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Abstract  

PeopÓÌɯÞÐÛÏɯ/ÈÙÒÐÕÚÖÕɀÚɯȹ/Þ/ȺɯÊÜÙÙÌÕÛÓàɯÍÈÊÌɯÈɯÚÐÎÕÐÍÐÊÈÕÛɯÊÏÈÓÓÌÕÎÌɯÐÕɯÔÈÕÈÎÐÕÎɯ

on-state Freezing of Gait (FoG).  

While auditory and visual cueing therapies have been shown to ameliorate on-state 

FoG, studies often show heterogeneity in their results.  These therapies, inevitably, 

are associated with practical challenges for the PwP when using the therapy, while 

completing daily living tasks that require the use of vision or hearing to execute 

the task safely and effectively. There is also an unmet need to provide a cueing 

therapy that can be easily concealed and thus eliminate the potential for the social 

stigma associated with wearing visible assistive technology in a public setting.  

We set out to develop a new cueing therapy that overcomes the practical 

limitations of auditory and visual cueing therapies while at the same time ensuring 

our developed cueing therapy technology is usable to the greatest extend by PwP. 

This was achieved by progressively exploring the efficacy of sensory electrical 

stimulation (sES) as a cueing therapy, while  adopting a Human -Centred Design 

cycle throughout the development process and thus carrying out a series of 

evaluation studies with clinical collaborators.   

The first study was carried out in Scotlan d and evaluated the efficacy of a 

Continuous  sES cueing strategy. Although limited in participants (n=9), this pilot 

ÚÛÜËàɯÐÕËÐÊÈÛÌËɯÛÏÈÛɯÈɯÚ$2ɯÊÜÌÐÕÎɯÚÛÙÈÛÌÎàȮɯËÌÓÐÝÌÙÐÕÎɯÊÖÕÛÐÕÜÖÜÚÓàɯÐÕɯÈɯȿÍÐßÌËɀɯ

rhythmic manner on the upper leg, could reduce the time to  complete a walking 

task by 14% and the number of FoG episodes occurring by 58%. An additional pilot 

study with 10 participants was carried out in Ireland, investigating self -activated 

On-Demand sES cueing. However, the study results were discouraging as it was 

demonstrated that On-Demand sES cueing did not affect the duration of FoG 

episodes.  

The third study, with 12 participants, directly evaluated the efficacy of our 

Continuous sES cueing strategy to auditory and visual cueing devices. Compared 

to baseline (not wearing a cueing device), the results showed visual cueing had no 
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effect, while both Continuous sES and auditory cueing reduced the percentage of 

time the PwP were in FoG by 55 ± 25% and 69 ± 24%, respectively. 

In the final study, a Multi -faceted Continuous sES cueing strategy was evaluated 

on 10 participants. The Multi -faceted Continuous sES cueing strategy delivered 

sES continuously on both upper legs, in a rhythmic manner scaled to each 

×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÚÛÌ×ɯÙÈÛÌȭɯ"ÖÔ×ÈÙÌËɯÛÖɯÉÈÚÌÓÐÕÌɯȹÕÖÛɯÞÌÈÙÐÕÎɯthe sES cueing device), 

the results indicated that Multi -faceted Continuous sES cueing reduced the 

percentage of time the PwP were in FoG and the number of FoG episodes 

occurring by 72 ± 25% and 52 ± 31%, respectively. 

Comparing  the efficacy of the Multi -faceted Continuous sES cueing strategy to 

previous results would suggest that it perform s favourably with auditory and 

visual cueing therapies. Furthermore , the sES cueing system frees the primary 

senses of vision or hearing, enabling the PwP to complete daily living tasks in a 

safer manner. 
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ƕȭƕɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌ 

/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌɯȹ/#ȺɯÐÚɯÛÏÌɯÚÌÊÖÕËɯÔÖÚÛɯÊÖÔÔÖÕɯÕÌÜÙÖËÌÎÌÕÌÙÈÛÐÝÌɯËÐÚÌase 

ÐÕɯ ÛÏÌɯ ËÌÝÌÓÖ×ÌËɯ ÞÖÙÓËȮɯ ÌßÊÌÌËÌËɯ ÖÕÓàɯ Éàɯ  ÓáÏÌÐÔÌÙɀÚɯ ËÐÚÌÈÚÌɯ Ȼƕȼȭɯ )ÈÔÌÚɯ

/ÈÙÒÐÕÚÖÕɯÍÐÙÚÛɯËÌÚÊÙÐÉÌËɯ/#ɯÈÚɯÈɯËÐÚÖÙËÌÙɯÐÕɯƕƜƕƛɯÐÕɯÈɯ×ÜÉÓÐÊÈÛÐÖÕɯÌÕÛÐÛÓÌËɯɁ Õɯ

ÌÚÚÈàɯÖÕɯÛÏÌɯÚÏÈÒÐÕÎɯ×ÈÓÚàɂɯȻƖȼȭɯ3ÖËÈàȮɯÛÏÌɯÊÈÜÚÈÛÐÝÌɯÍÈÊÛÖÙȹÚȺɯÞÏÐÊÏɯÛÙÐÎÎÌÙɯÛÏÌɯ

onset of PD are still unknown. However, both genetic and environmental factors 

are considered to play a role in the development of the disease [3]. PD is generally 

attributed to the elderly and is rarely diagnosed before the age of 40. It is estimated 

that the mean age of onset is about 65 years, and in 2016 there were an estimated 

6.1 million people living with PD worldwide [4]. This number is projected to 

double to over 12 million by 2040 [5]. 

The pathophysiological hallmark of PD is the progressive degeneration of 

dopami ne-producing neurons located in deep regions of the brain. When a 

significant percentage (~50%) of these dopamine-producing neurons are lost, PD 

becomes apparent through the manifestation of motor symptoms, including (i) rest 

tremor, (ii) stiffness, (iii) slowness of movement and (iv) impaired balance [6,7]. 

These symptoms are known as the four cardinal motor features of PD. Although 

not completely understood, these symptoms are believed to stem from the lack of 

dopamine, which is responsible for inter -neuron communication in discrete 

regions within the brain that plan and control body movement.  

The progressive nature of the disease varies between individuals. People with PD 

(PwP) may live with mild motor symptoms for many years, whereas others 

develop severe motor symptoms more quickly. Different rating scales are used for 

ÛÏÌɯÌÝÈÓÜÈÛÐÖÕɯÖÍɯÛÏÌɯÓÌÝÌÓɯÖÍɯËÐÚÈÉÐÓÐÛàɯÈÕËɯÐÔ×ÈÐÙÔÌÕÛɯÐÕɯ/Þ/ɯȻƜȼȭɯ3ÏÌɯȿ,ÖËÐÍÐÌËɯ

'ÖÌÏÕɯÈÕËɯ8ÈÏÙɀɯÚÊÈÓÌɯÐÚɯÞÐËÌÓàɯÜÚÌËɯÐÕɯÊÓÐÕÐÊÈÓɯ×ÙÈÊÛÐÊÌɯÛÖɯÐÕËÐÊÈÛÌɯÛÏÌɯÚÛÈÎÌɯÖÍɯ

PD, based on the symptoms experienced by the individual (Table 1.1) [9]. 
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Table 1.1. Summary of the Modified Hoehn and Yahr scale.  

Stage Symptoms  

1 Unilateral disease; mild PD symptoms on one side of the body. 

1.5 Unilateral plus axial involvement.  

2 Bilateral disease, without impairment of balance.  

2.5 Mild bilateral disease, with recovery on pull test.  

3 
Mild to moderate bilateral disease, some posture instability; physically 

independent.  

4 Severe disability; still able to walk or stand unassisted. 

5 Wheelchair bound  or bedridden unless aided. 

The mainstay of medical treatment for PD since the 1960's is pharmacological 

interventions, through the use of dopaminergic medication, one of which is 

levodopa (L-3,4-dihydroxyphenylalanine) which aims to reduce the severity a nd 

frequency of most of the motor symptoms by replenishing the patient's dopamine 

levels [10,11]. However, as the disease progresses, the replenished dopamine level 

is short-lived, and motor symptoms return unless another dose of medication is 

administered . Whilst the correct management of levodopa dosage offers sustained 

and significant improvements in symptoms during the early stage of PD, disease 

progression and prolonged use of the medication can result in motor fluctuations 

[12]. If the right combinati on of medication is not prescribed and appropriately 

adjusted on an ongoing basis, the PwP can fluctuate between on and off states 

several times during the day.  Over time, motor fluctuations can occur more 

frequently and patients can experience periods of inadequate symptom control 

despite having received dopaminergic medications. These periods of poor 

symptom control are termed off-state, while on-state denotes periods of good 

symptom control.  

PwP can show other motor symptoms besides to the four cardinal motor features, 

such as reduced facial expression, soft voice, difficulty swallowing, and freezing 

of gait (FoG), which can potentially be treated using physiotherapy, whose aim is 

to maintain/optimize the PwP functional capabilities [13]. This usually i ncludes a 
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range of therapies to provide the individual with a set of strategies and exercises 

to enhance diminished functional abilities related to daily living (e.g., improving 

the clarity of speech to aid participation in conversation and improving walki ng 

to minimize the risk of falls).  

1.2 Understanding Freezing of Gait  

FoG is one of the most debilitating motor symptoms of PD, and the prevalence 

ranges from about 10% in Hoehn and Yahr stage 1 to more than 90% in stage 4 [14]. 

%Ö&ɯÐÚɯËÌÍÐÕÌËɯÈÚɯÈɯɁÉÙÐÌÍɯepisodic absence or marked reduction of forward 

×ÙÖÎÙÌÚÚÐÖÕɯÖÍɯÛÏÌɯÍÌÌÛɯËÌÚ×ÐÛÌɯÛÏÌɯÐÕÛÌÕÛÐÖÕɯÛÖɯÞÈÓÒɂɯȻƕƙȼȭɯ/Þ/ɯÖÍÛÌÕɯËÌÚÊÙÐÉÌɯ%Ö&ɯ

ÈÚɯÐÍɯÏÈÝÐÕÎɯÛÏÌÐÙɯÍÌÌÛɯɁÎÓÜÌËɯÛÖɯÛÏÌɯÎÙÖÜÕËɂɯȻƕƚȼȭɯ(ÕɯÔÖÚÛɯÊÈÚÌÚȮɯ%Ö&ɯÓÈÚÛÚɯÈɯÍÌÞɯ

seconds, but it can last up to 30 seconds in some cases. 

FoG is not a single uniform symptom but instead has several subtypes. Three 

forms of FoG have been identified:  

¶ /ÜÙÌɯÈÒÐÕÌÚÐÈɯÍÖÙÔɯȹÕÖɯÔÖÛÐÖÕɯÖÍɯÛÏÌɯ×ÌÙÚÖÕɀÚɯÓÌÎÚɯÐÚɯÖÉÚÌÙÝÌËȺȭɯ 

¶ ȿȿ3ÙÌÔÉÓÌɯÐÕɯ×ÓÈÊÌɀɀɯÍÖÙÔɯȹÐÕÈÉÐÓÐÛàɯÖÍɯÛÏÌɯ×ÌÙÚÖÕɯÛÖɯÚÛÌ×ɯÞÐÛh their legs 

trembling at a frequency of 2-4 Hz). 

¶ ȿȿ2ÏÜÍÍÓÐÕÎɀɀɯÍÖÙÔɯȹÚ×ÖÕÛÈÕÌÖÜÚɯÐÕÊÙÌÈÚÌɯÐÕɯÊÈËÌÕÊÌɯÈÕËɯËÌÊÙÌÈÚÌɯÐÕɯÚÛÌ×ɯ

length) [17,18].  

Tremble in place and shuffling are the most common forms of FoG, while total 

akinesia is rare [19]. Another possible classification scheme for FoG relates to its 

responsiveness to dopaminergic treatments:  

¶ Dopaminergic -1ÌÚ×ÖÕÚÐÝÌɯ%Ö&ɯȹ%Ö&ɯÞÏÐÊÏɯÈ××ÌÈÙÚɯÖÕÓàɯÐÕɯÛÏÌɯɁoff-sÛÈÛÌɂȮɯ

and disappears in the on-state). 

¶ Dopaminergic -Induced FoG (FoG which appears only in the on-state and 

disappears in the off-state).  

¶ Dopaminergic -Resistant FoG (FoG which appears in both the on-state and 

the off-state) [20].  

A study by Amboni et al. described 61.6% of 325 PwP with FoG that only occurred 

in the off-state, 1.8% had FoG that only occurred in the on-state, and 36.6% had FoG 

in the on-state and off-State [20]. 
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The occurrence of FoG is triggered by specific situations during gait, such as: 

initiation of walking; turning during walking; walking in a narrow space; walking 

through doorways ; approaching a final destination during walking; walking in 

open spaces. Turning during walking is the most common trigger event for FoG.  

Emotional factors, such as stress and anxiety, can also trigger the occurrence of 

FoG [21]. 

The presence of FoG is an important contributor to falls in PwP [22 ɬ24] and is a 

major cause of hospitalisation and nursing home admissions for this group 

[17,25,26], which can result in substantial challenges for the PwP and their 

caregiver(s) and can result in substantial economic strain on the healthcare system. 

Beyond its direct effect on gait, living with FoG can lead to non -motor symptoms 

such as anxiety, social isolation, and depression, dramatically reducing the 

×ÌÙÚÖÕɀÚɯØÜÈÓÐÛàɯÖÍɯlife [27ɬ32]. 

1.3 Management of Freezing of Gait  

The pathophysiology of FoG is complex and unclear, and despite limited 

understanding of the disrupted physiological processes associated with FoG, few 

treatment options are currently available. However, clinical consensus on a 

cohesive treatment protocol for FoG does not exist [33,34]. 

The primary treatment option for dopaminergic -responsive FoG is to increase 

dopaminergic medication [35]. However, for some PwP, increasing the dose of 

dopaminergic medication is often complicated by dose -limiting sid e-effects, such 

as dopaminergic-induced dyskinesia [36]. Under these circumstances, surgical 

procedures such as deep brain stimulation (DBS) of the subthalamic nucleus (STN) 

may become effective treatment options [34]. 

The primary treatment option for dopa minergic -induced FoG is to reduce 

dopaminergic medication [35]. However, the reduction of dopaminergic 

medication is impossible for some PwP due to the resulting worsening of PD's 

cardinal symptoms. Under these circumstances, DBS of the STN may again 

become an effective treatment option [34]. However, DBS of the STN does not 

directly improve dopaminergic -induced FoG, but only indirectly alleviates the 
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problem by treating PD's cardinal symptoms, enabling a reduction in the 

dopaminergic medication required, w ith a consequent amelioration of FoG. 

Treatment options for dopaminergic -resistant FoG are primarily in the research 

setting and are not currently implemented in clinical practice. Evidence suggests 

that Levodopa-carbidopa intestinal gel therapy [37]; tran scranial direct current 

stimulation (tDCS) [38]; and DBS of the pedunculopontine nucleus (PPN) [39] may 

become possible treatment options. However, further research is required if they 

are to be clinically accepted.  

The above-mentioned treatment options f or the different categories of FoG have 

some limitations: (i) changing dopaminergic medication to manage dopaminergic -

responsive, or dopaminergic-induced FoG can result in dose-limiting side -effects 

or worsening of the cardinal symptoms; (ii) Surgical opti ons are invasive and 

costly ($35,000 to $50,000 for DBS [40]; (iii) Current research-based 

pharmacological treatments for dopaminergic -resistant FoG lack clinical evidence.  

1.3.1 Cueing Therapies 

Given the limited ability of pharmacological and surgical t reatments to manage 

dopaminergic -induced and dopaminergic -resistant %Ö&Ȯɯ ÝÈÙÐÖÜÚɯ ɁÊÜÌÐÕÎɂɯ

therapies (visual, auditory, or somatosensory) have been investigated as 

alternative treatment options for FoG.  Cueing is defined as the use of external 

sensory stimuli, providing temporal and/or spatial information to facilitate gait 

initiation and continuation [41]. Numerous studies have shown that cueing can 

provide a benefit, in terms of an immediate reduction in the number and duration 

of FoG episodes. However, no t all PwP respond well to cueing, and this may be 

why studies often show heterogeneity in their results.  

While the exact mechanism of how cueing works is not clear, the effectiveness of 

cueing to ameliorate FoG has been suggested to strongly depend on the specific 

information that the cueing therapy provides [42]. For example, auditory cueing 

therapy produce auditory stimuli at a set rate, thus conveying temporal 

information. Alternatively, visual cueing therapy produce visual stimuli at a set 

distance from the user, thus conveying spatial information or else produce visual 

stimuli at a set rate, thus conveying temporal information. Somatosensory cueing 
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therapy produces tactile stimuli at a set rate that convey temporal information, 

while also possibly stimu lating proprioceptive inputs, depending on what body 

site is used for the delivery of the stimuli. Furthermore, cueing therapies have 

adopted various strategies ranging from On -#ÌÔÈÕËɯÛÖɯ"ÖÕÛÐÕÜÖÜÚɯÈÕËɯȿÖÕÌ-size-

fits-ÈÓÓɀɯÛÖɯÛÈÐÓÖÙÌËɯÊÜÌÚȮɯÐÕɯÈÕɯÈÛÛÌÔ×ÛɯÛÖ optimise the effectiveness of the therapy. 

However, the most effect cueing therapy and strategy to ameliorate FoG may vary 

among individual PwP, reflecting their circumstances and the overall effect of PD 

on their locomotor system.  

Nevertheless, commercial cueing systems (BeatsMedical and PathFinder) are 

currently available, which provide auditory and visual cueing therapy, 

respectively.  

1.4 Somatosensory Cueing Therapy    

There has been significant research effort in the application of two particular 

cueing therapies: visual and auditory [43 -49]. However, while these cueing 

therapies show that the delivered cues can be effective, they require the use by the 

PwP of their primary senses of either vision or hearing. Therefore, these therapies, 

inevitably, a re associated with various practical challenges for the PwP when 

using the therapy while completing daily living tasks that require the use of vision 

or hearing to execute the task safely and effectively. Furthermore, there is an 

unmet need to provide a cueing therapy that can be easily concealed and thus 

eliminate the potential for the social stigma associated with wearing visible 

assistive technology in a public setting. 

However, a somatosensory cueing therapy, by its very nature, eliminates this 

issue. It frees the primary senses of vision or hearing of the PwP for the task at 

hand [50]. In addition, somatosensory cueing therapies can be implemented using 

technologies which can be easily hidden under clothing and thus eliminate the 

stigma for the PwP of visibly wearing/using assistive technology in a public setting 

[51,53]. 

The use of somatosensory cueing to ameliorate FoG was first proposed in 1997 by 

Enzensberger et al. [54]. In this paper, Enzensberger proposed the use of shoulder 

tapping to investigate  its effect on FoG. A number of studies followed this initial 
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investigation by examining the effect of somatosensory cueing delivered using 

mechanical cues to the skin surface at a range of body sites [41, 55-58].  

The involvement of NUI Galway in the Euro pean Commission FP7 project 

(REMPARK: Personal Health Device for the Remote and Autonomous 

,ÈÕÈÎÌÔÌÕÛɯÖÍɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌɯ%/ƛ-ICT-2011-7-287677, 2011-2015) in 2011 

provided the impetus for an investigation of whether or not somatosensory cueing 

could be performed using sensory electrical stimulation (sES) via skin surface 

electrodes. A brief description of the physiological processes needed to understand 

the functioning principles of sES are given in Appendix A . Initial proof of concept 

testing by the research team at NUI Galway, at the beginning of the REMPARK 

project, identified for  the first time the potential of sES cueing to ameliorate FoG. 

In addition, the need for an sES cueing system, which would provide engineers 

and clinicians with the capabilit y to further investigate the efficacy of sES 

somatosensory cueing, was recognised at this point.  

This thesis will describe the design of such a system and detail a collection of 

clinical studies which progressively investigated the efficacy of sES cueing 

through the adoption of an evolving suite of cueing strategies. The development 

of the sES cueing system was grounded in the requirement to provide safe skin 

surface ES and its design was informed by both a comprehensive review of the 

literature on cueing systems and a Human Centred Design process. The evaluation 

of the sES cueing system and associated cueing strategies was iteratively 

performed through a sequence of clinical studies carried out over a period of 

several years. This resulted in the adoption of evolving evaluation methodologies, 

reflective of the evolving best practice for study design and adopted outcome 

measures for cueing systems and strategies in the PD community. 

1.5 Thesis Outline  

The thesis is structured into ten chapters, written in a rticle format, each of which 

may be read independently . Chapters 2, 3, 5, 6, 8 and 9 comprise six scientific, peer-

reviewed publications as detailed in Table 1.2.. 

Chapter 2: In this chapter, data on the applicability and tolerability of electrical 

stimula tion (ES) applied to the skin surface of the upper and lower leg for 
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somatosensory cueing applications in PD is presented. A study design is 

described, which focused on assessing the ES voltages and Visual Analogue Scale 

(VAS) discomfort scores at the electrical sensory, motor, discomfort, and pain 

thresholds of PwP.  

Table 1.2. Publications and the corresponding chapter in the thesis. 

Chapter  Publication  

2 

Sweeney, D.; Quinlan, L.R.; Browne, P.; Counihan, T.; ÓLaighin, G. 

Applicability and Tolerability of  Sensory Electrical Stimulation Applied to 

Upper and Lower Leg Skin Surface for Cueing Applications in Parkinson's 

Disease. Med. Eng. Phys. 2021, 87. 73-81. 

3 

Sweeney, D.; Quinlan, L.R.; Browne, P.; Richardson, M.; Meskell, P.; 

ÓLaighin, G. A technologica l review of wearable cueing devices addressing 

ÍÙÌÌáÐÕÎɯÖÍɯÎÈÐÛɯÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯDisease. Sensors 2019, 19(6), 1277-1312. 

5 

Rosenthal, L.; Sweeney, D.; Cunnington, A.L.; Quinlan, L.R.; ÓLaighin, G. 

Sensory Electrical Stimulation Cueing May Reduce Freezing of Gait 

$×ÐÚÖËÌÚɯÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌȭɯJ. Healthc. Eng. 2018, 4684925. 

6 

Sweeney, D.; Quinlan, L.R.; Richardson, M.; Meskell, P.; ÓLaighin, G. 

Double-Tap Interaction as an Actuation Mechanism for On -Demand 

"ÜÌÐÕÎɯÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌȭ Sensors 2019, 19, 5167-5187.  

8 

Sweeney, D.; ÓLaighin, G.; Richardson, M.; Meskell, P.; Rosenthal, L.; 

McGeough, A.; Cunnington, A.L.; Quinlan, L.R. Effect of Auditory, Visual 

and Somatosensory Cueing Strategies on On-State Freezing of Gait in 

/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌȭɯParkinsonism Relat. Disord. 2020, 77, 1-4. 

9 

Sweeney, D.; Quinlan, L.R.; Richardson, M.; Rosenthal, L.; McGeough, A.; 

Meskell, P.; Luo, L.; ÓLaighin, G. Multifaceted Sensory Electrical 

Stimulation cueing for Freezing of Gait in Parkinson ɀs Disease. Parkinsonism 

Relat. Disord. 2021, 82, 106-108. 

Chapter 3: In this chapter, a literature review on the state-of-the-art of wearable 

cueing systems to ameliorate FoG in PD is presented. The chapter describes (i) the 

current cueing systems and the cueing strategies that they employ and (ii) the 

study design methodologies, including outcome measures used, to assess cueing 

effectiveness of these cueing systems and strategies. Furthermore, the chapter 

provides a foundation for the development of a sES cueing system (Chapter 4) and 

the design of study methodologies used to evaluate the efficacy of a suite of sES 

cueing strategies (Chapters 6-9). 

Chapter 4: In this chapter, the development of a sES cueing system using an 

Human -Centred Design (HCD) process, involving engagements with the PwP 
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community, is described. The chapter presents the iterative developing of the 

cueing system towards a design solution that would enable the investigation of a 

suite of sES cueing strategies to the greatest extent possible.  

Chapter 5: In this  chapter, the effect of a Continuous  sES cueing strategy on time 

taken for PwP to complete a walking task, and the number of on-state FoG episodes 

occurring (NFO) is evaluated. Through the use of the ES cueing system proposed 

in Chapter 4, the chapter presents the working principles of the ES cueing strategy, 

details on the preliminary investigation conducted, followed by a discussion on 

the results.  

Chapter 6: In this chapter, a trial is presented, investigating the use of double-tap 

gesture interaction to facilitate self-activated cueing. With the use of the sES cueing 

system proposed in Chapter 4 a trial was conducted to validate if a double -tap 

gesture performed by PwP may provide an effective actuation method for 

triggering the onset of On-Demand sES cueing.  

Chapter 7: In this chapter, the effect of an On-Demand sES cueing strategy on the 

duration of on-state FoG episodes occurring (DFO) is evaluated. Through the use 

of the ES cueing system, the chapter presents the working principles of the On-

Demand ES cueing strategy, details on the preliminary investigation conducted, 

followed by a discussion on the results.  

Chapter 8: In this chapter, a comparative trial comparing the effects of an auditory, 

visual, and the Continuous  sES cueing strategy is described. The chapter presents 

the working principles of the three cueing strategies. Then, tests are conducted to 

investigate each cueing strategy effect on the percentage of time spent in on-state 

FoG (PTF) and the NFO during a home-based walking task with Pw P. The chapter 

concludes with a discussion on the results.  

Chapter 9: In this chapter, a multi -faceted sES cueing strategy is presented. The 

cueing strategy builds upon the findings of Chapter 8 and its effect on PTF and the 

NFO during a home -based walking task with PwP is evaluated. The chapter 

presents the working principles of the m ulti -faceted sES cueing strategy, details on 

the preliminary investigation conducted, followed by a discussion on the results.  
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Chapter 10: Discussion and Conclusion: This thesis finishes with a discussion of 

the major findings of the thesis, observed limitations, and recommendations for 

future work in this area.  

Figure 1.1 provides a visual overview explaining the flow of the chapters and their 

relation to the progression of  research. 

 

Figure 1.1. Overview of thesis.  

1.6 Additional Publications and Works  

The following papers and patents have been authored or co-authored in addition 

to the publications presented in this thesis. 
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¶ Sweeney, D.; Corley, G.; Browne, P.; Burridge, J.H.; Laighin, Ó.G.; Quinlan, 

L.R. Design of a smartphone application with integrated Functional 

Electrical Stimulation (FES) treatment randomization and On -The-Fly 

Stimulus Parameter Adjustment for streamlining the clinical evaluation of 

FES protocols. J. Health Med. Inform. 2016. 

¶ Sweeney, D.; Quinlan, L.R.; ÓLaighin, G. Smartphone app design for the 

wireless control of a neuromuscular electrical stimulator device with 

integrated randomization allocation process for RCT applications. 

Presented at the Annual International Conference of the IEEE Engineering 

in Medicine and Biolog y Society (EMBC), Milan, August  2015. 

¶ ÓLaighin, G.; Quinlan, L.R.; Sweeney, D.; Corley, G.; Feehily, J.; Browne, 

P. Apparatus for management of a Parkinson's disease patient's gait. 

European patent no. EP3283039B1, filed 15.04.2016, and Granted 

15.05.2019. 2019. 

¶ ÓLaighin, G.; Quinlan, L.R.; Sweeney, D.; Corley, G.; Feehily, J.; Browne, 

P. Apparatus for management of a Parkinson's disease patient's gait. 

United States patent no. US20180140842A1, filed 15.04.2016, and issued 

Notice of Allowance 14.04.2020. 2020. 
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In Chapter 1, it was reported that initial proof of concept testing by the research team at 

NUI Galway, at the beginning of the REMPARK project, identified for the first time the 

potential of sES cueing to ameliorate FoG. However, before this was established, a more 

fundamental question was answered: whether ES is contrary indicated for PD? As PD is 

a neurological disorder there is the possibility that PwP may respond differently to skin 

surface ES, with hyper- or hypo- sensitivity a major concern. In this chapter, we will 

present a comprehensive assessment of the Safety and efficacy of ES in a population of PwP. 

Using pre-existing data (collected prior to the beginning of the PhD candidates studies), 

this assessment will focus on assessing electrical stimulation VAS comfort scores at the 

electrical sensory, motor, discomfort, and pain thresholds at multiple upper and lower leg 

sites of PwP. In concluding the chapter, the applicability and tolerability of sensory and 

motor ES are discussed to highlight the pathway for further research into the use of ES for 

somatosensory cueing applications in PD. 

 

2.1 Introduction  

3ÏÌɯÊÓÈÚÚÐÊÈÓɯÚàÔ×ÛÖÔÚɯÖÍɯ/ÈÙÒÐÕÚÖÕɀÚɯËÐÚÌÈse (PD) are generally classified as a 

motor (tremor, bradykinesia, and postural instability) and non -motor (dementia, 

depression, anxiety, fatigue, and pain) [1,2]. One of the most debilitating motor -

related symptoms of PD is Freezing of Gait (FoG), which becomes more 

pronounced in the advanced stages of the disease [3]. Characterized by rapid onset 

and of variable duration (typically < 1 min), FoG occurs in over 40% of people with 

/ÈÙÒÐÕÚÖÕɀÚɯȹ/Þ/ȺȮɯÓÌÈËÐÕÎɯÛÖɯÚÐÎÕÐÍÐÊÈÕÛɯËÐÚÛÜÙÉÈÕÊÌÚɯÐÕɯÔÖÛÖÙɯÍÜÕÊÛÐÖÕɯȻƘ-6]. This 

debilitating symptom is an important contributor to falls in PwP [7 ɬ9] and is a 

major cause of hospitalization and nursing home admissions [6,10,11].  

Cueing has evolved over the last two decades as a method which can provide an 

orthotic benefit, in terms of ameliorating FoG episodes, with some evidence also 

of a therapeutic benefit [12]. Cueing can be defined as applying a temporal or 

spatial external sensory stimulus designed to maintain or restore gait. To date, 

there has been significant research effort on the use of auditory and visual cueing 

in particular [12ɬ18] . While studies of auditory and visual cueing show that the 

cues are effective, the cueing devices employed are often not discreet, and 

therefore, create the potential for stigmatizat ion. Furthermore, these devices have 
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the potential to be ineffective in bright (visual cueing devices) or noisy 

environments (auditory cueing devices). Therefore, the challenge is to design 

unobtrusive and user -friendly devices that are effective in a wide  range of 

environments.  

Somatosensory cueing has the potential to avoid the challenges associated with 

ambient light and noise for visual and auditory cueing respectively and can, as a 

result, potentially be useful in a wide range of environments. In addi tion, 

somatosensory cueing devices can be unobtrusive to the user [19,20], with minimal 

ÐÔ×ÈÊÛɯÖÕɯÈɯÜÚÌÙɀÚɯÈ××ÌÈÙÈÕÊÌɯÐÕɯÈɯ×ÜÉÓÐÊɯÚÌÛÛÐÕÎȭɯ 

The majority of studies have examined the effect of somatosensory cueing by 

delivering mechanical stimulation to the  skin through eccentric rotating mass 

(ERM) actuators [21ɬ24] or with coil -based actuators [25]. However, some studies 

indicate that the artificial activation of cutaneous and/or peripheral nerves by 

electrical stimulation (ES) via skin surface electrodes may prove an effective 

method of providing somatosensory cueing [19,26].  

Similar to mechanical stimulation, ES has the potential to compensate for 

physiological disturbances (i.e., defects in the internal rhythm generator and the 

proprioceptive system), w hich may underline the pathophysiology of FoG [21,27ɬ

31]. While the mechanisms underlying the sensory perception of ES (i.e., 

electrotactile) are well understood [32-33], the mechanisms underlying 

proprioceptive control through ES is still unclear [34].  

The artificial activation of cutaneous afferent nerve fibers and proprioceptive 

fibers can be achieved with different ES intensity levels. However, the variability 

in the perception of the ES sensation can be a significant barrier to its practical use 

[35].  

The perceived ES sensation results from the evoked action potentials of the 

underlying population of excited fibers near the stimulation site [36,37]. In a 

ÚÐÔ×ÓÐÍÐÌËɯÖÝÌÙÝÐÌÞȮɯÌÈÊÏɯÍÐÉÌÙɯÛà×Ìɯȹ ϔȮɯ ϕȮɯ ϗȮɯÈÕËɯ"ȺɯÛÙÈÕÚÔÐÛÚɯÚ×ÌÊÐÍÐÊɯ

information (e.g., propr ioception, touch, vibration, or pain) and serves as a single 

transmission line to the central nervous system [38]. However, specific touch 

ÚÌÕÚÈÛÐÖÕÚɯȹÌȭÎȭȮɯÛÐÕÎÓÌȮɯÝÐÉÙÈÛÐÖÕȮɯ×ÙÌÚÚÜÙÌȮɯÈÕËɯ×ÈÐÕȺɯÈÙÌɯÙÌÓÈÛÌËɯÛÖɯÛÏÌɯÛà×Ìɯ ϕȮɯ
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 ϗ and C fibers, and the density of excited afferent nerve fibers [39]. 

/ÙÖ×ÙÐÖÊÌ×ÛÐÖÕɯÐÕÍÖÙÔÈÛÐÖÕɯÙÌÊÌÐÝÌËɯÉàɯÛÏÌɯÉÙÈÐÕɯÐÚɯÊÈÙÙÐÌËɯÉàɯ ϔȮɯ ϕ fibers [40]. 

The current evidence suggests that muscle spindles are the major source of 

proprioception information, with cutaneous afferent nerve fiber also providing a 

supporting role [41]. Currently, it is not possible to target individual types of nerve 

fibers using skin surface ES. However, ES intensities below the electrical motor 

threshold (EMT: the lowest intensity of ES required to induce a minimal muscle 

twitch) only activate cutaneous afferent nerve fibers, whereas intensities above the 

EMT recruit motor neurons and proprioceptive receptors [42].  

Over the last decade, researchers have demonstrated that sensory impairments 

exist in PwP [43-45]. These impairments include altered perceptions of touch and 

pain and thus could potentially be substantial barriers to using ES as a method of 

somatosensory cueing in PD. It is still unclear if PwP are either more sensitive or 

less sensitive to the sensations of touch and pain [46]. Two studies showed that 

PwP can be hypo-sensitive to both cold & pressure and pressure & pain threshold 

tests [47,48]. However, a further study demonstrated a hyper-sensitivity in both 

these tests [49]. Furthermore, Sung et al. reported that PwP are hyper-sensitive to 

ÕÖßÐÖÜÚɯÚÛÐÔÜÓÐɯÊÖÔ×ÈÙÌËɯÛÖɯÏÌÈÓÛÏàɯÊÖÕÛÙÖÓÚɯÞÏÌÕɯÛÌÚÛÌËɯÐÕɯÛÏÌɯÔÌËÐÊÈÛÌËɯɁ.%%-

2ÛÈÛÌɂ [50].  

Interestingly, Marsala et al. assessed the electrical sensory threshold (EST: the 

lowest intensity of ES that is perceived by the person), the electrical discomfort 

threshold (EDT: the lowest intensity of ES required to produce the first onset of 

discomfort) and the electrical pain threshold (EPT: the highest intensity of ES that 

can be tolerated) to ES in the little finger and Hallux in PwP and healthy controls 

[46]. While stimulating the finger, it was reported that the EST did not differ 

between PwP and healthy controls. However, stimulation of the Hallux resulted 

in a significantly higher EST and lowered EDT/EPT for Pw P in comparison to 

healthy controls. These findings may indicate that sensory impairments may not 

be uniform across the dermatome of PwP.  

These disturbed sensory responses may give rise to low tolerability to ES due to 

hyper-sensitivity to pain or lack of  applicability due to hypo -sensitivity to touch. 

For example, the PwP may experience hyper-sensitivity to pain, which means that 
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they have a lower EDT than would occur in the absence of hyper-sensitivity to 

pain. When ES is applied at the EMT to excite proprioceptive fibers, the PwP may 

×ÌÙÊÌÐÝÌɯÛÏÌɯÚÛÐÔÜÓÐɯÈÚɯÜÕÊÖÔÍÖÙÛÈÉÓÌɯȹÐȭÌȭȮɯ$#3ɯȀ$,3ȺɯÖÙɯÐÕÛÖÓÌÙÈÉÓÌɯȹÐȭÌȭȮɯ$/3ɯ

Ȁ$,3Ⱥȭɯ 3ÏÌÙÌÍÖÙÌȮɯ ÛÏÌɯ ÜÚÌÍÜÓÕÌÚÚɯ ÖÍɯ ÔÖÛÖÙɯ $2ɯ ÔÈàɯ ÉÌɯ ÓÐÔÐÛÌËɯ ÍÖÙɯ ÊÜÌÐÕÎɯ

applications.  

3ÏÐÚɯÚÛÜËàɀÚɯ×ÙÐÔÈÙàɯÈÐÔɯÞÈÚɯÛÖɯÊÈÙÙàɯÖÜÛɯÛÏÌɯÍÐÙÚÛɯÊÖÔ×Ùehensive assessment of 

both the applicability and tolerability of ES for sensory and motor cueing in PwP. 

The findings of this study should inform biomedical engineers and clinicians who 

are considering the use of ES in PD and comprises the first steps in the 

development pathway of ES cueing system for PwP. 

2.2 Methods  

2.2.1 Study population  

Ten participants  (7 men and 3 women; mean age 67 ± 9.8 years; mean disease 

duration  10 ± 5.9 years; Hoehn & Yahr 2ɬ4) with  idiopathic  PD were enrolled in 

the study,  Table 2.1. Participants were recruited  through  the Neurology  

Department,  Galway University  Hospital,  Ireland.  All  participants  were informed  

about the nature of the study  and provided  informed  written  consent. Galway 

University  Hospital  ethics committee approved the protocol.   

At  recruitment,  disease severity was assessed using the Modified  Hoehn and Yahr 

stage score, and the ×ÈÙÛÐÊÐ×ÈÕÛɀÚ global cognitive  function  was assessed using the 

Mini -Mental State Examination  (MMSE). Eligibility  criteria  to participate  were a 

diagnosis of idiopathic  PD (UK PD Brain Bank Criteria),  a Hoehn and Yahr stage 

of 2-4, exhibiting  FoG in the medicated Ɂ.--2ÛÈÛÌɂ or Ɂ.%%-2ÛÈÛÌɂȭ An  ability  to 

mobilize  independently  when in the Ɂ.%%-2ÛÈÛÌɂȮ and an ability  to walk  unaided 

were also prerequisites. Patients were excluded if  they had a serious cognitive  

impairment  (MMSE < 24), were pregnant, or involved  in another clinical  trial.  

