vibrating insoles. 

The different tactors should be provided with different input. Piezo actuators require a high 
voltage and low amperage, whereas the C2 tactor and the VBW32 skin transducer require a 
lower voltage and a higher amperage. Moreover, the tactors applying a subthreshold vibration 
to the soles of the feet should be individually controlled, to be set on 90% of the tactile 
threshold on a specific portion of the foot sole. For both reasons, portable noise generators 
on the market and standard portable audio players are not usable in vibrating insoles. The 
power supply for vibrating insoles should be custom-made. A custom-made noise generator 
can be constructed in a small and light version, and can be constructed in such a way that 
the amplitude of the vibration can be set for every insole individually. 

Table 1. Tactile actuators and their properties.

Actuator Dimensions Suitable Frequency Suitable Amplitude Suitable

C2 Tactor D = 30.5 mm
H = 7.9 mm

Yes Not known Possibly 0.635 mm Yes

C1026B200F 
Vibration motor

D = 10 mm
H = 5 mm

Yes Max. 55 Hz No Not 
known

Possibly

B5A-11W 
Vibration motor 

L = 11 mm
W = 11 mm
H = 2 mm

Yes 10 – 150 Hz No Not 
known

Possibly

P-289 
Piezo actuator

D = 50 mm
H = 12 mm

No 1st resonance 
freq. = 1.1 kHz

Yes 0.2 mm Possibly

APA400M 
Actuator 

L = 48.4 mm
W = 11.5 mm
H = 13.0 mm

Yes 1st resonance 
freq. = 4.6 kHz

Yes 0.4 mm Yes 

VBW32 
Skin Transducer 

L = 25.4 mm
W = 18.5 mm
H = 10.7 mm

Yes 100 – 800 Hz Possibly Till 50 dB 
above 
threshold

Possibly 

D= Diameter (of round actuators); H= Height (in actuation direction); L= Length; W= Width  
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Conclusion 
Figure 2 shows the final design of the vibrating insoles. 
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Figure 2. The design of vibrating insoles. The cork insole and the tactors will be covered with a leather layer.
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Abstract
This study aims to determine the most effective properties of a mechanical noise signal, 
applied by vibrating insoles to the plantar surface of the feet, in order to improve standing 
balance in people with diabetic neuropathy. In a single case experimental approach (n=5) 
the effects on balance of mechanical noise with different properties were studied. Three 
different amplitudes and three different frequency bands (nine different interventions) were 
studied. Force plate measurements were used to calculate the mean velocity of the centre of 
pressure displacement, which was used as the measure for balance. The effects on standing 
balance of the nine different noise signals were compared to both the baseline interval before 
and after the intervention. Both the intervention and the baseline condition lasted for 30 s.                  
This study confirmed that mechanical noise applied to the feet by vibrating insoles can 
improve balance in people with minor to moderate diabetic neuropathy. Noise, low pass 
filtered with an upper cut-off frequency of 200 Hz seems the most effective in improving 
balance; the applied amplitude with this cut-off frequency seems arbitrary. 
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Introduction
Diabetes Mellitus (DM) leads to the development of diabetic neuropathy (DN) in about 30% 
of the cases [1-3]. Prolonged disease duration, older age and poor glycemic control all increase 
the probability of developing DN [1-3]. The main cause of DN is axonal degeneration and 
demyelination due to a reduced nerve blood flow and therefore a reduced oxygenation 
[4]. Symptoms of DN include higher thresholds for tactile and vibrotactile sensation [5]. 
Impaired tactile sensation from the plantar surface of the feet may lead to deteriorated 
balance, because changes in pressure distribution are detected less accurately [5]. 

In normal stance, the body is not stationary. Rather, during quiet stance the body is constantly 
moving with the direction of the movement constantly changing. Postural control refers 
to maintaining the centre of gravity (CoG) within the base of support (BoS) [6]. Tactile 
sensation from the plantar surface of the foot is an important source of information for the 
control of balance [7;8]. When this tactile sensation is reduced balance is often impaired, 
which is the case in DN [5;9-11]. Improvement of this reduced tactile sensation of the 
plantar surface of the feet is thought to lead to improvement of balance [12]. 

Previously, it was shown that insoles providing mechanical noise to the plantar surface of 
the feet can improve tactile sensation and therefore improve standing balance in people 
with a deteriorated tactile sensation [13-15]. The rationale for improved balance from the 
application of mechanical noise to the plantar surface of the feet can be found in a mechanism 
called stochastic resonance (SR) [16]. SR can be described as a counterintuitive mechanism 
whereby the addition of noise to a non-linear system can enhance the detection of weak 
stimuli or enhance the information content of a signal [16]. In this study, the changing 
pressure under a certain part of the foot can be seen as the non-linear system. Based on 
the mechanism described earlier (SR) the noise, applied by vibrating insoles, is thought to 
have immediate effects on balance, which are thought to disappear immediately when the 
noise is turned off. 

The positive effects on balance from insoles which apply mechanical noise to the plantar 
surface of the feet varied in magnitude [13-15]. In order to achieve clinically relevant effects 
and to use the insoles in daily life, improvement of the insoles leading to larger effects on 
balance is needed. One explanation for the limited effects may be that the optimal properties 
have not yet been applied.  Therefore, the goal of this study was to determine the properties 
of the mechanical noise signal applied to the feet that lead to larger improvements in standing 
balance for those with reduced tactile sensation in the feet. 

The effects of mechanical noise with different properties are studied in a single case 
experimental approach. This design is an experiment in which one entity is observed 
repeatedly during a certain period under different levels (treatments) of at least one 
independent variable [17]. Visual inspection of the graphs is used to explore the effects 
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Table 1. Characteristics of the participants. 

Subject number 1 2 3 4 5

Age in years 49 49 42 52 52

Gender female female male male female

Mass in kg 82 59 94 98 102

Diabetes Mellitus type I I I I II

Number of  locations at which 10g SWM 
was perceived (max. 8)

0 8 0 2 8

Number of  locations at which the tuning 
fork was perceived correctly (max. 4)

0 0 0 0 4

History of  ulceration no yes yes no no

SWM: Semmes Weinstein Monofilament

of the intervention. It should not be confused with a case study in which there is often no 
experimental approach or manipulation of an independent variable [17]. Although this 
type of research is not often used in evaluating balance [18] the intervention in this study is 
well suited to a single case design. The intervention is thought to have an immediate effect 
on balance and the effects are thought to disappear instantaneously when the intervention 
is ended. 

Methods
In this study, five patients with DN aged between 42 and 52 years with various degrees of 
sensory loss of the plantar surface of the feet were included. Participants were selected where 
DN was mentioned in their medical records. The degree of sensory loss was assessed by a 10g 
Semmes Weinstein Monofilament (SWM) and a 128 Hz tuning fork [19]. Tactile sensation 
was tested at four locations on the plantar surface of each foot (heel, first metatarsophalangeal 
joint (MTP1), fifth metatarsophalangeal joint (MTP5) and first toe). Vibrotactile sensation 
was tested at the medial malleolus and the medial side of MTP1 of both feet. (Vibro)tactile 
sensitivity and other characteristics are presented in table 1. All participants signed informed 
consent. The procedures were approved and registered by the medical ethics committee of 
the University Medical Center Groningen (UMCG).

Balance was tested on a force plate. During each measurement, participants stood with their 
feet parallel (7 cm apart) and eyes closed. An AMTI force plate (BP 400600-1000) was 
used to measure ground reaction forces. Data were sampled at 1000 Hz and were low pass 
filtered (Butterworth) with a cut-off frequency of 6 Hz. The path length of the Center of 
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Pressure (COP) displacement was first calculated. Following the main outcome measure for 
balance, mean velocity of the COP displacement was calculated by dividing the path length 
by the sample duration. Data processing was completed with MatLab 7.1 (The MathWorks, 
Inc). In total, nine different trials were recorded. In some participants, the nine different 
trials were presented twice (both with eyes closed), once with and once without performing 
an attention demanding task (ADT). Because of fatigue and technical problems not all 
participants were able to complete the second set of measurements with an ADT. In previous 
research we showed an effect of vibrating insoles on balance only when an ADT had to be 
preformed [15]. The ADT consisted of a calculation task in which the participant had to 
continuously subtract 6 or 7 from a randomly chosen number between 300 and 500. 

The participant stood on a pair of vibrating insoles, placed on the force plate during all 
measurements. The vibrating insoles were constructed as designed in a previous study [20], 
although rubber (Realux) was used instead of cork. Two rubber insoles with four piezoelectric 
actuators each, placed under the first toe (Noliac CMBR1; Ø=20mm), MTP1, MTP5, and 
the heel (Noliac CMBR7; Ø=40mm) covered with a fabric layer (Alantara) were used. The 
total thickness of the insoles (including actuators) was 4 mm. 