Patients with  uncontrolled  heart problems, fitted  with  a pacemaker, or deep brain 

stimulators,  on opioid  or neuropathic  pain medication, were also excluded. 

 

 



22 

 

Table  2.1. Characteristics of participants  in the study.  

Participant  Gender  Age (Years) Duration of PD (Years)  Hoehn & Yahr  

1 M 82 4 3 

2 M 82 4 3 

3 M 61 12 2 

4 M 57 14 3 

5 F 58 8 3 

6 F 70 6 4 

 7 M 76 4 2 

8 M 64 20 3 

9 M 59 10 3 

10 F 61 18 3 

2.2.2 Electrical Stimulation Settings  

Cueing was delivered using the Duo -STIM system (NUI Galway, Ireland) [51]. The 

Duo-STIM is a voltage controlled, two - channel research stimulator that can 

deliver a maxim um voltage of 72V. Throughout the study, the Duo -STIM was pre-

programmed with the following ES envelope parameters: 500ms Ramp-up time, 

1000ms ON time, 300ms Ramp-down time (Figure 2.1). Within each ES envelope 

the Duo-STIM system delivered biphasic rectangular  pulses with a pulse width of 

ƗƙƔϟÚɯÈÛɯÈɯ×ÜÓÚÌɯÍÙÌØÜÌÕÊàɯÖÍɯƗƙ'áȭɯ3ÏÌÚÌɯÚÛÐÔÜÓÈÛÖÙɯ×ÈÙÈÔÌÛÌÙÚɯÞÌÙÌɯÚÌÓÌÊÛÌËɯ

based on previous extensive experience with using ES in venous return assist 

applications [52ɬ57]. 

 

Figure 2.1. Electrical stimulation cueing parameters.  
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2.2.3 Experimental Procedure 

!ÌÍÖÙÌɯÉÌÎÐÕÕÐÕÎɯÛÏÌɯÚÛÜËàȮɯÈɯÊÓÐÕÐÊÈÓɯÕÜÙÚÌɯÚ×ÌÊÐÈÓÐÚÛɯÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯËÐÚÌÈÚÌɯ

ÊÖÕÍÐÙÔÌËɯÞÏÌÛÏÌÙɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÞÌÙÌɯÐÕɯÛÏÌɯÔÌËÐÊÈÛÌËɯɁ.--2ÛÈÛÌɂɯÖÙɯɁ.%%-

2ÛÈÛÌɂȭɯ3ÞÖɯÚÒÐÕɯÚÜÙÍÈÊÌɯÚÛÐÔÜÓÈÛÐÖÕɯÌÓÌÊÛÙÖËÌÚɯÞÌÙÌɯ×ÓÈÊÌËɯÖÝÌÙɯthe muscle belly 

of the tibialis anterior, soleus, hamstrings, and quadriceps muscles, as shown in 

Figure 2.2. 

 

Figure 2.2. Electrode placement sites on the lower limb of participants. (A: Tibialis, B: 

Soleus, C: Hamstrings and D: Quadriceps). 

The electrode sizes used and the electrode placements adopted followed the 

guidelines from Benton et al. [58] to achieve Neuromuscular Electrical Stimulation 

(NMES) of the upper and lower leg muscle groups. Electrodes were placed on the 

×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÓÌÎɯÊÖÙÙÌÚ×ÖÕËÐÕg to the side of PD symptom onset. If symptoms 

presented bilaterally, a random selection of the leg to be tested was employed. 

Consistent with the guidelines of Benton et al. 5cm x 5cm electrodes were used for 

the tibialis anterior and soleus sites, and 5cm x 10cm electrodes were used for the 

hamstrings and quadriceps stimulation sites. Hair around the electrode site was 

trimmed with clippers to ensure proper contact between the electrode and skin. 

The electrodes were placed on all four sites at the beginning of the protocol. When 

participants were in a standing posture, each site was activated individually in a 

randomized order.  
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The study focused on assessing the ES intensities needed to reach the electrical 

sensory, motor discomfort, and pain thresholds (EST, EMT, EDT, EPT). For each 

participant, the ES intensity voltages recorded at the EST, EMT, EDT, and EPT 

were collected for each of the four stimulation sites as follows: 

¶ The initial perception of the stimulus sensation, as indicated by the 

participant ( EST).  

¶ When a muscle twitch was observed by the experimenter (EMT). 

¶ The onset of discomfort, as indicated by the participant (EDT). 

¶ The onset of pain, as indicated by the participant (EPT). 

The EST, EDT, and the EPT were evaluated using quantitative psychophysical 

procedures. Participants were presented with ES of increasing (ascending methods 

of limits) intensities. The step size was maintained at 3.2V throughout the study. 

On each presentation, the participants were required to report if they did or did 

not perceive the stimulus, if they perceived the stimulus as uncomfortable or if 

they perceived the stimulus as painful. At each threshold, the discomfort levels 

were recorded using a standardized visual analogue scale (VAS). Participants 

were asked to mark the level of discomfort on a 100mm non-hatched scale ranging 

from no pain whatsoever to severe pain. The following pain ratings were adopted, 

ȀƗƔÔÔɯǻɯ,ÐÓËȮɯƗƕ-70mm = Moderate, and > 70mm Severe [59]. VAS scores were 

taken five times: initially, before the  application of any ES and after each threshold 

was identified (EST, EMT, EDT, and EPT).  

The following conditions were used to define the applicability and tolerability of 

ES: 

¶ Sensory ES was defined as applicable and tolerable to the participant if the 

following condition was met:  

IF ($23ɯǾɯ$,3Ⱥɯ -#ɯȹ$23ɯǾɯ$/3Ⱥɯ -#ɯȹ$23ɯ5 2ɯ-.3ɯȿ2ÌÝÌÙÌɀȺɯ 

Condition 2.1 

¶ Motor ES was defined as applicable and tolerable to the participant if the 

following condition was met:  

IF ($,3ɯǾɯ$/3Ⱥɯ -#ɯȹ$,3ɯ5 2ɯ-.3ɯȿ2ÌÝÌÙÌɀ)         Condition 2.2 

Prior  to stimulation,  the participant  was initially  acclimatized to the sensation of 
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ES for  10 minutes. During  testing, stimulation  was applied  at each measurement 

step three times in a row  to allow  the participant  to adequately assess their  level 

of discomfort  before marking  the VA S. 

2.2.4 Statistical Analysis  

Due to the small sample size, normality  tests (i.e., Shapiro- Wilk  test) may lead to 

erroneous detection of normality  [60,61]. Therefore to limit  the risk  of constructing  

inaccurate results, non-parametric tests were applied  for  all  statistical analyses. In 

these instances, Friedman tests and Wilcoxon  signed-rank tests analyzed the data. 

Wilcoxon  signed-rank tests were conducted with  a Bonferroni  correction applied  

to adjust for  multiple  comparisons (i.e., for  EST, EMT, EST, and EPT), resulting  in 

a significance level set at p < (0.05/4) = 0.0125. Statistical calculations were 

performed  with  SPSS Version 25 (IBM Corporation,  New  York, USA).  

2.3 Results 

Table 2.2 reports the ES intensity voltages and the VAS discomfort scores for the 

individual participant at the tibialis anterior site for each ES threshold. The 

analysis showed that sensory ES at the tibialis anterior site was applicable and 

tolerable for six out of the 10 participants. The data for four participants (P2, P3, 

/ƜȮɯÈÕËɯ/ƕƔȺɯËÐËɯÕÖÛɯÚÈÛÐÚÍàɯɁ"ÖÕËÐÛÐÖÕɯƕɂȹ$23ɯǾɯ$,3Ⱥɯ -#ɯȹ$23ɯǾɯ$/3Ⱥɯ -#ɯ

ȹ$23ɯ5 2ɯ-.3ɯȿ2ÌÝÌÙÌɀȺȮɯÈÚɯÈɯÙÌÚÜÓÛɯÖÍɯÌÐÛÏÌÙɯÏÈÝÐÕÎɯÈÕɯ$23ɯÏÐÎÏÌÙɯÛÏÈÕɯÖÙɯÌØÜÈÓɯ

to their EMT. Motor ES at the tibialis anterior site was applicab le and tolerable for 

seven out of the 10 participants. The data for three participants (P1, P6, and P9) did 

ÕÖÛɯÚÈÛÐÚÍàɯɁ"ÖÕËÐÛÐÖÕɯƖɂȹ$,3ɯǾɯ$/3Ⱥɯ -#ɯȹ$,3ɯ5 2ɯ-.3ɯȿ2ÌÝÌÙÌɀȺȮɯÈÚɯÈɯÙÌÚÜÓÛɯ

of having an EMT equal to their EPT. In addition, two of the three part icipants (P1 

and P9) recorded a severe VAS discomfort score at their EMT. One participant (P2) 

failed to reach their EDT and EPT within the maximum voltage range (72V) of the 

Duo-STIM. Therefore, no EDT and EPT data were recorded in Table 2.2 for P2.  
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Table 2.3 reports the ES intensity voltages and the VAS discomfort scores for the 

individual participant at the soleus site for each ES threshold. The analysis showed 

that sensory ES at the soleus site was applicable and tolerable for all participants. 

Motor ES at the soleus site was applicable and tolerable for seven out of the 10 

participants. The data for one participant (P1), did not s atisfy Ɂ"ÖÕËÐÛÐÖÕɯƖɂ (EMT 

Ǿ$/3Ⱥɯ -#ɯȹ$,3ɯ5 2ɯ-.3ɯȿ2ÌÝÌÙÌɀȺȮɯÈÚɯÈɯÙÌÚÜÓÛɯÖÍɯÏÈÝÐÕÎɯÈÕɯ$,3ɯÌØÜÈÓɯÛÖɯÛÏÌÐÙɯ

EPT. Two participants (P1 and P9) recorded a severe VAS discomfort score at their 

EMT. In addition, one participant (P2) failed to reach their EMT and E PT within 

the maximum voltage range (72V) of the Duo-STIM. Therefore, the applicable and 

tolerable of Motor ES could not be evaluated for P2. 

Table 2.4 reports the ES intensity voltages and the VAS discomfort scores for the 

individual participant at the ha mstring site for each ES threshold. The analysis 

showed that sensory ES at the hamstring site was applicable and tolerable for nine 

out of the 10 participants. The data for one participant (P10) did not satisfy 

Ɂ"ÖÕËÐÛÐÖÕɯƕɂȮɯËÜÌɯÛÖɯÏÈÝÐÕÎɯÈÕɯ$23ɯÌØÜÈÓɯÛÖɯtheir EMT. Motor ES at the hamstring 

site was applicable and tolerable for seven out of the 10 participants. The data for 

ÛÞÖɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯȹ/ƕÈÕËɯ/ƚȺɯËÐËɯÕÖÛɯÚÈÛÐÚÍàɯɁ"ÖÕËÐÛÐÖÕɯƖɂ (EMT < EPT) AND (EMT 

5 2ɯ-.3ɯȿ2ÌÝÌÙÌɀȺȮɯÈÚɯÈɯÙÌÚÜÓÛɯÖÍɯÏÈÝÐÕÎɯÈÕɯ$,3ɯÌØÜÈÓɯÛo their EPT. In addition, 

two participants (P1 and P9) recorded a severe VAS discomfort score at their EMT. 

Table 2.5 reports the ES intensity voltages and the VAS discomfort scores for the 

individual participant at the quadriceps site for each ES threshol d. The analysis 

showed that sensory ES was applicable and tolerable for all participants. Motor ES 

was applicable and tolerable for eight out of the 10 participants. The data for one 

×ÈÙÛÐÊÐ×ÈÕÛɯȹ/ƕȺɯËÐËɯÕÖÛɯÚÈÛÐÚÍàɯɁ"ÖÕËÐÛÐÖÕɯƖɂ (EMT < EPT) AND (EMT VAS N OT 

ȿ2ÌÝÌÙÌɀȺȮɯÈÚɯÈɯÙÌÚÜÓÛɯÖÍɯÏÈÝÐÕÎɯÈÕɯ$,3ɯÌØÜÈÓɯÛÖɯÛÏÌÐÙɯ$/3ȭɯ(ÕɯÈËËÐÛÐÖÕȮɯÛÞÖɯ

participants (P1 and P9) recorded a severe VAS discomfort score at their EMT. 
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ƖȭƗȭƕɯDifference in Stimulation Sites  

The mean participant threshold ES intensity voltages and VAS discomfort scores 

recorded at each threshold (EST, EMT, EDT, and EPT) across all stimulation sites 

(tibialis anterior, soleus, hamstrings, and quadriceps) are reported in Tables 2.6-

2.7 and Figure 2.3. 

ƖȭƗȭƕȭƕɯ3ÏÙÌÚÏÖÓËɯÌÓÌÊÛÙÐÊÈÓɯÚÛÐÔÜÓÈÛÐÖÕɯÐÕÛÌÕÚÐÛàɯÝÖÓÛÈÎÌÚɯ 

 ɯ6ÐÓÊÖßÖÕɯÚÐÎÕÌËɪÙÈÕÒɯÛÌÚÛɯÚÏÖÞÌËɯÕÖɯÚÐÎÕÐÍÐÊÈÕÛɯËÐÍÍÌÙÌÕÊÌɯÉÌÛÞÌÌÕɯÛÏÌɯÓÖÞÌÙɯ

ÓÌÎɯÚÛÐÔÜÓÈÛÐÖÕɯÚÐÛÌÚɯÐÕɯÛÌÙÔÚɯÖÍɯÛÏÌɯÔÌÈÕɯÚÛÐÔÜÓÈÛÐÖÕɯÝÖÓÛÈÎÌÚɯÈÛɯÛÏÌɯ$23ɯȹÛÐÉÐÈÓÐÚɯ

ÈÕÛÌÙÐÖÙȯɯƖƘȭƗƖ5ɯǷƜȭƝƙ5ȰɯÚÖÓÌÜÚȯɯƖƘȭƗƖ5ɯǷɯƕƖȭƝƕ5Ȱɯ×ǻƕȭƔȺȮɯ$,3ɯȹÛÐÉÐÈÓÐÚɯÈÕÛÌÙÐÖÙȯɯ

ƗƖȭƚƘ5ɯǷɯƕƕȭƚƛ5ȰɯÚÖÓÌÜÚȯɯƗƘȭƜƘ5ɯǷɯƛȭƘƕ5Ȱɯ×ɯǻɯƔȭƔƖƜȺȮɯ$#3ɯȹÛÐÉÐÈÓÐÚɯÈÕÛÌÙÐÖÙȯɯƗƙȭƖ5ɯǷɯ

ƛȭƚƛ5ȰɯÚÖÓÌÜÚȯɯƘƖȭƜƜ5ɯǷɯƝȭƔƜ5Ȱɯ×ɯǻɯƔȭƕƖȺɯÈÕËɯÛÏÌɯ$/3ɯȹÛÐÉÐÈÓÐÚɯÈÕÛÌÙÐÖÙȯɯƘƘȭƘƘ5ɯǷɯ

ƕƔȭƗ5ȰɯÚÖÓÌÜÚȯɯƘƚȭƝƗ5ɯǷɯƛȭƗƗ5Ȱɯ×ɯǻɯƔȭƜƜƜȺȮɯ%ÐÎÜÙÌɯƖȭƗ ȭɯ 

Table  2.6. Mean + /- SD stimulation  intensity  voltages in response to the four  stimulation  

sites for  the four  threshold  categories. 

 EST EMT  EDT EPT 

Tibialis  24.32 ± 8.95 32.64 ± 11.67 35.2 ± 7.67 44.44 ± 10.3 

Soleus 24.32 ± 12.91 34.84 ± 7.41 42.88 ± 9.08 46.93 ± 7.33 

Hamstring  17.28 ± 2.24 24 ± 5.06 26.88 ± 6.26 31.04 ± 8.27 

Quadriceps 17.28 ± 2.24 23.36 ± 3.9 27.52 ± 6.78 31.36 ± 9.75 

Table  2.7. Mean + /- SD VAS scores in response to the four  stimulation  sites for  the four  

threshold  categories. 

 EST EMT  EDT EPT 

Tibialis  22 ± 27.95 35.78 ± 34.28 56.44 ± 18.87 72.44 ± 21.01 

Soleus 9.9 ± 5.07 39.78 ± 24.80 63.11 ± 19.34 72.56 ± 17.85 

Hamstring  9.1 ± 4.48 47.89 ± 25.96 63.11 ± 20.13 73.83 ± 17.18 

Quadriceps 14.6 ± 14.32 37.67 ± 28.43 61.78 ± 19.97 76.06 ± 15.17 

2ÐÔÐÓÈÙÓàȮɯÈɯ6ÐÓÊÖßÖÕɯÚÐÎÕÌËɪÙÈÕÒɯÛÌÚÛɯÈÓÚÖɯÚÏÖÞÌËɯÕÖɯÚÐÎÕÐÍÐÊÈÕÛɯËÐÍÍÌÙÌÕÊÌɯ

ÉÌÛÞÌÌÕɯÛÏÌɯÜ××ÌÙɯÓÌÎɯÚÛÐÔÜÓÈÛÐÖÕɯÚÐÛÌÚɯÐÕɯÛÌÙÔÚɯÖÍɯÛÏÌɯÔÌÈÕɯÚÛÐÔÜÓÈÛÐÖÕɯÝÖÓÛÈÎÌÚɯ

ÈÛɯÛÏÌɯ$23ɯȹÏÈÔÚÛÙÐÕÎÚȯɯƕƛȭƖƜ5ɯǷɯƖȭƖƘ5ȰɯØÜÈËÙÐÊÌ×ÚȯɯƕƛȭƖƜ5ɯǷɯƖȭƖƘ5Ȱɯ×ɯǻɯƕȭƔȺȮɯ$,3ɯ

ȹÏÈÔÚÛÙÐÕÎÚȯɯƖƘ5ɯǷɯƙȭƔƚ5ȰɯØÜÈËÙÐÊÌ×ÚȯɯƖƗȭƗƚ5ɯǷɯƗȭƝ5Ȱɯ×ɯǻɯƔȭƗƕƛȺȮɯ$#3ɯȹÏÈÔÚÛÙÐÕÎÚȯɯ
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ƖƚȭƜƜ5ɯǷɯƚȭƖƚ5ȰɯØÜÈËÙÐÊÌ×ÚȯɯƖƛȭƙƖ5ɯǷɯƚȭƛƜ5Ȱɯ×ɯǻɯƔȭƛƔƙȺɯÈÕËɯÛÏÌɯ$/3ɯȹÏÈÔÚÛÙÐÕÎÚȯɯ

ƗƕȭƔƘ5ɯǷɯƜȭƖƛ5ȰɯØÜÈËÙÐÊÌ×ÚȯɯƗƕȭƗƚ5ɯǷɯƝȭƛƙ5Ȱɯ×ɯǻɯƔȭƛƚƗȺȮɯ%ÐÎɯƖȭƗ ȭ 

2ÐÎÕÐÍÐÊÈÕÛÓàɯÏÐÎÏÌÙɯÚÛÐÔÜÓÈÛÐÖÕɯÝÖÓÛÈÎÌÚɯÞÌÙÌɯÙÌ×ÖÙÛÌËɯÍÖÙɯÜ××ÌÙɯÓÌÎɯÚÛÐÔÜÓÈÛÐÖÕɯ

ÚÐÛÌÚɯÐÕɯÊÖÔ×ÈÙÐÚÖÕɯÛÖɯÓÖÞÌÙɯÓÌÎɯÚÛÐÔÜÓÈÛÐÖÕɯÚÐÛÌÚɯÈÛɯÛÏÌɯ$23ɯȹÛÐÉÐÈÓÐÚɯÈÕÛÌÙÐÖÙɯǾɯ

ÏÈÔÚÛÙÐÕÎÚȮɯ×ɯǻɯƔȭƔƕƕȺȮɯ$,#ɯȹÛÐÉÐÈÓÐÚɯÈÕÛÌÙÐÖÙɯǾɯÏÈÔÚÛÙÐÕÎÚȮɯ×ɯǻɯƔȭƔƔƛȰɯÛÐÉÐÈÓÐÚɯ

ÈÕÛÌÙÐÖÙɯǾɯØÜÈËÙÐÊÌ×ÚȮɯ×ɯǻɯƔȭƔƕƕȰɯÚÖÓÌÜÚɯǾɯÏÈÔÚÛÙÐÕÎÚȮɯ×ɯǻɯƔȭƔƔƛȰɯÚÖÓÌÜÚɯǾɯØÜÈËÙÐÊÌ×ÚȮɯ

×ɯǻɯƔȭƔƔƛȺȮɯ$#3ɯȹÚÖÓÌÜÚɯǾɯÏÈÔÚÛÙÐÕÎÚȮɯ×ɯǻɯƔȭƔƔƙȰɯÚÖÓÌÜÚɯǾɯØÜÈËÙÐÊÌ×ÚȮɯ×ɯǻɯƔȭƔƔƘȺɯÈÕËɯ

ÛÏÌɯ$/3ɯȹÚÖÓÌÜÚɯǾɯÏÈÔÚÛÙÐÕÎÚȮɯ×ɯǻɯƔȭƔƔƛȰɯÚÖÓÌÜÚɯǾɯØÜÈËÙÐÊÌ×ÚȮɯ×ɯǻɯƔȭƔƔƜȺȭɯ-ÖÕɪ

ÚÐÎÕÐÍÐÊÈÕÛɯËÐÍÍÌÙÌÕÊÌɯÉÌÛÞÌÌÕɯÛÏÌɯÓÖÞÌÙɯÈÕËɯÜ××ÌÙɯÓÌÎɯÚÛÐÔÜÓÈÛÐÖÕɯÚÐÛÌÚɯÞÌÙÌɯ

ÙÌ×ÖÙÛÌËɯÈÛɯÛÏÌɯ$23ɯȹÛÐÉÐÈÓÐÚɯÈÕÛÌÙÐÖÙɬØÜÈËÙÐÊÌ×ÚȮɯ×ɯǻɯƔȭƔƕƜȰɯÚÖÓÌÜÚɬÏÈÔÚÛÙÐÕÎÚȮɯ×ɯǻɯ

ƔȭƔƖƜȰɯÚÖÓÌÜÚɬØÜÈËÙÐÊÌ×ÚȮɯ×ɯǻɯƔȭƔƘƝȺȮɯ$#3ɯȹÛÐÉÐÈÓÐÚɯÈÕÛÌÙÐÖÙɬÏÈÔÚÛÙÐÕÎÚȮɯ×ɯǻɯƔȭƔƖƗȰɯ

ÛÐÉÐÈÓÐÚɯÈÕÛÌÙÐÖÙɬØÜÈËÙÐÊÌ×ÚȮɯ×ɯǻɯƔȭƔƖƛȺɯÈÕËɯÛÏÌɯ$/3ɯȹÛÐÉÐÈÓÐÚɯÈÕÛÌÙÐÖÙɬÏÈÔÚÛÙÐÕÎÚȮɯ×ɯ

ǻɯƔȭƔƕƗȰɯÛÐÉÐÈÓÐÚɯÈÕÛÌÙÐÖÙɬØÜÈËÙÐÊÌ×ÚȮɯ×ɯǻɯƔȭƔƕƙȺ 

 

Figure 2.3. A: Stimulation intensity voltages in response to the four stimulation sites fo r 

the four threshold categories. B: VAS scores in response to the four stimulation sites for the 

four threshold categories. All values are expressed as means, grey area highlights + /- SD. 

ƖȭƗȭƕȭƖɯ5ÐÚÜÈÓɯÈÕÈÓÖÎÜÌɯÚÊÈÓÌɯËÐÚÊÖÔÍÖÙÛɯÚÊÖÙÌÚ 

Before the application of any ES, discomfort VAS levels indicated mild pain in all 

participants, 10.7 ± 12.07. Results show that the mean discomfort levels increase as 

the ES intensity increases from the EST to the EPT, Figure. 2.3B. A Friedman tests 

showed no significant di fference between the mean VAS discomfort scores at the 

EST (tibialis anterior: 22 ± 27.95; soleus: 9.9 ± 5.07; hamstrings: 9.1 ± 4.48; 

quadriceps: 14.6 ± 14.32; p = 0.175), EMT (tibialis anterior: 35.78 ± 34.28; soleus: 
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39.78 ± 24.80; hamstrings: 47.89 ± 25.96; quadriceps: 37.67 ± 28.43; p = 0.430), EDT 

(tibialis anterior: 56.44 ± 18.87; soleus: 63.11 ± 19.34; hamstrings: 63.11 ± 20.13; 

quadriceps: 61.78 ± 19.97; p = 0.392) and the EPT (tibialis anterior: 72.44 ± 21.01; 

soleus: 72.56 ± 17.85; hamstrings: 73.83 ± 17.18; quadriceps: 76.06 ± 15.17; p = 0.918) 

for each of the stimulation sites.. 

2.4 Discussion 

In this paper, we report  for  the first  time on a comprehensive evaluation  of the 

tolerability  and applicability  of surface ES applied  to PwP at multiple  upper and 

lower  leg stimulation  sites.  

This study  focused on EST, EMT, EDT, and EPT assessment in response to ES. 

These thresholds are important  in the context of evaluating  the tolerability  and 

applicability  of ES for  sensory and motor  cueing in PD. The applicability  of ES for  

cueing may rely  on its ability  to compensate for  the physiological  disturbances 

which  underline  the pathophysiology  associated with  FoG. Therefore, ES must 

provide  a stimulus  that can be perceived either as a tactile sensation and/or  

stimulates the proprioceptive  system. Furthermore,  the tolerability  of ES for  cueing 

may rely  on the comfort  level associated with  the ES intensities required  to provide  

tactile sensation and/or  to stimulate  the proprioceptive  system.  

Results from  this study  show that the discomfort  of motor  ES was perceived as 

ȿ2ÌÝÌÙÌɀ for  some PwP. For two  participants  (P1 and P9), motor  ES of each 

stimulation  site was only  achieved at an intensity  that was either equal to their  

electrical pain threshold  or was perceived as ȿ2ÌÝÌÙÌɀ discomfort  on the VAS. These 

findings  of lower  electrical pain thresholds for  some PwP, may result in poor 

compliance with  motor  ES by some PwP.  

Results from  this study  also show that for  all participants,  sensory ES was both 

applicable and tolerable. However,  the applicability  of sensory ES was not 

universal  at all  stimulation  sites. This was particularly  evident  at the tibialis  

anterior  site, as four  participants  (P2, P3, P8, and P10) reached their  sensory 

threshold  at an intensity  that was equal to or greater than their  motor  threshold  at 

the tibialis  anterior  site (Table 2.2). In the case of the hamstring  stimulation  site, 

one participant  (P10) failed to perceive the ES before reaching their  motor  
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threshold  (EMT < EST). It  is unclear if  these findings  can be attributed  to hypo-

sensitivity  to ES at these two  sites for  these participants.   

These findings  suggest the application  of sensory ES at the tibialis  anterior  site may 

be unsuitable for  cueing applications  in some PwP. However,  a very positive 

finding  is that all  participants  perceived ES before reaching their  motor  threshold 

(EST < EMT) at the soleus and quadriceps stimulation  sites. 

There is a clear characteristic differential  level of response to ES at sites on the 

lower  leg (tibialis  anterior  and soleus) and on the upper  leg (hamstrings and 

quadriceps) (Figure 2.3A). A higher  ES intensity  was required  to reach each of the 

four  stimulation  thresholds in the lower  leg stimulation  sites when compared to 

the upper  leg sites. The observed variation  in response may be partially  explained 

due to variability  in muscle tone and partial  peripheral  neuronal degeneration, 

common in PD [62], thus requiring  larger ES intensities to elicit  a substantial 

contraction through  surface stimulation.  However, a previous  study  of $23ɀÚ in 

healthy participants  found  a similar  differential  level of the EST for  the lower  leg 

and the upper  leg [63], indicating  that partial  peripheral  neuronal degeneration 

may not be responsible for  the differential  level in the EST.  

Importantly  in the context of future  development  of ES-based cueing 

interventions,  in this paper we demonstrate that the stimulation  voltages required  

to perform  ES significantly  vary  between stimulation  sites and individual  PwP 

The development  of sensory ES cueing systems designed on the basis of 

stimulating  the upper  leg may offer the advantage of reduced energy requirements 

(lower  voltage stimulation  required  with  a consequent reduction  in stimulation  

current). To generalize the voltages required  to perform  sensory ES in PwP, 

"ÏÌÉàÚÏÌÝɀÚ inequality  for  non-normal  distribution  can be implemented  [64]. This 

theorem states that at least 93.8% of PwP will  have a maximum  EST equal to EST 

+ SD*4. Therefore, we can infer  that a sensory ES cueing system, designed to 

stimulate  the quadriceps site, needs to provide  a maximum  stimulation  voltage of 

26.24V. In contrast, a sensory ES cueing system, designed to stimulate  the tibialis  

anterior  site would  be required  to provide  a maximum  stimulation  voltage of 

60.12V. These values should be used with  caution, as the theorem gives the 
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minimum  proportion  of the data (93.8%), which  must lie within  four  standard 

deviations of the mean; the true proportion  found  could be greater than that 

suggested by the theorem. Both mechanical stimulation  and ES can provide  a 

means of somatosensory cueing. However,  it  remains unclear which  technology 

will  prove to be most effective and this is a topic for  further  discussion. The 

literature  indicates that both technologies have advantages and disadvantages as 

cueing modalities  [65ɬ68]. 

Compared with  ERM mechanical stimulation,  ES has advantages in that it  offers 

increased performance, as both the amplitude  and frequency of the stimulus  can 

be independently  controlled  [67]. Therefore, in comparison to the stimuli  created 

by $1,ɀÚȮ ES enables more complex stimuli  to be created. Although  currently  a 

more expensive alternative  to ES in terms of cost and power  requirements, coil-

based actuators and piezo actuators decouple the amplitude  and frequency of the 

stimulus,  so amplitude  can be varied  without  affecting frequency. 

Furthermore,  in comparison with  mechanical stimulation,  ES has a simple 

structure  because it  utilizes  electrodes for  stimulation,  as opposed to a skin 

mounted  mechanical actuator [35]. Despite many advantages, there is a potential  

barrier  to the practical use of ES, it  has the potential  to elicit  undesired electrical 

responses, which  may cause pain and discomfort  [66]. For example, with  a 

constant current  stimulator,  if  the electrode peels, the current  becomes 

concentrated in a smaller area on the surface of the skin and can result in an 

elevated current  density and a potential  skin ȿÏÖÛ Ú×ÖÛɀȭ 

However,  to reduce variability  in perceived sensation, efforts have been made to 

modula te stimulation  parameters in response to measurements of impedance [66, 

69]. Therefore, increasing the safety of ES by reducing  the risk  of undesired 

electrical responses or loss of sensation caused by changes in impedance.  

It  is the ÈÜÛÏÖÙÚɀ view  that the PwP should  be provided  with  a range of cueing 

options, so that they, with  their  care team, can identify  which  option  works  best 

for  them. 
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ƖȭƘȭƕɯLimitations of the Study  

Our  conclusions are limited  by the fact that the study  population  was composed 

of 10 participants.  Therefore, the results must be interpreted  as preliminary  due to 

the relatively  small sample size. The approach to psychophysical somatosensory 

measurements of threshold  detection performed  in this study  is a Method  of Limit,  

which  has been widely  used in several studies investigating  electrical threshold 

detection [70-76]. However,  a more rigorous  psychophysical approach could be 

desirable, including  the use of a two -alternative  forced choice procedure [77]. 

ƖȭƘȭƖɯExtensions and Future Work 

The work  presented in this paper can be extended in several ways. We used 

stimulator  parameters based on our  previous  experience of using electrical 

stimulation  in venous return  assist applications. We also used adhesive-based gel 

electrodes to provide  electrotactile stimulation  because these electrodes provide  a 

more comfortable stimulation  sensation. However,  if  ES proves to be an effective 

method of managing FoG, the work  would  need to be extended to account for  the 

optimization  of stimulation  parameters. It  is currently  not clear if  either 

stimulation  of cutaneous afferent nerve fibers and/or  proprioceptive  fibers is 

required.   

Another  important  opportunity  for  future  work  is to further  study  the benefit of 

functional  ES. As Mann et al. identified,  the functional  movement of limbs through  

Functional  Electrical Stimulation  (FES) may be effective in ameliorating  FoG [78]. 

Such techniques have proven beneficial for  other gait dysfunctions  such as drop  

foot and other gait problems in patients following  stroke.  

In addition  to cueing in PD, several studies have investigated the effect of auditory  

cueing to ameliorate gait impairments  associated with  'ÜÕÛÐÕÎÛÖÕɀÚ disease (HD)  

[79,80]. While  we did  not explore ES ÊÜÌÐÕÎɀÚ tolerability  and applicability  applied  

to HD,  our  findings  open up the possibility  of using the ES cueing technique in 

other movement disorders 
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2.5 Conclusion  

The primary  aim of this study  was to carry out the first  comprehensive assessment 

of both the applicability  and tolerability  of ES for  sensory and motor  cueing in 

PwP. The data presented in this paper indicate that ES can be applicable and 

tolerable for  both sensory and motor  cueing, however, motor  ES was not tolerable 

for  two  participants  at any stimulation  site. Therefore, for  some PwP the use of 

motor  ES may have to be considered with  caution. A very positive  finding  from  

this study  is that all  participants  perceived ES before reaching their  motor  

threshold  (EST < EMT) at the soleus and quadriceps stimulation  sites, indicating  

that these sites are suitable for  sensory ES cueing. In contrast, the tibialis  anterior  

stimulation  site had poor applicability  to sensory ES. Additionally,  in future  

investigations  of motor  ES cueing in PwP, care must be taken with  the selection of 

PwP participants . In this study,  motor  ES was not tolerable for  two  participants  at 

any stimulation  site. Therefore, for  some PwP the use of motor  ES would  have to 

be considered with  caution.  

In addition  to $2ɀÚ applicability  and tolerability,  another factor that may inf luence 

the selection of the lower  limb  stimulation  site for  future  ES cueing applications 

relates to the particularity  of electrode placements and stimulator  design 

requirements. Our  findings  demonstrate that the upper  leg sites require lower  

voltages to reach the EST and EMT compared to the lower  leg sites, thus reducing 

the power  consumption  (lower  voltage stimulation  required  with  a consequent 

reduction  in stimulation  current)  of an ES stimulator  engaged in this task. Also, 

from  a practical point  of view , the upper  leg sites facilitate  an easily accessible 

stimulation  site in the case of a waist-worn  stimulator  device. 
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Chapter 2 established that sES can be applied at discrete voltage intensities, which are both 

applicable and tolerable and highlighted a pathway for further research into the potential 

application of this sES cueing therapy to ameliorate FoG in PwP. Over the last decade, a 

significant number of research studies investigating the effect of cueing therapies on FoG 

have been published. These publications present a wealth of knowledge to inform engineers 

and clinicians looking to advance this field of research. Therefore, prior to the development 

of the sES cueing system and the suite of associated sES cueing strategies, it 

was necessary to carry out a comprehensive review of the relevant scientific literature. In 

this chapter, we will review the state-of-the-art in cueing systems and the cueing strategies 

that they employ. This review will also investigate the study methodologies used to evaluate 

the efficacy of cueing therapies in order to identify best practice for study design and 

outcome measures for cueing systems and strategies.  

 

3.1 Introduction  

/ÈÙÒÐÕÚÖÕɀÚɯ ËÐÚease (PD) is characterized by four cardinal symptoms 

(bradykinesia, rigidity, tremor, and postural instability) occurring due to the 

degeneration of dopamine-producing neurons [1,2]. One of the most debilitating 

symptoms of PD is Freezing of Gait (FoG), which is especially present in more 

advanced stages of the disease [3]. FoG is defined as a "brief episodic absence or 

marked reduction of forward progression of the feet despite the intention to walk" 

ȻƘȼȭɯ%Ö&ɯÐÚɯÖÍÛÌÕɯËÌÚÊÙÐÉÌËɯÉàɯ×ÌÖ×ÓÌɯÞÐÛÏɯ/ÈÙÒÐÕÚÖÕɀÚɯȹPwP) as having their feet 

"glued to the ground" [5]. Three forms of FoG have been identified: a pure akinesia 

ÍÖÙÔɯȹÕÖɯÔÖÛÐÖÕɯÖÍɯÛÏÌɯ×ÌÙÚÖÕɀÚɯÓÌÎÚɯÐÚɯÖÉÚÌÙÝÌËȺȰɯÈɯɆÛÙÌÔÉÓÌɯÐÕɯ×ÓÈÊÌɆɯÍÖÙÔɯ

(inability of the person to step with their legs trembling at a frequ ency of 2 to 4 Hz) 

and a "shuffling" form (spontaneous increase in cadence and decrease in step 

length) [6,7]. Tremble in place and shuffling are the most common forms of FoG, 

while total akinesia is rare [8]. The presence of FoG is an important contributor to 

falls in PwP [9ɬ11] and is a major cause of hospitalization and nursing home 

admissions for this group [6,12,13]. This results in a huge personal strain on the 

PwP, including their carer(s) and substantial economic strain on the health system. 

Beyond its direct effect on gait, living with FoG has additional PD associated non -
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motor complications such as anxiety, social isolation, and depression and 

ËÙÈÔÈÛÐÊÈÓÓàɯÈÍÍÌÊÛÚɯÛÏÌɯ×ÌÙÚÖÕɀÚɯØÜÈÓÐÛàɯÖÍɯÓÐÍÌɯȹ0Ö+ȺɯȻƕƘɬ19]. 

The pathophysiology of FoG is complex and unclear, and despite limited 

understanding of the disrupted physiological processes associated with FoG, 

several treatment options are currently available. However, clinical consensus on 

a cohesive treatment protocol for FoG does not exist [20,21]. FoG can also be 

categorized based on its responsiveness to dopaminergic medication (Table 3.1) 

[22]. Although no large -scale studies on the prevalence of dopaminergic-

responsive FoG were reported, an observational multi -centre study by Amboni et 

al. described 61.6% of 325 PwP with FoG that only occurred in the off-medication 

state [23]. The primary treatment option for dopaminergic -responsive FoG is to 

increase dopaminergic medication [3]. However, for some PwP, increasing the 

dose of dopaminergic medication is often complicated by dose-limiting side -

effects, such as dopaminergic-induced dyskinesia [24]. Under these circumstances, 

surgical procedures such as pump-delivered therapies and deep brain stimulation 

(DBS) of the subthalamic nucleus (STN) may become an effective treatment option 

[21]. 

Table 3.1. Freezing of Gait subtypes and response to dopaminergic medication. 

FoG Subtype  Off -Medication State  On-Medication State  

Dopaminergic -Responsive FoG FoG Occurs No FoG 

Dopaminergic -Induced FoG No FoG FoG Occurs 

Dopaminergic -Resistant FoG FoG Occurs FoG Occurs 

Dopaminergic -induced FoG is uncommon, and in the case of Amboni et al., only 

1.8% of the 325 PwP had FoG that only occurred in the on-medication state [23]. 

The primary treatment option for dopaminergic -induced FoG is to reduce 

dopaminergic medication [3]. However, the reduction of dopaminergic 

medication is impossible for some PwP, due to unacceptable worsening of the 

cardinal symptoms of PD. Under these circumstances, DBS of the STN may again 

become an effective treatment option [21]. However, this treatment option does 

not directly improve dopaminergic -induced FOG, but only alleviates the problem 

indirectly by treating the cardinal symptoms of PD, enabling a reduction in the 
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dopaminergic medication. No large -scale studies on the prevalence of 

dopaminergic -resistant FoG were reported; however, Amboni et al. described 

36.6% of 325 PwP had FoG in the on-medication and off -medication states [23]. 

Treatment options for dopaminergic -resistant FoG are primarily in t he research 

setting and are not currently implemented in clinical practice. Limited evidence 

suggests that Levodopa-carbidopa intestinal gel therapy [25]; transcranial direct 

current stimulation (tDCS) [26]; and DBS of the pedunculopontine nucleus (PPN) 

[27] may become possible treatment options; however, further research is required 

if they are to be clinically accepted. 

The above-mentioned treatment options for FoG have some limitations: (1) 

changing dopaminergic medication to manage dopaminergic -responsive, or 

dopaminergic -induced FoG can result in dose-limiting side -effects or worsening 

of the cardinal symptoms. (2) Surgical options are invasive and costly ($35,000 to 

ȜƙƔȮƔƔƔɯ ÍÖÙɯ #!2ɯ ȹ-ÈÛÐÖÕÈÓɯ /ÈÙÒÐÕÚÖÕɀÚɯ %ÖÜÕËÈÛÐÖÕȺɯ "ÜÙÙÌÕÛɯ ÙÌÚÌÈÙÊÏ-based 

treatments for dopaminergic -resistant FoG lack clinical evidence. Consequently, 

there is a need to provide new and improved treatment options for FoG. One such 

treatment option is the adoption of cueing techniques.  

Cueing is a well-established technique that has been shown to improve gait in 

PwP, including increasing walking speed, step length, cadence (total number of 

steps taken per minute), and reducing the number of FoG episodes [2,28]. 

Cueing can be defined as using external stimuli which provides temporal (related 

to time) or spatial (related to space) information to facilitate movement (gait) 

initiation and continuation [29].  

The effect of cueing modalities on the specific subtype of FoG (i.e., dopaminergic-

responsive, dopaminergic-induced, or dopaminergic -resistant FoG) is poorly 

reported in the literature. This may be due to the fact that distinguishing the 

different FoG subtypes requires a comprehensive motor assessment in at least 

three medication states [30]. It is more common for the literature to report the effect 

of cueing modalities on FoG that occurs while the PwP is in either; (1) the on-

medication state (referred to as On-State FoG); (2) the off-medication state (referred 



49 

 

to as Off-State FoG) or (3) the end-of-dose-medication state (referred to as EoD-

FoG). 

Three cueing modalities are extensively reported in the literature: visual cueing, 

auditory cueing, and somatosensory cueing. These modalities reflect the specific 

external stimuli that the cueing technique utilizes (i.e., visual cueing provides 

visual stimuli). A further modality may be considered when combining two types 

of cueing modalities (i.e., visual -auditory cueing simultaneously provides both 

visual and auditory stimuli).  

3ÏÌɯ×ÙÌÊÐÚÌɯÔÌÊÏÈÕÐÚÔȹÚȺɯÜÕËÌÙÓàÐÕÎɯÛÏÌɯÊÜÌÐÕÎɀÚɯÌÍÍÌÊÛÐÝÌÕÌÚÚɯÛÖɯÈÔÌÓÐÖÙÈte FoG 

is unclear; however, previous studies have suggested: 

1. Cueing may compensate for the defective internal rhythm generator of the 

basal ganglia, consequently affecting the coordination and execution of 

movement [31,32]. In this way, the PwP may use auditory, visual , or 

somatosensory cueing to provide temporal information (external rhythm) 

to which movement can be coupled [33]. 

2. Another theory is that the PwP may use visual cueing to provide spatial 

information to scale and guide movements, which may allo w the PwP to 

bypass their defective basal ganglia during gait [34]. 

3. Previous studies also have suggested that cognitive/attentional 

mechanisms might explain the positive effects of cueing on FoG. Namely, 

auditory, visual , or somatosensory cueing may shift the PwPɀs attention to 

the task of walking, helping them to consciously think of what to do next 

[35]. 

4. Studies indicate that enhanced proprioceptive information processing 

could be the mechanism underlying the positive effects of cueing on FoG. 

In this way , the PwP may use visual or somatosensory cueing as an 

artificial means to stimulate the proprioceptive inputs, providing enhanced 

information on limb position and movement during gait [36].  

The use of visual cueing to ameliorate FoG was reported as early as 1990 [37]. Dietz 

et al. demonstrated that walking over parallel lines marked on a floor (visual 

stimuli) could reduce the occurrence of FoG. Parallel lines can provide a simple 
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method of conveying spatial information, such as step length, through the sp acing 

of each line (Figure 3.1A). For instance, Dietz et al. spaced parallel lines every 0.305 

meters and instructed the PwP to step over each line as they walked across the 

ÍÓÖÖÙȮɯÛÏÜÚɯÙÌÎÜÓÈÛÐÕÎɯÛÏÌÐÙɯÚÛÌ×ɯÓÌÕÎÛÏȭɯ(ÛɯÐÚɯÜÕÒÕÖÞÕɯÐÍɯÙÌÎÜÓÈÛÐÕÎɯÛÏÌɯ/Þ/ɀÚɯÚÛep 

length directly results in a reduction in the number/duration of FoG episodes or 

the simple method of drawing attention to the stepping process (i.e., thinking 

about stepping over the lines) was the contributing factor. Or indeed, if visually 

focusing on the lower limbs during the stepping process (providing enhanced 

proprioceptive information) was a contributing factor . 

 

Figure 3.1. Three cueing modalities to ameliorate FoG. A: Visual cueing: parallel lines 

marked on the ground at a fixed distance apart, conveys spatial information, such as step 

length; B: Auditory cueing: a metronome producing auditory stimuli at a set beat, conveys 

temporal infor mation, such as step duration; C: Somatosensory cueing: Tapping of a 

people with Parkinson ɀs (PwP) shoulder at a set rhythm, also conveys temporal 

information, such as step duration. Both spatial and temporal information may be 

perceived by PwP and processed through multiple brain regions (BGɭbasal ganglia, 

SMAɭsupplementary motor area and cerebellum) to amelio rate FoG and improve gait. 

Auditory cueing was reported to ameliorate FoG in a study by Enzensberger and 

colleagues in 1997 [38]. In this paper, Enzensberger proposed the use of a 
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metronome to investigate its effect on FoG. Metronomes are devices that provide 

a regular, repeated audible sound (i.e., tick, beat and click) at an interval that can 

be adjusted, typically in beats per minute (bpm). They provide a simple method of 

conveying temporal information, such as step duration, through the rhythmical 

timin g of each beat (Figure 3.1B). For instance, Enzensberger et al. set the rhythm 

of the metronome to 95 beats/minute and instructed the PwP to step in time to the 

ÉÌÈÛɯ ÖÍɯ ÛÏÌɯ ÔÌÛÙÖÕÖÔÌȮɯ ÛÏÌÙÌÍÖÙÌɯ ÔÖËÐÍàÐÕÎɯ ÈÕËɯ ÙÌÎÜÓÈÛÐÕÎɯ ÛÏÌɯ /Þ/ɀÚɯ ÚÛÌ×ɯ

duration to 0.63 seconds. In addition, Enzensberger et al. also proposed using 

shoulder tapping (somatosensory stimuli) to investigate its effect on FoG [38]. 

Shoulder tapping can convey temporal information, such as step timing, through 

ÙÏàÛÏÔÐÊÈÓÓàɯÛÈ××ÐÕÎɯÖÕɯÛÏÌɯ/Þ/ɀÚɯÚÏÖÜÓËer (Figure 3.1C). 

Initial reviews by Lim et al. in 2005 and Nieuwboer et al. in 2008 on cueing, 

suggested insufficient evidence for the effectiveness of cueing to ameliorate FoG 

[2,35]. However, only six studies were included in the reviews [29,37ɬ41], possibly 

reflecting the limited number of published studies investigating cueing as a 

method to ameliorate FoG before 2008. 

Over the last decade, a significant number of studies investigating the effect of 

cueing on FoG have been published. These studies can be grouped into two 

categories. 

¶ Immediate cueing: most studies have investigated the immediate effect of 

cueing on FoG [36,42ɬ59]. These studies predominantly evaluated the effect 

of cueing over a single session of use, with the cueing's objective to provide 

an immediate benefit in terms of a reduction in the number/duration of FoG 

episodes. 

¶ Therapeutic cueing: several studies have investigated the cueing's 

therapeutic effect [60ɬ70]. During these studies, the PwP engaged in many 

therapy sessions per week (treatment period). The cueing, in this case, was 

only delivered during the therapy sessions. These therapy sessions aimed 

to provide a therapeutic benefit, which ameliorated FoG when the person 

was walking at home or in the community without any cueing bei ng 

provided . 
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These different approaches to ameliorate FoG have provided various technical 

challenges that led to the development of novel cueing systems. Examples of these 

cueing systems are custom-built metronomes [44], laser light canes [42], optical 

head-mounted displays [56], custom-built vibratory units [36] and electrical 

stimulation systems [54]. The effectiveness of these systems to ameliorate FoG has 

been suggested to be strongly dependent on the cueing modality adopted and the 

specific information  that the cue provides [35]. Additionally, Lim et al. [2] 

identified a key challenge as to whether positive laboratory -based results translate 

into similar performance in daily living environments. Therefore, to enhance our 

understanding of the technical characteristics of current cueing systems and the 

effectiveness of these systems, this paper aims to present a chronological review of 

the literature relating to the development and performance of cueing systems. This 

technological literature review may pro ve instructive for future researchers 

looking to enhance this modality's effectiveness and may serve to further inform 

the development of cueing systems for take-home applications. 

3.2 Methods 

3.2.1 Review Questions 

A technological review of the literature  on cueing devices addressing FoG in PD 

was carried out in an attempt to address the following research question: what is 

the current state of the art in cueing systems that have the potential to be used at 

home as a self-administer intervention for FoG an d how effective are they? 

3.2.2 Article Search Strategy 

Article selection was based on a search for publications following the PRISMA 

guidelines [71] of the following scientific databases: IEEE Xplore, Embase, 

PubMed, Science Direct, Scopus, and Web of Science. All publications from 

January 2009 to December 2018 were included in the search. The electronic 

databases were searched by the first author (D.S.) for relevant articles using the 

following search terms mentioned in the title or abstract or keywords: Ɂ/ÈÙÒÐÕÚÖÕɂɯ

 -#ɯȹɁÊÜÌɂɯ.1ɯɁÊÜÌÚɂɯ.1ɯɁÊÜÌÐÕÎɂɯ.1ɯɁÍÙÌÌáÐÕÎɂȺȭ In addition to the search 

terms, the following search filters were applied: (i) full journal article; (ii) written 

in English; (iii) appeared in a peer -reviewed academic source. To identify 
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addit ional articles, a snowball technique was used through additional hand -

searching of references and citation tracking from relevant articles.  

3.2.3 Article Screening 

Articles were initially screened by the first author (D.S.) based on title and abstract. 

Art icles were excluded from the systematic review if they fulfilled any of the 

following criteria: (i) did not present a wearable cueing system to address FoG in 

PD; (ii) systems could not be used for take-home applications (ii) present 

insufficient technical  detail on the cueing system (iii)  not full journal article or 

reported on previously published work and (iv) written in any language other than 

English. Where the title or abstract did not provide sufficient detail to determine 

exclusion, full -text articl es were reviewed. Based on the above criteria, full-text 

revisions were performed by the first author (D.S.) and then assessed 

independently for eligibility by the second authors (G.OL. and L.R.Q.).  

3.2.4 Quality Assessment 

The studies included in this rev iew primarily used single -case design approaches. 

These types of studies involve within -subject repeated measures and can provide 

a viable alternative to large group studies. Quality assessment tools for single-case 

studies are relatively new, with no curr ÌÕÛÓàɯÈÊÊÌ×ÛÌËɯɁÎÖÓËɯÚÛÈÕËÈÙËɂɯÛÖÖÓɯȻƛƖȼȭɯ

However, a well -established tool that has been recommended for use in systematic 

reviews of single-ÊÈÚÌɯÚÛÜËÐÌÚȮɯÐÚɯÛÏÌɯɁ6ÏÈÛɯ6ÖÙÒÚɯ"ÓÌÈÙÐÕÎÏÖÜÚÌɯȹ66"ȺɂɯÛÖÖÓɯ

[73]. This tool assesses the validity of single-case studies, classifying them as either 

Ɂ,ÌÌÛÐÕÎɯ2ÛÈÕËÈÙËÚȮɂɯɁ,ÌÌÛÐÕÎɯ2ÛÈÕËÈÙËÚɯÞÐÛÏɯ1ÌÚÌÙÝÈÛÐÖÕÚȮɂɯÖÙɯɁ-ÖÛɯ,ÌÌÛÐÕÎɯ

2ÛÈÕËÈÙËÚɂɯȻƛƘȼȭɯ ÚɯËÌÚÊÙÐÉÌËɯÐÕɯÛÏÌɯ66"ɯÎÜÐËÌÓÐÕÌÚȮɯÚÛÜËÐÌÚɯÞÌÙÌɯÙÌØÜÐÙÌËɯÛÖɯ

describe the systematic manipulation of the independent variable with  the 

researcher actively determining when and how experimental conditions were 

changed. Upon successful demonstration of control of the independent variable by 

the researcher, studies were then further assessed as follows: 

¶ Each outcome variable was systematically measured and an inter -observer 

agreement (IOA) was reported for a minimum of 20% of data for each 

experimental condition. The IOA score must meet or exceeded 80%. 
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¶ The study included at least three replication attempts of intervention 

effects at different points in time or in three different phase repetitions.  

¶ An intervention phase met the minimal data point threshold for the design 

type as specified by WWC guidelines [74]. 

3.3 Results 

The outcome of the systematic search is summarized in Figure 3.2. The initial 

search identified 4480 records. Reference manager software EndNote X5 

(Thomson Reuters, Philadelphia, PA, USA) was used to collate results. Duplicates 

were removed and a screening process of both the title and abstract of the 

remaining records was subsequently conducted. The full text of the remaining 

records were then assessed for relevance to the review. Following this procedure, 

18 articles remained for the systematic review. 

 

Figure 3.2. PRISMA flow diagram of study selection.  
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3.3.1 Auditory Cueing Devices 

In 2010, Bachlin and colleagues identified limitations with metronome cueing 

devices, such as those previously reported by Enzensberger et al. and Cubo et al. 

[38,39]. When activated, these devices continually delivered auditory cueing 

regardless of whether FoG was present or not. This design limitation was 

identified by Cubo et al., who commented on the possible problem of continuous 

auditory cueing, reporting that PwP may become habituated to the auditory 

stimuli, thus reducing the effec t of cueing [39]. To address this limitation, Bachlin 

and colleagues presented an auditory cueing system that provided auditory 

cueing only during an actual FoG episode [75,76]. In comparison to a continuous 

cueing system, which aims to prevent FoG from occurring through continuous 

ÊÜÌÐÕÎȮɯ!ÈÊÏÓÐÕɀÚɯÚàÚÛÌÔɯ×ÙÖÝÐËÌËɯOn-Demand cueing, which proposed to relieve 

FoG once it happened. The system was implemented using a wearable research 

platform designed for rapid prototyping ( Figure 3.3). The platform provided a 

custom wearable computer that interfaced with sensors and the user. On a 3.3 Ah 

battery, the wearable computer ran for more than 6 hours. In its then configuration, 

ÞÐÙÌËɯÏÌÈË×ÏÖÕÌÚɯÞÌÙÌɯ×ÓÈÊÌËɯÈÙÖÜÕËɯÛÏÌɯÜÚÌÙɀÚɯÕÌÊÒɯÈÕËɯÊÖÕÕÌÊÛÌËɯÛÖɯÈɯÚÔÈÓÓɯ

wearable computing (132 × 82 × 30 mm3 and 231 g) worn on the waist. An 

acceleration sensor (22 × 41 × 12 mm3 and >22 g) was attached to the shank (just 

above the ankle) of the user and transmitted data to the small wearable computer 

over a Bluetooth classic communication link. Seminal work carried out by 

Hausdorff et al. [7]; and Moore et al. [77]; into the principles of FoG detection 

algorithms enabled Bachlin and colleagues to develop a FoG detection algorithm 

for real-time operation. The algorithm was implemented wi th a lag time (time 

between the occurrence of a FoG episode and its detection) of less than 2 seconds. 

The main computational part of the algorithm used a fast Fourier transform (FFT) 

calculation to determine the power content of the acceleration sensor data between 

0.5 and 3 Hz (walking band) and 3 and 8 Hz (freeze band), as suggested by Moore 

et al. [77]. A thresholding method was used to determine if the user was in a 

standing, walking, or FoG state. By implementing their algorithm within the Linux 

operating system of the small wearable computer, the system would produce a 

rhythmic ticking sound at a tempo of 60 beats/minute whenever a FoG episode 
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was identified, and this lasted until the user resumed walking. For all users, this 

provided a cue every one second, during the period the user was in FoG. Bachlin 

et al. did not explain why they choose to use auditory cueing with a fixed tempo 

of 60 beats/minute. Interestingly, the normal cadence for men and women aged 

65ɬ80 years was 81ɬ25 steps/minute and 96ɬ136 steps/minute, respectively [78]. 

This was significantly higher than the 60 beats/minute produced by the auditory 

cueing system. 

 

Figure 3.3. Illustration of user wearing the On-Demand auditory cueing system, presented 

by Bachlin et al. A wired headphon e was worn around the neck of the user and connected 

to a wearable computer that was attached to the lower back. An acceleration sensor was 

attached to the shin and connected to the wearable computer over a Bluetooth classic 

communication link.  

In a repeated-measures proof of concept study, Bachlin and colleagues carried out 

measurements on 10 participants (eight in the Off-medicated state and two in the 

On-medicated state) to understand the technical effectiveness of their system and 

to collect feedback about the system. During laboratory -based waking tasks, both 

ÛÏÌɯÈÊÊÜÙÈÊàɯÖÍɯÛÏÌɯÖÕÓÐÕÌɯ%Ö&ɯËÌÛÌÊÛÐÖÕɯÈÓÎÖÙÐÛÏÔɯÈÕËɯÛÏÌɯÚàÚÛÌÔɀÚɯÌÍÍÌÊÛÐÝÌÕÌÚÚɯ

at reducing the frequency and duration of FoG episodes was evaluated. Using a 

subjective questionnaire, Bachlin et al. presented data on the experience of eight 

participants (two of the 10 participants did not experience FoG during walking 

tasks). Three participants expressed no change in frequency of FoG episodes, and 

five expressed a lower frequency of FoG episodes with the cueing system 

compared to without the system. In addition, two participants expressed no 
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change in the duration of FoG episodes; five expressed shorter FoG episodes, and 

one expressed longer FoG episodes with the system than without the system. 

How ever, no statistical data were presented on the frequency or duration of FoG 

episodes during the walking tasks. Therefore, no statistical conclusion could be 

ÔÈËÌɯÖÕɯÛÏÌɯÚàÚÛÌÔɀÚɯÌÍÍÌÊÛÐÝÌÕÌÚÚɯÐÕɯÈÔÌÓÐÖÙÈÛÐÕÎɯ%Ö&ȭɯ%ÜÙÛÏÌÙÔÖÙÌȮɯ!ÈÊÏÓÐÕɯÈÕËɯ

colleagues acknowledged the short time available for the participants to test the 

system (<1 hour) and were only in a position to speculate on what might be the 

benefit of the system over a longer duration. A drawback of the system was the 

varied sensitivity and specificit y of the online FoG detection algorithm among 

participants, with average values of 73.1% and 81.6%, respectively. For some 

participants, the low specificity value resulted in the participants requesting to 

hear the auditory cueing less, and for some participants, the low sensitivity value 

resulted in the participants requesting to hear the auditory cueing more often.  

This was reported by Bachlin et al. to affect the overall acceptance of the system. 

Although Bachlin et al. showed that a user -specific optimi zation of the FoG 

detection algorithm could improve sensitivity and specificity to 88.6% and 92.4%, 

this was demonstrated during offline post -processing. 

It is worth noting that, although the system was bulky, only one participant 

commented that it should be miniaturized. Participants also commented 

ÕÌÎÈÛÐÝÌÓàɯÖÕɯÛÏÌɯÜÚÌɯÖÍɯÛÏÌɯÏÌÈË×ÏÖÕÌÚɯÈÙÖÜÕËɯÛÏÌɯÕÌÊÒȮɯÙÌ×ÖÙÛÐÕÎɯɁÛÏÈÛɯ×ÌÖ×ÓÌɯ

in the surroundings should not notice they are wearing such a system, either by 

ÚÌÌÐÕÎɯÐÛɯÖÙɯÉàɯÏÌÈÙÐÕÎɯÛÏÌɯÛÐÊÒÐÕÎɯÚÖÜÕËɂȭɯ.ÕÌɯ×ÈÙticipant suggested introducing 

variations in the audio tone and rhythm to avoid becoming used to the system. 

Bachlin et al. also presented data on the feedback of four physiotherapists on the 

system. Two physiotherapists saw potential in the system to support PD 

participants in their everyday life, although, two thought it less suitable, mainly 

due to the size and the attachment method to the belt. However, the 

×ÏàÚÐÖÛÏÌÙÈ×ÐÚÛɯËÐËɯÕÖÛɯÐÕËÐÊÈÛÌɯÛÏÈÛɯÛÏÌɯÚàÚÛÌÔɀÚɯÚÐáÌɯËÐÚÙÜ×ÛÌËɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯ

normal gait. One physiotherapist suggested adjusting the tempo of the auditory 

cueing according to the cadence of the participant. This was a critical comment, as 

previous work had identified that when different tempi were utilized, auditory 
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cueing changed some of the altered walking parameters (stride length, cadence, 

and gait velocity) in PwP [79].  

Interestingly, Bachlin et al. also investigated multiple on -body locations for the 

optimal location of the acceleration sensor during the trial; shank (just above the 

ankle), and thigh (just above the knee of the same leg) and the trunk of the 

participant. Offline comparative analysis of these on -body sensor locations 

showed little difference in the accuracy of the FoG detection algorithm, indicating 

that an acceleration sensor may be placed at multiple locations without losing 

significant accuracy. However, Bachlin et al. reported that the best result was 

achieved when using the vertical axis of the acceleration sensor located at the knee, 

and the worst was achieved when using the vertical axis of the acceleration sensor 

located at the hip. Bachlin et al. commented that performance might be further 

enhanced by using multiple sensors, especially for users that do not exhibit 

trembling of both legs during FoG. In conclusion, Ba chlin et al. acknowledged 

there were further possibilities for technical improvements. These improvements 

included; (1) the integration and miniaturization of the system into a single sensor 

node and (2) adjustment of the auditory cueing tempo using sensor recordings of 

ÛÏÌɯÜÚÌÙɀÚɯÕÈÛÜÙÈÓɯÊÈËÌÕÊÌȭ 

In the same year, Arias and Cudeiro presented a custom-built portable device that 

provided auditory cueing via a headphone set [44]. In this paper, Arias 

hypothesized that auditory cueing delivered at a tempo scal ÌËɯÛÖɯÛÏÌɯÜÚÌÙɀÚɯ

cadence (10% above the normal cadence of the user), would modify their walking 

pattern and help to alleviate EoD-FoG. To investigate the hypothesis, Arias et al. 

developed an auditory cueing device that provided a rhythmic 4625 Hz auditory  

tone, delivered in bursts of 50 ms duration with an adjustable tempo. The 

ÍÜÕÊÛÐÖÕÈÓÐÛàɯÖÍɯÛÏÌɯÚàÚÛÌÔɯÓÈÊÒÌËɯÛÏÌɯÚÖ×ÏÐÚÛÐÊÈÛÐÖÕɯÖÍɯ!ÈÊÏÓÐÕɀÚɯÚàÚÛÌÔȮɯÉàɯ

comparison, did not provide auditory cueing when required but instead provided 

continuous auditory cuei ÕÎɯÈÛɯÈɯÛÌÔ×ÖɯÚÊÈÓÌËɯÛÖɯÛÏÌɯÜÚÌÙɀÚɯÊÈËÌÕÊÌȭɯ(Ô×ÓÌÔÌÕÛÐÕÎɯ

an adjustable tempo was an important feature of Arias and Cudeiro device, as the 

ideal cueing tempo to improve gait in PD is now receiving widespread attention 

[50,80]. Within the paper, the authors did not explain the choice of a 4625 Hz tone, 
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delivered in pulses of 50 ms, but it may reflect that humans are most sensitive to 

low -intensity sounds at frequencies between 2000 and 5000 Hz. 

To investigate the effect of their system on EoD-FoG, Arias and Cudeiro carried 

out measurements on 10 participants as they performed a ~16 meter walking task 

with and without auditory cueing. Video footage analysis from each waking task 

was performed by a specialist, who identified the frequency and duration of FoG 

episodes. Arias and Cudeiro observed a significate immediate positive effect of 

auditory cueing on the mean frequency of EoD-FoG episodes (without cueing: 5.9 

± 6.707; with cueing: 1.4 ± 1.265, p = 0.014) and mean duration of EoD-FoG episodes 

(without cueing:  3.119 ± 4.93 seconds; with cueing: 1.02 ± 1.699 seconds, p = 0.017). 

However, the study failed to meet WWC single -case design standards due to a lack 

ÖÍɯËÜÈÓɯÈÚÚÌÚÚÖÙɀÚɯÈÕÈÓàÚÌÚɯÖÍɯÖÜÛÊÖÔÌɯÔÌÈÚÜÙÌÚȭɯ%ÜÙÛÏÌÙÔÖÙÌȮɯ ÙÐÈÚɯÈÕËɯ"ÜËÌÐÙÖɯ

acknowledged the short ti me provided to the participants to test the device, and 

therefore its efficacy during repeated, daily use is not reported.  

%ÖÓÓÖÞÐÕÎɯ  ÙÐÈÚɯ ÈÕËɯ "ÜËÌÐÙÖɀÚɯ ÞÖÙÒȮɯ ÙÌÚÌÈÙÊÏɯ ÈÛÛÌÕÛÐÖÕɯ ÚÏÐÍÛÌËɯ ÍÙÖÔɯ ÛÏÌɯ

development of custom-built wearable auditory cueing devices to the utilization 

of technologies available in the market-place. In 2012 and 2016, Lee et al. and 

McCandless et al. respectively investigated the effect of rhythmic auditory cueing 

on FoG using commercially available electronic metronomes [45,50]. The SDM300 

SAMICK Metronome (SAMICK Musical Instruments Co., Ltd, Enmseong County, 

South Korea), featured two large tempo and tone control knobs (40ɬ216 

beats/minute and 45ɬ440 Hz tone), a built-in speaker and a headphone jack. The 

device was comparable in size tÖɯ!ÈÊÏÓÐÕɀÚɯÙÌÚÌÈÙÊÏɯ×ÓÈÛÍÖÙÔȮɯÉÜÛɯÐÛɯËÐËɯÕÖÛɯÍÌÈÛÜÙÌɯ

a means to attach it to the user (Figure 3.4). 

While investigating the immediate effect of auditory cueing on Off -State FoG, Lee 

et al. carried out measurements on 15 participants with FoG as they performed a 

~14 meter walking task without auditory cueing, with auditory cueing and with 

visual floor markers. Based on previous results (which investigated the effect of 

tempo on stride length and walking speed of PwP in the On -medicated state) [81], 

and unli ke Arias and Cudeiro, Lee et al. choose to set the tempo of their device 

from 10% to 20% below the normal cadence of the participant. Lee et al. reported 

a significant immediate negative effect of auditory cueing on the mean frequency 
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of Off -State FoG episodes (with cueing: worsened by 56.7 ± 8.2%, p = 0.024). 

Although video footage was analyzed for outcome measures by two assessors, an 

inter -assessor agreement was not documented using a statistical measure. 

Therefore, this study failed to meet WWC single -case design standards. It was 

unclear if headphones or the speaker were used during the study, as Lee et al. did 

ÕÖÛɯ×ÙÖÝÐËÌɯÐÕÍÖÙÔÈÛÐÖÕɯÖÕɯÛÏÌɯÔÌÛÙÖÕÖÔÌɀÚɯÚÌÛÜ×ȭɯ ÎÈÐÕȮɯÜÚÌÙɯÌß×ÌÙÐÌÕÊÌɯÙÌÚÜÓÛÚɯ

were not reported, which could have provided insight into the e ffectiveness of 

commercial metronomes, during everyday use, to manage FoG. 

 

Figure 3.4. Both the SDM300 SAMICK and Peterson BodyBeat Pulsing Metronome provide 

features such as tempo, tone and volume adjustments, a built-in speaker and a headphone 

jack. 

The BodyBeat Pulsing Metronome (Peterson Electro-Musical Products, Inc. Alsip, 

Illinois, USA), featured a digital LCD, a keypad control, a built -in speaker and a 

headphone jack (Figure 3.4) [45]. The device is smaller in size to the SDM300 

metronome and prov ided a clip for attachment to the user. The auditory cueing 

tempo could be adjusted between 10 and 280 beats/minute, and the device could 

produce four different metronome rhythmic sounds (Rimshot, Clave, Wood Block, 

and Beep). 

To investigate the immediate effect of auditory cueing on Off -State FoG, 

McCandless et al. carried out measurements on 20 participants as they performed 

a >3 meter walking task with and without auditory cueing. McCandless et al. set 

the tempo of their device to either 70, 60, or 50 beats/minute, based on the 

×ÈÙÛÐÊÐ×ÈÕÛɀÚɯ×ÙÌÍÌÙÌÕÊÌÚȭ 
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McCandless et al. reported an immediate positive effect of auditory cueing on the 

mean percentage of Off-State FoG episodes during the walking task (without 

cueing: 81.58 ± 7.53%; with cueing: 44.44 ± 7.74%). An inter-assessor agreement was 

not documented. Therefore, this study failed to meet WWC single -case design 

ÚÛÈÕËÈÙËÚȭɯ ÚɯÐÕɯ+ÌÌɀÚɯÊÈÚÌɯȻƙƔȼȮɯ,Ê"ÈÕËÓÌÚÚɯËÐËɯÕÖÛɯ×ÙÖÝÐËÌɯÐÕÍÖÙÔÈÛÐÖÕɯÖÕɯÛÏÌɯ

setup of metronome or user experience results. 

In 2014, research attention shifted from laboratory -based evaluations to home-

based evaluations, and with it, the development of auditory cueing devices 

designed for PwP and take-home applications. In this year, Samá et al. presented 

the REMPARK system [82]. The system was developed as a personal health device 

for the remote and autonomous management of PD and included an auditory 

cueing system developed to improve gait and relief FoG. Although Bachlin et al. 

previously proposed that their auditory cueing system could be m iniaturized into 

a single sensor unit that could detect FoG and transmit a trigger signal to a 

feedback device [75], Samá et al. were the first to present such a system (Figure 

3.5).  

 

Figure 3.5. Illustration of  a user wearing the auditory cueing system,  developed by Sama 

et al. Wireless Samsung (Samsung Group. Seocho District, Seoul, South Korea) HM3500 

ear-set, a sensor unit around the userɀs waist and a smartphone (Samsung Galaxy Nexus) 

with auditory cueing application was worn on -body. The smartphone connected to the ear-

set and sensor unit over a Bluetooth classic communication link. 

Samá et al. presented a custom-built single sensor unit (77 × 37 × 21 mm3 and 78 g) 

that attached to the trunk of a user. The sensor unit implemented frequency 
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analysis and machine learning approaches to determine the presence of PD 

symptoms such as bradykinesia, dyskinesia, and FoG. The main reference for the 

algorithmic approach is described by Ahlrichs et al. [83]. Upon detection of a 

symptom(s), the sensor unit would t ransmit a trigger signal to the feedback device 

(smartphone), which streamed rhythmic auditory cueing to an ear -set until the 

user resumed walking without FoG or bradykinesia.  

To increase acceptability and reduce possible stigmatization, Samá et al. adopted 

a smartphone as the feedback device. This refinement in the design of auditory 

cueing systems enabled the development of smartphone application interfaces 

specifically tailored to the needs and abilities of PwP. In a further follow -on 

publication, Nunes et al. presented detailed information on the development of the 

auditory cueing smartphone application [84]. In summary, the smartphone 

application allowed the user to select their preferred auditory cueing settings: turn 

on/off auditory cueing, change vol ume, change the type of auditory stimuli 

(metronome sounds, musical beats, clapping, and verbal cueing) and adjust the 

tempo (beats/minute). Another refinement in the design of auditory cueing 

systems was the use of a single wireless ear-set. This refinement enabled the users 

to hear the auditory cueing and to perceive other auditory stimuli from the 

surrounding environment.  

4ÕÍÖÙÛÜÕÈÛÌÓàȮɯ2ÈÔâɯÌÛɯÈÓȭɯËÐËɯÕÖÛɯ×ÌÙÍÖÙÔɯÈɯÊÓÐÕÐÊÈÓɯÚÛÜËàɯÛÖɯÌÝÈÓÜÈÛÌɯÛÏÌɯÚàÚÛÌÔɀÚɯ

effectiveness to ameliorate FoG. However, Samá et al. reported that the FoG 

detection algorithm could be employed with a lag time of roughly 3.2 seconds 

(time between the appearance of a FoG episode and its detection) with a sensitivity 

of 82.2% and specificity of 92.8%. The long lag time may prove to be a drawback 

of the system as it reduced the applicability of the system to provide auditory 

cueing for FoG that persists for less than 3.2 seconds. 

In 2015, Mazilu et al. presented the GaitAssist system, an auditory cueing system 

developed to provide motor  training and gait assistance at home [85]. The 

GaitAssist system was similar to the Samá et al. auditory cueing system. However, 

Mazilu and colleagues presented further refinements to the design of an auditory 

cueing system. In comparison to the Samá et al. auditory cueing system, Mazilu et 

ÈÓȭɯÈËÖ×ÛÌËɯÈɯÚÔÈÙÛ×ÏÖÕÌɯÈÚɯÛÏÌɯÍÌÌËÉÈÊÒɯËÌÝÐÊÌɯÈÕËɯÜÛÐÓÐáÌËɯÛÏÌɯÚÔÈÙÛ×ÏÖÕÌɀÚɯ
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computing capabilities to perform FoG detection. Mazilu et al. developed a 

smartphone application that implemented frequency analysis and mac hine 

learning techniques to detect FoG and produce a rhythmic ticking sound when 

FoG was identified or anticipated. Based on prior works investigating the optimal 

sensor location for the detection of FoG [75,86], Mazilu et al. presented two 

custom-built sensor units that attached to each ankle of a user (Figure 3.6). By 

streaming movement data from these sensor units in real-time to the smartphone, 

Mazilu et al. demonstrated that their FoG detection algorithm could be employed 

with a lag time of approximate ly 0.5 seconds at a sensitivity of 97.1% and a false 

negative rate of 26.5%. The reduced lag time was partially due to employing a 

processing data window of 2 seconds, while Bachlin et al. and Sama et al. used a 

window of 4 and 3.2 seconds, respectively. 

 

Figure 3.6. Illustration of a user wearing the GaitAssit system. Wired earphones were 

placed in the userɀs ear, two sensor unit are attached to each lower leg and a smartphone 

(Samsung S3 mini) with auditory cueing application was worn on -body. The smartphone 

connected to each sensor unit over a Bluetooth classic communication link. 

In addition, the smartphone application could be used to automatically customize 

ÛÏÌɯÈÜËÐÛÖÙàɯÊÜÌÐÕÎɯÛÌÔ×ÖɯÛÖɯÛÏÌɯÜÚÌÙɀÚɯÊÈËÌÕÊÌɯÛÏÙÖÜÎÏɯÙÌÈÓ-time analyses of gait 

data. This method was an innovative step that enabled a fast, robust, and 

straightforward setup of the auditory cueing tempo. The system performed 

automatic customization of the auditory cueing tempo by requesting the user to 

walk naturally in a straight line, for 30 ÚÌÊÖÕËÚȮɯÉÌÛÞÌÌÕɯÈɯɁ2ÛÈÙÛɂɯÈÕËɯɁ$ÕËɂɯÚÐÎÕÈÓɯ

given by the smartphone. Following the request, the system would analyze the 
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movement data from the two sensor units, automatically count the number of 

ÚÛÌ×ÚȮɯÈÕËɯÊÖÔ×ÜÛÌɯÛÏÌɯÜÚÌÙɀÚɯÊÈËÌÕÊÌɯÖÍɯÛÏÌɯÜÚÌÙ. 

In a proof of concept study, Mazilu et al. carried out a three-day study on five 

participants, which assessed the immediate effect of their system on FoG during 

natural daily life activities. Results showed a reduction in the tread of FoG 

frequency and durations fo r four out of five participants over the three days. 

However, the analysis was made on sensing data from five participants, and 

ÛÏÌÙÌÍÖÙÌɯÕÖɯÚÛÈÛÐÚÛÐÊÈÓɯÊÖÕÊÓÜÚÐÖÕɯÊÖÜÓËɯÉÌɯÔÈËÌɯÖÕɯÛÏÌɯÚàÚÛÌÔɀÚɯÌÍÍÌÊÛÐÝÌÕÌÚÚɯÐÕɯ

ameliorating FoG. Interestingly, Mazilu et al . evaluated the system's performance 

using the system's FoG detection capabilities. The system stored the frequency and 

duration of FoG episodes detected during the three days of study. Moreover, as 

highlighted by Moore et al., wearable sensing data is considered a valid objective 

method of assessing FoG [77]. This evaluation method reduces the complexity of 

performing home evaluations, which would require video recordings (for gold -

standard measurements) and provoke privacy issues. 