The signal applied by the piezoelectric actuators consisted of white noise with a bandwidth 
from 10 Hz to 20 kHz which was low-pass filtered with a fifth order filter. The output was 
band limited white noise with an upper cut-off frequency of 50 Hz, 200 Hz or 1000 Hz. 
The amplitude of the output was adjustable between 0 V and 200 V (peak-to-peak) in 
255 steps. The output of 200 V was the theoretical maximum (not reached because of the 
noisy character of the output signal). The amplitudes, were set on 150, 200 and 255 on a 
linear scale from 0 – 255, corresponding with a theoretically maximum output voltage of 
118 V, 157 V and 200 V respectively. An output of 200 V matches a free stroke of 185 μm 
of the CMBR7 piezoelectric actuator (placed under the heel, MTP1, and MTP5) in both 
upward and downward direction, with a blocking force of 13 N. The maximum stroke of the 
CMBR1 actuator (placed under the first toe) was 47 μm, with a blocking force of 9 N. To 
define the most effective amplitude and bandwidth of the noise signal, nine different spectra 
of mechanical noise were tested; three different bandwidths (upper cut-off frequencies of     
50 Hz, 200 Hz, and 1000 Hz), each with three different amplitudes (150, 200 and 255). 
The insoles were activated by a custom-made portable amplifier. The amplifier had a wireless 
connection to a notebook computer. Using LabView (version 8.0 National Instruments) 
based customised software, the upper cut-off frequency and amplitude of the noise signal 
were set. 

During each trial of 60 s the vibrating insoles were turned on during the last 30 s. The 
outcomes were based on the interval between 2.5 s and 27.5 s (baseline) and the interval 
between 32.5 s and 57.5 s (intervention). This procedure was used because the exact point 
in time when the insoles were turned on was not recorded. 
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For each subject the effects of the nine interventions were compared to their baseline measure 
using a single case experimental design. Preceding each intervention, a baseline (control) 
condition was presented. Following this intervention a second interval of 25 s baseline was 
used to compare the intervention to. The study can be seen as an A1-B-A2-C-A3-D-A4-E-A5-
F-A6-G-A7-H-A8-I-A9-J design in which A is the baseline condition (no vibration) and B to J 
are the nine different interventions. B was compared to both A1 and A2, C was compared to 
both A2 and A3 and so forth. After three measurements of 60 s (intervention and preceding 
baseline measurement), the participants were allowed to rest for two minutes. This possibility 
was not used by any of the participants. The total duration of the measurements was almost 
one hour (when the nine different trials were presented twice). Interventions B to J were 
presented in a random order. 

Since the order in each participant was different, it was chosen not to present the data 
of the five participants in one graph showing the outcomes (mean velocity of the COP 
displacement) of each participant chronologically, because in this way it is hard to interpret 
the different effects of the nine interventions, which were presented in random order. It 
was also chosen not to present the data clustered by intervention type, because in this way 
information about the changes in baseline over time was lost. Because in this study a single 
subject design was used, only descriptive statistics were presented.

Results
As an example, XY plots of the COP of one participant (subject 5 ADT) during all nine 
interventions, combined with the preceding baseline measurements are presented in figure 
1. This figure shows the behaviour of the COP during each trial. 

Figure 2 presents the baseline conditions (A1-A9) of the five participants chronologically, in 
order to explore the effects of time (e.g. learning or fatigue). Subject 1 completed only four 
of the nine trials. This participant was physically unable to stand for a longer duration. Two 
participants (subject 4 and 5) were measured twice, once with and once without ADT. The 
change in time of the two ADT measurements (subject 4 and 5) are in opposite direction. 
The largest change in baseline is present between A1 and A2 in most cases.

The difference between each intervention and both the preceding (figure 3) and the 
subsequent baseline measurement (figure 4) are presented as outcomes of this study. 
Differences in mean velocity of the COP displacement in terms of percentages are shown. 
By visual inspection of the scatter plots the most effective noise condition (amplitude and 
bandwidth) applied to the plantar surface of the feet was determined. Figure 3 demonstrates 
that most interventions resulted in a positive score. A positive difference in terms of 
percentages indicates a favourable effect of the intervention (increased stability) in mean 
velocity of the COP displacement (smaller velocity) compared to the preceding baseline 
measurement.  
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Figure 1. XY plots of the COP position (mm) during 55 s of subject 5 (with ADT); the first and last 2.5 s of 
the measurements are left out of consideration in this figure. The white lines represent the preceding baseline 
conditions. The black lines represent the COP during the nine different interventions.

The difference between the nine interventions and the subsequent baseline scores are 
presented in figure 4. Again, a positive score is indicative of a favourable effect of the 
application of mechanical noise on balance. The ninth intervention had no subsequent 
baseline measurements, therefore only eight differences are presented for the four participants 
that completed nine trials. This figure also demonstrates a favourable effect of the 
interventions compared to baseline. Both figure 3 and 4 display that largest improvements 
in terms of percentages compared to baseline can be found when noise with an upper cut-off 
frequency of 200 Hz is presented. When other upper cut-off frequencies are applied, larger 
amplitudes seem to be more effective than smaller. 
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Figure 3. Difference between the preceding baseline measurement and the nine interventions in terms of 
percentages compared to baseline. A positive score indicates a favourable effect of the intervention. On the 
X-axis the upper cut-off frequency and amplitude of the nine different noise signals are presented. The dotted 
lines separate the different upper cut-off frequencies.

Figure 2. Repeated baseline measurements of the mean velocity of the COP displacement of the 5 participants 
in chronological order. The dashed lines represent the measurements when performing an attention demanding 
task (ADT).
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Figure 4. Difference between the nine interventions and the subsequent baseline measurement in percentage 
compared to baseline. A positive score indicates a favourable effect of the intervention. On the X-axis the upper 
cut-off frequency and amplitude of the noise signal are presented. The dotted lines separate the different upper 
cut-off frequencies.
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Discussion
In this study it was shown that the baseline of the participants was not steady (figure 2). 
However, the group of participants did not show a consistent in- or decrease over time in 
baseline mean velocity of COP displacement. Some of the participants did show a gradual 
in- or decrease, suggesting an effect of repeated measurements (fatigue or learning) and 
possibly an unexpected effect of the intervention on subsequent baseline outcomes. Because 
this effect was not shown in all participants and the direction of the change over time varied 
between participants, the vibrations applied are not thought to have either a positive or a 
negative effect on balance once the vibration is turned off. This is in line with theories about 
SR. In order to tackle the problem of the changing baseline over time, the interventions 
were compared to both the preceding and the subsequent measurement. 

The figures showing the differences between the intervention and the preceding (figure 3) 
and the subsequent (figure 4) baseline measurement, generally demonstrate a favourable 
effect of the different interventions. Forty of the 58 (69%) interventions, resulted in a smaller 
mean velocity of the COP displacement compared to the preceding baseline, suggesting 
improved balance; two participants received 18 interventions, two participants received 
nine interventions and one participant received four interventions. Of all 51 interventions 



92
C

ha
pt

er
 6

with a subsequent baseline measurement, 32 (63%) showed a favourable effect of noise 
compared to this baseline. One participant (subject 3; triangles) seemed not to benefit 
from the mechanical noise. This participant had severe neuropathy with a long history of 
ulcerations. When his results are left out of consideration, the percentages increase to 78% 
and 74% respectively. Moreover, the percentages of improvement (score above 0) are larger 
than the deterioration percentages (score below 0), emphasising the favourable effects of 
the insoles. These results indicate that vibrating insoles seem to improve balance.

Not all interventions were thought to improve balance, rather the optimal noise properties 
were sought. Figures 3 and 4 demonstrate that noise when low pass filtered with an upper 
cut-off frequency of 200 Hz, seems more effective in decreasing the mean velocity of the 
COP displacement compared to an upper cut-off frequency of either 50 Hz or 1000 Hz. 
These graphs also display that when noise low-pass filtered with an upper cut-off frequency 
of 50 Hz or 1000 Hz is presented, larger amplitudes are more effective than smaller. 
With the application of an upper cut-off frequency of 200 Hz, an amplitude of 200, and 
compared to the subsequent baseline measurement, the largest average improvement was 
found (approximately 35%). Because of the design of this study (single case experimental 
approach), this study should be seen as a first step in the exploration of the most effective 
noise signal. In future the effects of the most suitable frequency bands and amplitude should 
be examined in a larger group.

In line with our previous research it was demonstrated that during the ADT condition, the 
favourable effects of the vibrating insoles were the largest (both in percentages as well as 
in absolute numbers) [15], in particular when an upper cut-off frequency of 200 Hz was 
applied. This suggests that when less processing capacity to control balance is available, the 
vibrating insoles are the most effective. 

It was not possible to reach the threshold for sensing the vibration of the insoles in all 
participants (only subject 2 and 5 were able to feel the maximum vibration). Of the 9 
presented interventions, maximally one intervention was consciously sensed by these two 
participants (upper cut-off frequency of 1000 Hz with an amplitude of 255). All other 
interventions were below the tactile threshold, therefore the participants can be considered 
as blinded for these interventions. 

We suggested earlier that the amplitude for each of the eight actuators should be individually 
adjustable [20]. This feature was embedded in the system but not used. The reason was that 
in three participants the maximum amplitude was not sufficient to reach the threshold and 
in the two participants in whom the threshold could be reached it was near the maximum 
amplitude of the system. In the future a system which enables larger amplitudes might prove 
the value of this feature. The Noliac CMBR piezoelectric actuators used, have the ability to 
reach larger amplitudes, however the custom made portable insole system could not deliver 
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the required high voltages.

The piezoelectric actuators are quite fragile; it is important to build the actuators into a 
solid base, preventing any bending forces on actuators. The piezoelectric actuators require 
large voltages (up to 200 V peak-to-peak, in people with moderate DN) to reach the tactile 
threshold. This requires a large power and a heavy power source (battery). This raises the 
question of the potential of piezoelectric actuator based vibrating insoles in daily activity. 
Possibly in future, other actuators should be considered. However the possibilities are limited. 
Electromagnetic actuators heat up when activated, which is an undesirable side effect. All 
other actuators are rather thick and therefore difficult to build in an insole. Other actuators, 
however, seem to be more durable than piezoelectric ones. 

The single case design is ideal in customizing treatments [17]. This study was designed to 
assess the optimal type of noise in order to improve balance in DN. This design was able to 
increase the knowledge about the most suitable noise signal. It should be mentioned that 
in this study the variation within one baseline measurement could not be studied. In order 
to report reliable COP based outcomes, the interval of 25 s cannot be subdivided. Usually, 
the within baseline variation is presented in a single case design in order to demonstrate 
that effects of the interventions are not based on chance, but are consistent. Because nine 
subsequent baselines were presented, and the idea that the intervention does not affect the 
subsequent baseline, this problem was handled.

In conclusion, mechanical noise applied to the feet by vibrating insoles may improve standing 
balance in people with minor to moderate DN. Where severe neuropathy is present, balance 
may be better addressed using other methods. Noise, low pass filtered with an upper cut-off 
frequency of 200 Hz, seems most effective. Using this upper cut-off frequency, the applied 
amplitude seems arbitrary; regardless of the amplitude, balance seems to improve. Where 
other upper cut-off frequencies are used, larger amplitudes seem to be more effective than 
smaller. This study provides further support to the potential role of vibrating insoles in 
improving standing balance where DN is present.
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In this thesis ankle and foot appliances to improve standing balance of people with 
somatosensory loss at their lower limbs were studied. The medical devices which this thesis 
focused on, were chosen or developed for their tactile or proprioceptive feedback enhancing 
properties. Enhancing somatosensory feedback from the lower limbs is thought to improve 
balance concurrently. The main research question addressed was: Which orthotic devices 
applied to the lower limb can improve standing balance in people with somatosensory 
loss?

In the systematic review presented in Chapter 2 it was concluded that both the quality and the 
quantity of the current research were insufficient to draw conclusions about the effectiveness 
of lower limb orthotics in improving balance in people with somatosensory loss. However, 
the reviewed literature provided some interesting developments with several orthotic devices 
described, which may improve balance in people with somatosensory loss. People with 
decreased tactile sensitivity of the plantar surface of the foot often show impaired balance. 
In Chapter 2 it was shown that tactile feedback from the plantar surface of the feet can be 
enhanced, with subsequent beneficial effects on balance. Insoles with tubing at the plantar 
surface boundaries, or vibrating insoles providing mechanical noise to the plantar surface 
of the feet, have both demonstrated to have these tactile sensation enhancing properties. 
On the other hand, soft insoles seem to impair balance. 

In the literature also ideas about other possible orthotic solutions to improve somatosensation 
were presented. A possible intervention that, in theory, might improve balance is the 
enhancement of proprioception of the ankle. In the literature it was shown that enhancement 
of joint position sense ( JPS) can be achieved with compression applied to the ankle and 
foot. Additional feedback, about joint angles and changes in these angles, gained from the 
application of ankle and foot compression has shown to improve balance in athletes with 
ankle instability. Additional proprioceptive feedback might then also improve balance in 
people with somatosensory loss. The rationale for this assumption is that, similar to athletes 
with ankle instability, both JPS and balance are often affected in people with somatosensory 
loss. Only when balance is impaired, improvement is thought to be possible with additional 
proprioceptive feedback. The review presented in Chapter 2 has guided the development 
of research presented in Chapters 3 to 6 of this thesis; the effects on standing balance of 
compression applied to the ankles and feet and vibrating insoles was further investigated.

Chapter 2 reconsidered

Review reconsidered based on this thesis
The studies presented in Chapter 3 to 6 are based on the preceding review (Chapter 2). It is 
therefore of interest to reconsider the results from the review incorporating the new findings 
in this thesis. In Chapter 3 it was shown that the impaired JPS in the older participants 
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improved towards normal values with the application of ankle compression. Despite the 
expected improvement of JPS, no concurrent improvement of standing balance was found. 
In fact, standing balance even deteriorated when compression was applied. The proposed 
theory, that standing balance can be improved by improving ankle JPS with ankle and 
foot compression, must be revised in the light of the conclusions and recommendations, 
demonstrated in Chapter 3 of this thesis. The theoretically promising option, to apply 
compression to the ankle, was proven to be ineffective in improving standing balance in 
older people with somatosensory loss. Focus should not be on improving JPS as a method 
to improve balance in people with somatosensory loss. 

Vibrating insoles apply mechanical noise to the plantar surface of the feet. Although noise 
is usually associated with signal distortion, it can also improve the performance of a sensory 
system. The mechanism behind this improvement is called stochastic resonance [1;2]. It 
has previously been shown that tactile sensation of different body parts improves with the 
application of noise [3-9]. In Chapter 4 it was demonstrated that in patients with diabetic 
neuropathy (DN), with eyes closed and performing an attention demanding task, so when 
compensatory strategies are limited, standing balance can be improved by enhancing tactile 
sensation of the plantar surface of the foot with the addition of sub threshold mechanical 
noise. However, this improvement was limited. A reduction in mean velocity of centre of 
pressure (COP) displacements of about 13% was shown in our study, only during a condition 
with the eyes closed and in combination with an attention demanding task. Previous research 
showed a favourable change in sway parameters, between 2.9% and 53.8% (different outcome 
measures were used), even during a less challenging condition of standing with the eyes 
closed without an attention demanding task [4;10]. 

The design of the insoles used in Chapter 4 and the properties of the noise signal applied may 
be the cause of the limited effects. Therefore, a new prototype of a vibrating insole system 
was developed. This development was described in Chapter 5. The material, mechanical 
properties, and configuration of the insoles, as well as the selection of components which 
in theory are thought to be the most effective in improving balance were presented. 
Relatively hard insoles with, four tactors (tactile actuator) applied under the heel, first 
metatarsophalangeal joint (MTP1), fifth metatarsophalangeal joint (MTP5) and the first 
toe, seemed most effective. The amplitude of the tactors should be individually controlled 
and both electromagnetic and piezoelectric actuators can be applied.

In Chapter 6, different properties of the applied mechanical noise signal (amplitude and 
frequency band) were studied in a single case design. The insoles used in this chapter were 
based on the requirements described in Chapter 5. It was shown that white noise, low pass 
filtered with an upper cut-off frequency of 200 Hz seemed the most effective in improving 
standing balance in DN. When this upper cut-off frequency was applied, the amplitude 
seemed arbitrary within the tested range. When other cut-off frequencies were applied, 
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larger amplitudes seemed to be the most effective in improving standing balance in DN. 
The methodology used in Chapter 6, a single subject experimental approach, does not allow 
for generalisation of the results, and therefore does not contribute to the level of evidence. 
However, it should be mentioned that the improvements found reach clinically relevant 
values when an upper cut-off frequency of 200 Hz was applied; the average improvement 
in mean velocity of the COP displacement was 35%. Thus the main conclusion from the 
review, based on studies till the end of 2004 (Chapter 2), should be changed based on this 
thesis. However, only Chapter 3 and 4 should be taken into account when changing these 
conclusions. 

The evidence base of the balance improvement due to the application of mechanical noise 
to the plantar surface of the feet was enhanced with the research presented in Chapter 4. 
However, the clinical relevance of these devices is yet not proven. It was shown that insoles 
providing mechanical noise to the plantar surface of the feet improve standing balance 
in people with impaired tactile sensation. This improvement is thought to be caused by 
improved and increased feedback from the plantar surface of the feet, providing information 
about pressure distribution. The view that vibrating insoles have favourable effects on 
standing balance was further supported by the results from Chapter 6, in which even larger 
effects were demonstrated in a single case design. Improving tactile sensation of the plantar 
surface of the feet seems a more effective way of improving standing balance in people with 
somatosensory loss than the improvement of JPS.