Using a subjective questionnaire, Mazilu et al. also presented data on the 

experience of nine participants who used the system for approximately three hours 

in total over one week. Mazilu et al. observed one common wearability drawback 

of the system; participants reported difficu lties attaching the sensor units and 

requiring help from another person. Participants also commented on the use of the 

earphones, and although there were no reported issues with plugging the 

ÌÈÙ×ÏÖÕÌÚɯÐÕÛÖɯÛÏÌɯÚÔÈÙÛ×ÏÖÕÌɀÚɯÚÖÊÒÌÛȮɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯ×ÙÌÍÌÙÙÌËɯÕÖt to use them 

ÉÌÊÈÜÚÌɯÛÏÌàɯÊÖÜÓËɯÈÓÚÖɯÏÌÈÙɯÛÏÌɯÈÜËÐÛÖÙàɯÚÛÐÔÜÓÐɯÛÏÙÖÜÎÏɯÛÏÌɯÔÖÉÐÓÌɯ×ÏÖÕÌɀÚɯ

speaker. Overall, participants presented a favourable opinion toward using the 

system in daily life.  

In 2016, following the introduction of smartglasses by Google (Google LLC. 

Mountain View, California, USA) and Microsoft (Microsoft Corporation. 

Redmond, Washington, USA), Zhao et al. suggested that this new technology may 

make cueing more accessible to PwP [48]. Smartglasses share similar features with 

smartphones (e.g., GPS, WiFi, accelerometers, and audio/visual output); however, 

unlike smartphones their displays can be conveniently worn like conventional 

glasses. To investigate the feasibility of smartglasses as cueing devices, Zhao et al. 
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proposed to use Google Glass as a platform to evaluate the effect of continuous 

auditory cueing on FoG. Zhao and colleagues developed an Android app for 

Google Glass that utilized the bone-conduction and voice/gesture control 

capabilities of Google Glass (Figure 3.7). Bone-conduction allowed users to hear 

the rhythmic auditory sound through vibrations of Google Glass. Users interfaced 

with the app through voice/gesture control which allowed the user to adjust the 

auditory cueing tempo between 50 and 150 beats/minute. 

 

Figure 3.7. Illustration of the continuous auditory cueing system, used by Zhao et al. The 

Google ȿGlassɀ system provided features such as monocular display and bone-conduction 

sound. During auditory cueing the monocular display is clear and the bone -conduction 

speaker delivers a burst of audio cueing at a set tempo. 

To investigate the immediate effect of auditory cueing on EoD -FoG, Zhao et al. 

carried out measurements on 12 participants. During laboratory -based, 20, and 8 

meter walking tasks, the frequency and duration  of EoD-FoG episodes were 

evaluated with and without auditory cueing. In line with previous research [46], 

Zhao et al. chose to set their device's tempo to the normal cadence of the 

participants. Zhao et al. reported no significant changes in the frequency and 

duration of EoD -FOG episodes when all walking tasks were considered together. 

However, Zhao et al. observed a significant immediate effect of auditory cueing 

on the mean frequency of EoD-FOG episodes (p < 0.05) during walking tasks with 

360° turning. This study meets WWC single-case design standards; however, due 

to the small sample size of FoG episodes (six participants experienced EoD-FoG 

more than once, four exhibited no EoD-FoG two had a single EoD-FoG episode), 

the effect of auditory cueing on EoD-FoG was reported to be inconclusive. 
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Using a subjective questionnaire, Zhao and colleagues presented data on the 

experience of participants tested with the device. Nine participants were willing 

to use Google Glass at home to address FoG. Seven participants reported they 

found Google Glass easy or very easy to use, and nine participants reported the 

instructions on the screen clear or very clear to read. One participant particularly 

liked the bone-conducting headphone because the metronome was less audible to 

others around them. Zhao et al. acknowledged there were further possibilities for 

technical improvements before Google Glass can be adopted for daily use, 

including the ability to detect FoG.  

3.3.2 Visual Cueing Devices 

In 2010, Espay et al. highlighted that cueing systems predominantly provided 

ÊÜÌÐÕÎɯÈÛɯÈɯÚÌÛɯÛÌÔ×ÖɯÛÏÈÛɯÞÈÚɯÚÊÈÓÌËɯÛÖɯÛÏÌɯÜÚÌÙɀÚɯÕÖÙÔÈÓɯÊÈËÌÕÊÌɯȻƚƕȼȭɯ'ÖÞÌÝÌÙȮɯ

preliminary clinical studies indicated that when the tempo of cueing was not 

ÌßÛÌÙÕÈÓÓàɯÚÌÛȮɯÉÜÛȮɯÞÈÚɯÈÕɯÖÜÛÊÖÔÌɯÖÍɯÛÏÌɯÜÚÌÙɀÚɯÊÜrrent motion (i.e., dynamic), PD 

gait could be improved [79,87]. To investigate this hypothesis, Espay et al. 

developed the Visual-auditory walker, a continuous visual -auditory cueing 

system for home-based use by PwP [61]. The system was composed of a sensor 

unit and a head-mounted micro -display with earphones (Figure 3.8). The system 

simulated optic flow (pattern of apparent motion in a visual field of view) by 

displaying a virtual checkerboard -tiled floor superimposed on the real world. The 

virtual checkerboard-ÛÐÓÌËɯÍÓÖÖÙɯÙÌÚ×ÖÕËÌËɯËàÕÈÔÐÊÈÓÓàɯÛÖɯÛÏÌɯÜÚÌÙɀÚɯÔÖÛÐÖÕɯÈÕËɯ

moved toward them at a speed set equal to their gait speed, as measured by the 

sensor unit. The checkerboard-tiles provided targets for the user to step on with 

long strides as they walk. In  addition to the visual display, the system offered 

ÈÜËÐÛÖÙàɯÍÌÌËÉÈÊÒɯÍÙÖÔɯÛÏÌɯÜÚÌÙɀÚɯÚÛÌ×ÚȮɯÛÏÙÖÜÎÏɯÌÈÙ×ÏÖÕÌÚȭ 

In a feasibility study, Espay et al. carried out measurements on 15 participants to 

assess the effect of optical flow visual cueing on FoG over a two-week treatment 

period. During the reported study, participants were instructed to use the visual 

cueing system while walking for no less than one hour a day. Before and after the 

treatment period, a FoG questionnaire (FOGQ) [88] was used to evaluate the effect 

of visual cueing on FoG. The FOGQ is a validated clinical tool that uses a six-item 

questionnaire to assess the severity of FoG in everyday life subjectively. The 
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questionnaire scores the severity of FoG from 0 to 24, with the higher scores 

corresponding to more severe FoG.  

 

Figure 3.8. Illustration of the Visual -auditory walker, developed by Espay et al. The system 

was composed of a sensor unit and a head-mounted micro -display with earphones. The 

sensor unit was attached to the userɀs clothing and the headset worn around the eyes. The 

system provided continuous optical flow visual cueing. During cueing, a virtual 

checkerboard-tiled floor is overlayed on top of the user ɀs field of view (T1) and continually 

moves forward on the screen at a rate equal to the userɀs real-time gait speed (T2).  

Over the two-week treatment period, Espay et al. observed a positive effect of 

visual cueing on the mean FOGQ score (pre-treatment: 14.2 ± 1.9; post-treatment: 

12.4 ± 2.5, p = 0.002). In addition, a trend towards an improvement in the frequency 

of FoG was reported (pre-treatment: 2.92 episodes/day; post-treatment: 2.54 

episodes/day, p = 0.09). However, Espay et al. reported that two participants did 

ÕÖÛɯ ÍÌÌÓɯ ÊÖÔÍÖÙÛÈÉÓÌɯ ÜÚÐÕÎɯ ÛÏÌɯ ÏÌÈËÚÌÛɯ ȹÉÌÊÈÜÚÌɯ ÛÏÌàɯ ÞÌÙÌɯ ɁÊÓÜÕÒàɂɯ ÖÙɯ

ɁÌÔÉÈÙÙÈÚÚÐÕÎɯ ÛÖɯ ÜÚÌɯ ÐÕɯ ×ÜÉÓÐÊɂȺɯ ÈÕËɯ ËÐËɯ ÕÖÛɯ ÛÙÈÐÕɯ ÈÛɯ ÏÖÔÌɯ ÈÚɯ ÐÕÚÛÙÜÊÛÌËȭɯ

Interestingly, Espay et al. did not directly monitor the usage of the system at home. 

Although they did request verbal confirmation of compliance, it could be 

concluded that the independent variable (intervention) was inadequately 

controlled, meaning the study would fail to meet WWC single -case design 

standards. Interestingly, participants were instructed to use both visual cueing and 

auditory feedback. Espay et al. reported that personal preference forced some to 

rely on only one or none. Four participants favo ured the combination of visual 
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cueing and auditory feedback; three participants preferred just auditory feedback, 

three visual cueing alone, and two neither. 

In the same year, Bryant and colleagues presented a walking cane device that 

projected a continuous visual cueing via an attached laser [43]. As the user walked 

with the walking cane, the laser continuously projected a static horizontal laser 

line onto the ground at the base of the walking cane. This horizontal laser line was 

reported to mimic the effect of parallel lines marked on a floor. Although walking 

canes with attached lasers were available commercially to PwP in 2010, Bryant et 

al. identified that these devices only projected a red laser line, and there was no 

current evidence on the benefit of different laser line colors on FoG. Therefore, to 

investigate the effect of laser line colors, Bryant and colleagues presented a 

walking cane device that projected a red or a green laser line through an attached 

commonly available laser pointer.  

In a pilot study, Bryant et al. carried out measurements on seven participants (all 

participants usually used walking aids to ambulate) during two different 

laboratory -based waking tasks (15.2 meter straight walking task with a 180° turn 

and a 360° turning task) and evaluated the frequency of Off -State FoG and On-

State FoG episodes during each task. Participants used the walking cane for each 

walking task while it either projected  a red laser line, a green laser line, or no laser 

line. 

Bryant et al. reported a significant positive immediate effect of a green laser line 

on both the mean frequency of Off -State FoG episodes during the 15.2 meter 

walking task (without laser line: 0.67 ± 0.52; with green laser line: 0.0 ± 0.0, p < 0.05) 

and 360° turning task (without laser line: 2.14 ± 1.35; with green laser line: 0.29 ± 

0.49, p < 0.05). The effect of a red laser line was negative during the 15.2 m walking 

task (without laser line: 0.67 ± 0.52; with red laser line: 0.83 ± 0.75, p > 0.05) and 

positive during the 360° turning task (without laser line: 2.14 ± 1.35; with red laser 

line: 1.43 ± 0.98, p > 0.05). When the participants were tested in the On-medicated 

state, Bryant et al. also reported an immediate positive effect of a green and red 

laser line on the mean frequency of On-State FoG episodes during the 15.2 meter 

walking task (without laser line: 0.29 ± 0.49; with green laser line: 0.0 ± 0.0; with 

red laser line: 0.14 ± 0.38, p > 0.05) and 360° turning task (without laser line: 1.0 ± 
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1.0; with green laser line: 0.57 ± 0.79; with red laser line: 0.57 ± 0.79, p > 0.05). 

However, due to the small sample size of participants (seven), the generalizability 

of the results was limited. In add ition, it was not reported if two assessors 

performed an analysis of the outcome measures. Therefore, this study failed to 

meet WWC single-case design standards. 

Bryant et al. suggested that the more positive effect of the green laser line on FoG 

Ì×ÐÚÖËÌÚɀ frequency may be due to two factors. Firstly, the general perception that 

ÈɯÎÙÌÌÕɯÓÐÎÏÛɯÔÌÈÕÚɯɁÎÖɂɯÈÕËɯÈɯÙÌËɯÓÐÎÏÛɯÔÌÈÕɯɁÚÛÖ×ɂɯÈÚɯÐÕËÐÊÈÛÌËɯÉàɯÛÙÈÍÍÐÊɯÚÐÎÕÈÓÚȭɯ

Secondly, under lighting conditions, the human eye is most sensitive at a 

wavelength of 555 nm. Therefore, the green colour line appeared brighter 

(approximate wavelength of 532 nm) than the red line (approximate wavelength 

of 650 nm) during the walking tasks. Using a subjective questionnaire, Bryant et 

ÈÓȭɯÈÓÚÖɯ×ÙÌÚÌÕÛÌËɯËÈÛÈɯÖÕɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɀɯ×erception of the effectiveness of two 

laser line colours and observed that most participants believed the green line 

helped the most during both walking tasks.  

In 2011, Donovan et al. described a home-based evaluation of the commercially 

available U-Step (U-Step Mobility Products, Inc; Skokie, Illinois, USA) walking 

cane and U-Step walking stabilizer with an attached red laser ( Figure 3.9) [57].  

 

Figure 3.9. Illustration of the U -Step walking cane. The walking cane device projected a red 

laser line on the ground only when pressure was applied to the weight activation switch.  
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Although these devices were developed outside this review period (2006), 

Donovan et al. were the first to publish an evaluation of the devices. In contrast to 

the walking cane presented by Bryant et al., the U-Step walking cane included a 

weight -activated switch that triggered the projection of a static red laser line only 

when the user placed a downward force on the cane. The U-Step walking stabilizer 

was a four-wheeled rolling walker with a red laser attached at the ankle level. A 

switch located on the handlebar of the walking stabilizer switched on and off the 

projection of a static red laser line onto the ground in front of the user.  

In an open-label study, Donovan et al. carried out  measurements on 26 participants 

to assess the effect of continuous visual cueing on FoG and the sustainability of the 

effect over time. During the reported study, participants who normally used a 

walking cane at home to ambulate received the U-Step walking cane (n = 16), 

participants who normally used a wheeled walker to ambulate received the U -Step 

walking stabilizer ( n = 5) and participants who normally used both to ambulate 

received both the U-Step walking cane and walking stabilizer ( n = 5). During a 

baseline assessment period (without the red laser attachment), participants used 

their walking aids during ambulation for one to two months. Following this 

period, the U-Step walking cane and the walking stabilizer had the red laser 

attached. Participants continued to use the devices over a one-month treatment 

duration. During the treatment period, a FoG questionnaire (FOGQ) was used to 

evaluate the effect of visual cueing on FoG. Donovan et al. suggested that the 

FOGQ may be a more relevant outcome measure than an assessment of FoG in a 

ËÖÊÛÖÙɀÚɯÖÍÍÐÊÌȭɯ'ÖÞÌÝÌÙȮɯÐÛɯÐÚɯÐÔ×ÖÙÛÈÕÛɯÛÖɯÊÖÕÚÐËÌÙɯÛÏÈÛɯÛÏÐÚɯØÜÌÚÛÐÖÕÕÈÐÙÌɯÙÌÓÐÌÚɯ

ÖÕɯÛÏÌɯÈÊÊÜÙÈÊàɯÖÍɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÈÉÐÓÐÛàɯÛÖɯÙÌÊÈÓÓɯÛÏÌÐÙɯ%Ö&ɯÚÌÝÌÙÐÛàȭɯ#ÜÌɯÛÖɯÈÕɯ

expectation of the treatment benefit, the results may have been biased (recall bias). 

Over the four weeks treatment period, Donovan et al. observed a significant effect 

of visual cueing on the mean FOGQ score. The mean reduction in the FOGQ score 

per-week was: week one: 1.51 ± 0.68 (p = 0.036); week two: 1.15 ± 0.67 (p = 0.099); 

week three: 1.73 ± 0.65 (p = 0.013); and week four: 0.53 ± 0.43 (p = 0.263). Although 

Donovan et al. identified a trend towards improvement at the end of each of the 

four weeks, they acknowledged the short duration participants had to u se the 

devices, and therefore their effectiveness during longer periods of use is unknown.  
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Following Donovan et al. subjective evaluation of the U -Step walking cane and 

stabilizer, the systems would be objectively evaluated by Bunting -Perry et al. in 

2013 [49] and McCandless et al. in 2016 [45]. In a pilot study, Bunting-Perry et al. 

carried out measurements on 17 participants as they performed laboratory-based 

walking tasks with and without the projected laser line. In contrast to the previous 

visual cueing system modalities, the walking stabilizer offered On-Demand 

cueing. In this mode of cueing, the participant pressed the on/off button during 

FoG episodes to initiate the laser line and then re-pressed the on/off switch to turn 

the laser off after the FoG episode was aborted. 

Bunting -Perry et al. reported an immediate negative effect of visual cueing on the 

mean frequency of On-State FoG episodes during walking task with gait imitation, 

straight walking, approaching destination and turning FoG triggers (wi thout 

cueing: 0.94 ± 1.9; with cueing: 1.2 ± 2.3, p = 0.84) and walking task with gait 

imitation, straight walking, approaching the destination, turning and passing 

through doorway FoG triggers (without cueing: 6.2 ± 4.8; with cueing: 7.8 ± 7.8, p = 

0.58). However, an immediate positive effect was reported during walking tasks 

with gait imitation, straight walking, and approaching destination FoG triggers 

(without cueing: 2.1 ± 3.6; with cueing: 1.8 ± 3.3, p = 0.58). It was suggested by 

Bunting -Perry et al. that the concurrent use of the walking stabilizer and the self -

activation of the laser represents a dual-task that may have reduced the effect of 

visual cueing. Additionally, Bunting -Perry et al. also suggested that the small 

sample size of participants and the lack of On-State FoG in a quarter of the cohort 

may have contributed to the null results observed. Although video footage was 

analyzed for outcome measures by multiple assessors, an inter-assessor agreement 

was not reported. Therefore, this study fa iled to meet WWC single-case design 

standards. 

In conclusion, Bunting -Perry et al. acknowledged the many pitfalls of studying 

FoG and provided instructions for future researchers. These included; (1) 

minimizing dual -tasking by using continuous visual cuein g; (2) ensuring adequate 

training with visual cueing devices; (3) test various lasers colours and (4) collect 

ËÈÛÈɯ ÙÌÎÈÙËÐÕÎɯ ÖÛÏÌÙɯ ÍÌÈÛÜÙÌÚɯ ÖÍɯ ÛÏÌɯ ×ÈÙÛÐÊÐ×ÈÕÛÚɀɯ ËÐÚÌÈÚÌȮɯ ÞÐÛÏɯ ÛÏÌɯ ÎÖÈÓɯ ÖÍɯ

characterizing any subgroup that may respond.  
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To investigate the immediate effect of U-Step walking cane on Off -State FoG, 

McCandless et al. carried out measurements on 20 participants as they performed 

>3 meter laboratory-based walking task with the projected laser line, without the 

projected laser line, and without the wa lking cane. McCandless et al. reported an 

immediate positive effect of visual cueing on the mean percentage of Off -State FoG 

episodes during the walking (without cueing: 40.00 ± 7.85%; with cueing: 27.50 ± 

7.34% and without walking cane: 81.58 ± 7.53%). Interestingly, the walking cane 

without cueing activated showed an immediate improvement compared to no 

walking cane (baseline), suggesting that a walking cane alone may have a 

beneficial effect on overcoming FoG. However, as walking tasks only involved two 

FoG provoking elements, the generalizability of the results during daily activities 

is limited. An inter -assessor agreement was not documented. Therefore, this study 

failed to meet WWC single-case design standards. 

In 2012, Buated et al. presented the LaserCane device that was developed at the 

Chulalongkorn Center of Excellence for PD and Related Disorders (CCEPDRD) in 

Thailand (Figure 3.10) [42]. The LaserCane was similar to the U-Step walking cane 

and projected static green laser line when the walking cane was pressed down on 

the ground. With full battery power, the cane provided a laser beam of 3 mm in 

width and 750 mm in length. To investigate the immediate effect of continuous 

visual cueing on Off -State FoG and On-State FoG, Buated et al. carried out 

measurements on 30 participants as they performed a laboratory-based 5 m 

walking task. During the walking task, participants used the LaserCane while it 

projected or did not project a green laser line. 

Buated et al. reported an immediate effect of visual cueing on the mean frequency 

of On-State FoG episodes (without cueing: 0.33 ± 0.84; with cueing: 0, p < 0.05) and 

Off -State FoG (without cueing: 4.20 ± 6.38; with cueing: 0.76 ± 1.85, p < 0.05). Buated 

et al. also reported that visual cueing was able to reduce FoG in PwP, with greater 

impact observed among PwP in the moderate Hoehn and Yahr stage (Hoehn and 

Yahr stage is a commonly used system for describing the progress of PD 

symptoms) compared to the mild Hoehn and Yahr stage. However, it was not 

reported if  two assessors performed the analysis of outcome measures. Therefore, 

this study failed to meet WWC single -case design standards. 
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Figure 3.10. Illustration of the LaserCane, developed at the Chulalongkorn Center of 

Excellence for Parkinsonɀs disease and Related Disorders. The LaserCane projected a green 

laser line on the ground only when pressure was applied to the weight activation switch.  

In 2016, research attention shifted from the integration of visual cueing devices 

and walking aid devices (walking c anes and wheeled walkers), to the development 

of visual cueing systems that were more wearable and accessible to PwP who do 

not require the use of walking aids. In this year , Zhao et al. proposed to use Google 

Glass as a platform to evaluate the effect of visual cueing on FoG [48]. 

Zhao and colleagues developed an android application for Google Glass that 

provided either optic flow or rhythmic visual cueing. Vertically oriented lines on 

both sides of the Google Glass screen that continually moved forward at a steady 

rate (ranging from 50 to 150 lines/minute) provided optic flow visual cueing. This 

type of visual cueing simulated optic flow (pattern of apparent motion in a visual 

scene) (Figure 3.11). In contrast, rhythmic visual cueing was provided by 

rhythm ically flashing on and off the Google Glass screen at a preferred steady rate 

(ranging from 50 to 150 flashes/minute), as illustrated in Figure 3.11. Although 

both types of visual cueing have previously been implemented in prototype 

devices to improve PD gait [29,89], Zhao et al. suggested that implementing them 

within the Google Glass platform may make visual cueing more accessible for a 

wider audience. The system allowed the user to interface with the app through 

voice/gesture control, enabling the user to adjust the optic flow and rhythmic rate . 
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Figure 3.11. Illustration of a user wearing google glass and their field of vision during 

continuous visual cueing. The Google ȿGlassɀ system provides two modes of continuous 

visual cueing. During optical flow m ode, a virtual vertically oriented line continually 

moves forward on the left and then the right side of the screen at a steady rate (T1ɬT4). 

During rhythmic mode, the display flashes on and off a transparent red screen at a set rate 

(T1ɬT2). 

To investigate the immediate effect of visual cueing on EoD-FoG, Zhao et al. 

carried out measurements on 12 participants in a laboratory setting. During three 

20 meter waking tasks and a single ~8 meter walking, the frequency and duration 

of EoD-FoG episodes were evaluated with optic flow visual cueing, with rhythmic 

visual cueing, and without visual cueing. With all walking tasks considered 

together, Zhao et al. reported no significant changes in the frequency and duration 

of EoD-FoG episodes. Although, this study meets WWC single-case design 

standards, due to the small sample size of FoG episodes (six participants 

experienced EoD-FoG more than once, four exhibited no EoD-FoG, and two had a 

single EoD-FoG episode), the effect of visual cueing on EoD-FoG was reported to 

be inconclusive. 

Additionally, Zhao et al. suggest that concentrating on the display while walking 

potentially created a visual dual -task, which may have reduced visual cueing 

effectiveness. In addition, optic flow visual cueing produced by the system was in 

ÊÖÕÚÛÈÕÛɯÔÖÛÐÖÕɯÈÛɯÈɯÍÐßÌËɯÙÈÛÌȮɯÐÕËÌ×ÌÕËÌÕÛɯÖÍɯÛÏÌɯÜÚÌÙɀÚɯÔÖÛÐÖÕȭɯ Úɯ×ÙÌÝÐÖÜÚÓàɯ

reported, this type of system may have adverse effects on PwP, such as dizziness, 

loss of balance, and even FoG [87]. 
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Using a subjective questionnaire, Zhao and colleagues presented data on the 

experience of participants who were tested with the device. Four participants 

found it difficult to synchronize with the continuous visual cueing. They described 

the continuous visual cueing as annoying, distracting, demanding too muc h 

concentration, and hard to see. Conversely, some participants disliked Google 

&ÓÈÚÚɀɯ×ÓÈÊÌÔÌÕÛɯÖÍɯÛÏÌɯÝÐÚÜÈÓɯËÐÚ×ÓÈàɯÐÕɯÛÏÌɯÜ××ÌÙɯÙÐÎÏÛɯÊÖÙÕÌÙɯÈÕËɯÚÜÎÎÌÚÛÌËɯÛÏÈÛɯ

images be projected binocularly or more focally in the visual field. Before Google 

Glass could be adopted for daily use, Zhao et al. acknowledged that there were 

further possibilities for technical improvements. These included the placement of 

the display binocularly or towards the cent re of the visual field to optimize visual 

cueing effects. 

In 2017, Tang et al. presented a custom-built wearable device that provided visual 

cueing via a chest-worn laser that continuously projected either a static or 

ÙÏàÛÏÔÐÊɯÏÖÙÐáÖÕÛÈÓɯÓÈÚÌÙɯÓÐÕÌɯÖÕÛÖɯÛÏÌɯÎÙÖÜÕËɯÖÕÌɯÚÛÌ×ɯÓÌÕÎÛÏɯÐÕɯÍÙÖÕÛɯÖÍɯÛÏÌɯÜÚÌÙɀÚɯ

feet [55]. ThÌɯËÌÝÐÊÌɯÞÈÚɯÈÛÛÈÊÏÌËɯÖÝÌÙɯÛÏÌɯÜÚÌÙɀÚɯÊÏÌÚÛȮɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯÛÏÌɯ

sternum, with an elastic bandage. In this paper, Tang et al. hypothesized that 

continuous visual cueing delivered rhythmically compensated for the deficiency 

of previously reported static vi sual cueing devices. Flashing on and off the 

projected laser line at a preferred tempo provided rhythmic visual cueing.  

In an experimental study, Tang et al. carried out measurements on 23 participants. 

#ÜÙÐÕÎɯÈÕɯɁƜ-ÚÏÈ×ÌËɂɯÓÈÉÖÙÈÛÖÙà-based waking task, the frequency of On-State 

FoG was evaluated with static visual cueing, with rhythmic visual cueing, and 

without visual cueing. Tang et al. reported a significant immediate positive effect 

of rhythmic visual cueing on the frequency of On-State FoG episodes (without 

cueing: 66; with cueing: 23, p = 0.001) and immediate positive effect of static visual 

cueing on the frequency of On-State FoG episodes (without cueing: 66; with 

cueing: 44, p = 0.742). Although favourable results were shown, Tang et al. 

acknowledged the limited number of participants tested limited the 

generalizability of the results. In addition, analysis of outcome measures was 

reported to be performed by multiple assessors. However, the inter -assessor 

agreement was not reported. Therefore, this study failed to meet WWC single -case 

design standards. 
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Shortly after the Tang et al. publication, Ahn et al. presented the Smart Gait-Aid 

system (Figure 3.12) [56]. In contrast to the Zhao et al. Google Glass system, Ahn 

ÌÛɯÈÓȭɯÜÚÌËɯÛÏÌɯ$×ÚÖÕɀÚɯȹ2ÌÐÒÖɯ$×ÚÖÕ Corporation. Suwa, Nagano, Japan) Moverio 

BT-200 smart glasses as a platform to evaluate the effect of On-Demand visual 

cueing on FoG. The BT-200 shared similar features with Google Glass (e.g., 

accelerometer and gyroscope). However, the BT-200 featured a binocular display 

that projected images towards the centre of the visual field. This feature was 

ÐÔ×ÖÙÛÈÕÛȮɯÈÚɯ9ÏÈÖɯÌÛɯÈÓȭɯÏÈËɯ×ÙÌÝÐÖÜÚÓàɯÐËÌÕÛÐÍÐÌËɯÓÐÔÐÛÈÛÐÖÕÚɯÖÍɯ&ÖÖÎÓÌɯ&ÓÈÚÚɀÚɯ

monocular display [48]. In an innovative step, Ahn and colleagues developed an 

Android app for the BT -200 that implemented real-time FoG detection and 

×ÙÖËÜÊÌËɯÝÐÚÜÈÓɯÊÜÌÐÕÎɯÛÏÈÛɯÈËÈ×ÛÌËɯÛÖɯÛÏÌɯÜÚÌÙɀÚɯÎÈÐÛɯÚ×ÌÌËɯÈÕËɯÖÙÐÌÕÛÈÛÐÖÕɯÖÍɯ

their head. The adaption of the visual cue to how fast the user walks and their 

current head directio n implied a dynamic system. This was in contrast to the Zhao 

et al. proposed Google glass system, which provided visual cueing at a rate equal 

ÛÖɯÛÏÌɯÜÚÌÙɀÚɯÈÝÌÙÈÎÌɯÊÈËÌÕÊÌɯÈÕËɯÞÈÚɯÕÖÛɯÈÍÍÌÊÛÌËɯÉàɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÊÜÙÙÌÕÛɯÎÈÐÛɯ

speed. 

 

Figure 3.12. Visual  stimuli system presented by Ahn et al. The system consisted of the 

Moverio BT -200 smart glasses (headset, a control unit and cables) and an android 

application that displayed parallel blue lines when FoG was detected (T2ɬT3). As 

illustrated, these lines move forward in sync to the userɀs gait speed and head orientation. 

For example, as the user lowers their head (to look down) the distance between the lines 

increases. 



77 

 

Based on work carried out by Coste et al. [90], who developed a FoG detected 

algorithm us ing stride length and cadence, Ahn et al. presented a new a real-time 

%Ö&ɯËÌÛÌÊÛÐÖÕɯÈÓÎÖÙÐÛÏÔɯÛÈÐÓÖÙÌËɯÍÖÙɯÚÔÈÙÛɯÎÓÈÚÚÌÚȮɯÊÈÓÓÌËɯȿ%Ö&ɯ#ÌÛÌÊÛÐÖÕɯ.Õɯ

&ÓÈÚÚÌÚɀɯȹ%.&#.&Ⱥȭɯ!àɯÐÔ×ÓÌÔÌÕÛÐÕÎɯ%.&#.&ɯÐÕɯÛÏÌɯ ÕËÙÖÐËɯÈ××ȮɯÛÏÌɯ!3-200 

displayed blue lines onto the smart glasses binocular display whenever a FoG 

episode was identified. The displayed blue lines remained on the screen until the 

user turned them off by touching the BT -200 controller pad. The projected blue 

lines (0.5 × 0.1 m2) give an effect of parallel lines regularly placed on the floor and 

moved in position based on the downward gaze angle and gait speed of the user. 

Thus, giving the effect that the lines approached the user while walking. Ahn et al. 

suggested that such an adaptive projection of the projected blue lines on the glasses 

ÞÈÚɯÊÙÐÛÐÊÈÓɯÛÖɯÔÈßÐÔÐáÐÕÎɯÛÏÌɯÚàÚÛÌÔɀÚɯÌÍÍÌÊÛÐÝÌÕÌÚÚȭɯ(ÕɯÈɯ×ÙÖÖÍɯÖÍɯÊÖÕÊÌ×ÛɯÚÛÜËàȮɯ

Ahn et al. carried out measurements on 10 participants to understand their 

ÚàÚÛÌÔɀÚɯÛÌÊÏÕÐÊÈÓɯÌÍÍÌÊÛÐÝÌÕÌÚÚȭɯ6ÏÐÓÌɯÞÌÈÙÐÕÎɯÛÏÌɯ2ÔÈÙÛɯ&ÈÐÛ-Aid sy stem, the 

duration of FoG episodes was evaluated during the five Timed -Up and Go (TUG) 

tests [91]. 

By comparing the performance of the FOGDOG to video recordings, Ahn et al. 

report that their FoG detection algorithm could be employed with a lag time of 

roughly 1.1 seconds (time between the appearance of a FoG episode and its 

detection) at a sensitivity of 97% and specificity of 88%. Ahn et al. reported some 

limitations of the system, including the limited computing capability of the smart 

glasses and battery capacity. To minimize power consumption, Ahn et al. designed 

the system such that it was automatically activated upon detection of FoG episodes 

or manually activated by the user depending on the need. However, despite such 

an effort, Ahn et al. observed that the battery capacity was not enough to use the 

system all day long without recharging the battery. Although Ahn et al. did not 

report user experience of the system, several participants refused to participate in 

their experiments due in part to techno phobia and doubtfulness about the 

effectiveness of visual cueing. In conclusion, Ahn et al. acknowledged there were 

further possibilities for technical improvements, such as developing a cloud -based 

solution to offload the image processing task of smart glasses. 
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Furthermore, in 2017, Barthel et al. identified limitations with previous wearable 

visual cueing devices, which included a lack of ease of application during daily life 

[51]. Barthel and colleagues reported that the use of smart glasses in daily life poses 

ÚÐÎÕÐÍÐÊÈÕÛɯÊÏÈÓÓÌÕÎÌÚɯÛÖɯÛÏÌɯÜÚÌÙÚɀɯÊÖÔ×ÓÐÈÕÊÌɯÐÕɯÞÌÈÙÐÕÎɯÚÜÊÏɯɁÊÜÔÉÌÙÚÖÔÌɂɯ

devices. In an aim to provide a practically acceptable visual cueing device for 

domestic use, Barthel et al. presented the Laser shoes. The Laser shoes 

incorporated two la ser attachments attached to a pair of regular shoes and two 

ÏÌÌÓɯÚÞÐÛÊÏÌÚɯ×ÓÈÊÌËɯÜÕËÌÙɯÌÈÊÏɯÚÖÓÌɯÖÍɯÛÏÌɯÜÚÌÙɀÚɯÍÖÖÛɯȹ%ÐÎÜÙÌɯƗȭƕƗȺȭɯ#ÜÙÐÕÎɯÎÈÐÛȮɯ

each Laser shoe attachment projected a static horizontal red laser line orthogonally 

in front of the opposite fo ot during heel strike of said foot. The laser line would 

remain until the user raises their heel. This cycle repeats itself step after step, 

delivering visual cueing alternately to each foot . 

 

Figure 3.13. Illustration of the Laser Shoes, developed by Barthel et al. Each laser 

attachment projected a red laser line in front of the opposite foot when pressure was 

applied to the heel switch within the shoe.  

To investigate the immediate effect of continuous visual cueing on On-State FoG 

and Off -State FoG episodes, Barthel et al. carried out measurements on 19 

participants as they performed laboratory -based walking tasks with and without 

visual cueing. Barthel et al. reported a significant immediate positive effect of 

visual cueing on the percentage of time in Off -State FoG (without cueing: 19.6 ± 

5.2%; with cueing: 12.9 ± 5.0%, p = 0.004) and in On-State FoG (without cueing: 8.8 

± 4.1%; with cueing: 6.0 ± 3.1, p = 0.004). In addition, Barthel al. also reported a 

significant immediate positive effect of visual cu eing on the frequency of Off -State 

FoG episodes (without cueing: 6.0 ± 1.3; with cueing: 3.3 ± 1.0, p = 0.007) and On-

State FoG episodes (without cueing: 3.3 ± 1.0; with cueing: 2.0 ± 0.9, p = 0.028). 
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However, it was reported that only one assessor performed the video analysis of 

outcome measures. Therefore, this study failed to meet WWC single-case design 

standards. 

Using a subjective questionnaire, Barthel et al. presented data on the experience of 

the participants who were tested with and without the sys tem. When asked about 

the efficacy of laser shoes, 12 out of 19 participants reported a moderate to large 

improvement, four a small improvement, and three no effect. No participants 

reported a negative impression. Furthermore, 12 out of 19 participants expressed 

interest in acquiring laser shoes, six were unsure, and one not interested. 

3.3.3 Somatosensory Stimuli Devices 

In 2016, McCandless et al. proposed using the commercially available BodyBeat 

Pulsing device to investigate the immediate effect of somatosensory cueing on FoG 

(Figure 3.14) [45]. The device provided rhythmic tactile stimulation (pulsed 

vibration) at an adjustable tempo of 10 to 280 beats/minute via an attachable 

vibration clip. McCandless et al. purposed to attach the vibration clip anteri orly 

ÖÝÌÙɯÛÏÌɯÙÐÎÏÛɯÚÐËÌɯÖÍɯÛÏÌɯÜÚÌÙɀÚɯ×ÌÓÝÐÚȮɯÚÖɯÐÛɯÊÖÜÓËɯÉÌɯÍÌÓÛɯÌÈÚÐÓàɯÉàɯÛÏÌɯÜÚÌÙ. 

 

Figure 3.14. Illustration of a participant wearing the BodyBeat Pulsing Metronome . The 

metronome was clipped to a belt at the back of the participant  and the vibration  clip was 

placed anteriorly over the right side of the pelvis.  

To investigate the immediate effect of somatosensory cueing on Off-State FoG, 

McCandless et al. carried out measurements on 20 participants as they performed 

>3 meter walking task with and with out somatosensory cueing. McCandless et al. 

set the tempo of their device to either 70, 60, or 50 beats/minute, based on the 

×ÈÙÛÐÊÐ×ÈÕÛɀÚɯ×ÙÌÍÌÙÌÕÊÌÚȭɯ,Ê"ÈÕËÓÌÚÚɯÌÛɯÈÓȭɯÙÌ×ÖÙÛÌËɯÈÕɯÐÔÔÌËÐÈÛÌɯ×ÖÚÐÛÐÝÌɯÌÍÍÌÊÛɯ

of somatosensory cueing on the mean percentage of Off -State FoG episodes during 
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the walking task (without cueing: 81.58 ± 7.53%; with cueing: 68.29 ± 7.25%). 

However, as walking tasks only featured two FoG provoking elements, the 

generalizability of the results to daily activities is limited. Although t wo 

experienced neuro-physiotherapists analyzed measurement outcomes, an inter-

assessor agreement was not documented. Therefore, this study failed to meet 

WWC single-case design standards. 