Review reconsidered based on recent literature
Between 2005 and 2008 new studies on the effects of ankle and foot orthotics on balance 
in people with somatosensory loss were presented in the literature. Simultaneously with the 
research presented in this thesis, recent literature may enhance the evidence base of ankle 
and foot devices with balance improving possibilities. 

In contrast with our study on compression (Chapter 3), Rao et al. (2006) demonstrated 
that an ankle foot orthosis (AFO) can improve balance due to additional somatosensory 
cues [11]. Their study was performed in people with neuropathy, whereas our study was  
performed in older people. Possibly when more severe somatosensory problems are present, 
and plantar sensation cannot be used for the control of balance, enhancing  JPS can contribute 
to improving balance. Also because of the younger age of the participants, less problems 
in re-weighting of sensory feedback are thought to be present in their study population 
[12]. Therefore, these people may be able to use the auxiliary information more effectively. 
Most importantly, perturbed balance was measured in this study whereas our study tested 
unperturbed standing balance. Possibly due to larger ankle rotations resulting from the 
platform perturbation, balance improved in their study, whereas in our study, rotations at 
the ankle were too small to provide sufficient auxiliary cues. Moreover, a flexible custom 
fitted polypropylene AFO was used, providing an increasing pressure on the skin with 



10
2

C
ha

pt
er

 7

increasing angular change at the ankle. It is questionable whether such a device should be 
recommended in people with DN at risk for ulcers. 

Recently, research focused more on the effects of insoles with tactile sensitivity enhancing 
properties on balance than on the improvement of JPS or joint motion sense. Priplata et al. 
(2006) demonstrated that vibrating insoles improve balance in people with somatosensory 
loss, as well as in other pathologies [10]. With this research earlier findings were confirmed. 
However, it should be mentioned that also in this second study on vibrating insoles, 
only single shoulder marker movement was measured, which is not common in balance 
research. 

Several studies focused recently on the effects of textured insoles on balance. Perry et al. 
(2008) reported improved lateral stability during walking with an insole with tubing at the 
plantar surface boundaries (SoleSensor) [13]. With this research they came a step closer 
towards reducing falls in older people [13]. Whether these insoles can be used in people with 
DN at risk for ulcerations remains questionable, because the tubing might cause pressure 
spots. Custom fitted semi-rigid foot orthoses seem to improve balance as well, even in healthy 
subjects, probably due to improved tactile sensation [14]. However, the effects of textured 
insoles on balance are contradictory. Several studies demonstrated no effects of textured 
insoles [15;16]. In contrast, Corbin et al. (2007) showed improved standing balance with 
the application of textured insoles [17] and Nurse et al. (2005) reported effects of insole 
texture on lower leg muscle activation patterns during walking, probably due to additional 
sensory feedback [18]. All of these studies were in people without either sensory or balance 
deficits. Moreover, the texture was applied to the whole plantar foot surface, whereas the 
insoles with tubing only provide additional feedback when pressure is shifting towards the 
plantar surface boundaries. 

Perry et al. (2007) demonstrated that variations of midsole material and even the presence 
of it may lead to impaired dynamic balance control [19]. Offloading or cushioning seems to 
lead to decreased balance control, because of the offloading properties of midsole cushioning. 
In contrast, Van Geffen et al. (2007) did not find any effect of insole hardness on balance 
in DN [20]. Possibly, this difference is caused by differences in type of insoles they used. In 
the latter study, flat insoles were used with less offloading properties. Menant et al. (2008) 
reported in two studies on the effects of shoe characteristics, that besides soft soles, elevated 
heels should not be recommended because these heels impair balance control [21;22]. 
Above standard sole hardness, a thread sole, or raised collar height did neither improve nor 
deteriorate balance control [21;22]. 

High heels and midsole cushioning should be avoided in people with somatosensory loss 
because they impair balance [21;22]. Regarding this topic it should be mentioned that 
midsole cushioning is an offloading intervention. Offloading is often used in people with 
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DN to prevent or cure ulcers at the feet, a common problem in this population. Offloading 
devices like therapeutic footwear are often prescribed in order to decrease the chance of 
developing ulcerations. Offloading however, may result in decreased information transfer 
concerning plantar pressure distribution and therefore may have an adverse effect on balance 
[23;24]. The above presented research shows that sensation of plantar pressure distribution 
and changes in this distribution, detected by mechanoreceptors, situated in the plantar 
surface of the feet, is a relatively important source of information for balance control. 

Some of the previously mentioned studies enhance the evidence base of the possibilities 
to improve balance with orthotic interventions in people with somatosensory loss. The 
conclusions from the review (Chapter 2) should be changed based on both this thesis and 
recent publications. Currently the evidence base is sufficient to conclude that standing 
balance can be improved by enhancing the tactile sensitivity of the plantar surface of the foot. 
This can be achieved by either vibrating insoles (Chapter 4 & 6) [4;10] or by insoles with 
tubing [13;25]. A first step towards fall prevention is made by Perry et al. (2008), showing 
that improved sensation from the plantar surface boundaries improved perturbed walking 
(walking over uneven terrain consisting of six platforms with an inclination of 10° in different 
directions) [13]. Future research should study whether insoles with tubing can safely be used 
in people with DN at risk for ulcerations. Whether JPS improving devices should be used 
to improve balance in people with somatosensory loss remains questionable.

Other interventions to enhance somatosensory feedback
It was shown in this thesis that the relative role of feedback concerning plantar pressure 
distribution in the control of balance is high. The importance of plantar sensation warrants 
for research on this topic. When possible, enhancement of decreased plantar sensation seems 
an important solution to improve balance in these people. However, when this enhancement 
is not possible or sufficient for any reason, other compensatory solutions to improve balance 
should be investigated. 

Sense of touch from other body parts
In the literature it has been shown that tactile sensation from the finger and other body parts, 
when touching a stationary object, can help to restore or improve balance, apart from the 
mechanical effects [26-32]. When the finger is touching a stationary object, sway decreases. 
It has also been demonstrated that finger tip touch can improve the quality of reactions on 
slips and trips [33]. Therefore, it is important to teach people with balance difficulties the 
importance of the use of their fingers or hands in order to receive additional balance related 
sensory feedback. Apart from their mechanical effects, walking aids like canes, crutches, and 
rollators (wheeled walker) can provide the central nervous system with information related 
to their postural stability. 
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Biofeedback
Besides the direct use of somatosensory information by touching a cane or wall for additional 
sway related feedback, sensations from any part of the body can be used as a form of 
biofeedback [34]. Biofeedback has proven to be an important balance improving solution. 
Several forms of biofeedback providing additional sway related information are described in 
the literature. The first discussed is vibrotactile feedback.  Vibrotactile biofeedback of body 
tilt, applied to the trunk, has shown to improve balance [35;36]. Similarly, a stimulus that 
rubs the skin of the leg or shoulder as the body sways, has also shown to improve balance 
control [37]. Vibrotactile feedback applied to the head, based on the rotation of the thigh 
measured by gyroscopes, seems to have a limited effect on stepping reactions on a balance 
perturbation [38]. Haptic feedback provided by a pneumatically controlled cuff, providing 
information about the plantar pressure distribution, measured with insoles with force sensors, 
developed for lower limb amputees [39] might be usable for people with intact lower limbs 
who lack plantar sensation. Another possibility is the use of a vest with vibrators providing 
information about the orientation of the trunk with respect to the ground, which is used 
by astronauts for their orientation [40]. Possibly, such a tool can also improve balance due 
to additional feedback about orientation of the body on earth. 

A second way of providing balance related biofeedback is electrotactile stimulation of the 
tongue. This type of biofeedback when concerning ankle angles improves JPS [41], although 
it remains unclear whether this information can be used to improve balance and reduce 
falling in people with somatosensory loss. This same type of biofeedback when based on 
plantar pressure distribution has shown to improve balance, with the largest improvement 
in the most instable subjects [42]. 

Visual feedback is a third way in which balance related biofeedback can be presented. Visual 
display of the position of, and change in COP position, improves balance [43]. A fourth 
type of biofeedback is auditory feedback. This type of feedback providing sway related 
information has demonstrated to improve balance [44]. It should however be mentioned 
that the way auditory feedback is used depends on the proportion of use of the remaining 
sensory information [44]. 

In future, body fixed sensors that measure foot pressure, segmental angles, or accelerations 
might be used to provide information which can be used for balance related biofeedback 
[45]. Many forms of balance related biofeedback seem promising in improving balance, 
which might decrease the chance of falling. In order to develop a system that could be used 
in daily living, the feedback should not intervene with normal sensation.  