In 2018, Rosenthal et al. proposed the use of sensory electrical stimulation to 

provide somatosensory cueing [54]. In this paper, Rosenthal et al. hypothesized 

that somatosensory cueing delivered at a fixed tempo would modify the users 

walking patterns and help to alleviate On -State FoG. This hypothesis was based 

on previoÜÚÓàɯÙÌ×ÖÙÛÌËɯÔÌÊÏÈÕÐÚÔÚɯÙÌÚ×ÖÕÚÐÉÓÌɯÍÖÙɯÊÜÌÐÕÎɀÚɯ×ÖÚÐÛÐÝÌɯÌÍÍÌÊÛÚȮɯÚÜÊÏɯ

as step synchronization and enhanced proprioceptive information processing 

[33,36]. To investigate the hypothesis, Rosenthal et al. used a custom-built 

electrical stimulator, cueStim. The cueStim device (105 × 65 × 19 mm3, 100 g) was a 

Bluetooth enabled voltage-controlled two -channel electrical stimulator developed 

within the REMPARK (FP7 project REMPARK ICT -287677) project. The device 

was worn on the waist and delivered a continuous s eries of electrical stimulation 

(ES) bursts through the use of PALS 50 × 50 mm2 skin surface electrodes placed on 

the skin surface of the hamstring or quadriceps muscle of the body side most 

affected by PD (Figure 3.15).  

In its then configuration, each ES burst was delivered at a rate of 86 burst/minute 

and consisted of 100 ms Ramp-up time, 500 ms ON-time, 100 ms Ramp-down time, 

and 0 ms OFF-time. The amplitude of the stimulation burst was adjusted for each 

participant (using a smartphone application desig n to communicate with the 

cueStim device) such that a sensory response was elicited but that the amplitude 

was not of sufficient intensity to produce a motor response.  

To investigate the effect of continuous somatosensory cueing, Rosenthal et al. 

carried out home-based measurements on nine participants as they performed a 

self-identified walking task with and without somatosensory cueing. The walking 

task aimed to reproduce daily activities that usually elicited FoG episodes. 

Rosenthal et al. reported an immediate statistically significant positive effect of 

somatosensory cueing on the reduction on On-State FoG (58.28 ± 33.89%). 
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'ÖÞÌÝÌÙȮɯÐÛɯÞÈÚɯÙÌ×ÖÙÛÌËɯÛÏÈÛɯÖÕÌɯÈÚÚÌÚÚÖÙɀÚɯÈÕÈÓàÚÐÚɯÖÍɯÖÜÛÊÖÔÌɯÔÌÈÚÜÙÌÚɯÞÈÚɯ

only performed, meaning the study failed to meet WWC single-case design 

standards. 

 

Figure 3.15. Illustration of a user wearing the cueStim continuous somatosensory cueing 

device. The device was worn on the waist and delivered a continuous series of biphasic 

electrical stimulation (ES) bursts through the use of 50 × 50 mm2 skin surface electrodes 

placed over the skin surface of the hamstring or quadriceps muscle of the body side most 

affected by the user. 

In the same year, Gonçalves et al. focused on investigating the optimal vibration 

frequency and minimum duration of vibration to be used in a somatosensory 

system for PwP, to help them to overcome FoG [92]. To investigate the hypothesis, 

Gonçalves et al. developed a custom-built somatosensory cueing system (Figure 

3.16). The system was encapsulated in a waistband and provided tactile 

stimulation (pulsed vibration) at the navel, spine, right side and the left side, 

allowing the system to meet the previously reported requirements for developing 

a robust, functional, ergonomic and wearable system to provide vibr ation cueing 

for addressing FoG [93]. The processing unit was developed on the Arduino Mega 

ƖƙƚƔɯ×ÓÈÛÍÖÙÔɯÈÕËɯÊÖÕÛÙÖÓÓÌËɯÍÖÜÙɯÝÐÉÙÈÛÐÖÕɯÜÕÐÛÚɯÛÏÙÖÜÎÏɯÛÏÌɯ ËÈÍÙÜÐÛɯ(ÕËÜÚÛÙÐÌÚɀɯ

DRV2605 haptic drivers. The vibration units were mini -vibration motors 2.0 mm 

(Seed Studio Electronic), a special type of coin vibration motor, also known as 

Ɂ×ÈÕÊÈÒÌɂɯÝÐÉÙÈÛÖÙɯÔÖÛÖÙÚɯÈÕËɯ×ÙÖÝÐËÌËɯÝÐÉÙÈÛÐÖÕɯÈÛɯÈɯÍÙÌØÜÌÕÊàɯÙÈÕÎÌɯÖÍɯƚƔɬ300 

Hz, with an amplitude of 0.2 ɬ2.8 G. The system was Bluetooth enabled, and both 

smartphone and desktop graphical interfaces were developed to allow the wireless 
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configuration of cueing parameters (frequency and duration of vibration). A single 

12-volt Lithium -Ion battery powered the system. 

 

Figure 3.16. Illustration of a user wearing the continuous somatosensory cueing device 

developed by Gonçalves et al. Four haptic drivers/vibration units were placed inside the 

waistband and arranged with an intermediate spacing (15 cm) that facilitated a 76 to 110 

cm waist size, while providing the stimulation to the  navel, spine, right side and left side 

of the waist. The waistband was designed to be robust enough to support the electronics 

(overall weight of 458 g). 

Although Gonçalves et al. did not evaluate the performance of their system on 

ameliorating FoG, they did investigate the optimal vibration frequency and 

minimum duration of vibration required to perceive best cueing. Based on 

previous works, Gonçalves et al. concluded that a vibration frequency range 

between 80 and 250Hz must be considered and carried out measurements on 15 

healthy and 15 PwP participants. Although it has been observed that PwP presents 

a lower perception than healthy subjects, Gonçalves et al. reported that it was 

possible to conclude that, on average, the frequency by which all subjects present 

a high vibration sensitivity at the waist body level, was 180 Hz. It was also 

observed that greater than 250 ms of vibration duration was detectable by almost 

all PwP and the healthy subjects. This was reported to be the first step in 

implementing their system to help PwP ameliorating FoG. Gonçalves et al. also 

reported that participants did not consider the use of the waistband uncomfortable 

and considered it possible to perform their daily tasks while receiving 

somatosensory cueing. 

In 2018, Mancini et al. further proposed the use of vibration to provide 

somatosensory cueing [94]. In this paper, Mancini et al. hypothesized that 
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enhancing proprioceptive stimuli, in the form of tactile stimulation, may be useful 

in improving sensory integration and t herefore alleviating FoG in PwP. To test the 

hypothesis, Mancini et al. used the VibroGait, a wearable somatosensory cueing 

system, previously described in [95] (Figure 3.17). The system plugged into inertial 

ÚÌÕÚÖÙÚɯ×ÓÈÊÌËɯÖÕɯÛÏÌɯÜÚÌÙɀÚɯÚÏÐÕÚɯÈÕËɯÊÖÕÚÐÚÛÚ of a novel controller unit (Arduino 

microcontroller) that senses through a gyroscope when the foot is on the ground 

and activates the tactor unit to generate a vibration. The tactor was a C-2 tactor 

(Engineering Acustic, Inc) with a primary resonance in t he 200ɬ300 Hz range. 

When a pulse width modulation sine -wave was sent from the control unit into the 

ÛÈÊÛÖÙȮɯÛÏÌɯɁÊÖÕÛÈÊÛÖÙɂɯÖÚÊÐÓÓÈÛÌËɯ×ÌÙ×ÌÕËÐÊÜÓÈÙɯÛÖɯÛÏÌɯÜÚÌÙɀÚɯÚÒÐÕȭɯ ÚɯÌß×ÓÈÐÕÌËɯÉàɯ

,ÈÕÊÐÕÐɯÌÛɯÈÓȭȮɯÛÏÐÚɯÊÙÌÈÛÌËɯÈɯɁ×ÖÐÕÛ-like sensation that is easily feÓÛɯÈÕËɯÓÖÊÈÓÐáÌËɂȭɯ

The vibration intensity was reported to be similar to that of a cell phone operating 

in vibration mode.  

 

Figure 3.17. Illustration of a user wearing the continuous somatosensory cueing device 

VibroGait, developed by Mancini et al . A haptic drivers/vibration unit was placed on wrist 

and connected to a control unit and inertial sensor. 

To investigate the immediate effect of continuous somatosensory cueing on Off -

State FoG episodes, Mancini et al. carried out measurements on 25 participants as 

they performed laboratory -based walking tasks with and without somatosensory 

cueing. The following measures were extracted to objectively characterize FoG 

using inertial sensors and were previously described and validated in Mancini et 

al. [96]; (1) FoG ratio as an index of freezing severity calculated as the power 
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spectral density ratio between high (3ɬ8 Hz) and low (0ɬ3 Hz) frequencies of 

antero-posterior shin accelerations; and (2) the percentage of time spent in FoG 

during the task, calculated as the time in which the FoG ratio was higher than 1 

(for either right or left foot). Mancini et al. reported an immediate positive effect of 

somatosensory cueing on the percentage of time in Off -State FoG during cueing 

(single task: 19 ± 18%, p = 0.5; dual-task: 18 ± 15%, p = 0.2). The majority of cueing 

studies to date validate FoG measurement outcomes, such as the number and 

duration of episodes subjectively, using experienced clinical judgment. 

Interestingly, this study analyzed outcome measures through a sensor-based FoG 

ËÌÛÌÊÛÐÖÕɯÈÓÎÖÙÐÛÏÔȭɯ ÓÛÏÖÜÎÏɯÛÏÐÚɯÈÓÎÖÙÐÛÏÔɀÚɯÊÈÓÊÜÓÈÛÌËɯ%Ö&ɯÙÈÛÐÖɯÏÈÚɯÉÌÌÕɯ

previously shown to correlate with a subjective clinical assessment of FoG severity 

[96], in the current study by Mancini et al. [94], the results presented only re flected 

ÛÏÌɯ×ÌÙÊÌÕÛÈÎÌɯÖÍɯÛÐÔÌɯÐÕɯ%Ö&ȭɯ3ÖɯÛÏÌɯÈÜÛÏÖÙÚɀɯÒÕÖÞÓÌËÎÌȮɯÛÏÌɯÈÕÈÓàÚÌÚɯÖÍɯÈɯ

ÊÖÙÙÌÓÈÛÐÖÕɯÉÌÛÞÌÌÕɯÛÏÌɯÈÓÎÖÙÐÛÏÔɀÚɯÖÉÑÌÊÛÐÝÌɯÔÌÈÚÜÙÌɯÖÍɯÛÏÌɯ×ÌÙÊÌÕÛÈÎÌɯÖÍɯÛÐÔÌɯÐÕɯ

FoG and a subjective measure of the percentage of time in FoG by two assessors 

(with an i nter-assessor agreement) was not performed. Therefore, we would 

conclude that this study failed to meet WWC single -case design standards. 

Results from subject impressions on the efficacy of somatosensory cueing on FoG 

while turning based on a Likert scale showed that ~50% of the participants 

reported an improvement in FoG using closed -loop cues. 

3.4 Discussion  

This paper aimed to provide a systematic review of current cueing systems 

focusing on systems with the potential to be used at home as a self-adminis ter 

intervention. Both system technical characteristics and system efficacy are 

described. Of the 18 papers included in this review, 18 different cueing systems 

have been identified, of which eight of them (44%) have been published since 2015, 

indicating t hat this is an expanding field of study. The general overview of the 

reviewed cueing systems is presented in Tables 3.2ɬ3.4. These tables highlight the 

key technical characteristics of all the identified cueing  systems. 
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Since 2010, auditory cueing systems have evolved from the development of 

custom-built technologies (as presented by Bachlin and Arias) to the use of stand-

alone commercial devices (i.e., digital metronomes), to the integration of custom-

built devices (i.e., movement sensors) with commercially available units such as 

smartphones and smartglasses. Similarly, visual cueing systems have evolved 

from custom-built technologies to stand-alone commercial devices (i.e., the U-Step 

Lasercane and the U-Step walking stabilizer), and the integration of custom -built 

Android applications with commercially available smar tglasses (i.e., Google Glass 

and Epson BT200). Somatosensory cueing systems have not had the time to evolve 

in parallel with auditory or visual cueing systems as a method to ameliorate FoG. 

However, both novel custom -built technologies and stand-alone commercial 

devices (i.e., digital vibrating metronome) have been utilized to investigate 

somatosensory cueing. 

From the 18 identified cueing systems, five of them provided auditory cueing, 

seven of them provided visual cueing, three of them provided somatosens ory 

cueing, and a further three provided dual cueing modalities (two auditory and 

visual cueing systems and one auditory and somatosensory cueing system). 

Auditory cueing has been shown to ameliorate EoD -FoG episodes [44,48], Off-

State FoG episodes [45], and On-State FoG episodes [75]. Visual cueing has been 

shown to ameliorate Off -State FoG episodes [42,43,45,51] and On-State FoG 

episodes [42,43,49,51,55]. The effect of somatosensory cueing has also been shown 

to ameliorate Off -State FoG episodes [45,94] and On-State FoG episodes [54]. 

However, due to the limited number of studies [45,48] that directly compared 

different cueing modalities, further investigation will be required to establish 

which modality is the most effective in different circumstances.  

Cueing systems have been described that are capable of providing Continuous or 

On-Demand cueing. Of the 18 identified cueing systems, 13 of them (72%) have 

been characterized as Continuous cueing systems, five of them (28%) as On-

Demand cueing systems. Continuous cueing systems provide cueing 

continuously, even if not required, and predominantly aim to prevent FoG from 

occurring. An advantage of Continuous cueing systems is the simple technical 

requirements of the system and the ease of application, which typically consists of 



89 

 

a single device (i.e., digital metronome or lasercane). However, due to the 

continuous delivery of the stimulus, these systems may prove to be less effective 

during extended periods of usage due to possible habituation and compliance 

issues. 

Due to the identified weaknesses of Continuous cueing, On-Demand cueing was 

proposed and provides cueing only when required (during a FoG episode) and 

predominantly aims to relieve FoG episodes by reducing their duration. In 

comparison to Continuous cueing systems, On-Demand systems are more 

sophisticated and predominantly incorporate a FoG detection algorithm 

[56,71,82,85]. A key characteristic of On-Demand cueing systems relates to the 

sensitivity and specificity and lag time (time between the appear ance of a FoG 

episode and its detection) parameters of its FoG detection algorithm. These 

parameters define the performance of the algorithm. However, it is unclear which 

parameters are most important to the overall efficacy of the systems. In 2010, 

Bachlin and colleagues implemented a real-time FoG detection algorithm with an 

average sensitivity of 73.1% and specificity of 81.6% at a lag time >2 s [75]. For some 

patients, this low specificity value resulted in the patients requesting to hear the 

auditory c ueing less often. For some patients, the low sensitivity value resulted in 

the patients requesting to hear the auditory cueing more often and was reported 

to affect the overall acceptance of the system. Interestingly, Bachlin et al. suggested 

that sensitivity and specificity are equally important [72], while more recently, 

Kwon et al. reported that sensitivity is more important than specificity, suggesting 

that low false negatives matter more than low false positives [97]. However, due 

to refinements in FoG detection algorithm designs and increased processing power 

ÖÍɯ ÚÖÔÌɯ ÊÜÌÐÕÎɯ ÚàÚÛÌÔÚȮɯ ÙÌÊÌÕÛɯ ȿ.Õ-Demand cueing systems have reported 

sensitivity values of 82.2% [82], 97% [56] and 97.1% [85]. In addition, specificity 

values of 92.8% [82] and 88% [56] were achieved. The cueing system presented by 

Mazilu et al. operated at a lag time of 0.5 s [85], this was a significantly lower lag 

time than previous systems 1.1 s [56] <2 s [75] and 3.2 s [82]. However, a short lag 

time typically results in reduced specificity . The need for such a short lag time is 

up for discussion, and it may be suggested that providing cueing for FoG episodes 
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that last only a short time may not be required, as these FoG episodes may not be 

troublesome for PwP. 

Interestingly, Bunting -Perry et al. evaluated an On-Demand cueing system that 

was self-activated. Unlike other On -Demand cueing systems, the user 

activated/deactivated cueing by pressing a button. Therefore, the system's 

sensitivity and specificity and lag time were dependent only on th e user's ability 

to detect FoG and press a button. However, the concurrent use of the walking 

stabilizer and the self-activation of cueing were suggested to represent a dual-task 

that may reduce the effect of self-activated cueing. 

Whether Continuous cuein g is more effective than On-Demand at ameliorating 

FoG, or vice versa, remains to be established. Continuous cueing systems have 

been shown to reduce the frequency of EoD-FoG episodes [44,48], Off-State FoG 

episodes [42,43,45,51], and On-State FoG episodes [42,45,51,54,55]. Interestingly, 

Zhao et al. demonstrated that their Continuous cueing system was only effective 

at reducing the frequency of EoD-FoG episodes while the PwP were performing 

turning manoeuvres with auditory cueing and had no effect during o ther walking 

scenarios [489]. In the same study, it was also shown that the Continuous cueing 

system did not affect the duration of EoD -FoG episodes. However, Arias and 

Cudeiro demonstrated that their Continuous auditory cueing system might have 

a positive effect on the duration of EoD-FoG episodes [44]. In comparison, On-

Demand cueing systems have been shown, in some cases, to reduce the duration 

and frequency of FoG episodes for some PwP. However, results are limited and 

based on small participant cohorts [49,75,85]. 

Another key characteristic of cueing systems is the cueing stimulus and the 

information that it presents. In the last decade, cueing systems have used three 

types of cueing stimuli; rhythmic, static, and optic flow. These stimuli may provide 

temporal, spatial, and/or proprioceptive information and aim to ameliorate FoG 

through different mechanisms, which remains to be established. Of the 18 

identified cueing systems, nine of them (50%) have been characterized as rhythmic 

cueing systems, five of them (28%) as static systems, two of them (11%) as optic 

flow systems, and two of them (11%) as dual systems (one rhythmic/static and one 

rhythmic/optic flow).  
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Auditory and somatosensory cueing systems have predominantly provided 

rhythmic cueing stimuli. These systems deliver cueing rhythmically at a set tempo 

that is either fixed [54,75], adjustable [44,45,49,82,85,92] or dynamic [94]. Auditory 

stimuli have been provided in the form of sounds at a given frequency and 

duration. Similarly, somatosensory sti muli have been provided in the form of 

vibrations [45,92,94] or electrical stimulation [54] at a given frequency and 

duration. However, detailed information on the stimulus produced was not 

presented for all systems. The importance of presenting details of the stimuli used 

should not be overlooked as recent evidence suggests that improvements to gait 

in PwP are directly influenced by the specific nature of cueing stimuli [59,98].  

The majority of visual cueing systems have used static cueing stimuli 

[42,43,45,49,51,55]. However, a limited number of systems have provided optic 

flow [48,56,61] or rhythmic [48,55] cueing stimuli. A static visual stimulus has been 

provided in the form of a horizontal laser line projected on the ground. 

Interestingly, Bryant et al . demonstrated that the laser line's colour might affect the 

efficacy of the cueing systems [43]. It was suggested that a green laser line was 

more effective than a red laser line at ameliorating FoG. In an alternative method 

of visual cueing, an optical f low visual stimulus has been provided through 

smartglasses in the form of moving virtual checkerboards [61], moving vertical red 

lines [48], or moving horizontal blue lines [56] that may enhance the perception of 

movement. In a similar fashion to rhythmic cueing stimuli, these systems deliver 

cueing at a set tempo that was either adjustable [48] or dynamic [55,61]. A rhythmic 

visual stimulus has been provided through a laser cane in the form of a flashing 

horizontal laser line projected on the ground [55] o r through smartglasses in the 

form of a virtual flashing screen [48]. The most effective type of visual cueing 

stimuli remains to be established. Considering that most of the cueing systems 

identified in this review were evaluated in a laboratory setting, with limited results 

often reported, many questions remain on the effectiveness of such systems in 

ameliorating FoG in a home setting and subsequently improve QoL for PwP.  

It remains to be seen which characteristic of cueing systems will prove to be most 

appropriate in the long -run. This is perhaps expected for a growing field of 

research and may be due to experimental nature of the cueing studies and the lack 
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of a gold standard for evaluating the effect of cueing systems on FoG, which 

resulted in the adopt ion of various cueing technologies and evaluation 

methodologies making comparisons between systems difficult.  

The limited number of statistically significant findings is disappointing. For 

example, only Arias et al., Barthel et al., Buated et al., Bryant et al., McCandless et 

al., Rosenthal et al., and Tang et al. reported statically significant improvements in 

outcome measures. Additionally, only one of the studies (Zhao et al.) passed the 

WWC quality test for a single case study design, indicating that mo re attention 

and rigour must be applied to the design of studies used to evaluate these 

technologies. 

Another consideration is the cost and usability of these cueing devices. The cost of 

electronics hardware continues to come down, and when compared to possible 

surgical interventions, the cost of these systems should not be a significant barrier. 

However, the usability of these systems is a very important consideration and can 

be best achieved with user-centred design approaches, where the user community 

is a key stakeholder in the design process. Our group's previous work has shown 

that good usability can be achieved with older adults using this approach [99 ɬ102]. 

There is potential for future work to exploit to the full benefit of cueing therapies 

for FoG in PD through the use of new technologies as they emerge. While it is 

challenging to perform the kind of clinical evaluations described in this review, 

there is a particular requirement for a more thorough validation of these systems. 

Much work to date has  involved low participant numbers, with studies carried out 

in laboratory environments rather than home environments. There is also scope in 

future studies for enhanced experimental design to enhance the robustness of the 

evidence being produced. 
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In Chapter 2, we have established that sES is applicable and tolerable for cueing 

applications in PwP and subsequently endorsed the further investigation of sES cueing. 

Chapter 3 outlined a wealth of knowledge to inform the development of an sES cueing 

system and a suite of cueing strategies that can be implemented to assess sES cueing as a 

new therapy for FoG. Building on these chapters, a detailed description of the development 

of an sES cueing system designed using a Human-Centred Design process is presented in 

Chapter 4. The iterative development of the sES cueing system included the use/adaption 

of NM ES systems developed by other members of the group (iteration I and II) and the 

development of a new sES cueing system by the PhD candidate (iteration III and IV) based 

on these NMES systems. The Human-Centred Design process will focus on a design 

methodology that uses an iterative design process to progressively develop the sES cueing 

system in parallel to an evolving set of user and system requirements. We expected that the 

design process would enable the development of the system hardware & software in parallel 

with the assessment of sES cueing, which would place the cueing system on a path to a 

final design solution that is usable to the greatest extent possible. 

 

4.1 Introduction  

When developing devices for healthcare applications, usability, user -experience, 

and human factors aÙÌɯÐÔ×ÖÙÛÈÕÛɯÊÖÕÊÌ×ÛÚɯÙÌÓÈÛÐÕÎɯÛÖɯÛÏÌɯÜÚÌÙɀÚɯÐÕÛÌÙÈÊÛÐÖÕɯÞÐÛÏɯ

the device. The incorporation of these concepts into design of the device should 

enable users to achieve their required goals effectively, efficiently, and with 

satisfaction, in a particular context of use.  

A design process that is heavily focused on usability, user-experience and human 

factors is the Human-Centred Design (HCD) process [1]. The ISO defines HCD as 

Ɂan approach to interactive systems development that aims to make systems usable and 

useful by focusing on the users, their needs and requirements, and by applying human 

factors/ergonomics, and usability knowledge and techniques. This approach enhances 

effectiveness and efficiency, improves human well-being, user satisfaction, accessibility and 

sustainability; and counteracts possible adverse effects of use on human health, safety and 

performance.ɂɯ[2]. HCD has four defined phases: (i) understand and specify the 

context of use, (ii) specify user requirements, (iii) produce design solution s to meet 

user requirements, and (iv) evaluate the design solutions against the requirements. 
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These four phases are repeated in an iterative process until the developed solutions 

meet the user requirements (Figure 4.1). 

 

Figure 4.1. ISO HCD iterative design process. Image from [2]. 

4.2 Development of sES Cueing System 

The design methodology for the sES cueing system, presented in this thesis, used 

the ISO HCD framework and adopted it to the greatest extent possible, within the 

constraints of a PhD project. Figure 4.2 illustrates how the HCD process was 

applied to the sES cueing system, where, using an iterative process, we 

progressively developed the sES cueing system hardware & software in parallel 

with the assessment of sES cueing as a new therapy for FoG in PD. Through this 

iterative approach, the sES cueing system evolved over time. 

4.2.1 Iteration I  

4.2.1.1 Understanding & Specifying the Context of Use I: 

-4(ɯ&ÈÓÞÈàɀÚɯÐÕÝÖÓÝÌÔÌÕÛɯÐÕɯÛÏÌɯ%/ƛɯ×ÙÖÑÌÊÛɯ1$,/ 1*ȯɯ/ÌÙÚÖÕÈÓɯ'ÌÈÓÛÏɯ#ÌÝÐÊÌɯ

for the Remote and Autonomous ,ÈÕÈÎÌÔÌÕÛɯÖÍɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌȮɯÚÛÈÙÛÐÕÎɯÐÕɯ

2011, provided the impetus for an investigation of sES cueing. The core objective 

of Iteration I was to  perform an initial proof -of-concept case study at the University 

Hospital Galway (UHG), and to ide ntify for the first time the potential of On -

Demand sES cueing to ameliorate FoG in PwP.  
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Figure 4.2. Evolution of sES cueing system design solutions and assessment of sES cueing 

strategies. 
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To carry out Iteration I, a design solution was required to en able On-Demand sES 

cueing. Thus, a set of User and System Requirements for the solution to be used 

were proposed. 

4.2.1.2 Specifying the User Requirements I: 

The User Requirements (UR), which specified what the users (engineering 

researcher & clinician) required from the design solution were : 

¶ UR1: The engineering researcher user shall be able to program and control a full 

range of sES parameters. 

¶ UR2: The clinician user shall be able to control the delivery of sES cueing while 

they are also focussed on the safety of the participant and on the presence or absence 

of FoG. 

In addition to these UR, to ensure safe skin surface sES was provided, several 

System Requirements (SR) were also proposed.  

¶ SR1: The design solution shall accurately output sES to at least a ±20% level of 

accuracy of programmed ES pulse parameters (i.e., pulse duration, inter-phase gap, 

pulse frequency, and pulse amplitude). The rationale for this requirement 

resulted from IEC 60601-2-10:2012, Requirements for the Safety and 

Essential Performance of Nerve and Muscle Stimulators [3]. Within the IEC 

60601-2-10:2012, an accuracy of ±20% was deemed adequately safe for 

therapeutic applications.  

¶ SR2: The design solution shall provide voltage regulated sES. Voltage-regulated 

ES, often referred to as constant voltage (CV), offers a minimized risk of 

injury to the user [4]. As the current density magnitude applied to the skin 

determines the potential for tissue damage [5], in a constant voltage 

stimulator an increase of impedance due to the degradation of the 

electrode-skin interface results in a current decrease, thus lowering the 

potential for tissue damage. Therefore, with the user's overall safety in 

mind, a CV regulated sES cueing system was considered a key prerequisite 

system requirement. 

¶ SR3: The design solution shall provide charged balanced biphasic sES with an 

inter-phase gap. Various charge balancing methods for ES exist [6]. It has 
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been shown that charge balanced biphasic pulsing (uses anodic and 

cathodic phases) with an inter-phase gap, reduced tissue damage of the 

ÉÐ×ÏÈÚÐÊɯ×ÜÓÚÐÕÎɀÚɯÈÕËɯÙÌØÜÐÙÌËɯÓÖÞÌÙɯ×ÖÞÌÙɯÙÌØÜÐÙÌÔÌÕÛÚɯÛÖɯÌÓÐÊÐÛɯÈɯ

physiological response [6]. Therefore, balancing the effects of efficacy, 

tissue damage, and electrode corrosion, charge balanced biphasic sES with 

inter -phase gap was considered a key prerequisite system requirement.  

¶ SR4: The design solution shall be capable of providing ES with pulse amplitudes 

Ü×ɯÛÖɯÈÛɯÓÌÈÚÛɯƗƙɯ5Ȯɯ×ÜÓÚÌɯÞÐËÛÏÚɯÖÍɯƗƙƔɯϟÚȮɯÈÕËɯ×ÜÓÚÌɯÍÙÌØÜÌÕÊàɯÖÍɯƗƙɯ'áȭɯThe 

group had extensive experience in the evaluation of skin surface 

Neuromuscular Electrical Stimulation (NMES) parameters optimised for 

comfort and safety with mo re 2,700 hours of use and the parameters 

selected were based on these data [7-16].  

¶ SR5: The design solution shall accurately output sES to at least a ±5% level of 

accuracy of programmed sES envelope parameters (i.e., Ramp-up time, ON-time, 

Ramp-down time, and OFF-time). The requirement for accuracy of the 

programmed sES envelope parameters reflected the need to provide sES at 

critical time points in the PwP gait cycle. As previously identified by the 

authors, somatosensory cueing applications on the upper leg (i.e., 

quadriceps) of PwP required ES voltage amplitudes in the range of 10-35 V 

[17]. 

¶ SR6: The design solution shall be capable of providing two stimulation output 

channels. The optimum approach to sES cueing has yet to be established, 

therefore it is important to ensure that the design solution would be 

sufficiently flexible to allow the investigation of different cueing strategies.  

From a practical perspective > 2 channels of skin surface stimulation can 

introduce significant usability challenges for  the user, therefore a two-

channel solution should be developed to provide a balance between 

flexibility and usability [18].   

¶ SR7: The design solution shall use off-the-shelf PALS electrodes from Axelgaard 

Manufacturing Co. Limited (California, USA). Due tÖɯÛÏÌɯÎÙÖÜ×ɀÚɯÌßÛÌÕÚÐÝÌɯ

experience with these electrodes [7-16], we were satisfied that PALS 

electrodes were a safe solution and that the company had an excellent 
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international track record for the supply of safe and reliable skin -surface 

electrodes. 

¶ SR8: The design solution shall monitor and indicate changes in electrode-skin 

impedance. An increase of impedance due to the degradation (i.e., electrode 

peeling) of the electrode-skin interface of the sES system may result in 

reduced delivery of current. As su ch, the effectiveness of the sES may be 

reduced.  

¶ SR9: The design solution shall be compliant with regulatory requirements for ES 

device category. To ensure the safety of participants, the stimulator needs to 

be compliant with applicable safety standards, these included: the 

IEC60601-1:2006, General Requirements for Basic Safety and Essential 

Performance (Section 14: Programmable Electrical Systems) [19]. 

4.2.1.3 Produce Design Solution to Meet User Requirements I: 

A pre-existing first -generation, general-purpose, voltage controlled, two -channel, 

programmable, waist -worn stimulator (150 x 100 x 40 mm, 335 g), developed by 

the NUI Galway Ȯɯ ȿ#ÜÖ-23(,ɀɯ ȻƖƔȼɯ ÔÌÛɯ ÛÏÌÚÌɯ ÙÌØÜÐÙÌÔÌÕÛÚȮɯ %ÐÎÜÙÌɯ ƘȭƗ. The 

stimulator was independently certified for compliance to EN60601 -1 by TÜV 

Rheinlan and available for immediate use. 

A detailed Technical note on the Duo-STIM is presented by Breen et al. [20]. 

 

Figure 4.3. The Duo-STIM unit. Image modified from [20].  
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4.2.1.4 Evaluate the Design against Requirements I: 

The stimulus parameters delivered by the stimulator are within the range used by 

existing muscle stimulator devices: pulse width (100ɬ500 ϟÚȺȮɯÐÕÛÌÙ-pulse interval 

(100ɬ500 ϟÚȺȮɯ×ÜÓÚÌ-frequency (10ɬ50 Hz), Ramp-up time (0ɬ10000 ms), ON time 

(0ɬ10000 ms), Ramp-down time (0ɬ10000 ms), and OFF time (0ɬ10000 ms). These 

parameter were programmed through an accompanying programming unit, 

enabling an engineering researcher to program and control a full range of sES 

parameters. In addition the pulse-voltage (0ɬ72 V) could be controlled by either 

×ÙÌÚÚÐÕÎɯÛÏÌɯȿ+ÖÞÌÙɯ2ÛÐÔÜÓÜÚɯ(ÕÛÌÕÚÐÛàɀɯÖÙɯȿ(ÕÊÙÌÈÚÌɯ2ÛÐÔÜÓÜÚɯ(ÕÛÌÕÚÐÛàɀɯÉÜÛÛÖÕÚɯÖÕɯ

the Duo-STIM. 

In order to test whether or not sES would be effective as a cue, the Duo-STIM was 

ÔÈÕÜÈÓÓàɯÖ×ÌÙÈÛÌËɯÉàɯÈɯÊÓÐÕÐÊÐÈÕɯȹ/ÈÙÒÐÕÚÖÕɀÚɯ-ÜÙÚÌɯ2×ÌÊÐÈÓÐÚt). As illustrated in 

Figure 4.4, when the clinician detected a FoG episode, he manually activated sES 

ÊÜÌÐÕÎȮɯÉàɯ×ÙÌÚÚÐÕÎɯÈÕËɯÏÖÓËÐÕÎɯÛÏÌɯȿ3ÌÚÛɯ2ÛÐÔÜÓÜÚɀɯÉÜÛÛÖÕɯÖÕɯÛÏÌɯ#ÜÖ-STIM, for 

as long as the FoG episode lasted.  

 

Figure 4.4. (A) Photograph and  illu stration of clinician  tethered to the Duo-STIM unit 

during UHG testing with PwP. (B) Illustration of PwP entering a FoG episode and the ȿ3ÌÚÛɯ

2ÛÐÔÜÓÜÚɀɯÉÜÛÛÖÕɯÉÌÊÖÔÐÕÎɯÈÊÛÐÝÌɯÏÐÎÏɯËÜÌɯÛÖɯÛÏÌɯÊÓÐÕÐÊÐÈÕɯ×ÙÌÚÚÐÕÎɯÈÕËɯÏÖÓËÐÕÎɯÛÏÌɯ

button, resulting in an sES burst on the output channel of the Duo-STIM. 
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3ÏÐÚɯȿ3ÌÚÛɯ2ÛÐÔÜÓÜÚɀɯÍÌÈÛÜÙÌɯÖÕɯÛÏÌɯ#ÜÖ-STIM was originally designed to facilitate 

correct electrode placement and when pressed delivered a burst of stimulus (500 

ms Ramp-up time, 1000 ms ON time, 300 ms Ramp-down  time, and 0ms OFF time). 

3ÏÌÙÌÍÖÙÌȮɯÞÏÌÕɯÛÏÌɯÊÓÐÕÐÊÐÈÕɯ×ÙÌÚÚÌËɯÛÏÌɯȿ3ÌÚÛɯ2ÛÐÔÜÓÜÚɀɯÉÜÛÛÖÕȮɯÈɯÉÜÙÚÛɯÖÍɯ

stimulus was delivered to the quadriceps skin surface of the PwP, when FoG was 

detected. Thus effectively providing On -#ÌÔÈÕËɯÊÜÌÐÕÎɯÜÚÐÕÎɯÛÏÌɯȿÊÖÕÊÐÌÙÎÌɀɯ

technique [21] (it was proposed that On-Demand cueing, in a home-use context, 

would be delivered automatically under sen sor control).  

Bench testing of Duo-STIM was completed by Breen et al., the accuracy of the 

stimulators output was reported within all the specified requirements. Measured 

charged balanced biphasic (with inter -phase gap) pulses from the Duo-STIMɀÚɯ

output had stimulus parameters within ±2% of the programmed values.  

Both 5 cm x 5 cm and 5 cm x 10 cm PALS skin surface electrodes were supplied by 

Axelgaard for use with the Duo-STIM. Duo-STIM provided a warning on the 

stimulator's LCD screen in the event of inadequate electrode contact with the skin 

before stimulus is applied.  

The use of Duo-STIM provided a convenient first iteration design s olution and it 

enabled the team to establish proof of concept and to develop an initial 

understanding of the context of use. Preliminary observation suggested that the 

therapy worked and that PwP were receptive to sES, delivered through a pair of 

skin surf ace electrodes. 

4.2.2 Iteration II  

4.2.2.1 Understanding & Specifying the Context of Use II: 

Duo-STIM had some limitations, with Duo -STIM the clinician was required to be 

physically tethered to the patient via the stimulator, as illustrated in Figure 4.4. 

The use of the tethered connection when the participant was walking, was highly 

cumbersome and undesirable. Additionally and importantly, with this design 

solution, the clinician was not blinded to the delivery of the therapy and was 

ÌÍÍÌÊÛÐÝÌÓàɯÛÏÌɯȿËÌÓÐÝÌÙÌÙɀɯÈÕËɯȿÌÝÈÓÜÈÛÖÙɀɯÖÍɯÛÏÌɯÌÍÍÌÊÛÐÝÌÕÌÚÚɯÖÍɯÛÏÌɯÛÏÌÙÈ×àȮɯÞÏÐÊÏɯ

again was undesirable.  
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In addressing these limitations, it was identified that a Bluetooth (Bluetooth SIG 

Inc., Kirkland, WA, USA) enabled stimulator would facilitate the use of custom 

smartphone applications that could:  

(i) Enable a clinician to wireless activate sES cueing and thus the PwP could 

walk unimpeded.  

(ii)  Blind the clinician to whether or not therapy (On -Demand cueing) was 

being delivered, and to which anatomical skins surface site it wa s or was 

not delivered.   

(iii)  Provide autonomous  On-Demand sES cueing through the integration of 

third -party Bluetooth enabled real-time FoG detection systems.  

An observation made during Iteration I was that the majority of PwP did not freeze 

in the clinical setting at UHG, even though they would experience FoG on a regular 

basis in their daily life. An explanation for this was that the novelty of the visit to 

ÛÏÌɯÊÓÐÕÐÊɯȿÚÛÐÔÜÓÈÛÌËɀɯÛÏÌɯ/Þ/ɯÈÕËɯÊÖÕÚÌØÜÌÕÛÓàɯÛÏÌàɯËÐËɯÕÖÛɯÌß×ÌÙÐÌÕÊÌɯ%Ö&ɯȻƖƖȼȭɯ

It was decided that  during Iteration II testing would be performed in the NUI 

Galway campus, where a FoG provocation setup could be created in a human 

movement laboratory.  

4.2.2.2 Specifying the User Requirements II: 

In developing the design solution for Iteration II, based  on our experiences with 

Iteration I, an additional set of UR and SR for the revised design solution were 

proposed:  

¶ UR3: The clinician user shall be able to program and control a full range of sES 

parameters wirelessly. 

¶ UR4: The clinician user shall be able to wirelessly control the delivery of sES 

cueing while they are also focussed on the safety of the participant and on the 

presence or absence of FoG. 

¶ UR5: The clinician user shall be blinded to whether or not therapy (On-Demand 

cueing) was being delivered through an autonomous process of treatment 

allocation concealment and assignment. 

The additional set of SR for the revised design solution were:  
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¶ SR10: The design solution shall provide ES with a maximum pulse amplitude of 

Ɨƙɯ5Ȯɯ×ÜÓÚÌɯÞÐËÛÏÚɯÖÍɯƖƔƔƔɯϟÚȮɯÊÏÈÙÎÌɯ×ÌÙɯ×ÜÓÚÌ-×ÏÈÚÌɯÖÍɯÓÌÚÚɯÖÍɯƗƙɯϟ"ȮɯÈÕËɯ×ÜÓÚÌɯ

frequency of 50 Hz. Extensive work has been carried out on ES envelope 

parameter recommendations by Rancho Los Amigos [23]. More 

specifically, skin  surface ES is typically applied at relatively low 

ÍÙÌØÜÌÕÊÐÌÚɯȹǾƙƔɯ'áȺɯÈÕËɯ×ÜÓÚÌɯÞÐËÛÏÚɯÖÍɯǾƖƔƔƔɯϟÚɯÍÖÙɯÕÌÙÝÌɯÚÛÐÔÜÓÈÛÐÖÕɯ

[24]. Furthermore, investigators have empirically determined the 

relationship between ES charge delivery and tissue damage, Equation 4.1. 

[6]:  

ὗ  Ѝὃρπ                                    Equation 4.1 

Where Q is the charge per pulse-×ÏÈÚÌɯÐÕɯϟ"ɯȹËÌÍÐÕÌËɯÈÚɯÛÏÌɯÐÕÛÌÎÙÈÓɯÖÍɯÛÏÌɯ

ES current), A is the surface area of the electrode in cm2, and k is an 

empirically determined constant.  If k exceeds 1.7, then tissue damage can 

occur [6]. Thus, considering the minimum skin surface electrodes size of 5 

cm x 5 cm for the sES of the lower limb (as identified in [17]), the maximum 

charge per phase that the system can deliver without causing tissue 

damage ÞÈÚɯƗƙɯϟ"ȭ 

¶ SR11: The design solution shall include risk control measures for hardware failures 

and potential misuse, ensuring ES is delivered safely and effectively. The risk of 

injury to the user as a result of system hardware failure or misuse was 

assessed, and with the user's overall safety in mind, a key safety 

requirement of the sES cueing system was to avoid the inappropriate 

delivery of stimulus as a result of failures or misuse of the system by the 

user.  

¶ SR12: The design solution shall be compliant with regulatory requirements for ES 

device category and the industry standards for manufacture and assembly of 

printed circuit boards. Due to the proposed sES stimulator being a potential 

medical device, applicable regulatory standards and the design cri teria 

need to be considered. These included: the IEC 60601-2-10:2012, 

Requirements for the Safety and Essential Performance of Nerve and 

Muscle Stimulators [3]; the IPC-2221, Generic Standard on Printed Circuit 

Board Design [25]; and the IPCɬA-610, Acceptability of Electronic 

Assemblies [26]. 



113 

 

4.2.2.3 Produce Design Solution to Meet User Requirements II: 

The design solution, meeting these requirements, was a pre-existing second-

generation, voltage controlled, two -channel, programmable, waist-worn NMES 

stimul ator (150 x 92 x 27 mm, 335 g), which was at hand and available for use 

Figure 4.5. While this pre -existing NMES stimulator  met all the system 

requirements, including built -in diagnostics, the NMES stimulator was  required 

to be re-configured as a wearable Bluetooth-enabled sES stimulator, and a 

supporting smartphone app was designed and developed to meet user 

requirements. 

 

Figure 4.5. Photograph of participant wearing the sES stimulator during NUI Galway 

testing and the clinician using the accompanying smartphone applicat ion to apply On -

Demand cueing.  

4.2.2.4 Evaluate the Design Against Requirements II: 

An important feature of  the design solution was that it enabled the clinician user 

to program, using the smartphone application, the full gamut of stimula tion 

parameters: pulse amplitude from 0 -34 V, pulse frequency from 0-50 Hz, pulse 

duration 100-500 µs, inter-phase gap from 100-500 µs, which reflect typical skin 

surface NMES stimulator parameter values [27]. Wireless functionality  was 

provided v ia an on-board Bluegiga WT12 Classic Bluetooth module (Bluegiga 
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Technologies Inc, USA). To enable the dynamic wireless control of the sES 

stimulator in real -time a smartphone executed a custom-designed application, 

developed in Java (Oracle Corporation , CA, USA). The Samsung Nexus® S 

smartphone (Samsung Electronics, Suwon, Republic of Korea) was selected to run 

the custom-designed application.  

The smartphone application  was intended for research use by clinicians and was 

designed to be ergonomic, supporting clinici ans to adjust control settings in 

situations where they are focussed on the safety of the participant and on 

observing the presence or absence of FoG. 

To mitigate  the possibility  of accidental or incorrect use of the application,  

safeguards were incorporat ed through  tactile and visual  feedback. During  

adjustment of sES parameters, safeguards were employed to check and verify  that 

newly  entered values are within  predetermined  safety ranges of the sES cueing 

parameters. In the event of an invalid  value being entered the clinician  is alerted 

via a prompt.  The application  also provided  a vibration  alert to the clinician  when 

they have taken action to deliver  stimulus  (i.e., presses the ȿ%.&ɀ button  on the 

application).  This tactile feedback was incorporated  to guide the clinician  user to 

deliver  stimulus  without  the need to visually  interact with  the application.   

Additionally, the smartphone application featured an allocation concealment and 

assignment algorithm, to facilitate the clinician user being blinded to  whether or 

not therapy was being delivered. This feature was to eliminate observer bias and 

thus increase the rigour of the assessment of the therapy. 

To check the accuracy, the output of the sES stimulator was measured using a 

PicoScope 3425 (Pico Technology, UK) oscilloscope as the sES intensity was 

increased from 10-100% (in steps of 10%). The test was performed with a single 

stimulation channel connected across a 3-component skin equivalent circuit 

model, as proposed by Birlea et al. [28]. The model coÕÚÐÚÛÌËɯÖÍɯÈɯƕƙȮƔƔƔɯ͙ɯÚÛÙÈÛÜÔɯ

corneum resistance (Rsc), 92 nF stratum corneum capacitance (CscȺȮɯÈÕËɯƗƝƔɯ͙ɯÚÌÙÐÌÚɯ

resistance of the electrodes, wet stratum corneum, and deeper tissues (Rs).  

The accuracy of the pulse amplitude output of the sES stimulator was within the 

specified requirement of 20%. The maximum charge per phase of the sES 
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ÚÛÐÔÜÓÈÛÖÙɯÞÈÚɯÞÐÛÏÐÕɯÛÏÌɯÚ×ÌÊÐÍÐÌËɯÙÌØÜÐÙÌÔÌÕÛɯÖÍɯƗƙɯϟ"ȭɯ3ÏÌɯÈÝÌÙÈÎÌɯÕÌÛɯÊÏÈÙÎÌɯ

imbalance applied to the user as a result of applying alternating cathodic and 

anodic leading pulse was found to be 4 nC. The results from the stimulus 

waveform validity test demonstrated that stimulus output values were accurate to 

within the specified requirement of 5% of the programmed parameters. The 

accuracy of the electrode-skin impedance meter was evaluated using a resistor box 

(MODEL 901) connected to the output of the sES waist-worn stimulator . During 

testing, the resistance of the resistor box was increased from 0ɬƕƔƔƔɯ͙ɯÐÕɯÚÛÌ×ÚɯÖÍɯ

ƕƔɯ͙ȭɯ3ÏÌɯÙÌÚÜÓÛÐÕÎɯÈÊÊÜÙÈÊàɯÖÍɯÛÏÌɯ×ÌÈÒɯÌÓÌÊÛÙÖËÌ-skin impedance meter was 

within the specified requirement of 5%  of the resistor box value. 

The use of the sES stimulator and the accompanying smartphone application 

enabled the team to continue to explore the generalisability of the therapy through 

continued testing with different PwP. A new study was carried out at NUI Galway 

with five PwP using the FoG provocation setup of Figure 4.6. As illustra ted in 

%ÐÎÜÙÌɯƘȭƙȮɯÞÏÌÕɯÛÏÌɯÊÓÐÕÐÊÐÈÕɯȹ/ÈÙÒÐÕÚÖÕɀÚɯ-ÜÙÚÌɯ2×ÌÊÐÈÓÐÚÛȺɯËÌÛÌÊÛÌËɯÈɯ%Ö&ɯ

Ì×ÐÚÖËÌȮɯÏÌɯÞÐÙÌÓÌÚÚÓàɯÈÊÛÐÝÈÛÌËɯÚ$2ɯÊÜÌÐÕÎȮɯÉàɯ×ÙÌÚÚÐÕÎɯÈÕËɯÏÖÓËÐÕÎɯÛÏÌɯȿ%.&ɀɯ

button on the application, for as long as the FoG episode lasted and a burst of 

stimulus was delivered to either the quadriceps or wrist skin surface of the PwP 

during the experimental condition. We were thus again providing On -Demand 

ÊÜÌÐÕÎɯÜÚÐÕÎɯÛÏÌɯȿÊÖÕÊÐÌÙÎÌɀɯÛÌÊÏÕÐØÜÌɯȻƖƕȼȭ 

Additionally, we continued to develop our understanding of the intend ed context 

of use of the therapy. Observations in Iteration II continued to suggest that the 

therapy worked and that PwP were receptive to sES, delivered through a pair of 

skin surface electrodes. The wireless arrangement in the design solution for 

Iterati on II worked well and the PwP was afforded more personal space as they 

navigated the walkway, with the clinician now not required to be right beside the 

PwP.  

The allocation concealment algorithm [29] was used during PwP testing, where 

three conditions werÌɯÛÌÚÛÌËɯȿ"ÖÕÛÙÖÓɀɯȹ/Þ/ɯÞÌÈÙÐÕÎɯÌÓÌÊÛÙÖËÌÚɯÞÐÛÏɯÈɯÞÐÙÌËɯ

ÊÖÕÕÌÊÛÌËɯÛÖɯÛÏÌɯÚ$2ɯÚÛÐÔÜÓÈÛÖÙɯÉÜÛɯÕÖɯÚÛÐÔÜÓÜÚɯÞÈÚɯËÌÓÐÝÌÙÌËɯÞÏÌÕɯÛÏÌɯȿ23(,ɀɯ

ÉÜÛÛÖÕɯÞÈÚɯ×ÙÌÚÚÌËɯÉàɯÛÏÌɯÊÓÐÕÐÊÐÈÕȺɯÈÕËɯȿ$ß×ÌÙÐÔÌÕÛÈÓɀɯȹ/Þ/ɯÞÌÈÙÐÕÎɯÌÓÌÊÛÙÖËÌÚɯ

at the quadriceps and wrist  with a wired c onnected to the sES stimulator and 
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ÚÛÐÔÜÓÜÚɯÞÈÚɯËÌÓÐÝÌÙÌËɯÛÖɯÖÕÌɯÖÙɯÛÏÌɯÖÛÏÌÙɯÞÏÌÕɯÛÏÌɯȿ23(,ɀɯÉÜÛÛÖÕɯÞÈÚɯ×ÙÌÚÚÌËɯÉàɯ

the clinician). This feature of the design solution for Iteration II worked well and 

enhanced the rigour of testing carried out.  

 

Figure 4.6. Photograph a FoG provocation setup during  Iteration II testing in the NUI 

&ÈÓÞÈàɯÊÈÔ×ÜÚɀÚɯÏÜÔÈÕɯÔÖÝÌÔÌÕÛɯÓÈÉÖÙÈÛÖÙàȭɯ3ÏÌɯÕÈÙÙÖÞɯÊÖÙÙÐËÖÙɯÞÐÛÏɯÍÖÜÙɯËÖÖÙÞÈàÚɯ

was constructed to provoke FoG in a controlled setting, with fixed handrails throughout 

the length of the corridor providing support if required by the PwP.  

4.2.3 Iteration III  

4.2.3.1 Understanding & Specifying the Context of Use III: 

Up to this point in the HCD process, On -Demand cueing was being achieved with 

ÛÏÌɯÊÓÐÕÐÊÐÈÕɯÈËÖ×ÛÐÕÎɯÛÏÌɯȿÊÖÕÊÐÌÙÎÌɀ role. However, we needed at this point to 

progress the development of an autonomous On-Demand cueing solution and 

there were three possible approaches to achieving this: 

(i) Use a third party external hardware sensing solution with a built -in real-

time FoG detection algorithm.  

(ii)  Incorporate sensing hardware resources into the sES stimulator and embed 

the third -party real -time FoG detection algorithm in the stimulator 
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firmware or develop an in -house FoG detection algorithm and embed that 

in the stimulator firmwar e. 

(iii)  Use a third party wrist -ÞÖÙÕɯȿÚÞÐÛÊÏɀȮɯÞÏÐÊÏɯÞÖÜÓËɯÈÓÓÖÞɯÛÏÌɯ/Þ/ɯÛÖɯ

activate the switch and thus deliver On -#ÌÔÈÕËɯÊÜÌÐÕÎȭɯ3ÏÌɯȿÚÞÐÛÊÏɀɯÊÖÜÓËɯ

be implemented in a smart watch using a smart watch application.  

Option 1 and Option 2 were not feasible as the real-time performance of these third 

party algorithms did not meet the timing requirements for real -time FoG detection 

(FoG detection time > 2 s). Option 3 was feasible and therefore in the next iteration, 

Iteration III, we needed to create a new design solution with a companion wrist 

worn switch functionality.  

Prior to the development of  the design solution in Iteration III, the research team 

ÚÖÜÎÏÛɯÛÖɯÉÌÛÛÌÙɯÜÕËÌÙÚÛÈÕËɯÛÏÌɯ×ÙÖ×ÖÚÌËɯÚ$2ɯÊÜÌÐÕÎɯÚàÚÛÌÔɀÚɯÜÚÌɯÊÈÚÌɯÈÕËɯÛÏÌɯ

functionality that might be required  to support this.  Using inputs from PwP and 

clinicians, who were able to share their views on how the PwP might interact with 

the cueing system and in what context it would be used on a daily basis by PwP. 

Additionally, input was sought from our partners i n the REMPARK consortium, 

ÞÏÖɯ ÈÛɯÛÏÌɯ ÛÐÔÌɯÞÌÙÌɯËÌÚÐÎÕÐÕÎɯ ÈɯÙÌÔÖÛÌȮɯ ÈÜÛÖÕÖÔÖÜÚɯ /ÈÙÒÐÕÚÖÕɀÚɯËÐÚÌÈÚÌɯ

management system. With these inputs, a first revision Use Case document 

(Appendix E) was created, subject to the following constraints:  

¶ Skin surface ES would be employed, as implanted ES was not feasible with 

the technological and financial resources available to the development 

team. 

¶ The skin surface electrodes would be off-the-shelf PALS electrodes from 

Axelgaard rather than in -house designed electrodes, as the group had very 

positive experience with using these electrodes.  

¶ The electrodes would be located on the skin surface of the upper leg, based 

on a tolerance and comfort study completed by the group [17].  

Thus, the sES cueing system, as presented in the Use Case document, consisted of: 

(i) skin surface ES electrodes, (ii) sES waist-worn stimulator, (iii) sES smartphone 

application and (iv) wrist -worn switch.  

 



118 

 

Eight different scenarios were described in the Use Case document: 

(i) Donning the equipment, as they might do each morning.  

(ii)  Doffing the equipment, as they might do each evening, before bedtime. 

(iii)  Walking at home or outdoors, experiencing FoG and delivering On -

Demand cueing to relieve FoG by activation of the wrist -worn switch.  

(iv)  Resting, taking meals at home, while wearing the equipment.  

(v) Dealing with a low stimulator battery alert.  

(vi)  Dealing with an electrode fault alert.  

(vii)  Dealing with a stimulator Bluetooth connection lost alert.  

(viii)  Dealing with a wrist -worn switch Bluetooth connection lost alert.  

Some sample figures from the Use Case document are shown in Figure 4.7-4.10. 

 

Figure 4.7. Example scenario of PwP donning the PALS electrodes and the wrist-worn 

switch, while in the on-state. (A) The PwP removes a pair of PALS electrodes from their 

sealed packet. (B) The PwP places a pair of electrodes over the belly of their left quadriceps 

muscles. (C) The PwP unplugs the wrist -worn switch from its charging cable. (D) The PwP 

fastens the wrist-worn switch on their wrist.  
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Figure 4.8. Example scenario of PwP donning the sES waist-worn stimulator, while in the 

on-state. (A) The PwP unplugs the sES waist-worn stimulator from its charging cable. (B) 

The PwP places the sES waist-worn stimulator inside a belt pouch. (C) The PwP fastens the 

belt pouch on their waist. (D) The PwP plugs the electrodes into the sES waist-worn 

stimulator.  
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Figure 4.9. Example scenario of PwP delivering On -Demand cueing to relieve FoG by 

activation of the wrist -worn switch, while in the wearing off-state (i.e., the positive effect of 

the PD medication is beginning to wear -off). (A) While the PwP performs there normal 

activities of daily living a FoG episode occurs. (B) The PwP presses and holds the centre 

button on the wrist -worn switch. Consequently, the wrist -worn switch triggers sES 

delivery v ia the sES smartphone application. (C) The FoG episode is ameliorated. (D) The 

PwP releases the centre button on the wrist-worn switch. Consequently, the wrist -worn 

switch cease sES delivery via the sES smartphone application. 



121 

 

 

Figure 4.10. Example of a scenario presented in the Use Case document PwP dealing with 

an electrode fault alert. (A) The sES smartphone application displays and emits an auditory 

electrode alert. (B) The PwP acknowledges the alert and mutes it by pressing the mute 

button on the sES smartphone application . (C) The PwP verifies that electrode lead 

connection on the sES waist-worn stimulator is OK. (D) The PwP checks the electrodes to 

make sure they are firmly attached to the leg and finds one of the electrodes has become 

lose. The PwP reattaches the electrode and the electrode alert stops on the sES smartphone 

application. (E) The PwP continues their normal activities of daily living.  

To evaluate the Use Case document, 17 PwP were recruited through a local 

/ÈÙÒÐÕÚÖÕɀÚɯÚÜ××ÖÙÛɯÎÙÖÜ×ɯȿ3ÏÌ &ÈÓÞÈàɯ/ÈÙÒÐÕÚÖÕɀÚɯ ÚÚÖÊÐÈÛÐÖÕɀȭɯ ɯÍÖÊÜÚɯÎÙÖÜ×ɯ

structure was used to elicit feedback on the Use Case document from the 

participants and they were asked to complete questions relating to different 

elements of the Use Case. Each question was put to the PwP using a 5-point Likert 

scale, and the scoring was used to determine the perceived usability of different 
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aspects of the system, either identified by the team as likely usability challenges 

for PwP or other relevant aspects of the system. The question responses were 

ÊÖËÌËɯÚÖɯÛÏÈÛɯÈɯȿƔɀɯ+ÐÒÌÙÛɯÚÊÖÙÌɯÊÖÙÙÌÚ×ÖÕËÌËɯÛÖɯȿÎÖÖËɀɯÜÚÈÉÐÓÐÛàɯÈÕËɯÈɯȿƘɀɯ+ÐÒÌÙÛɯ

ÚÊÖÙÌɯÊÖÙÙÌÚ×ÖÕËÌËɯÛÖɯȿ×ÖÖÙɀɯÜÚÈÉÐÓÐÛàȭ 

 ɯÔÌÈÕɯɁ2ÌÝÌÙÐÛàɯ1ÈÛÐÕÎɂɯÞÈÚɯÊÈÓÊÜÓÈÛÌËɯÍÖÙɯÌÈÊÏɯidentified usability challenge  by 

averaging the Likert scores for a question across all participants (Equation 4.2). The 

list of identified usability challenge s and associated Severity Ratings are presented 

in Table 4.1-4.5.  

ὓὩὥὲ ὛὩὺὩὶὭὸώ ὙὥὸὭὲὫ
В ὛόὦὮὩὧὸ ὒὭὯὩὶὸ ὛὧέὶὩ

ὔ
 Equation 4.2 

Table 4.1. Severity Ratings for identified usability challenges with  electrodes use. 

 

Activity  

Severity Rating  

(mean  ± SD) 

Removing the electrodes from their packet.  1.12 ± 0.86 

Attaching the electrode lead to the electrodes. 1.12 ± 0.86 

Attaching the electrodes to the upper leg. 1 ± 0.79 

Connecting the electrode lead to the sES Stimulator. 1.41 ± 1.28 

Table 4.2. Severity Ratings for identi fied usability challenges with  sES smartphone 

application use. 

 

Activity  

Severity Rating  

(mean  ± SD) 

Opening the sES smartphone application.   1.35 ± 0.79 

Understanding how the sES smartphone application works.  2.44 ± 1.09 

Checking if the sES Stimulator or wrist -worn switch is connected 

to the sES smartphone application . 
2.31 ± 0.79 

Enabling the sES stimulator from the sES smartphone application . 2.12 ± 1.11 

Muting an Electrode alert from the sES smartphone application . 1.18 ± 0.81 

Understanding the types of Alerts generated in the sES 

smartphone application . 
0.94 ± 0.66  
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Table 4.3 Severity Ratings for identified usability challenges with  wrist -worn switch use. 

 

Activity  

Severity Rating  

(mean  ± SD) 

Putting on the wrist -worn switch.  1 ± 0.76 

Fastening the wrist -worn switch.  0.87 ± 0.52 

Pressing and holding the centre button on the wrist -worn switch 

while in FoG.  
0.82 ± 0.53 

Table 4.4 Severity Ratings for identified usability challenges with  sES stimulator use. 

 

Activity  

 Severity Rating  

(mean  ± SD) 

Putting on the sES stimulator pouch. 1.06 ±0.56 

Fastening the sES stimulator pouch. 1.12 ± 0.60 

Plugging or unplugging the charging cable of the sES stimulator.  1 ± 0.61 

Placing the sES stimulator on charge every night. 1 ± 0.71 

Understanding the functions of the 3 status LEDs. 2.35 ± 1.17 

Table 4.5. Severity Ratings for identified usability challenges with  public perception of the 

design solution.  

 

Activity  

Severity Rating  

(mean  ± SD) 

Being seen in public while wearing the wrist -worn switc h. 2.07 ± 1.03 

Being seen in public while wearing the sES stimulator.  1.88 ± 1.11 

Being seen in public while wearing the smartphone.  2.11 ± 1.11 

While, these data reflect the PwP perception of their ability to complete an activity, 

rather than based on observing them attempting to complete the activity, the data 

however had merit and indicated that : 

(i) The PwP had low levels of concern relating the different tasks associated 

with the electrodes and their connection to the stimulator unit.  

(ii)  The PwP had low to medium levels of concern relating the different tasks 

associated with sES smartphone application. 

(iii)  The PwP had low levels of concern relating the different tasks associated 

with the proposed wrist -worn switch.  
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(iv)  The PwP had low levels of concern relating to the stimulator pouch and 

charging the stimulator each day. However, there was higher levels of 

concern relating to the stimulator status LEDs. 

(v) The PwP had medium levels of concern relating to all aspects of being seen 

in public with the equipment, whether that is the switch, the stimulator or 

the smartphone. The issue of stigma while wearing assistive technology in 

public is well established and understandable as the visibility of the 

technology is possibly perceived by the PwP as sending a signal to the 

geÕÌÙÈÓɯ×ÜÉÓÐÊɯÛÏÈÛɯÛÏÌàɯÈÙÌɯȿËÐÚÈÉÓÌËɀȭ 

The presented Severity Ratings indicated that the use of the design solution 

proposed in the Use Case might pose some usability challenges for PwP. While not 

all identified problems could be easily fixed within the co nstraints of the project, 

the research team felt that the identified usability issues could be at least reduced 

through a Use Case and design solution revision.  

Additionally, the design team had viability concerns about the wrist -worn switch. 

This unit ad ded an additional hardware unit to the cueing system and in the 

process added complexity, cost and potential reliability challenges to the system.  

Following a brain -storming session by the team, it was identified that the required 

ȿÚÞÐÛÊÏɀɯÍÜÕÊÛÐÖÕÈÓÐÛàɯÊÖÜÓËɯÉÌɯÈÊÏÐÌÝÌËɯÜÚÐÕÎɯÛÏÌɯȿËÖÜÉÓÌ-ÛÈ×ɀɯÍÜÕÊÛÐÖÕÈÓÐÛàɯÉÜÐÓÛɯ

into some MEMs accelerometers. By adding accelerometers to the stimulator PCB, 

Èɯ ȿËÖÜÉÓÌ-ÛÈ×ɀɯÈÊÛÐÖÕɯÖÕɯÛÏÌɯÚÛÐÔÜÓÈÛÖÙɯÌÕÊÓÖÚÜÙÌɯÞÖÜÓËɯÉÌɯËÌÛÌÊÛÌËɯÉàɯÛÏÌɯ

ÈÊÊÌÓÌÙÖÔÌÛÌÙɀÚɯȿËÖÜÉÓÌ-ÛÈ×ɀɯÍÐÙÔÞÈÙÌȭɯThis double-tap action on the stimulator 

enclosure would thus enable self-activation of cueing by the PwP. 

A feedback session with REMPARK clinicians highlighted that having a FoG 

ȿ×ÙÌÝÌÕÛÐÖÕɀɯÔÖËÌȮɯÞÏÌÙÌɯÛÏÌɯÚ$2ɯÚÛÐÔÜÓÈÛÖÙɯËÌÓÐÝÌÙÌËɯÚÛÐÔÜÓÜÚɯÊÖÕÛÐÕÜÖÜÚÓàȮɯ

thus preventing FoG occurring, would be beneficial, in addition to the current On -

#ÌÔÈÕËɯÊÜÌÐÕÎɯ×ÙÖ×ÖÚÈÓȮɯÞÏÐÊÏɯÈÊÛÌËɯÛÖɯȿÙÌÓÐÌÝÌɀɯÈɯ%Ö&ɯÌ×ÐÚÖËÌȭɯ3ÏÌɯÙÈÛÐÖÕÈÓÌɯÍÖÙɯ

this feedback was that the REMPARK clinicians noted that most auditory cueing 

devices use continuous cueing as a means to ameliorate FoG. Based on this 

feedback is was decided that the next design solution should have both a 

Continuous and On -Demand cueing capability.  
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Additionally, the feedback from PwP was that the current design solution was 

simply too bulky and would create social stigma and embarrassment while being 

worn, as it would be difficult to conceal the device under clothing .  

In response to the PwP feedback, the brain-storming session and REMPARK 

clinician feedback, a second revision Use Case was created.  

The sES cueing system now consisted of three components (skin surface ES 

electrodes, sES stimulator, and sES smartphone application) and two new 

scenarios was added to the second revision Use Case document:  

(i) The PwP self-activated On-Demand sES cueing in response to a FoG 

episode through double tapping on the stimulator enclosure.  

(ii)  Continuous cueing was delivered to the PwP whenever they started to 

walk.  

Some sample figures from the Use Case document are shown in Figure 4.11-4.12. 

 

Figure 4.11. Example of a scenario presented in the Use Case document PwP self-activated 

On-Demand. (A) The PwP performs their normal activities of daily living. (B) The PwP 

experiences a FoG episode. (C) The PwP performs a double-tap on the sES stimulator 

enclosure FoG. Consequently, the sES stimulator delivers three bursts of sES. (D) The FoG 

episode is ameliorated and the PwP continues their normal activities of daily living.  
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Figure 4.12. Example of a scenario presented in the Use Case Continuous cueing was 

delivered to the PwP whenever they started to walk.  (A) The PwP performs a double-tap 

on the sES stimulator enclosure FoG. Consequently, the sES stimulator delivers a 

continuous bursts of sES. (B) The PwP performs their normal activities of daily livin g. (C) 

The PwP performs a double-tap on the sES stimulator enclosure FoG. Consequently, the 

delivery of  sES is stopped. 

4.2.3.2 Specifying the User Requirements III: 

In developing the design solution for Iteration III, based on the second revision 

Use Case, an additional set of UR and SR for the revised design solution were 

proposed:  
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¶ UR6: The clinician or PwP user shall be able to select either an On-Demand or a 

Continuous sES cueing strategy.  

¶ UR7: A PwP shall be able to trigger On-Demand cueing through a double-tap action 

on the stimulator enclosure.  

¶ UR8: A PwP shall be able to wear the system comfortably during activities of gait and 

the size and weight of the sES stimulator should be comparable to that of a smartphone. 

¶ UR9: A PwP user shall be able to use the system for a full-day without the need to re-

charge the system. To decrease the time the PwP is without the system, the battery 

capacity should be large enough to use the system during waking hours without 

recharging the battery.  

¶ U10: The design solution should provide a user interface designed to maximise ease of 

use by providing a minimum set of user interaction points which enables the user to 

easily power on and off the system and interpret the current operating status of the 

system without over complexity and confusion.  

¶ SR13: The design solution shall facilitate double-tap gesture interactions through 

a MEMs accelerometer mounted on the sES stimulator PCB. This requirement 

will enable self -activated On-Demand cueing ÈÕËɯȿÌÔ×ÖÞÌÙɀɯÛÏÌɯ/Þ/ɯÛÖɯ

control, themselves, when they do or do not receive a cue.  

4.2.3.3 Produce Design Solution to Meet User Requirements III: 

The design solution meeting these requirements was a third-generation, 

Bluetooth-enabled, voltage controlled, two -channel, programmable, waist-worn 

Ú$2ɯ ÚÛÐÔÜÓÈÛÖÙɯ ȹȿÊÜÌ2ÛÐÔɯ ÚÛÐÔÜÓÈÛÖÙɀȺɯ ÞÐÛÏɯ ÐÛÚɯ ÈÊÊÖÔ×ÈÕàÐÕÎɯ ÚÔÈÙÛ×ÏÖÕÌɯ

È××ÓÐÊÈÛÐÖÕɯȹȿÊÜÌ2ÛÐÔɯÈ××ɀȺȭɯ3ÏÌɯÊÜÌ2ÛÐÔɯÚÛÐÔÜÓÈÛÖÙɯ(105 × 65 × 19 mm, 100 g) was 

comparable in size and weight to an Apple iPhone 7 (138 × 67× 7 mm, 138 g).  

As shown in Figure 4.13, the hardware architecture of the cueStim stimulator can 

be viewed as 7 component units: (i) Power Management Unit, (ii) H -Bridge 

Switching Unit, (iii) uSD Card Unit, (iv) Micro -Controller Unit, (v) Motion -Sensing 

Unit, (vi) User -Interface Unit,  and (vii) Bluetooth LE Unit.  While the Power 

Management, H-Bridge Switching, uSD Card and the Micro -Controller Units were 

all designed using the pre-existing circuit designs from the NMES stimulator  

(iteration II), three new hardware component (Motion -Sensing, User-Interface and 

the Bluetooth LE Units) were developed to meet user requirements. 
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Figure 4.13. Block diagram of the cueStim stimulator (ŶŸ General I/O line, ŶŸ 

Communication Buses, ŶŸ Diagnostic feedback sensing signals). 

An important feature of  the design solution was that it enabled the PwP to self-

activate On-Demand sES cueing, through a new form of interaction for a cueing 

device. The interaction is double-tap gesture interaction, where the PwP performs a 

double-tap gesture to interact with the cueStim stimulator . To facilitate this feature 

the cueStim stimulator  was fitted with an onboard LIS2DH tri -axial accelerometer 

(STMicroelectronics), whose firmware is configured to a detect double-tap impact 

shock for a range of embedded applications. The cueStim stimulator  was fitted 

with an additional three LIS2DH accelerometers to facilitate the possible 

implementation of different methods of  On-Demand sES cueing (i.e., automatic 

FoG detection).   

The cueStim stimulator was fitted in a belt -worn pouch, as shown in Figure 4.14. 

3ÏÌɯÚÛÐÔÜÓÈÛÖÙɀÚɯÜÚÌÙɯÐÕÛÌÙÍÈÊÌɯÞÈÚɯËÌÚÐÎÕÌËɯÛÖɯÔÈßÐÔÐáÌɯÛÏÌɯÌÈÚÌɯÖÍɯÜÚÌɯÍÖÙɯÛÏÌɯ

users by minimizing the number of cont rols. Thus, the interface provided a single 

Power ON/OFF button (membrane dome switch) which can be operated using a 

lateral pinch  grasp pattern (i.e., the cueStim stimulator is held between the radial 

side of index finger and thumb) . The stimulator also included three status LEDs 

that provided status information on different stimulator activities, as shown in 

Table 4.6.   
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Figure 4.14. Photograph of participant wearing the cueStim stimulator, the stimulators 

external enclosure, and internal circuity.  

Tabl e 4.6. Status LED colour codification for the cueStim stimulator.  

Colour 

Sequence 

Colour Sequence 

Description  
Function  

 +$#ɀÚɯ.ÍÍ Power OFF 
 

Constant blue Powered ON, Connected to app 
 

Blinking blue (1 second) Powered ON, Not Connected to app 
 

Blink ing orange (1 second) Low battery  
 

Blinking orange (5 second) Charging battery  
 

Constant orange Battery Ok 
 

Constant red Electrode Ok 
 

Blinking red (1 second) Electrode fault  
 

Cycling blue, orange, red (1 

second) 
MicroSD card fault  

 Cycling  blue, orange, red (5 

second) 
Power on self-test failure  
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In addition to these interactions, the user was required to connect and disconnect 

the charger and electrode leads to and from the cueStim stimulator . Two 2.5 mm 

audio jacks were used to support the connection of commercial electrode leads, 

and a standardized 1.6 mm power jack was incorporated into the design to support 

the use of a medical approved lithium -ion charger (Model 2241, Mascot). 

Wireless functionality  was provided v ia an on-board Bluetooth LE module 

(BLE113, manufactured by Bluegiga), which provided Bluetooth 4.0 connectivity. 

Bluetooth LE was selected as it provided lower power consumption (Transmit: 

18.2 mA and Receive: 14.3 mA), fast connection times, reliability, and security. To 

enable the dynamic wireless control of the cueStim stimulator in real -time a 

smartphone executed the custom-designed cueStim app (Figure 4.15), developed 

in Java (Oracle Corporation , CA, USA).  

 

Figure 4.15. Screenshots of the cueStim app and its workflow.  

The Moto G (1st Gen) smartphone (Motorola, Illinois, USA ) was selected to run the 

cueStim app. The smartphone was comparable in size and weight (129.9 × 65.9 × 

11 mm, 143 g) to the cueStim stimulator . 
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4.2.3.4 Evaluate the Design Against Requirements III: 

To check the accuracy, the output of the cueStim stimulator was measured using 

the PicoScope 3425 and the 3-component skin equivalent circuit model, as 

proposed by Birlea et al. [28]. The accuracy of the pulse amplitude output, 

maximum charge per phase, the average net charge imbalance, the stimulus 

waveform validity test, and the accuracy of the peak electrode-skin impedance 

meter of the cueStim stimulator  was identical to the sES stimulator present in 

design solution of Iteration II. However, this was to be e xpected as internal 

circuitry responsible for the generation of sES waveforms was identical in both 

stimulators.  

The battery life of the cueStim stimulator  was tested using a trapezoidal stimulus 

profile with the following parameters: Ramp -up time = 500ms; ON-time = 1000ms; 

Ramp-down time = 500ms; OFF-time = 250ms; Pulse width = 350µs; Inter-phase 

gap = 100µs; pulse frequency = 36Hz. The stimulator was programmed to 

continuously outputting the stimulus across the 3-component skin equivalent 

circuit model. With a battery capacity of 1400mAh, the cueStim stimulator was 

found to be capable of providing 18 hours of stimulus.  

To meet the requirement UR7 that a PwP shall be able to trigger On-Demand 

cueing through a double -tap action on the stimulator enclosure, an experimental 

protocol was developed to test this capability (the detailed design of the capability 

is described in Chapter 5). A total of 9 (5 men and 4 woman) PwP were enrolled in 

an experimental protocol with the participants  performing repeated doubl e-tap 

ÈÊÛÐÖÕÚɯÖÕɯÈɯÊÜÌ2ÛÐÔɀÚɯÌÕÊÓÖÚÜÙÌȮɯ%ÐÎÜÙÌɯƘȭƕ6.   

 

Figure 4.16. Participant performing a double-tap on a prototype enclosure. 
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The PwP complete a questionnaire relating to their perception of the usability 

challenges associated with performing a double-tap ÖÕɯÈɯÊÜÌ2ÛÐÔɀÚɯÌÕÊÓÖÚÜÙÌ. Each 

question was put to the PwP using a 5-point Likert scale.  ɯÔÌÈÕɯɁ2ÌÝÌÙÐÛàɯ1ÈÛÐÕÎɂɯ

was calculated for each identified usability challenge  by averaging the Likert scales 

from 0-4 (with 0 corresponding to a perfect score and 4 corresponding to the most 

severe), Equation 4.2. The list of identified usability challenge s and associated 

Severity Ratings are presented in Table 4.7.  

Based on these results, we concluded that performing a double -tap on the 

ÊÜÌ2ÛÐÔɀÚɯÌÕÊÓÖÚÜÙÌɯÈÚɯpresenting a low level of usability challenge for the PwP. 

The use of the cueStim stimulator and the cueStim app (design solution Iteration 

III) enabled the team to continue to explore the development of the therap y 

through multiple exploratory clinical st udies (discussed in Chapters 5-9) [30-33].  

Table 4.7. Severity Ratings for identified usability challenges with  performing a double -

tap. 

 

Action  

Severity Rating  

(mean  ± SD) 

Performing a double -tap ÖÕɯÛÏÌɯÊÜÌ2ÛÐÔɀÚɯÌÕÊÓÖÚÜÙÌ. 0.7 ± 0.48 

Straining the hand, fingers or wrist while performing a double -

tap. 
0.7 ± 0.48 

Preferring to use a switch or button rather than a double -tap.  2.1 ± 0.88 

4.2.4 Iteration IV  

4.2.4.1 Understanding & Specifying the Context of Use IV: 

Up to this point in the HCD process, t he evaluation of sES cueing as a therapy for 

FoG was being achieved through short-term studies under the direct supervision 

of a clinician. However, we needed to progress the development of a cueing 

solution for potential long -term use by the PwP in their living environment.  

In such a scenario, it was envisaged that the cueing system would be donned each 

morning and doffed each night. While the electrode donning and doffing 

procedure, using the proposed off -the-shelf electrodes, was not ideal, feedback 

from clinicians and PwP indicated that the actions required to don and doff the 
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electrodes should be possible for most PwP, albeit that in some cases, these actions 

might require the support of a caregiver or spouse.  