Improvement of somatosensation
As mentioned in the introduction, glycemic control plays a role in the development of 
DN [46]. Therefore, advice on this topic is an important step to prevent or delay the 
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development of DN. Not only to prevent loss of balance, but more importantly also to 
prevent ulceration and amputation. When DN develops, some options are described to 
reduce the somatosensory loss in these people. 

Surgical nerve decompression for example can improve plantar sensation with concurrent 
balance improvement [47]. Another technique described, is near infra-red therapy applied 
by Anodyne Therapy System [48]. This is a system that improves circulation by dilation of 
the blood vessels. In patients with moderate sensory loss due to DN, it was demonstrated 
that tactile sensitivity can be improved with the use of this non-invasive device [48]. Powell 
et al. (2006) confirmed retrospectively that this therapy even reduced fear of falling as well 
as the risk of falling [49]. 

Other solutions to improve balance and reduce falling
In this thesis focus was on possibilities to improve standing balance by enhancing 
somatosensation. However, there are other ways to improve balance as well. Three sensory 
systems play a role in balance control and people can compensate from loss of one of the 
systems. In this thesis, as well as in many other balance studies, the participants were asked 
to close their eyes. When visual input is absent, the relative role of the somatosensory system 
increases because less compensatory mechanisms to control balance are present. In patients 
with DN as well as in the older subjects, it was shown that the effects of vision were larger 
than in healthy people. Visual correction (mono-focal glasses or surgical intervention), as 
well as sufficient illumination are therefore useful interventions to improve balance control 
and prevent falling [50]. 

The motor capabilities of an individual are important in balance control as well [51]. In an 
older group it is important to specifically intervene when balance is to be improved [51]. In 
order to effectively intervene in people at risk for falling, it is important to identify fallers in 
an older population. Causes of falls can be subdivided in intrinsic and environmental [52]. 
The main intrinsic factors are (in order of importance): balance and gait disorders, dizziness 
(including orthostatic hypotension), drop attack (sudden muscle weakness without loss of 
consciousness), visual disorders, and syncope (sudden loss of consciousness) [52;53]. Older 
people who have fallen previously are at a high risk of falling [54]. Most falls, however, 
are related to environmental factors (e.g. poor lightning, slippery floors, no handrails, 
medication). Several simple clinical assessments (posturography and other) can identify 
older people at risk for falling [55-59]. Detection and amelioration of the risk factors can 
reduce the rate of future falls [53]. A study reviewing the literature till the beginning of 2003 
showed that a number of interventions are likely to be beneficial: a muscle strengthening 
and balance retraining program, a 15-week Tai Chi intervention program, a home hazard 
assessment and modification program, withdrawal of psychotropic medication, and 
multidisciplinary and multifactorial health/environmental risk factor screening/intervention 
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programs [52]. Agreement seems to exist in the literature that multifactorial interventions 
(including balance and walking exercises) are the most effective in fall reduction in older 
people [52;60-63]. It is even suggested that only multifactorial approaches to prevent 
falls in older people are effective, whereas unifactorial are not [64]. However, recently the 
effectiveness of these multifactorial approaches is argued [65]. In this review it was shown 
that the effects of multifactorial approaches on fall reduction are limited. More intensive 
interventions, addressing specific risk factors might be more effective [65]. 

Another factor playing a role in falling in older people is the increased reaction time, caused 
by changes in both the peripheral as well as the central nervous system [66]. It was even 
shown that increased reaction time was the best predictor for falling [66]. A possible way 
of improving reaction time is physical exercise [67]. When falling is aimed to be reduced, 
reaction time should be considered as a modifiable factor.

Limitations of this thesis
Some of the weaknesses of the research presented in this thesis should be acknowledged. 
First, only standing balance has been analysed. Possibly a more functional way of measuring 
balance could have provided more insight in clinically relevant changes resulting from the 
application of ankle and foot appliances. However, many of these measures are not suitable 
to evaluate the immediate effects of an intervention. Evaluation of these immediate effects 
is a clear first step in this field of research. One of the next steps to be taken is studying the 
effects of orthotics with somatosensation enhancing properties during perturbed standing 
balance, normal walking, perturbed walking and other dynamic balance measurements (e.g. 
tandem walking).

In this thesis it was chosen to use COP based outcomes for measuring standing balance. 
Although these measures are often used, there is a discussion in the literature about the 
relevance of the COP signal as a measure for balance, as it basically measures only ankle 
moment [68;69]. However, it is suggested that quiet stance is mainly controlled by ankle 
mechanisms [70]. Therefore, COP based measures do provide important information about 
the control of balance. This view is supported by Raymakers et al. (2005) who concluded 
that the mean displacement velocity of the COP, also used as main outcome variable in this 
thesis, is the most informative sway related parameter in most situations [59]. Horak et al. 
(1990 & 2002) support this view when research concerns the populations studied in this 
thesis, suggesting that people with somatosensory loss lack more COP related information 
than centre of mass or ankle angle related information [71;72]. 

Balance research is often performed with the ultimate goal to decrease the chance of falling. 
The exact link between COP related measures during quiet standing and the chance of 
falling remains unclear. COP displacements in mediolateral direction, however, have shown 
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to be a major factor in fall frequency [63;73]. Prospective studies on the effects of ankle and 
foot appliances on falling are difficult to perform because either self report or continuous 
motion capture should be used. Self report is an unreliable measure [74] and continuous 
motion capture for several months or even years is still difficult to perform because of 
technical problems [45]. 

The research presented in this thesis may possibly be a relevant first step towards development 
of an intervention with fall reducing and mobility improving possibilities. It should be 
mentioned that the focus in this thesis was on somatosensation of people with balance 
problems. In DN, reduced somatosensation is the main cause of their instability. In older 
people, however, instability and falls are caused by a range of intrinsic and extrinsic factors 
[52]. Balance control is a complex motor skill, based on a number of sensorymotor processes. 
Impaired balance in older people is not only caused by sensory deficits, but also by motor 
impairments, increased reaction time, and movement strategies used [51;75]. On the other 
hand, the sensory neurons are the first to decline with age compared to the motor neurons 
[76].

Implications of this thesis
The research presented in this thesis can be seen from two perspectives. First, it can be seen 
as an approach to study the effects of medical devices. The goal in this approach would 
be to give insight in the efficiency of the device in improving balance in older people and 
people with DN. If a device proves to be effective in improving balance, the research should 
be broadened in order to investigate the effects of the device on dynamic balance and fall 
frequency in this group. 

On the other hand, the patients with neuropathy and the older participants with 
somatosensory loss can be used to study the relative role of somatosensation on balance. 
The gradual decrease and long term adaptive mechanisms can however mask the relative 
role of somatosensation. By improving either JPS or tactile sensitivity experimentally, using 
a medical device in a group known to use compensatory strategies, the immediate effects of 
ameliorating impaired somatosensation can be demonstrated. The immediate effects may 
explain the relative role of the systems intervened, the used compensatory strategies and the 
possibilities to use a sudden increase in somatosensory feedback for balance control.

Implications for future research
It was shown that insoles providing mechanical noise to the plantar surface of the feet, 
improve standing balance in DN when attention was distracted. This was a first step in 
research, ultimately focussing on improving mobility and reducing fall frequency in people 
with somatosensory loss. The findings in this thesis warrant future research on this topic. 
The next step should be to study the effects of these insoles on dynamic balance. The 
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research should focus on outcomes that can measure the immediate effects of improved 
somatosensation, for example  by balance perturbation studies (during standing and 
walking) and balance during challenged walking (e.g. tandem walking). When these types 
of studies confirm the effectiveness, insoles should be developed that can be used in daily 
living. Subsequently, the effects of long term use of vibrating insoles on static and dynamic 
balance as well as frequency of falling should be studied. 

When research is to be performed on the possibilities to implement vibrating insoles in daily 
living, the possibilities to use piezoelectric actuators as their own power supply is interesting. 
The piezoelectric effect, defined as the possibility of material to apply a certain stress when 
an electric potential is presented, is reversible. So when stress is presented (stepping on the 
actuator) the piezoelectric element will generate an electric potential. Possibly this electric 
potential can be used as power supply for the insoles. Currently the actuators require a 
heavy battery (630 g) which runs out of power within an hour. Therefore implementation 
in daily practice of a vibrating insole system, similar to the one used in Chapter 6 seems to 
be difficult. 

Besides the application of mechanical noise, an electrical noise signal has shown to be effective 
in improving balance [6;7]. An electrical noise system requires less power. Therefore research 
is warranted on noisy electro stimulation, applied in daily living of people with somatosensory 
loss. This thesis supports the view that sensation can be improved by application of a sub 
threshold noise signal. There are numerous situations in which improved sensation is 
beneficial. Broadening of research by exploring these possibilities is of great interest. 