While a caregiver or spouse may support the donning and doffing of the 

equipment, it would be preferable and desirable if the PwP  could operate the 

cueing device autonomously during the remainder of the day. Therefore, any 

interaction points on the  system used during this period  would need to be assessed 

for usability for a PwP user. The key interactions points required to be performed 

autonomously by the PwP included: (i) the manual handling of the cueStim 

ÚÛÐÔÜÓÈÛÖÙɀÚɯÌÕÊÓÖÚÜÙÌȮɯȹÐÐȺɯÛÏÌɯ×ÖÞÌÙɯ.-ɤ.%%ɯÉÜÛÛÖÕɯÖÕɯÛÏÌɯÊÜÌ2ÛÐÔɯÚÛÐÔÜÓÈÛÖÙȮɯ

(iii) the status LEDs on cueStim stimulator, and (iv) all aspects of the cueStim app.  

With this approach in mind, prior to the development of  the design solution in 

Iteration IV, a design audit of Iteration III was carried out by a multi -disciplinary 

team using established usability metrics to identify possible usability issues in 

relation to these key user interactions points (refer to Appendix F for design audit 

results). Each usability metric was assessed by the multi -disciplinary team ( three 

members) as a group. If the design solution was not consistent with a given 

usability metric, then the usability metric was deemed violated , and a usability 

issue was flagged. 

The usability metrics adopted were:   

¶ Neilson's Heuristics [34]. 

¶ AAMI/CDV -1 HE75 Standard [35].  

¶ NatioÕÈÓɯ#ÐÚÈÉÐÓÐÛàɯÖÍɯ(ÙÌÓÈÕËɀÚɯȿTechnical Guidelines Universal Design of 

In-Home Displays: Guidance on Smart MÌÛÌÙÐÕÎɯ2àÚÛÌÔÚɯÍÖÙɯ(ÙÌÓÈÕËɀɯȻƗƚ]. 

This design audit identified 11  usability issues concerning the cueStim stimulator: 

These included: 

¶ Relating to National Disability of Ireland  [36], the Power ON/OFF button 

on the cueStim stimulator was identified as violating the reported 

minimum size (10 mm). Similarly, the colour contrast ratio  of the Power 

ON/OFF button was identified as violating the reported min imum value. 

4.5:1 (as illustrated in Figure 4.17). In addition, the Power ON/OFF button 
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on the cueStim stimulator was identified as violating the reported 

minimum protruding depth from the membrane surface (at least 1 mm).  

¶ 3ÏÌɯ/ÖÞÌÙɯ.-ɤ.%%ɯÉÜÛÛÖÕɀÚɯÈÊÛÜÈÛÐon force was identified as requiring a 

high level of force (>3.3 N). For PwP, this may make the device physically 

difficult to switch on and off. The AAMI/CDV -1 HE75 standard specifies 

that the force required to activate controls should be as low as possible 

(low -force controls facilitate the use of a device by people with disabilities) 

and high enough to prevent inadvertent activation, particularly if 

activation has safety consequences [35]. While the standard does not 

present a recommended force for membrane dome switches, the standard 

suggests that pushbuttons should have an actuation force of at least 2 N. 

Furthermore, button actuation force  should be kept below 8.9 N to 

accommodate the vast majority of users. Keeping the actuation force 

between 2 N and 3.1 N will accommodate many disabled users while still 

providing adequate tactile feedback [35]. The actuation force for the Power 

ON/OFF button was in excess of 3.3 N and was deemed a usability issue. 

¶ Relating to National Disability of Ireland  [36], due to the location of the 

/ÖÞÌÙɯ.-ɤ.%%ɯÉÜÛÛÖÕɀÚ, its accessibility was more difficult during single -

handed use of the right hand in comparison to the single -handed use of the 

left hand. Therefore, the Power ON/OFF button  could not be adequately 

operated used either hand.  

¶ The cueStim stimulator  failed to provide clear information about a user's 

actions [35]. In particular, feedback on pressing the Power ON/OFF button 

lacked clarity as the status LED for this function provided dual 

functionality (i.e., indicate s both Power ON/OFF button status and 

Bluetooth connection status, Table 4.6). 

¶ The coding of the cueStim stimulator ɀÚɯ+$#ÚɯËÐËɯÕÖÛɯ×ÙÖÝÐËÌɯan inherent 

associated meaning of colour to help the user distinguish controls. In 

general, the number of colours used for coding should be kept to the 

minimum needed to make information sufficiently distinctive [35]. 

6ÏÌÕÌÝÌÙɯÍÌÈÚÐÉÓÌȮɯÐÛɯÐÚɯÙÌÊÖÔÔÌÕËÌËɯÛÏÈÛɯÈɯ×ÈÙÛÐÊÜÓÈÙɯÊÖÓÖÜÙɀÚɯÔÌÈÕÐÕÎɯ

should remain the same across applications within and across devices [35]. 

4ÚÌÙÚɀɯÌßperience and existing conventions should also be considered in 
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the use of colour. For example, if a LED indicator is green when the status 

of the device is good and red when there is an error [35]. Therefore, the 

current colour of the status LEDs and their codification was deemed a 

usability issue. 

¶ The layout of the cueStim stimulator ɀÚɯÐÕÛÌÙÈÊÛÐÖÕɯ×ÖÐÕÛÚɯËÐËɯÕÖÛɯ×ÙÖÝÐËÌɯ

adequate grouping. For example, the grouping of controls with similar 

function should be placed together according to the Gestalt principl es [35]. 

The Power ON/OFF status LED is not grouped beside the Power ON/OFF 

button in the current layout (as illustrated in Figure 4.17). Therefore, the 

current layout of the cueStim stimulator ɀÚɯÐÕÛÌÙÈÊÛÐÖÕɯ×ÖÐÕÛÚɯwas deemed a 

usability issue. 

 

Figure 4.17. Examples of identified usability issues with the cueStim stimulato r. 

The design audit identified 9  usability issues concerning the cueStim app. These 

included:  

¶ Relating to AAMI/CDV -1 HE75 Standard [35], the size of the text within 

the cueStim app violated the minimum size (11pt font or 3.9mm).  

¶ Relating to AAMI/CDV -1 HE75 Standard [35], the contrast colour of 

elements within the cueStim app violated the reported minimum contrast 

ratio (4.5:1) for older adults (as illustrated in Figure 4.18).  

¶ Relating to AAMI/CDV -1 HE75 Standard [35] and the National Disability 

of Ireland  [36], several words within the cueStim app were presented in 

block capitals (as illustrated in Figure 4.18) which is contra-indicated. 
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¶ 1ÌÓÈÛÐÕÎɯÛÖɯ-ÐÌÓÚÖÕɀÚɯÏÌÜÙÐÚÛÐÊɯșƕɯɁVisibility of system statusɂɯȻƗƘȼȮɯÛÏÌɯ

cueStim app did not provide adequate feedback for operation actions. For 

example, significant actions such as modifying the stimulation parameters 

should provide feedback to verify to the user that the action was 

completed. 

¶ RelatinÎɯÛÖɯ-ÐÌÓÚÖÕɀÚɯÏÌÜÙÐÚÛÐÊɯșƖɯɁMatch between system and the real 

ÞÖÙÓËɂ [34], several words within the cueStim app use terminologies which 

may not be familiar to PwP. For example, Stimulation parameters, Bond, 

pulse width, and frequency . 

¶ 1ÌÓÈÛÐÕÎɯÛÖɯ-ÐÌÓÚÖÕɀÚɯÏÌÜÙÐÚÛÐÊɯșƗɯɁUser control and freedomɁ [34], the 

cueStim app failed to provide adequate user control and a means to reverse 

unintentional or accidental actions easily (Figure 4.18). For example, 

features which enable the user to return from or cancel actions quickly are 

not provided . 

¶ 1ÌÓÈÛÐÕÎɯÛÖɯ-ÐÌÓÚÖÕɀÚɯÏÌÜÙÐÚÛÐÊɯșƙɯɁError prevention ɂɯȻƗƘȼȮɯÛÏÌɯÊÜÌ2ÛÐÔɯÈ××ɯ

did not provide adequate  error messages to prevent a problem from 

occurring.  For example, major actions such as modifying the stimulation 

parameters did not present users with a confirmation option before 

committing to the action .   

¶ 1ÌÓÈÛÐÕÎɯÛÖɯ-ÐÌÓÚÖÕɀÚɯÏÌÜÙÐÚÛÐÊɯșƚɯɁRecognition rather than recallɂɯÈÕËɯșƕƔɯ

ɁHelp and documentation ɂɯȻƗƘȼȮɯÛÏÌɯÊÜÌ2ÛÐÔɯÈ××ɯËÐËɯÕÖÛɯ×ÙÖÝÐËÌɯany help 

information which was e ither visible or easily retrievable.  

¶ 1ÌÓÈÛÐÕÎɯÛÖɯ-ÐÌÓÚÖÕɀÚɯÏÌÜÙÐÚÛÐÊɯșƜɯɁ ÌÚÛÏÌÛÐÊɯÈÕËɯÔÐÕÐÔÈÓÐÚÛɯËÌÚÐÎÕɂ [34], 

several words within the cueStim app were not needed . For example, the 

ÜÚÌɯÖÍɯÛÏÌɯÞÖÙËÚɯȿ2ÌÛɀɯÈÕËɯȿ2ÌÓÌÊÛɀɯwere redundant. Furthermore, the app 

design was over-complicated with several features also not needed. For 

example, the PwP user should not be required to configure the stimulation 

×ÈÙÈÔÌÛÌÙɯÖÙɯ×ÈÐÙɯÞÐÛÏɯÛÏÌɯÊÜÌ2ÛÐÔɯÚÛÐÔÜÓÈÛÖÙȭɯ(ÕɯÚÖÔÌɯÐÕÚÛÈÕÊÌÚȮɯÛÏÌɯÈ××ɀÚɯ

design is overly inflated due to th e use of a deep navigation pattern. For 

example, to view the status of the cueStim battery, the user has to navigate 

ÍÙÖÔɯÛÏÌɯȿ,ÈÐÕɯ,ÌÕÜɀɯÚÊÙÌÌÕɯÛÖɯÛÏÌɯȿ"ÖÕÍÐÎÜÙÈÛÐÖÕɀɯÚÊÙÌÌÕɯÈÕËɯÛÏÌÕɯÛÖɯÛÏÌɯ

ȿ!ÈÛÛÌÙàɀɯÚÊÙÌÌÕȮɯÈÓÓɯÉÌÍÖÙÌɯÛÏÌàɯÊÈÕɯÝÐÌÞɯÛÏÌɯÊÜÌ2ÛÐÔɀÚɯÉÈÛÛÌÙà status. 
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Figure 4.18. Examples of identified usability issues with the cueStim app . Use of block 

capital words, poor colour contrast, text  size violates the reported minimum size , no basic 

user controls which may enable the user to easily navigate through  the app. 

In addition to the design audit , the research team sought to better understand 

possible motor skill limitations of PwP. O f particular concern was the PwP ability 

to power on and off the cueStim stimulator , due to dexterity limitations associated 

with PD.  

Furthermore, due to the prevalence of unilateral hand tremor with PwP, the ability 

of the user to hold and operate the system with both hands may be compromised 

and therefore reduce user satisfaction if dual hand operation is required. This 

would  indicate that single hand operation of the cueStim stimulator  should be a 

design objective. 

Therefore, a total of 7 (4 men and 3 woman) PwP were enrolled in an experimental 

protocol to evaluate the preferred location for the ON/OFF button of the cueStim 

stimulator  during single hand operation. We examined the thumb movement 

coverage by evaluating to the PwP's level of satisfaction on activating the power 

ON/OFF membrane switch at different locations, Figure 4.19.  

 

Figure 4.19. Button locations (A -I) to access preferred location for the ON/OFF button .  
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Due to a prevalence of PD symptom onset on the dominant side, a majority of PwP 

may find it less difficult to operate the system using their non -dominant hand. 

Therefore, as the prevalence of right-handed people is significantly greater than 

left-handed people, both the thumb movement coverage of the dominant and non -

dominant hand were investigated.  

Testing involved 18 tasks, requiring the participant to perform a press and hold of 

nine button locations (A -I) on the cueStim stimulator enclosure shown in Figure 

4.19, using both their dominant and non -dominant thumb. After the participant 

completed a press and hold at each button location, they were instructed to answer 

a user satisfaction questionnaire. A 5-point Likert scale was used to measure the 

satisfaction level of participants, Figure 4.20.  

 Strongly 
Disagree 

Disagree L 5ƻƴΩǘ 
Know 

Agree Strongly 
Agree 

I have difficulty in holding the device 
with one hand. 

 
    

I have difficulty in pressing and 
holding the requested location with 
my thumb. 

 
    

I feel strain in my hand, on my fingers 
or wrist while moving my thumb to 
the location. 

 
    

Figure 4.20. User satisfaction questionnaire for ON/OFF power button location.  

All participants responded to the Liker t statements for each button location. Based 

on their responses, button locations were ranked in order of least difficult to most 

difficult to perform. Results demonstrated that the most difficult button location 

ÛÖɯ×ÙÌÚÚɯÈÕËɯÏÖÓËɯÞÈÚɯɁ(ɂɯÈÕËɯÛÏÌɯÓÌÈÚÛɯËÐÍficult button location to press and hold 

ÞÈÚɯɁ$ɂȭɯ ÍÛÌÙɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÊÖÔ×ÓÌÛÌËɯÈÓÓɯÉÜÛÛÖÕɯÓÖÊÈÛÐÖÕÚȮɯÛÏÌàɯÞÌÙÌɯÛÏÌÕɯÈÚÒÌËɯ

to identify their preferred location for the ON/OFF button. Results indicated that 

the majority of participants (71%) preferred button  location E, when using either 

their left or right hand. Therefore, we concluded that the ON/OFF power button 

should be located in the centre of the cueStim stimulator enclosure surface.4.2.4.2 

Specifying the User Requirements IV: 

In developing the design solution for Iteration IV, based on our experiences with 

Iteration III and the feedback from the design audit, the following additional UR 

for the revised design solution were proposed:   
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¶ UR11: A PwP user shall be able to power on and off the system with the use of a 

button located in the centre of the upper surface of the cueStim stimulator 

enclosure.  

In addition to these UR, an additional SR was proposed for the revised design 

solution:   

¶ SR14: The design solution should be compliant with usability and ergonomic best 

practice for PwP. To ensure the PwP user will be able to use the design 

solution to the greatest extent possible, the key interaction points of 

solution should be compliant with established usability principles , these 

included:  Neilson's Heuris tics [34], AAMI/CDV -1 HE75 Standard [35], and 

usability principles identified in the literature the National Disability 

 ÜÛÏÖÙÐÛàɯÖÍɯ(ÙÌÓÈÕËɀÚɯȿTechnical Guidelines Universal Design of In -Home 

#ÐÚ×ÓÈàÚȯɯ&ÜÐËÈÕÊÌɯÖÕɯ2ÔÈÙÛɯ,ÌÛÌÙÐÕÎɯ2àÚÛÌÔÚɯÍÖÙɯ(ÙÌÓÈÕËɀɯȻƗ6]). 

4.2.4.3 Produce Design Solution to Meet User Requirements IV: 

The design solution meeting these requirements was the redesign of both the 

ÊÜÌ2ÛÐÔɯÚÛÐÔÜÓÈÛÖÙɀÚɯÒÌàɯinterface points and the cueStim app.  

The redesign of the ÊÜÌ2ÛÐÔɯÚÛÐÔÜÓÈÛÖÙɀÚɯkey interface points included a new 

membrane solution, Figure 4.21. In comparison to the previous membrane 

solution, the new membrane solution provided : 

¶ A Power ON/OFF button of diameter: 15mm  ȹÔÌÌÛÚɯ ÛÏÌɯ ȁƕƔÔÔɯ

requirement [36]) ; ËÌ×ÛÏȯɯƕÔÔɯȹÔÌÌÛÚɯÛÏÌɯȁƕÔÔɯÙÌØÜÐÙÌÔÌÕÛɯȻƗƙȼȺȰ and 

actuation force: 2.75 N (meets the >2 N and <3.1 N requirement [35]). 

¶ A Power ON/OFF button with a  colour contrast ÖÍɯƝȭƜƖȯƕɯȹÔÌÌÛÚɯÛÏÌɯȁƘȭƙȭƕɯ

requirement [35]) .  

¶ A Power ON/OFF button placed in a more single -handed accessible 

location (meets the requirement of being operated using either hand [36]). 

¶ A Power status LED placed beside the Power ON/OFF button (meets the 

requirement to group controls with similar function [35 ]). 

¶ A dedicated Power status LED (meets the requirement to provide adequate 

control feedback [35]). 
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¶ Bi-colour status LEDs, offering associated meaning of colour (i.e., green 

when the status is good and red when there is an issue) and simplified 

codificatio n of status LEDs (meets the requirement to use recommended 

colours, simple codification, an inherent associated meaning of colour, and 

existing conventions [35]). 

 

Figure 4.21. Photograph of the cueStim stimulators new membrane solution with  revised 

Power ON/OFF button and status LED colour codification.  

The redesigned cueStim app provided an interface between the PwP and the 

cueStim stimulator , which enabled the PwP to perform six main functions  

(illustrated in Figure 4.22) :  

(i) Login to app: Touching the Enter button on the Welcome screen and 

entering their 4-digit pin code enables the PwP to login to the cueStim app. 

(ii)  Change the therapy mode: The PwP can change their therapy mode by 

pressing the Therapy Settings button on the Main Menu screen. Options 

are then provided to select either Relief Mode (i.e., On-Demand) or 

Prevention Mode (i.e., Continuous).  

(iii)  Change the therapy level: The PwP can change their therapy level by 

pressing the Therapy Settings button on the Main Menu screen. Options 

are then provided t o select either a low, medium or high Therapy Level .  

(iv)  Configure the double -tap settings: The PwP can change their double-tap 

settings by pressing the Tap Settings button on the Main Menu screen. 
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Options are then provided to select the tap speed (i,e., slow, medium or 

fast) and force (i.e., soft, medium or hard). 

(v) View the battery status of  the cueStim stimulator . 

(vi)  View the cueStim app help information: The PwP can view a short 

description that explains the function of the therapy mode, therapy level, 

tap speed and tap force. 

 

Figure 4.22. Examples of revised cueStim app screenshots and main workflow. (A) 

Welcome screen and initial entry point of the app. The PwP can press the Enter button and 

after entering their pin code they can move to the main menu of the  app (B) The Main 

Menu screen of the app allows the PwP to navigate through the main functions of the app. 

(C) When the Exit button is pressed a confirmation option is presented to the PwP before 

committing to the action . (D) When the Save Therapy button is pressed a confirmation 

option is presented to the PwP before committing to the action . (E) When the saving a new 

Therapy Mode or Level, to verify that the action was completed feedback is provided to 

the PwP.  

In comparison to the previous cueStim app, the redesigned cueStim app provided:  

¶ A minimum text size of 4 mm  (meets the >3.9mm requirement [35]); 

¶ A minimum  colour contrast ratio  of 6.4:1 ȹÔÌÌÛÚɯÛÏÌɯȁƘȭƙȭƕɯÙÌØÜÐÙÌÔÌÕÛɯ

[35]).  

¶ No Block capital words (meets the requirement [36]). 

¶ Feedback for operation actions (for example, actions such as modifying the 

Therapy Mode or Therapy Level  provide feedback to verify to the action 

was completed, Figure 4.22E), meeting the requirement [34] . 
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¶ Only terminologies that are familiar to PwP (meets the requirement [34]) . 

¶ Control b uttons to enable the user to more easily navigate through the app 

(Return and Exit buttons are provide) , meeting the requirement [34].  

¶ Confirmation options before committing to an action (for example, major 

actions such as exiting or modifying the Therapy Mode/Level now present 

a confirmation option before committing to the action , Figure 4.22C-D), 

meeting the requirement [34]. 

¶ Help i nformation screens to instruct the user on how to operate the cueStim 

app, meeting the requirement [34]. 

¶ An aesthetic and minimalist design, meeting the requirement [34]. For 

example, a shallower navigation pattern was adopted by consolidating the 

Main Men u and the Configuration screens into one screen. An aesthetic 

design was realised through the use of symmetry and three distinct colours 

which provided a consistent theme throughout the app. Red was adopted 

to reflect negative controls, such as, Exit, No and Cancel buttons. Whereas, 

green was adopted to reflect positive controls, such as, Enter, Yes, OK, Save 

and Return buttons. Blue was adopted to reflect the main controls of the 

app. 

4.2.4.4 Evaluate the Design Against Requirements IV: 

The evaluation of the design solution for Iteration IV focused on assessing the 

usability and ergonomics  of the key interaction points that the PwP would be 

ÙÌØÜÐÙÌËɯÛÖɯ×ÌÙÍÖÙÔȭɯ3ÏÐÚɯÌÝÈÓÜÈÛÐÖÕɯÐÕÊÓÜËÌËɯÉÖÛÏɯÈɯȿ4ÚÈÉÐÓÐÛàɯ(ÕÚ×ÌÊÛÐÖÕɀɯÈÕËɯ

ȿ4ÚÌÙɯ3ÌÚÛÐÕÎɀȭɯ 

4.2.4.4.1 Usability I nspection: 

A design audit of Iteration IV was carried out by a multi -disciplinary team using 

the previously adopted  usability metrics [34 -36]. The audit focused on the usability 

violations associated with the design solution presented in iteration  III. Results 

demonstrated that the new design solution has successfully resolved the 20 

usability violations that were previously identified, Tables 4.8-4.9.  
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Therefore, the usability inspection  concluded that the cueStim stimulator  had 

reached an acceptable level of usability.  

Table 4.8. Usability audit of Iteration IV: The cueStim stimulator  design solution .  

Usability  

Issue  

# 

Iteration III  

Usability Violation  

Iteration IV  

Violation Solution  

Usability 

Issue Status 

1 

The Power ON/OFF button 

size violated the r eported 

minimum size, 10mm [35].  

The Power ON/OFF button 

size was increased from 9 to 

15 mm. 

Problem 

Resolved 

2 

The Power ON/OFF button 

depth violated the reported 

minimum size, 1mm [35].  

The Power ON/OFF button 

size was increased from 0.5 to 

1 mm. 

Problem 

Resolved 

3 

The Power ON/OFF button 

colour contrast ratio 

violated the reported 

minimum value, 4.5:1 [35]. 

The Power ON/OFF button 

colour contrast ratio was 

increased from 1.75:1 to 

9.82:1. 

Problem 

Resolved 

4 

The Power ON/OFF button 

actuation force viol ated the 

reported maximum value, 

3.1 [35]. 

The Power ON/OFF button 

actuation force was 

decreased from 3.3 to 2.75 N. 

Problem 

Resolved 

5 

The Power ON/OFF button 

could not be adequately 

operated using either hand. 

The Power ON/OFF button 

was placed in the centre of 

the membrane. 

Problem 

Resolved 

6 

The status LEDs did not use 

inherent associated meaning 

of colour to hel p the user 

distinguish controls.  

The status LEDs provide 

inherent associated meaning 

of colour  (Red = fault and 

green = Ok). 

Problem 

Resolved 

7 
The status LEDs did not use 

recommended colours. 

The status LEDs uses red and 

green colours. 

Problem 

Resolved 

8 

The status LEDs used 

complicated codification . 

The status LEDs provide 

simple complicated 

codification (Red = fault and 

green = Ok). 

Problem 

Resolved 

9 

The status LEDs did not use 

existing conventions. 

The status LEDs use existing 

conventions (Red = fault and 

green = Ok). 

Problem 

Resolved 

10 

The status LEDs did not 

provide adequate control 

feedback for the Power 

ON/OFF button . 

The Power ON/ OFF button 

has a dedicated status LED. Problem 

Resolved 

11 

Controls with similar 

function were not placed 

together according to the 

Gestalt principles. 

The Power ON/OFF button  

was grouped with Power 

ON/OFF status LED. 

Problem 

Resolved 
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Table 4.9. Usabili ty audit of Iteration IV: The cueStim app design solution . 

Usability  

Issue  

# 

Iteration III  

Usability Violation  

Iteration IV  

Violation Solution  

Usability 

Issue Status 

1 

Text size violated the 

reported minimum size, 

11pt font or 3.9mm [35]. 

The minimum t ext size was 

increased from 3.5 to 4 mm 
Problem 

Resolved 

2 

Colour contrast ratio of 

elements size violated the 

reported minimum, 4.51 

[35]. 

The minimum colour 

contrast ratio was increased 

from 1.75:1 to 4.5:1 

Problem 

Resolved 

3 
Words were presented in 

Block capitals [36]. 

The use of Block capital 

words were prevented  

Problem 

Resolved 

4 

Adequate feedback for 

operation actions (i.e., 

updating cueStim 

stimulator  with a new 

Therapy setting) were not 

provided [34].  

Feedback was provided to 

verify to the PwP u ser that 

the action was completed Problem 

Resolved 

5 

Terminologies used by the 

cueStim App may not be 

familiar to PwP (i.e., 

Stimulation parameters, 

Bond, pulse width, and 

frequency) [34]. 

Only familiar terminologies 

were adopted  

Problem 

Resolved 

6 

ȿ$ßÐÛɀɯÖÙɯȿ1ÌÛÜÙÕɀɯÉÜÛÛÖÕÚɯ

which enable the user to 

easily navigate the App 

were not provided  [34]. 

ȿ$ßÐÛɀɯÈÕË ȿ1ÌÛÜÙÕɀɯÉÜÛÛÖÕÚɯ

were provided  Problem 

Resolved 

7 

Major actions such as 

modifying the Therapy 

settings did not present the 

user with a confirmation 

option before committing to 

the action [34]. 

Major actions such as 

exiting or modifying the 

Therapy Mode/Level now 

present the PwP user with a 

confirmation option before 

committing to the action  

Problem 

Resolved 

8 

Help information which 

was either visible or easily 

retrievable [34]. 

Help information  screens 

were provided  to instruct 

the user on how to operate 

the App  

Problem 

Resolved 

9 

Use of use of redundant 

words and features. 

Furthermore, m ultiple 

screens and excess sequence 

of actions are required to 

view battery status and tap 

settings [34]. 

The Main menu and 

configuration screens have 

been consolidated into one 

screen 
Problem 

Resolved 
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4.2.4.4.2 User Testing: 

Although, additional insights into the usability of the cueStim stimulator may be 

achieved through PwP user testing, due to project constraints (i.e., limited access 

to PwP) it was not feasible to complete both user testing of the cueStim stimulator 

and cueStim app. Therefore, due to the limited interaction points required with the 

cueStim stimulator and the extensive interaction points associated with the 

cueStim app, the research team prioritised user testing of the cueStim app. 

To evaluate the usability of the cueStim app, user testing was carried out with eight 

PwP participants (6 males and 2 females, mean age 72.25 ± 3.37 years and mean 

disease duration 3.89 ± 3.19 years), recruited through the "ÓÈÙÌɯ/ÈÙÒÐÕÚÖÕɀÚɯ

Support Group, Ireland . The participants provided written informed consent and 

ethical approval for testing was granted by NUI Galwa y Research Ethics 

Committee. User testing of the cueStim app was performed over 30 minutes using 

the following procedure.  

Training Procedure:  

¶ Prior to carrying out user testing, while the participants used the cueStim 

app, the participants received short training on its use. All training was 

carried out on the day of user testing by a team of researchers (4 members).  

¶ The training included a one -on-one session with each participant, of the 

cueStim appɀÚɯȿ0ÜÐÊÒɯ2ÛÈÙÛɯ&ÜÐËÌɀȭɯ3ÏÌɯȿ0ÜÐÊÒɯ2ÛÈÙÛɯ&ÜÐËÌɀɯÊÖÕÛÈÐÕÚ step-

by-step instructions for performing six tasks on the cueStim app (Figure 

4.23), with specific scenarios listed in Table 4.10. These tasks were chosen, 

based on the use-case analysis of the sES cueing system, as being frequently 

completed tasks. 

¶ Durin g the training walk -ÛÏÙÖÜÎÏɯ ÖÍɯ ÛÏÌɯ ȿ0ÜÐÊÒɯ 2ÛÈÙÛɯ &ÜÐËÌɀȮɯ ÛÏÌɯ

participant was requested to try and complete each of the six ȿQuick Start 

&ÜÐËÌɀɯÛÈÚÒÚɯÖÕɯÛÏÌɯÈÊÛÜÈÓɯÊÜÌ2ÛÐÔɯÈ××ȮɯÞÏÐÓÌɯÍÖÓÓÖÞÐÕÎɯÛÏÌɯ×ÙÖÝÐËÌËɯÚÛÌ×-

by-step instructions in the guide.  

¶ The researcher supported the participant by reading out each of the ȿ0ÜÐÊÒɯ

2ÛÈÙÛɯ&ÜÐËÌɀɯÛÈÚÒÚɯÈÕËɯÛÏÌÐÙɯÚÛÌ×-by-step instructions. In the event that the 

participant could not complete the given instruction, on the cueStim app, 
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the researcher would intervene and demonstrated how to complete the 

given task on the cueStim app.  

¶ After the demonstration, the task was repeated until the participant could 

ÊÖÔ×ÓÌÛÌɯÛÏÌɯÛÈÚÒɯÞÐÛÏÖÜÛɯÌÙÙÖÙɯÈÕËɯÞÐÛÏÖÜÛɯÛÏÌɯÙÌÚÌÈÙÊÏÌÙɀÚɯÈÚÚÐÚÛÈÕÊÌȭ 

¶ The training was only completed when the partici pant successfully 

ÊÖÔ×ÓÌÛÌËɯÈÓÓɯÚÐßɯÛÈÚÒÚɯÐÕɯÛÏÌɯȿ0ÜÐÊÒɯ2ÛÈÙÛɯ&ÜÐËÌɀȭɯ 

¶ Overall each participant was provided with 15 minutes of training.  

 

Figure 4.23ȭɯ$ßÈÔ×ÓÌɯÖÍɯÛÏÌɯ0ÜÐÊÒɯ2ÛÈÙÛɯ&ÜÐËÌɀÚɯÚÛÌ×-by-step instructions for performing a 

tasks on the cueStim app. 



147 

 

Table 4.10 List of ÛÈÚÒÚɯ×ÙÌÚÌÕÛÌËɯÐÕɯÛÏÌɯȿ0ÜÐÊÒɯ2ÛÈÙÛɯ&ÜÐËÌɀȭ 

Task 

ID  
Description  

 

Scenario 

1 Log in to the cueStim app using the 

×ÈÚÚÞÖÙËɯɁƕƖƗƘɂȭ 

 

2 Change and save your cueStim therapy 

setting.  

Change therapy setting to Relief 

Mode to a High Level. 

3 Change and save your cueStim tap 

setting  

Change tap setting to Fast Speed 

and Soft Force. 

4 Check how much battery power is 

remaining in cueStim and return to the 

main menu. 

 

5 View the cueStim Tap help information 

and return to the main menu.  

 

6 Exit the cueSim app.   

Testing Procedure:  

¶ Testing took place immediately following the training.  

¶ Before starting testing, a video recorder was setup to capture the hand 

movements of the participants, and a screen capture application on the 

ÊÜÌ2ÛÐÔɯÈ××ɀÚɯsmartphone ÞÈÚɯÚÌÛÜ×ɯÛÖɯÙÌÊÖÙËɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɀɯÚÊÙÌÌÕɯ

touch interactions, as illustrated in Figure 4.24.  

¶ The user testing involved the participants completing six prescribed tasks 

using the cueStim app, Table 4.11. These tasks were the same tasks 

presented in the ȿ0ÜÐÊÒɯ2ÛÈÙÛɯ&ÜÐËÌɀɯÈÓÉÌÐÛɯÛÏÈÛɯÛÏÌɯÚÊÌÕÈÙÐÖÚɯÈÙÖÜÕËɯÚÖÔÌɯ

ÖÍɯÛÏÌÚÌɯÛÈÚÒÚɯÞÈÚɯÊÏÈÕÎÌËȭɯ%ÖÙɯÌßÈÔ×ÓÌȮɯÐÕɯ3ÈÚÒɯƖȮɯÐÕÚÛÌÈËɯÖÍɯȿChange 

therapy setting to Relief Mode at a High LevelɀɯÛÏÌɯÜÚÌÙɯÞÈÚɯÈÚÒÌËɯÛÖɯȿChange 

therapy setting to Prevention Mode at a Low Levelɀȭ 

¶ During testing, the researcher supported the participants by reading out 

each of the six prescribed tasks to be performed during testing.   

¶ To reduce potential participant anxiety, participants were informed that as 

a last resort they could seek verbal advice from the researcher on how to 

complete a particular task. Furthermore, when it was clear that the 

participant could not complete the task, the researcher intervened and 

provided advice.  

¶ The tasks were performed in the same order for all participants.  
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¶  ÍÛÌÙɯÌÈÊÏɯÛÈÚÒɯÞÈÚɯÊÖÔ×ÓÌÛÌËȮɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÈÕÚÞÌÙÌËɯÈÕɯȿ ÍÛÌÙɯ3ÈÚÒɯ

0ÜÌÚÛÐÖÕÕÈÐÙÌɀɯȹ 30ȺɯÙÌÓÈÛÌËɯÛÖɯthe specific task performed on the cueStim 

app. Each question was put to the participant  using a 5-point Likert scale, 

Figure 4.25.  

¶ Upon compl etion of all tasks, the participant filled out a System Usability 

Scale (SUS) questionnaire [37] for the cueStim app, Figure 4.26. 

 

Figure 4.24. Video recording and screen capture application from a participant performing 

Task ID 1. 

Table 4.11 List of tasks presented during the User testing. 

Task 

ID  
Description  

 

Scenario 

1 Log in to the cueStim app using the 

×ÈÚÚÞÖÙËɯɁƕƖƗƘɂȭ 

 

2 Change and save your cueStim therapy 

setting.  

Change therapy setting to 

Prevention Mode to a Low Level. 

3 Change and save your cueStim tap 

setting  

Change tap setting to Med Speed 

and Hard Force. 

4 Check how much battery power is 

remaining in cueStim and return to the 

main menu. 

 

5 View the cueStim Tap help information 

and return to the main menu.  

 

6 Exit the cueSim app.   
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 Strongly 
Disagree 

Disagree L 5ƻƴΩǘ 
Know 

Agree Strongly 
Agree 

The text on this screen can be read 
without any difficulty 

 
    

Pressing the correct button on this 
screen does not present any difficulty. 

 
    

The colour contrast on the screen made 
it easy to see everything clearly. 

 
    

Figure 4.25. User satisfaction questionnaire for each task. 

PLACE AN X IN THE BOX WHICH REFLECTS YOUR RESPONSE TO EACH STATEMENT. 
5hbΩ¢ ¢ILbY ¢hh [hbD !.h¦¢ 9!/I {¢!¢9a9b¢Φ 

PLEASE RESPOND TO EVERY STATEMENT. 
 Strongly 

Disagree 
Disagree L 5ƻƴΩǘ 

Know 
Agree Strongly 

Agree 

I think that I would like to use this App
   

    

I found the App unnecessarily complex 

 

    

I think this system would be easy to use                       

 

    

I think that I would need the support of a 
technical person to be able to use this 
system  

 

    

I find the various functions in this App 
were well integrated  

    

I thought there was too much 
inconsistency in this App  

    

I would imagine that most people would 
learn to use this App very quickly  

    

I think this App would be cumbersome to 
use and obtrusive  

    

I would feel very confident using the App 

 

    

I would need to learn a lot of things 
before I could get going with this App  

    

Figure 4.26. SUS for the cueStim app. 

Data from the vid eo recorder, screen capture application, After Task Questionnaire 

(ATQ) and System Usability Scale (SUS) questionnaires provided the following 

quantitative usability metrics:  
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¶ Effectiveness: the level to which users completed specified tasks. 

¶ Efficiency: the number of interactions which users had to carry out to 

complete the specified tasks. 

¶ Satisfaction: the level of user satisfaction when using the cueStim app. 

Measurements of effectiveness were calculated using the Ɂ3ÈÚÒɯ"ÖÔ×ÓÌÛÐÖÕɯ1ÈÛÐÖɂɯ

(TCR). For each of the six prescribed tasks, the TCR measured the percentage of 

participants that completed a task without the need for researcher intervention 

(i.e., participants sought verbal advice or it was clear that the participant could not 

complete the task and the researcher intervened). The TCR was calculated using 

this equation: 

ὝὅὙ 
ὔόάὦὩὶ έὪ ὴὥὶὸὭὧὭὴὥὲὸί ὧέάὴὰὩὸὩὨ ὸὬὩ ὸὥίὯ όὲὥὭὨὩὨ 

Ὕέὸὥὰ ὲόάὦὩὶ έὪ ὴὥὶὸὭὧὭὴὥὲὸί 
  ρππϷ 

A  TCR value of 100% corresponds to a perfect score were the prescribed task was 

completed effectively (i.e., the task was completed without requiring researcher 

assistance). The TCR value for each of the six prescribed tasks are given in Table 

4.12.  

Table 4.12. TCR analysis of cueStim app (0: Researcher intervention needed, 1: Completed 

task unaided). 

 

 Task 1  Task 2  Task 3 Task 4  Task 5  Task 6  

P1 0 1 1 1 1 1 

P2 1 1 1 1 1 1 

P3 1 1 0 1 1 1 

P4 1 1 1 1 1 1 

P5 1 1 1 1 1 1 

P6 1 1 1 1 1 1 

P7 1 1 1 1 1 1 

P8 1 1 1 1 1 1 

TCR (%) 87.5 100 87.5 100 100 100 

During the first task, one particip ant (P1) needed assistance from the researcher. 

In the third task, one participant (P3) also needed assistance from the researcher. 
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The mean TCR value for all prescribed tasks was 95.8 ± 6.5%, indicating that the 

cueStim app enabled a high level of effectiveness.  