Based on findings in this thesis it is suggested that future research concerning ankle and 
foot appliances should focus on improvement of plantar sensation rather than on ankle 
JPS. Whether vibrating insoles are the best way of improving tactile sensation at the plantar 
surface of the feet is questionable. Other appliances like insoles with tubing or intervention 
providing biofeedback might be as useful or even more, with in some cases, less costs involved. 
Moreover, it would be interesting to combine vibrating insoles with insoles with tubing. 
Increased sensation due to the application of mechanical noise to the plantar surface of 
the foot and the increased feedback when pressure is shifting towards the plantar surface 
boundaries might have accumulative effects on balance.

Also the role of compression on JPS warrants for future research. Although it did not 
improve balance, the improved JPS might be useful in other situations in which improved 
proprioceptive feedback of a joint is needed. In sports compression is often used mainly for 
its proprioceptive effect [77;78]. Although it can be argued whether or not compression 
applying devices have these proprioception improving possibilities, this thesis adds important 
information to this topic.
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Implications for clinical practice 
The direct implications for clinical practice of the appliances studied in this thesis are limited. 
At this point, the vibrating insoles cannot be used in clinical practice. Developments aimed 
to improve tactile sensitivity with the addition of noise are warranted, because it seems a 
valuable intervention to improve mobility and decrease falling in future. 

Compression applied to the ankles and feet deteriorates balance. Because of the small 
deterioration, use of compression for other purposes (e.g. oedema) should not be 
disencouraged, based on this thesis. At this time, the use of available interventions that 
improve tactile sensation of the plantar surface of the foot, as well as other interventions 
that improve balance and decrease the chance for falling, should be encouraged. 

Conclusions 
In this thesis it was demonstrated that to improve standing balance in people with 
somatosensory loss, enhancing somatosensation is a relevant intervention. Enhancing JPS, 
which can be achieved by compression of the ankle and foot, does not improve standing 
balance. When balance of people with somatosensory loss is intended to be improved with 
orthotic devices, focus should be on enhancing tactile sensation of the plantar surface of 
the foot. One of the possibilities to achieve this enhanced tactile sensation, with concurrent 
improvement of standing balance, is the application of mechanical noise to the plantar 
surface of the feet by vibrating insoles. 
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Balance in people with somatosensory loss is impaired because of decreased tactile and 
proprioceptive feedback from the lower limbs. The two largest groups of people with sensory 
loss because of peripheral nervous system disorders are older people and people with diabetic 
neuropathy (DN). In this thesis, focus was on balance in people with somatosensory loss and 
on possibilities to improve balance by enhancing somatosensory feedback from the lower 
limbs with ankle and foot appliances.  

In Chapter 2, all publications investigating the effects of ankle and/or foot appliances 
(AFA) on balance in older people (≥ 60 years) and patients with peripheral nervous system 
disorders (PNSD) were identified and reviewed. The two groups account for the majority 
of the population with deteriorated balance due to peripheral somatosensory feedback 
problems. To provide a context for understanding and interpreting the studies published 
to date, current theories on the role of somatosensory mechanisms in control of balance 
and how balance can be affected by AFA were briefly summarized. A systematic literature 
review was presented in which publications were searched in Medline, Embase and Recal. 
In total 146 papers were identified from which 18 were selected based on title and abstract 
for qualitative assessment by two independent reviewers. Seven of these 18 papers fulfilled 
predetermined qualitative criteria and were selected for detailed review. No definitive 
conclusions could be drawn concerning the effects of AFA on balance in older people or in 
patients with PNSD because of the small number of studies and the weak level of evidence. 
The available literature indicated that a training program may be helpful in ensuring the 
effectiveness of an appliance. Insoles with tubing or vibrating elements may improve balance, 
whereas thick or soft soles may deteriorate balance. The effects of these different types of 
insoles or soles are consistent with theories about somatosensory mechanisms that play a role 
in control of balance. More and better quality research is needed to support the prevalent 
use of appliances in these populations. 

The results from the review presented in Chapter 2 guided the research in the chapters 
following. In Chapter 3 the effects of foot and ankle compression on joint position sense 
( JPS) and balance in older people and young adults was studied. Twelve independently 
living healthy older persons (77-93y) were recruited from a senior accommodation facility. 
Fifteen young adults (19-24y) also participated. Compression was applied at the ankles and 
feet using medical compression hosiery. The mean velocity of the centre of pressure (COP) 
displacements and the root mean square of the COP velocity, in both anteroposterior and 
mediolateral directions, were measured with a foot pressure plate. In older people, ankle 
compression was associated with an improvement of JPS towards normal values. However, 
a concurrent deterioration of their balance was found. In young adults compression had no 
effect on either JPS or balance. 

The objective of Chapter 4 was to investigate the effects of sub threshold mechanical noise, 
applied to the plantar surface of the feet, on standing balance in subjects with neuropathy 
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and healthy subjects. The noise was applied by vibrating insoles. The mechanism in which 
somatosensation is improved by the addition of noise is based on a phenomenon called 
stochastic resonance. When mechanical noise is applied together with other forces (changing 
pressure on the plantar surface of the foot during stance) information processing to the 
central nervous system is thought to be driven by the combination of the two forces. These 
forces cooperate in order to cross a certain threshold which under normal circumstances 
would not have been crossed. In four different conditions (eyes open or closed and with 
or without an attention demanding task) subjects with DN (n=17) and healthy subjects 
(n=15) stood for 60s on vibrating insoles placed on a force plate. During each condition 
the insoles were turned on for 30s and off for 30s (random order). The calculated balance 
measures were mean velocity of the centre of pressure displacements and root mean square of 
the velocity of these displacements in anteroposterior direction and mediolateral direction. 
In subjects with neuropathy, an interaction effect on balance was found between vibration 
and an attention demanding task. No effects of vibration on balance were found in healthy 
subjects. Vibrating insoles improved standing balance only in subjects with neuropathy 
and only when attention was distracted. Improvement of the insoles and their activation is 
needed to make implementation in daily living possible and effective.

In order to improve the effectiveness of the vibrating insoles used in Chapter 4, the  
development of vibrating insoles that are thought to have an increased ability to improve 
balance, was presented in the following chapter. This study described the requirements 
for the tactors (tactile actuators), insole material and noise generator. A search for the 
components of vibrating insoles providing mechanical noise to the plantar surface of the 
feet was performed. The mechanical noise signal should be provided by tactors built in an 
insole or shoe and should obtain an input signal from a noise generator and an amplifier. 
Possible tactors are electromechanical tactors, a piezoelectric actuator, or the VBW32 Skin 
Transducer. The Minirator MR1 of NTI, a portable MP3 player, or a custom made noise 
generator can provide these tactors with input, amplified by a custom made amplifier. The 
tactors can be built in foam, silicone, or cork insoles. A C2 electromechanical tactor, a 
piezoelectric actuator, or the VBW32 Skin Transducer, activated by a custom made noise 
generator, built in a cork insole with a leather cover layer seems the ideal solution.

In Chapter 6 the most effective properties of a mechanical noise signal applied to the plantar 
surface of the feet were determined. As in the previous chapters, the noise was applied by 
vibrating insoles, in order to improve standing balance in people with DN. In a single case 
experimental approach (n=5) the effects on balance of mechanical noise were studied. Noise 
was applied at three different amplitudes and was low pass filtered with three different cut-off 
frequencies (nine different interventions). Mean velocity of centre of pressure displacement, 
measured using a force plate, was used as the measure of balance. The effects of the nine 
different noise levels were compared with both the interval before and the interval after. The 
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results showed that mechanical noise applied to the feet by vibrating insoles can improve 
balance in people with minor to moderate neuropathy. Noise, low pass filtered with a cut-
off frequency of 200Hz seemed to be the most effective in improving balance; the applied 
amplitude with this cut-off frequency seemed arbitrary.

In Chapter 7 the impact of the research presented in this thesis is discussed. Recent literature 
provided information about more orthotic possibilities to improve balance in people 
with somatosensory loss. Moreover, other options to improve balance in people with 
somatosensory loss were presented. From this thesis, it can be concluded that although ankle 
compression improves JPS, it caused balance to deteriorate concurrently. Insoles providing 
mechanical noise to the plantar surface of the feet improve balance. However, these insoles 
can not yet be applied in daily practice. In future, research should focus on the development 
of a vibrating insole system that can be used in daily practice and on other interventions to 
improve plantar sensation. 
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Mensen met somatosensorische problemen vertonen vaak balansproblemen ten gevolge 
van een achteruitgang in tactiele en proprioceptieve feedback. De twee grootste groepen 
mensen met somatosensorische problemen ten gevolge van een aandoening van het 
perifeer zenuwstelsel betreffen ouderen en mensen met een diabetische neuropathie. Dit 
proefschrift richt zich op balans van mensen met somatosensorische problemen en op de 
mogelijkheden om de balans te verbeteren met orthesen die de somatosensorische feedback 
vanuit de onderste extremiteit beogen te verbeteren. In hoofdstuk 1 worden deze probleem- 
en doelstellingen geïntroduceerd.

In hoofdstuk 2 wordt een systematisch reviewartikel gepresenteerd betreffende publicaties 
aangaande de effecten van schoenen en/of (enkel)-voetorthesen op de balans van ouderen 
(≥ 60 jaar) en patiënten met een perifeer neurologische aandoening. De meerderheid van 
de mensen met een verslechterde balans ten gevolge van perifeer neurologisch probleem 
wordt gevormd door deze twee geïncludeerde groepen. Voorafgaand aan de systematische 
review worden de huidige theorieën over de rol van het somatosensorische systeem in de 
balanscontrole en de manieren waarop (enkel)-voetorthesen de balans kunnen beïnvloeden 
gepresenteerd. Voor deze systematische review werden publicaties gezocht in Medline, 
Embase en Recal. In totaal zijn 146 artikelen geïdentificeerd waarvan 18 geselecteerd werden, 
op basis van titel en abstract. De kwaliteit van deze 18 artikelen werd bepaald door twee 
onafhankelijke beoordelaars. Zeven van de 18 geselecteerde artikelen zijn geïncludeerd en 
gedetailleerd gereviewd, op basis van kwaliteitscriteria. Vanwege dit kleine aantal artikelen en 
de matige kwaliteit ervan, kunnen geen definitieve conclusies getrokken worden aangaande de 
effectiviteit van (enkel)-voetorthesen in het verbeteren van de balans van ouderen en mensen 
met perifeer neurologische problematiek. De literatuur geeft wel een aantal aanwijzingen 
namelijk dat een trainingsprogramma de effectiviteit van een hulpmiddel ten goede komt, 
inlegzolen die extra somatosensorische informatie geven, kunnen een positief effect hebben 
op de balans, dikke en zachte zolen lijken een negatief effect te hebben op de balans. Deze 
bevindingen onderschrijven de theorieën aangaande somatosensorische mechanismen die 
ten grondslag liggen aan de balanshandhaving. Om het gebruik van (enkel)-voetorthesen ter 
verbetering van de balans van mensen met somatosensorische problematiek te onderbouwen 
is meer en kwalitatief beter onderzoek nodig. 

Het hierboven beschreven reviewartikel gaf richting aan het onderzoek dat in de volgende 
hoofdstukken beschreven is. In hoofdstuk 3 worden de effecten van compressie, aangebracht 
rond de enkel en voet, op de positiezin van het enkelgewricht en de balans van ouderen en 
jong volwassenen bestudeerd. Twaalf zelfstanding wonende ouderen tussen de 77 en 93 
jaar oud werden geworven in een seniorenflat. Tevens participeerden 15 jongvolwassenen 
(19 tot 24 jaar). De compressie rond de enkel en voet werd met behulp van een steunkous 
aangebracht. De positiezin werd gemeten met een slope box. De gemiddelde snelheid 
van de verplaatsing van het aangrijpingspunt van de grondreactiekracht en de effectieve 
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waarde (root mean square (RMS)) van de snelheid van de verplaatsing in anteroposterior en 
mediolaterale richting werden gebruikt als uitkomstmaat voor balans. De balansmetingen 
vonden plaats op een drukplaat. Bij ouderen werd de positiezin verbeterd tot waarden van 
gezonde jongvolwassenen door het aanbrengen van compressie. De balans van ouderen 
verslechterde echter door het toepassen van compressie. Bij jongvolwassenen sorteerde 
compressie geen effect op positiezin en balans. 

Het doel van de studie, beschreven in hoofdstuk 4, was het bestuderen van de effecten van 
mechanische ruis, toegepast onder de voetzool door middel van vibrerende zolen, op de 
balans van mensen met een neuropathie ten gevolge van diabetes mellitus en gezonde mensen. 
Het werkingsmechanisme waarbij de tactiele sensibiliteit van de voetzool verbetert ten 
gevolge van het aanbrengen van ruis, is gebaseerd op een fenomeen, genaamd stochastische 
resonantie. Stochastische resonantie is een verschijnsel, waarbij de toevoeging van ruis 
een net niet waarneembaar signaal detecteerbaar kan maken. Een mechanisch ruissignaal 
(vibratie met variërende frequentie) kan toegepast worden op de voetzool, waar op dat 
moment ook variërende drukkrachten op uitgeoefend worden doordat men staat. Het 
brein kan de informatie van de twee signalen samen eerder of beter detecteren dan wanneer 
alleen het druksignaal aanwezig zou zijn. Door stochastische resonantie kan het brein een 
drukverandering onder de voetzool registreren die zonder het aanbieden van ruis niet of 
later geregistreerd worden. Onder vier verschillende condities (ogen open of gesloten, 
wel of geen dubbeltaak of een combinatie van voorgaande) werden gezonde mensen en 
mensen met een neuropathie gevraagd op een krachtplaat te staan waarop vibrerende 
inlegzolen geplaatst waren.  De proefpersonen stonden gedurende 60 seconden stil op de 
zolen die - in willekeurige volgorde - de helft van de duur actief waren en de ander helft 
inactief. De uitkomstmaten voor balans waren gelijk aan die in hoofdstuk 3. Bij de mensen 
met een neuropathie werd een interactie-effect op de balans gevonden tussen vibratie en 
dubbeltaak. Bij de gezonde mensen werd geen effect van de vibratie gevonden. De vibrerende 
zolen verbeteren de balans alleen wanneer de aandacht werd afgeleid. Om implementatie 
in het dagelijks leven mogelijk te maken dienen de vibrerende inlegzolen en de aansturing 
verbeterd te worden.

Om de effectiviteit van de vibrerende inlegzolen, gebruikt in hoofdstuk 4, te verbeteren, 
is een verbeterde versie van het vibrerende zolen-systeem ontwikkeld. Deze ontwikkeling 
staat beschreven in hoofdstuk 5. In deze studie werden de eisen die gesteld dienen te worden 
aan de actuatoren, het materiaal van de inlegzolen en de aansturing beschreven. Vervolgens 
werden componenten gezocht die aan deze voorwaarden voldoen. Mogelijke actuatoren die 
het mechanische ruissignaal kunnen toepassen onder de voetzool zijn elektromagnetische 
actuatoren, piëzo-elektrische actuatoren of de VBW32 Skin Transducer. De Minirator 
MR1 van NTI, een draagbare MP3-speler of een speciaal op maat gemaakte ruisgenerator 
kunnen de actuatoren voorzien van input. Deze input dient versterkt te worden door een 
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speciaal op maat gemaakte versterker. De actuatoren kunnen in schuimrubber, siliconen of 
kurken zool ingebouwd worden. 

Het bepalen van de ideale eigenschappen van het mechanische ruissignaal, toegepast 
onder de voetzool, werd in hoofdstuk 6 beschreven. Net als in de voorgaande hoofdstukken 
werd het ruissignaal toegepast door vibrerende zolen met als doel het verbeteren van de 
balans van mensen met een neuropathie. In een single case experimentele aanpak (n=5) 
werden de effecten van mechanische ruis op de balans bestudeerd. Ruissignalen met drie 
verschillende amplitudes en drie verschillende frequentiebandbreedtes (negen verschillende 
interventies) werden toegepast. Met behulp van een krachtplaat werd de gemiddelde 
snelheid van de verplaatsing van het aangrijpingspunt van de grondreactiekracht bepaald. 
Ieder ruissignaal werd vergeleken met het interval vlak voor de interventie en het interval 
direct na de interventie. Bij mensen met een lichte tot matige neuropathie kan het toepassen 
van mechanische ruis de balans verbeteren. Ruis, gefilterd met een laagdoorlaatfilter met 
een afsnijfrequentie van 200 Hz lijkt het meest effectief in het verbeteren van de balans. 
Wanneer deze frequentiebandbreedte wordt toegepast, lijkt het niet uit te maken welke 
amplitude gekozen wordt.

In hoofdstuk 7 wordt het in dit proefschrift uitgevoerde onderzoek bediscussieerd. 
Recente literatuur laat zien dat er meer mogelijkheden zijn om de balans van mensen met 
somatosensorische problemen te verbeteren door een orthetische interventie. Ook worden 
ander mogelijkheden om de balans te verbeteren bediscussieerd. Uit dit proefschrift blijkt 
dat, ondanks dat de positiezin van de enkel bij ouderen verbeterd kan worden door het 
toepassen van compressie, de balans verslechtert. Inlegzolen die een mechanisch ruissignaal 
toepassen op de voetzool kunnen de balans van mensen met een neuropathie verbeteren. 
Deze zolen kunnen echter nog niet in de dagelijkse praktijk worden toegepast. In de toekomst 
zou onderzoek zich moeten richten op het ontwikkelen van een systeem dat mechanische 
ruis kan toepassen onder de voetzool. Dit systeem dient in de dagelijkse praktijk gebruikt te 
kunnen worden. Tevens dient toekomstig onderzoek zich te richten op andere mogelijkheden 
om de tactiele sensibiliteit van de voetzool te verbeteren. 
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Jan, jij heb ervoor gezorgd dat ik de afgelopen zes jaar bij het Centrum voor Revalidatie heb 
kunnen werken en met veel plezier. Ik kijk terug op een mooie en bijzondere samenwerking. 
De treinreizen die we voor het ORIVO(O) project maakten waren niet alleen gezellig (ik ken 
inmiddels alle ins and outs van de revalidatiegeneeskunde in Nederland), maar ook momenten 
om eens goed op de inhoud te focussen. Jan, ik ken niemand die zo goed in timemanagement 
is als jij. Hoe jij in alle drukte altijd nog wat tijd vrij kan maken is een prestatie. Als nieuw 
hoofd van de afdeling zal deze eigenschap je zeer goed van pas komen. 

Wiebren, ik heb je later in het project gevraagd of je in mijn begeleidingsgroep plaats wilde 
nemen en ben nog steeds erg blij dat je toen “ja” hebt gezegd. De tijd die je vrij wist te maken 
voor een inhoudelijk vraag van mij of een dilemma van andere orde, hebben veel invloed 
op de voortgang gehad. Ook je kennis over bewegingssturing en –registratie heeft veel 
bijgedragen aan de inhoud van mijn proefschrift. Daarnaast heb ik altijd met veel genoegen 
met je over de randzaken kunnen kletsen. 

At, ook jij bent pas wat later in het project actief betrokken geraakt. Ik waardeer je reactie 
op elke technische alinea in mijn proefschrift: “dit klopt niet helemaal, mail maar even dan 
kijk ik er naar”. Van dit aanbod heb ik dan ook ruimschoots gebruik gemaakt. Ook je droge 
humor tijdens de besprekingen heb ik zeer gewaardeerd.

Graag wil ik de beoordelingscommissie bestaande uit prof. dr. J.E.J. Duysens, prof. dr. L. 
Peeraer en prof. dr. J.S. Rietman bedanken voor de tijd die ze hebben genomen om mijn 
proefschrift te lezen en beoordelen. 

Koen Vaartjes en Ben Vorenkamp, jullie hebben een heel belangrijke rol in mijn 
promotieonderzoek gespeeld. De systemen die jullie ontwikkeld hebben zijn de basis voor 
het onderzoek naar vibrerende zolen geweest! Ik ben jullie veel dank verschuldigd. Ben, ik 
hoop dat mijn project een interessante samenwerking met Italië voor je op zal leveren. Wim, 
Wouter en Kimberley, zonder de programma’s die jullie voor mij hebben geschreven had 
ik mijn onderzoek niet kunnen uitvoeren. Dank! Pieter, ik kon altijd bij je binnenkomen 
of het ging om statistiek of het weer, ik heb deze samenwerking erg gewaardeerd. Cojanne, 
dank voor de hulp tijdens het verzamelen van de data voor hoofdstuk 3 en Bart, bedank 
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voor je hulp bij hoofdstuk 5. Ronald, dank voor je hulp bij de metingen voor hoofdstuk 6. 
Natuurlijk wil ik ook alle deelnemers aan het onderzoek bedanken voor de medewerking.

Medewerkers van het secretariaat, eerst Klazina, later Gerlinde en Minanda en al heel lang 
Inge, dank voor al jullie hulp. Medisch secretariaat op de poli, dank voor de lol na de lunch 
als wij onze post, die er nooit was, kwamen halen.

Promoveren kan eenzaam zijn, maar mijn collega-onderzoekers hebben ervoor gezorgd dat 
dit bij mij absoluut niet het geval was. Bedankt Bianca, Rients en Sandra, na een paar maanden 
alleen op een achteraf kamertje was ik erg blij jullie kamergenoot te mogen zijn. Bianca, 
in de vier jaar dat jij mijn kamergenoot bent geweest was het leven een spreekwoordelijke 
“bitterbal”. Ik ben erg blij dat wij elkaar lange tijd hebben kunnen steunen. Rients, jij 
was mijn eerste voorbeeld in het “AIO zijn”. Sandra, ik heb veel bewondering voor je 
doorzettingsvermogen. Ik kijk terug op een mooie tijd, de lunches, koffie, uitjes en grappen 
en ook het napraten na zware besprekingen of andere dingen in het leven met jullie en de 
andere “vakantiegangers” -Anuschka, Carolin, Gerda, Grieke, Jaap, Leontien, Lonneke, 
Marije, Martin, Mieke en Sippie en Wietske- op de derde verdieping. 

Later zijn we verhuisd naar de rest van de afdeling. Dit was niet alleen goed voor de contacten 
met onze begeleiders maar ook voor het “afdelingsgevoel”. De praatjes op de gang met de 
fysio’s, staf, assistenten, Evelien, Jannie, MaJo en de andere medewerkers hebben zeker 
bijgedragen aan een de goede tijd die ik in het UMCG heb gehad.

Henk en Aline, ik kijk terug op een mooie tijd als kamergenoten op de eerste verdieping 
en een prachtig tripje naar Vancouver samen met Helco en Hein. Cowboy Henk, wat weet 
jij veel! Aline, hooguit Sandra kan aan jouw doorzettingsvermogen tippen. Gerda, de ene 
week mijn kamergenoot, de week daarop weer verhuisd (en omgekeerd). Via jou waren we 
altijd op de hoogte van wat er op de afdeling speelde. Mike and Lauren, after spending some 
months alone in our big room, I was happy to have your company. Thanks! Lauren, thanks 
for all the work you did in improving the “written expression” in/of my papers. 

Ook op de eerste verdieping was er “de andere kamer”. Lonneke, het was altijd mooi je 
weekend-verhalen te horen. Martin, oftewel dokter Stenekes, waardering voor jouw andere 
kijk op de dingen. Carolin, dank voor je hulp bij Matlab-zaken. Corine, de korte periode 
als collega vond ik erg gezellig. Ik hoop dat het goed met je gaat in je nieuwe stulpje en als 
moeder. Jaap, via mij aan je baantje gekomen en zelf ervoor gezorgd dat je nu gaat promoveren 
op het MOS project. Goed werk! 

Buiten het werk om heb ik veel lol gehad op het frisbeeveld. GD-ers en ULteam-genoten, 
dank! 

Lieve paps en mams, rest van de familie en Eijgelaars, dank voor al jullie steun en 
interesse.
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Ate, Cornelis en Sjouke, dank voor jullie vriendschap, de vrijdagmiddagborrels en zo veel 
meer. Dat het maar zo mag blijven, ook al wonen we misschien niet meer bij elkaar om de 
hoek. Cornelis en Sjouke, met jullie als paranimfen naast me moet het goed komen. We 
maken er een mooi feest van! 

Lieve Janneke, mijn meisje, ik ben heel blij dat ik met jou dit avontuur heb mogen beleven. 
Op naar het volgende avontuur, samen!
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Juha Hijmans is op 5 december 1978 geboren in Enschede. Na het behalen van zijn 
VWO diploma aan het Ichthus College te Enschede in 1997 is hij begonnen aan de 
studie werktuigbouwkunde aan de Universiteit Twente. In 1998 besloot hij deze studie 
te verruilen voor de studie Bewegingswetenschappen aan de Faculteit der Psychologische, 
Pedagogische en Sociologische Wetenschappen van de Rijksuniversiteit Groningen. Voor 
zijn afstuderen deed hij onderzoek naar het modelleren van gewrichten in mensmodellen. 
In oktober 2002 behaalde hij zijn diploma in de Bewegingswetenschappen, differentiatie 
Sport en Lichamelijke Opvoeding. Vanaf december 2002 was hij korte tijd werkzaam aan 
het Instituut voor Bewegingswetenschappen, Rijksuniversiteit Groningen, als onderzoeker 
en werkcollege docent. Op 1 februari 2003 werd hij aangesteld als onderzoeker aan het 
Centrum voor Revalidatie van het Academisch Ziekenhuis Groningen, het latere Universitair 
Medisch Centrum Groningen (UMCG). Gedurende twee jaar heeft hij in samenwerking 
met de afdeling Orthopedie van het Academisch Medisch Centrum Amsterdam, Roessingh 
Research and Development en het Nederlands Paramedisch Instituut richtlijnen ontwikkeld 
voor het voorschrijven van orthesen. In februari 2004 is hij binnen het Centrum voor 
Revalidatie, UMCG zijn promotieonderzoek naar de effecten van (enkel-)voet orthesen op 
de balans van mensen met somatosensorische problematiek gestart. Dit promotieonderzoek 
heeft uiteindelijk geresulteerd in dit proefschrift. 
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