Measurements of efficiency ÞÌÙÌɯÊÈÓÊÜÓÈÛÌËɯÜÚÐÕÎɯÛÏÌɯɁ3ÈÚÒɯ$ÍÍÐÊÐÌÕÊàɯ1ÈÛÐÖɂɯ

(TER). The TER measured the number of participant interactions performed by a 

participant to complete a given task compared to the minimum number of 

interactions required  to complete that task. The TER was calculated using this 

equation: 

ὝὉὙ  
ὓὭὲὭάόά ὲόάὦὩὶ έὪ ὭὲὸὩὶὥὧὸὭέὲί ὶὩήόὭὶὩὨ ὸέ ὧέάὴὰὩὸὩ ὸὬὩ ὸὥίὯ

ὔόάὦὩὶ έὪ ὭὲὸὩὶὥὧὸὭέὲί ὴὩὶὪέὶάὩὨ  ὸέ ὧέάὴὰὩὸὩ ὸὥίὯ
 ρππϷ 

A TER value of 100% corresponds to a perfect score were the prescribed task was 

completed efficiently  (i.e., the participant used the minimum number of 

interactions required to complete the task). The individual TER values for each of 

the six prescribed ÛÈÚÒÚɯÈÙÌɯÎÐÝÌÕɯÐÕɯ3ÈÉÓÌɯƘȭƕƗȭɯ/ÈÙÛÐÊÐ×ÈÕÛɯƕɀÚɯ3$1ɯÝÈÓÜÌɯÍÖÙɯÛÏÌɯ

ÍÐÙÚÛɯÛÈÚÒɯÈÕËɯ×ÈÙÛÐÊÐ×ÈÕÛɯƗɀÚɯ3$1ɯÝÈÓÜÌɯÍÖÙɯÛÏÌɯÛÏÐÙËɯÛÈÚÒɯÞÌÙÌɯÌßÊÓÜËÌËɯÈÚɯÉÖÛÏɯ

participants failed to complete those tasks without assistance from the researcher. 

Table 4.13. TER analysis of cueStim app. 

 Task 1 Task 2  Task 3  Task 4  Task 5  Task 6  

P1 - 100 100 100 100 100 

P2 50 100 100 100 100 100 

P3 100 100 * 100 100 100 

P4 100 100 100 100 100 100 

P5 100 100 100 100 100 100 

P6 100 100 100 100 100 100 

P7 75 100 100 100 100 100 

P8 100 100 100 100 100 100 

TER (%) 89.3 ± 19.7 100 100 100 100 100 

During the first task, one participant (P7) performed two additional interactions, 

and one participant (P2) performed six additional interactions before they 

successfully complete the task. Although the mean TER value for the first tasks 

(i.e., +ÖÎÐÕɯÛÖɯÛÏÌɯÊÜÌ2ÛÐÔɯÈ××ɯÜÚÐÕÎɯÛÏÌɯ×ÈÚÚÞÖÙËɯɁƕƖƗƘɂȺ was 89.3 ± 19.7%, the 
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mean TER value for the remaining tasks was 100%, indicating that the cueStim app 

enabled a high level of efficiency.  

Measurements of satisfaction were calculated using the ATQ and SUS 

questionnaire. For the six prescribed tasks, the ATQ ÔÌÈÚÜÙÌËɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯ

Ìß×ÌÙÐÌÕÊÌɯÖÍɯ×ÌÙÍÖÙÔÐÕÎɯÌÈÊÏɯÛÈÚÒɯÐÕɯÛÌÙÔÚɯÖÍɯËÐÚÊÌÙÕÐÉÐÓÐÛàɯÖÍɯÛÏÌɯÈ××ɀÚɯÐÕÛÌÙÍÈce 

(i.e., text, buttons and colour contrasts). For each app screen displayed during the 

prescribed tasks, the participant was presented with three 5-point Likert scales, 

Figure 4.25.  ɯ Ɂ3ÈÚÒɯ #ÐÚÊÌÙÕÐÉÐÓÐÛàɯ 1ÈÛÐÖɂɯ ȹ3#1Ⱥɯ ÞÈÚɯ ÊÈÓÊÜÓÈÛÌËɯusing this 

equation: 

ὝὈὙ 
ὒὭὯὩὶὸ ίὧέὶὩ ὫὭὺὩὲ ὦώ ὸὬὩ ὴὥὶὸὭὧὭὴὥὲὸ Ὢέὶ ὸὬὩ ὸὥίὯ 

ὓὥὼὭάόά ὒὭὯὩὶὸ ίὧέὶὩ Ὢέὶ ὸὬὩ ὸὥίὯ
  ρππϷ 

A  TDR value of 100% corresponds to a perfect score were the prescribed task was 

completed discernible. The individual TDR values for each of the six prescribed 

tasks are given in Table 4.14. The mean TDR value for all prescribed tasks was 

>90%, indicating that the cueStim app had a high level of user satisfaction in regard 

to discernibility . 

Table 4.14. TDR analysis of cueStim app. 

 Task 1 Task 2  Task 3  Task 4  Task 5  Task 6  

P1 83.3 83.3 88.9 83.3 88.9 85.7 

P2 75 75 75 75 75 75 

P3 100 100 100 100 100 100 

P4 100 100 100 100 100 100 

P5 100 100 100 100 100 100 

P6 87.5 69.4 75 66.7 72.2 70.8 

P7 95.8 100 100 100 100 100 

P8 100 100 100 100 100 100 

TDR (%)  93 ± 9.6 91 ± 13 92 ± 11.4 91 ± 13.7 92 ± 12 92 ± 12.4 

The industrialized 10 -item SUS questionnaire provided an overall score of the 

×ÈÙÛÐÊÐ×ÈÕÛÚɀɯÜÚÌÙɯÌß×ÌÙÐÌÕÊÌɯÞÐÛÏɯÛÏÌɯÈ××. A SUS score can range between 0 and 
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100, were 100 corresponds to a perfect score. Scores above 68 points have been 

reported as acceptable, and higher scores represent an optimal to best score [38]. 

Furthermore, Silva de Lima et al. provided SUS scoring (median: 62.5 points) of 

the Fox Wearable Companion platform (smartwatch and smartphone app) as rated 

by PwP [39]. Using their present classification the platform was in the category 

Ɂ.*ɂɯÛÖɯɁ&ÖÖËɂȭɯ3ÏÌɯÐÕËÐÝÐËÜÈÓɯSUS scores for the cueStim app are given in Table 

4.15. The median SUS score was 80 points and ranged from 65-100 points.  

Table 4.15. SUS analysis of cueStim app. 

Participant No.  SUS (points)  

P1 75 

P2 75 

P3 100 

P4 85 

P5 92.5 

P6 65 

P7 95 

P8 82.5 

Mean 74.47 ± 29.24 

Using the present classification of a median SUS score (Figure 4.27) the cueStim 

app ÞÈÚɯÐÕɯÛÏÌɯÊÈÛÌÎÖÙàɯɁ&ÖÖËɂɯÛÖɯɁ$ßÊÌÓÓÌÕÛɂȭ 

 

Figure 4.27. Median SUS scoring classification. Modified from Silva de Lima et al. [39]. 

The SUS scores for seven of the eight study participants were above the target of 

68 points, indicating that they were satisfied with the cueStim app they tested. The 

ÙÌÔÈÐÕÐÕÎɯ×ÈÙÛÐÊÐ×ÈÕÛÚɀɯȹ/ƚȺɯÚÊÖÙÌɯÞÈÚɯÑÜÚÛɯÉÌÓÖÞɯƚƜɯ×ÖÐÕÛÚȭ To further analyses 

ÛÏÌɯËÈÛÈȮɯÛÏÌɯɁ/ÈÙÛÐÊÐ×ÈÕÛɯCompletion 1ÈÛÐÖɂɯȹ/"1ȺȮɯɁ/ÈÙÛÐÊÐ×ÈÕÛɯ$ÍÍÐÊÐÌÕÊàɯ1ÈÛÐÖɂɯ
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ȹ/$1ȺɯÈÕËɯɁ/ÈÙÛÐÊÐ×ÈÕÛɯ#ÐÚÊÌÙÕÐÉÐÓÐÛàɯ1ÈÛÐÖɂɯȹ/#1ȺɯÞÌÙÌɯÊÈÓÊÜÓÈÛÌËȮɯ3ÈÉÓÌɯƘȭƕƚȭɯ

Although P6 had a lower SUS score, their PCR was 100% (complete all prescribed 

tasks without researcher assistance) and their PER was also 100% (complete all 

prescribed tasks with maximum efficiency). While their PDR was the lowest 

among all participants, it was relatively high. A Spearman's rank-order correlation 

was run to determine the relationship between participants' SUS score PCR, PER, 

and PDR values. There was a positive correlation between SUS scores and PDR 

values, which was statistically significant (rs(8) = 0.740, p = 0.036). However, there 

was no correlation observed between the remaining usability metrics.  

Table 4.16. Combined participant usability metrics  analysis of cueStim app. 

 PCR (%) PER (%) PDR (%) SUS  

P1 83.3 100 85.6 ± 2.7 75 

P2 100 91.7 ± 20.4 75 75 

P3 83.3 100 100 100 

P4 100 100 100 85 

P5 100 100 100 92.5 

P6 100 100 73.6 ± 7.4 65 

P7 100 95.8 ± 10.2 99.3 ± 1.7 95 

P8 100 100 100 82.5 

To identify any specific issues the participants had with the cueStim app, the notes 

and videos of the testing procedure were reviewed. Two participants (P6 and P7) 

commented that they would have liked to see more colour variation in the app. P6 

specifically had a preference for more colour variation in the Main Menu screen, 

Therapy Setting screen and the Help screen. Two participants (P6 and P9) 

ÊÖÔÔÌÕÛÌËɯÖÕɯÛÏÌɯ!ÈÛÛÌÙàɯ2ÛÈÛÜÚɯÚÊÙÌÌÕȮɯÞÏÌÙÌÐÕȮɯ/ƚɯÚÛÈÛÌËɯÛÏÈÛɯÛÏÌɯɁǔɂɯÞÈÚɯÛÖÖɯ

small and P9 stated that the battery symbol was too big. 

4.3 Conclusion  

A design methodology for the sES cueing system has been presented in this 

chapter which used the ISO HCD framework to progressively develop the sES 

cueing system hardware & software in parallel with sES cueing assessment as a 
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new therapy for FoG in PD. This process has enabled the comprehensive 

evaluation of multiple sES cueing strategies while iteratively developing a cueing 

system towards a design solution that was usable to the greatest extent possible. 

Overall, notwithst anding the small sample size, the objective user testing results 

are encouraging with an average TCR of 95.8% and TER of 98.3%. The subjective 

measures TDR and the SUS were also encouraging and are consistent with the 

objective results, albeit that the subjective results would be prone to participant 

bias.  

These findings are encouraging and would suggest that the HCD process has been 

successful in producing a design that demonstrated good usability results with the 

intended PwP users. 
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In Chapter 4, we presented the development of an sES cueing system which has the 

capability to provide Continuous cueing strategies. In this chapter, we will present a 

preliminary assessment on the efficacy of a Continuous cueing strategies in a population 

of PwP with on-state FoG. Using the sES cueing system (iteration III, as presented in 

Chapter 4), and with the support of the PhD candidate, data collection was performed using 

a jointly developed experimental protocol by the NHS Scotland. The PhD candidate 

completed all subsequent data analysis. The working principles of the proposed Continuous 

sES cueing strategy and its effects on the time taken to complete a walking task and on the 

number of FoG episodes occurring during the task will be presented. In concluding the 

chapter, the efficacy of the proposed sES cueing strategy is discussed to highlight the 

pathway for further research into the use of sES cueing therapy in PD. 

 

5.1 Introduction  

/ÈÙÒÐÕÚÖÕɀÚɯdisease (PD) is the second most common neurodegenerative disease 

in the developed world. An estimated 1.2 million people are living with PD in the 

EU [1]. The disease is typically characterized by movement abnormalities that 

develop with the progression of PD. Freezing of Gait (FoG) is a movement 

abnormality that presents in more advanced stages of the disease and is one of the 

most debilitating symptoms of PD. The unpredictable nature of FoG leads to 

increased falls risk, and increased fear of falling for those affected, which can 

subsequently lead to additional non -motor complications such as social isolation 

and depression [2]. 

Clinicians widely perceive the management of FoG as a challenging task [3-5]. The 

most challenging type of FoG is On-State FoG, which refers to when people with 

/ÈÙÒÐÕÚÖÕɀÚɯ ȹ/Þ/Ⱥɯ Ìß×ÌÙÐÌÕÊÌɯ %Ö&ɯ ÞÏÐÓÌɯ ÎÌÛÛÐÕÎɯ ÛÏÌɯ ÍÜÓÓɯ ÉÌÕÌÍÐÛÚɯ ÖÍɯ ÛÏÌÐÙɯ

dopaminergic medication. On -State FoG can occur either as a resistance to the 

otherwise positive effects of dopaminergic medication or, in some cases, it can be 

induced by the dopaminergic medication itself, which is otherwise having a 

beneficial effect for the PwP. These causes of On-State FoG make it particularly 

complex to manage through pharmacological interventions [3]. The current non -

pharmacological mainstay technique for the management of FoG is the adoption 

of external cueing. External cueing techniques use forms of sensory stimuli to 
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prevent or relieve the FoG episode, which may include the u se of visual or 

auditory cueing devices. Examples of visual cueing devices are laser pointer canes 

[6] and visual cue glasses [7]. Examples of auditory cueing devices are discrete 

metronome devices [8] or smartphone-based metronome Apps [9]. These different 

cueing techniques have varied levels of effectiveness, with inconclusive results 

frequently reported [10 -13].  

A limited number of studies have investigated alternative external cueing 

techniques, which can be easily concealed and adopted into routine daily practice 

[14, 15]. One such technique is Electrical Stimulation (ES) cueing. Studies have 

indicated that both motor (ES at an intensity sufficient to activate muscle 

contraction) and sensory (ES at an intensity sufficient to activate a sensory, but not 

motor response) ES cueing may prove useful [14, 15].  

(ÕɯÛÏÌÚÌɯÛÞÖɯÚÛÜËÐÌÚȮɯÊÜÌÐÕÎɯÞÈÚɯËÌÓÐÝÌÙÌËɯÜÚÐÕÎɯÈÕɯȿÈËÈ×ÛÐÝÌɀɯÙÏàÛÏÔÐÊɯÊÜÌÐÕÎɯ

therapàȮɯÞÏÌÙÌɯÛÏÌɯËÌÓÐÝÌÙàɯÖÍɯÊÜÌÐÕÎɯÞÈÚɯÚàÕÊÏÙÖÕÐáÌËɯÛÖɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÎÈÐÛɯ

cycle in real-time. Although this method of ES delivery is used extensively for the 

correction of drop foot, there is no significant evidence that adopting such a 

method will provide an optimum solution for reducing FoG. It has been reported 

that improvements in FoG severity in PD occur when audi tory cueing is delivered 

ÜÚÐÕÎɯÈɯȿÍÐßÌËɀɯÙÏàÛÏÔÐÊɯÊÜÌÐÕÎɯtherapàɯȻƜȼȭɯ#ÜÙÐÕÎɯȿÍÐßÌËɀɯÙÏàÛÏÔɯÊÜÌÐÕÎȮɯÛÏÌɯ

ÙÏàÛÏÔɯÐÚɯÚÌÛɯÈÛɯÈɯÍÐßÌËɯÝÈÓÜÌɯÉÈÚÌËɯÖÕɯÛÏÌɯ×ÌÙÚÖÕɀÚɯÛà×ÐÊÈÓɯÎÈÐÛɯÊàÊÓÌȭɯ5ÈÙÐÖÜÚɯ

ÙÏàÛÏÔɯÍÙÌØÜÌÕÊÐÌÚɯÍÖÙɯȿÍÐßÌËɀɯÙÏàÛÏÔɯÊÜÌÐÕÎɯÏÈÝÌɯÉÌÌÕɯ×ÙÌÝÐÖÜÚÓàɯÌÝÈÓÜated. 

3ÏÌÚÌɯÙÈÕÎÌɯÍÙÖÔɯÍÙÌØÜÌÕÊÐÌÚɯȹÐȺɯÌØÜÈÓɯÛÖɯÛÏÌɯ×ÌÙÚÖÕɀÚɯÛà×ÐÊÈÓɯÚÛÌ×ɯÙÈÛÌɯȻƕƚȮɯƖƕȼȮɯȹÐÐȺɯ

set 10-ƖƔǔɯÉÌÓÖÞɯÛÏÌɯ×ÌÙÚÖÕɀÚɯÛà×ÐÊÈÓɯÚÛÌ×ɯÙÈÛÌɯȻƜȮɯƕƛȮɯƕƝȼȮɯȹÐÐÐȺɯÚÌÛɯƕƔ-20% above the 

×ÌÙÚÖÕɀÚɯÛà×ÐÊÈÓɯÚÛÌ×ɯÙÈÛÌɯȻƕƛȮɯƕƜȮɯƖƔȮɯƖƖȼɯÖÙɯȹÐÐÐȺɯÚÌÛɯÛÖɯÈɯ×ÌÙÊÌÐÝÌËɯÊÖmfortable value 

ȻƖƗȼȭɯ ÓÛÏÖÜÎÏɯÛÏÌɯÖ×ÛÐÔÈÓɯÍÙÌØÜÌÕÊàɯÐÚɯÜÕÊÓÌÈÙȮɯÐÛɯÏÈÚɯÉÌÌÕɯÚÜÎÎÌÚÛÌËɯÛÏÈÛɯȿÍÐßÌËɀɯ

rhythmic sensory stimuli help the PwP to synchronize stepping, thus helping them 

to regulate their gait rhythm.  

Although the optimum cueing therapy solutio n for sES is unclear, we hypothesize 

that a sES cueing therapàɯÞÏÐÊÏɯ×ÙÖÝÐËÌÚɯÈɯȿÍÐßÌËɀɯÙÏàÛÏÔɯÊÜÌɯÛÖɯÚàÕÊÏÙÖÕÐáÌɯ

stepping, will provide an enhanced cueing therapy to reduce FoG and enhance 

walking speed. In this study, we assess if a sES cueing technique, ÞÏÐÊÏɯÜÚÌÚɯȿÍÐßÌËɀɯ

rhythmic cueing, can reduce FoG for PwP in a home environment. The primary 
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outcome measures were: (i) the time taken to complete a walking task and (ii) the 

number of FoG episodes occurring during the execution of this task. A secondary 

ÖÜÛÊÖÔÌɯÔÌÈÚÜÙÌɯÞÈÚɯÛÏÌɯ/Þ/ɀÚɯ×ÌÙÊÌÐÝÌËɯÊÖÔÍÖÙÛɤ×ÈÐÕɯÓÌÝÌÓɯÞÐÛÏɯÚ$2ɯÊÜÌÐÕÎɯ

during walking tasks. 

5.2 Methods  

5.2.1 Participants  

Nine (6 men and 3 woman; mean age 73.22 ± 11.8 years; mean disease duration 

13.33 ± 16.51; mean FOGQ score 13.89 ± 2.92; mode Modified Hoehn and Yahr stage 

2 (range: 1-3)) participants with idiopathic PD enrolled in the study. Participants 

were recruited through the Movement Disorder Clinic, Stobhill Day Hospital, 

Glasgow, Scotland, UK. All participants were informed about the nat ure of the 

study and provided informed written consent. The protocol was approved by the 

West of Scotland Research Ethics Service. Participants upon clinical assessment 

reported experiencing FoG despite taking their medication and thus were not 

required to  abstain from their medication during participation in the study. At 

recruitment, the severity of the disease was assessed using the Modified Hoehn 

and Yahr stage score, and the participants' global cognitive function was assessed 

using the Mini -Metal State Examination (MMSE). The inclusion criteria for the 

protocol were a modified Hoehn and Yahr stage score of 1ɬ4, MMSE score higher 

than 24, and a history of FoG.  

5.2.2 sES Cueing Therapy 

Cueing was delivered using a custom-built electrical stimulator, cue Stim. The 

cueStim device is a voltage controlled two-channel stimulator. The device is worn 

on the waist and is controlled wirelessly, allowing the participant to walk freely 

during the test. During sES cueing, the fixed rhythmic cueing therapy delivered a 

continuous series of biphasic ES bursts. Each burst consisted of 100 ms Ramp-up 

time, 500 ms ON-time, 100 ms Ramp-down time, and 0  ms OFF-time, Figure 5.1. 

The amplitude of the stimulation burst was adjusted for each participant such that 

a sensory response was elicited but that the amplitude was not of sufficient 

intensity to produce a motor response. The delivery of the sES cueing was 

facilitated by using 5  × 5 cm skin surface electrodes (Nidd Valley Medical Limited, 
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England) placed over the motor points  of the hamstring or quadriceps muscle of 

the body side most affected by PD.  

 

Figure 5.1. Utilized sES rhythmic cueing therapy. 

5.2.3 Experimental Protocol  

All ÈÚÚÌÚÚÔÌÕÛɯÞÈÚɯËÖÕÌɯËÜÙÐÕÎɯÛÏÌɯÔÌËÐÊÈÛÌËɯɁ.Õ-2ÛÈÛÌɂɯÖÍɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕt (self-

reported by the participant). Each participant identified a walking task within their 

home, which usuall y elicited FoG episodes, Table 5.1. The common features in 

each of the walking tasks performed were that each walking task included: 

performing a turn during walking, walking through a doorway/doorways, 

walking across a room, and walking in a corridor/hallway.  

The participant performed the task twice, once with sES cueing (cueing) and once 

without sES cueing (control). The order of test condition  (cueing or control) was 

randomly assigned, and a Highly Trained Physiotherapist recorded the time taken 

to complete the walking task and the number of FoG episodes, which occurred 

while the task was performed. The participant chose the preferred stimulati on site 

(hamstring or quadriceps). A physiotherapist configured the stimulation intensity 

level at the highest tolerable level such that a sensory response was elicited but 

that the amplitude was not of sufficient intensity to produce a motor response.  

Upon completion of the walking tasks, a participant questionnaire was completed, 

which incorporated a standard 100 mm Visual Analogue Scale (VAS) and a Face 

Pain Rating Scale to assess the perceived comfort/pain level of the sES cueing. 
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Table 5.1. Walking tasks identified by the participants and common features.  

Index  Walking Task  

P1 

Walk from living room to the kitchen and move the kettle from counter 

to counter, walk to the front door, open and close the door, walk to the 

kitchen then to the front door and finally to the living room.  

P2 
Walk from living room to the kitchen sink and then to the bedroom and 

sit on bed. 

P3 
Walk from living room to the back door, walk through a narrow path to 

the front door and finally walk to the livi ng room. 

P4 
Walk from living room to the kitchen, walk upstairs into the bedroom, 

turn at window and walk downstairs and back to the living room.  

P5 
Walk from living room to the toilet, then walk to the bedroom, walk to 

the kitchen and finally walk to th e living room.  

P6 

Stand and walk from living room to the toilet, then sit and stand, walk 

out to corridor and turn and walk back to the living room and sit on 

chair. 

P7 
Walk from living room to the bedroom, then walk to the kitchen, walk 

to the spare room and finally return to the living room.  

P8 
Walk from living room upstairs into the study, then walk to the 

bedroom, bathroom and walk downstairs and back to the living room.  

P9 
Walk from living room to the kitchen, then walk to the bathroom and 

back to the living room  

5.2.4 Statistical Analysis  

Data were analyzed by paired t-tests both for the time to complete a walking task 

and the number of FoG episodes occurring. The analysis was performed with SPSS 

Version 24 (IBM Corporation, NY, USA).  

5.3 Results 

A ÛÖÛÈÓɯÖÍɯƚƘɯ%Ö&ɯÌ×ÐÚÖËÌÚɯÞÌÙÌɯÐËÌÕÛÐÍÐÌËɯËÜÙÐÕÎɯȿÊÖÕÛÙÖÓɀɯÈÕËɯȿÊÜÌÐÕÎɀɯÊÖÕËÐÛÐÖÕÚȭɯ

All participants except P9 experienced at least one FoG episode during the control 

condition. The average time to complete the walking task during control 

conditions was 99.03 ± 36.12 seconds, while the average time to complete the 

walking task during cueing conditions wa s 86.04 ± 37.93 seconds (Table 5.2). In 

addition, we observed, on average, 4.89 ± 3.48 FoG episodes occurring under 

control conditions and 2.22 ± 2.89 FoG episodes under cueing conditions. The 

greatest effect of cueing was observed in participant P4, with a reduction in time 

taken to complete the walking task and the number of FoG episodes occurring of 
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32% and 75%, respectively. These data show that sES had a positive effect on all 

participants concerning the time taken to complete a walking task. For participants 

that experienced FoG during the control walking task (n = 8), the data shows that 

sES also had a positive effect on the number of FoG episodes. 

Table 5.2. Participants results of testing, time to complete task, number of FoG episodes 

occurring and % of reduction.  

 

Time (s) to Complete Task  

(Number of FoG episodes 

occurring) 

Reduction in Time to Complete Task  

(Reduction in the number of FoG 

episodes occurring) 

Control  Cueing  Cueing  

P1 
86.18 

(8) 

79.8 

(6) 

7.4% 

(25%) 

P2 
93.32 

(10) 

85.36 

(6) 

8.53% 

(40%) 

P3 
66 

(3) 

59.1 

(0) 

10.45% 

(100%) 

P4 
103.9 

(8) 

70.2 

(2) 

32.44% 

(75%) 

P5 
112 

(4) 

81 

(1) 

27.68% 

(75%) 

P6 
86.4 

(3) 

80.7 

(1) 

6.60% 

(66.7%) 

P7 
113.8 

(7) 

106.3 

(4) 

6.59% 

(42.86%) 

P8 
178.4 

(1) 

173.9 

(0) 

2.52% 

(100%) 

P9 
51.26 

(0) 

38 

(0) 

25.87% 

(0%) 

Mean 

(SD) 

99.03 ± 36.12 

(4.89 ± 3.48) 

86.04 ± 37.92 

(2.22 ± 2.49) 

14.23 ± 11.15% 

(58.28 ± 33.89%) 

During  sES cueing, the mean reduction in time taken to complete the walking task 

and the occurrence of FoG episodes was 14.23 ± 11.15% and 58.28 ± 33.89%. There 

is a significant difference in the time taken to complete the walking task for control 

and cueing conditions; t(8) = 3.46, p = 0.009. There was also a statistically significant 

difference in the number of FoG episodes occurring during control and cueing 

conditions; t(8) = 4.619, p = 0.002.  

Despite the positive effects observed, the wider adoption of sES as a cueing 

therapy by PwP will depend not just on th e efficacy of the cue but also on the 

acceptability and usability of the device. Thus immediately after the trial with sES 
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we assessed the users experience with the device in terms of comfortable and 

tolerance (100 mm VAS score) and perceived comfort/pain (Face Pain Rating 

Scale). Participant VAS scores ranged from 5.3 (mildly comfortable) to 9.3 (very 

comfortable) with a mean score of 7.88 (comfortable) for the perceived comfort of 

sES cueing. All participants give the Face Pain Rating Scale a score of 0 (no pain), 

except for P6, which gives a score of 2 (mild, annoying pain) for the pain level of 

sES cueing.  

5.4 Discussion 

We investigated the feasibility of using sES cueing to reduce FoG in PwP and, 

consequently, improve gait performance. The specific aim of the study was to 

ÐÕÝÌÚÛÐÎÈÛÌɯÐÍɯÈɯȿÍÐßÌËɀɯÙÏàÛÏÔÐÊɯÚ$2ɯÊÜÌÐÕÎɯÛÏÌÙÈ×àɯÊÖÜÓËɯÐÔ×ÙÖÝÌɯÛÏÌɯÛÐÔÌɯÛÈÒÌÕɯ

to complete a walking task and reduce the number of FoG episodes occurring 

during the performance of the task in a population known to freeze. Our data 

clearly show that each participant completed their self -defined walking task 

quicker when sES cueing was applied. We also observed a reduction in the number 

of FoG episodes occurring during the performance of that walking task with 

cueing (freezers only, n = 8). 

In 2016, Benoît et al. carried out a preliminary investigation of the immediate 

effects of sensory ES (sES) cueing with 9 test subjects exhibiting FoG [15]. While 

the study did not demonstrate a statistically significant effect of sES cueing, there 

was a clear trend indicating that sES when applied at heel-off, could reduce the 

time to complete a walking task and the number of FoG episodes occurring when 

performing the task. However, we hypothesized that further positive effects of sES 

cueing might be ÈÊÏÐÌÝÌËɯÉàɯÈËÖ×ÛÐÕÎɯÈɯȿÍÐßÌËɀɯÙÏàÛÏÔÐÊɯÚ$2ɯÊÜÌÐÕÎɯÛÏÌÙÈ×àȭɯ6Ìɯ

found a 14% reduction in time to complete a walking task and a 58% reduction in 

the number of FoG episodes occurring. This compares with 19% and 12% reported 

in a previous sES study [15]. While these studies were not identical and were not 

carried out on the same population, the results compare favorably.  

A few mechanisms may be responsible for the positive results of the sES cueing 

therapy we adopted: (i) it may be possible that participants a dapted to the cue by 

synchronizing their step rate ( mean participant step rate: 557 ms, range: 500 ms-
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ƚƚƛɯÔÚȺɯÛÖɯÛÏÌɯȿÍÐßÌËɀɯÙÏàÛÏÔɯÖÍɯÛÏÌɯËÌÓÐÝÌÙÌËɯÚ$2ɯÊÜÌɯȹƛƔƔɯÔÚȮɯ%ÐÎÜÙÌɯ5.2), (ii) 

participants may have failed to adapt to the cue and instead artificial stimulation 

of the proprioceptive pathways may have enhanced proprioceptive information 

processing as suggested by Pereira et al. [24], or (iii) participants adapted to the 

cue by synchronizing their step rate and artificial stimulation of the propriocepti ve 

pathways enhanced proprioceptive information processing.  

 

Figure 5.2. 1ÏàÛÏÔɯÖÍɯȿÍÐßÌËɀɯÚ$2ɯÈÕËɯÚàÕÊÌËɯÚÛÌ×ɯÙÈÛÌɯÖÍɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯȹƛƔƔÔÚȺȭ 

While our data show that sES had a positive effect for all participants concerning 

the time taken to complete a walking task (n = 9) and for all participants who 

experienced FoG, on the number of FoG episodes occurring (n = 8). Some 

participants responded strongly to cueing, while others did not experience similar 

beneficial effects. Although similar diversity in results has been reported in 

previous cueing studies, the explanation for this diversity in results is unclear [8, 

25, 15] and merits further investigation.  

We hypothesized that any improvement in the time taken to complete the walking  

task during sES cueing would be directly related to the reduction in FoG episodes 

achieved during the completion of that task. In most cases, this was true, the 

greater the reduction in FoG episodes, the quicker the participant completed the 

walking task.  However, while P9 did not exhibit FoG during any condition when 

sES cueing was active, the walking task was completed 25.87% quicker, suggesting 

that sES cueing positively impacted gait fluency, even in the absence of FoG. 

In addition to the sES study of Benoît et al., our data compare favorably with 

studies by McAuley et al. [7], where auditory and visual cueing reduced the 
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completion time of a walking task by 12.1% and 5.3% respectively and Arias et al. 

[8], where auditory cueing reduced the number of Fo G episodes occurring during 

a walking task by 50.26 ± 58.82%. 

5.4.1 Limitations of the Study  

Our conclusions are limited because the study population was composed of 9 

participants, and one participant did not experience FoG, and another participant 

only experienced one FoG event. Another limitation and common difficultly in 

studying FoG, is that the presence of a clinician (physiotherapist) may have 

reduced the likelihood of FoG occurring. Therefore, the results must be interpreted 

with caution due to the small sample size and variability in the number of FoG 

episodes per participant. Therefore, while the data indicate a positive effect, a 

further larger study is required to more comprehensively evaluate the effect of the 

sES cueing. 

5.5 Conclusion  

This study, although limited in participant numbers, provides some evidence that 

Ú$2ɯÊÜÌÐÕÎȮɯËÌÓÐÝÌÙÌËɯÐÕɯÈɯȿÍÐßÌËɀɯÙÏàÛÏÔÐÊɯÔÈÕÕÌÙȮɯÔÈàɯÙÌËÜÊÌɯ%Ö&ɯÌ×ÐÚÖËÌÚɯÐÕɯ

PwP and enhance walking performance. This preliminary work demonstrated 

encouraging results and supports the exploration of a larger study to confirm 

whether these findings are reproduced in a larger sample size. 
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Having investigated a Continuous sES cueing strategy in Chapter 5, and demonstrated 

that the presented strategy could ameliorate FoG episodes, we now wanted to verify if an 

On-Demand cueing strategy could produce similar results. Prior to the investigation of 

such a strategy, the elevation of a double-tap gesture as an actuation method for triggering 

the onset of On-Demand cueing was first required. In this chapter, we will present an 

assessment of a double-tap gesture interaction to facilitate self-activated On-Demand 

cueing. This assessment will focus on (i) if PwP can effectively perform a double-tap 

gesture in response to the occurrence of a FoG episode, (ii) if a double-tap gesture performed 

ËÜÙÐÕÎɯ%Ö&ɯÌ×ÐÚÖËÌÚɯÊÈÕɯÉÌɯÙÌÓÐÈÉÓàɯËÌÛÌÊÛÌËɯÜÚÐÕÎɯÈÕɯÈÊÊÌÓÌÙÖÔÌÛÌÙɀÚɯÌÔÉÌËËÌËɯÎÌÚÛÜÙÈÓɯ

interaction recognition function, and (iii) if a double-tap gesture performed during a FoG 

episode aggravates the FoG episode. Using the sES cueing system (iteration III, as 

presented in Chapter 4), and with the support of the University Hospital Limerick, data 

collection was completed using a jointly developed experimental protocol by the PhD 

candidate who also performed the data analysis. In concluding the chapter, the effectiveness 

of a double-tap gesture as an actuation method for triggering the onset of On-Demand 

cueing is discussed to highlight the pathway for further research into the use of sES for 

cueing applications in PD.  

 

6.1 Introduction  

/ÈÙÒÐÕÚÖÕɀÚɯdisease (PD) is the second most common neurodegenerative disease 

in the developed world. An estimated 1.2 million people are currently living with 

PD in the EU [1]. Movement disturbances that worsen with the progression of PD 

are typical characteristics of the disease. Although mainly present in more 

advanced stages of the disease, Freezing of Gait (FoG) is one of the most 

debilitating motor -related disturbances [2]. FoG is often described by people with 

/ÈÙÒÐÕÚÖÕɀÚɯȹ/Þ/ȺɯÈÚɯÏÈÝÐÕÎɯÛÏÌÐÙɯÍÌÌÛɯɁÎÓÜÌËɯÛÖɯÛÏÌɯÎÙÖÜÕËɂȮɯËÌÚ×ÐÛÌɯÛÏÌÐÙɯ

intention to walk [3]. The presence of FoG is an important contributor to falls in 

PwP [4ɬ6] and is a significant contributing factor to hospitalization and nursing 

home admissions [7ɬ9]. 

Within the PD community, cueing is emerging as an effective technique to 

ameliorate FoG [10,11]. Cueing is defined as the use of external sensory stimuli, 
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providing t emporal and/or spatial information to facilitate gait initiation and 

continuation [12]. The literature extensively reports three types of cueing 

modalities: visual, auditory, and somatosensory cueing, each type reflects the 

specific stimulus modality (i.e. , visual cueing provides visual stimuli).  

The majority of cueing systems presented in the literature provide cueing 

continuously throughout the gait cycle, regardless of whether FoG is present or 

not. However, recent technological solutions enable cueing systems to provide 

cueing stimuli only when needed (e.g., during a FoG episode) [13]. These types of 

ÚàÚÛÌÔÚɯÈÙÌɯÛÌÙÔÌËɯȿ.Õ-#ÌÔÈÕËɀɯÊÜÌÐÕÎɯÚàÚÛÌÔÚɯȻƕƘȼȭɯ#ÜÙÐÕÎɯÌßÛÌÕËÌËɯ×ÌÙÐÖËÚɯ

of usage, On-Demand cueing systems may offer advantages over continuous 

cueing systems: increased adherence (cueing may be perceived as less 

annoying/distracting) and increased efficacy (due to reduced habituation) [13]. 

However, the development of On -Demand cueing systems offers one key technical 

challengeɭan effective actuation method for triggering the onset of cueing is 

required.  

Current solutions include the use of autonomous real -time FoG detection 

algorithms to trigger cueing when FoG is detected. Cueing systems that utilize 

ÛÏÌÚÌɯÈÓÎÖÙÐÛÏÔÚɯÈÙÌɯÛÌÙÔÌËɯȿ(ÕÛÌÓÓÐÎÌÕÛɀɯÊÜÌÐÕÎɯÚàÚÛÌms and are the most common 

method for triggering On -Demand cueing [15]. The effectiveness of these systems 

relies on the ability of the FoG detection algorithm to accurately detect a FoG 

episode with minimum latency (time between the occurrence of a FoG episode and 

the triggering of cueing) [16]. A comparison of validity measures in terms of 

sensitivity, specificity, and latency suggests that Intelligent cueing systems can 

accurately detect FoG episodes [17ɬ23]. However, one should be cautious when 

interpre ting the reported performance of these studies as, in many cases, they may 

lack proper ecological validation. Some FoG detection algorithms may also require 

individual calibration to achieve high validity performance, which has practical 

significance for applications in clinical practice [17].  

Although its aptness remains to be shown in the literature, an alternative to 

(ÕÛÌÓÓÐÎÌÕÛɯÊÜÌÐÕÎɯÐÚɯȿ2ÌÓÍ-ÈÊÛÐÝÈÛÌËɀɯÊÜÌÐÕÎȭɯ#ÜÙÐÕÎɯ2ÌÓÍ-activated cueing, the user 

self-detects that they are experiencing a FoG episode, and the onset of cueing is 

triggered directly by the user. Unlike an Intelligent cueing system, the 
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development of a Self-activated system is less complicated and potentially requires 

significantly less computational and power resources to trigger the on set of On-

Demand cueing. However, the effectiveness of Self-activated cueing systems in 

ÛÌÙÔÚɯÖÍɯÚÌÕÚÐÛÐÝÐÛàȮɯÚ×ÌÊÐÍÐÊÐÛàȮɯÈÕËɯÓÈÛÌÕÊàɯÐÚɯËÌ×ÌÕËÌÕÛɯÚÖÓÌÓàɯÖÕɯÛÏÌɯÜÚÌÙɀÚɯÈÉÐÓÐÛàɯ

to self-detect FoG and perform a physical interaction with the system (e.g., press a 

switch). In 2013, Bunting-Perry et al. investigated the effect of Self-activated visual 

cueing on FoG episodes [24]. In the study, participants self-activated cueing by 

pressing an on/off button on a walking stabilizer during FoG episodes. Although 

the sensitivity, specificity, and latency were not reported, and discouraging results 

were presented, the study did identify a potential barrier to the use of Self -

activated cueing. Bunting -Perry suggested that Self-activated cueing can represent 

a dual-task (walking while additionally performing a secondary task) that may 

reduce the positive effect of On-Demand cueing on FoG. 

The performance of simultaneously executing a primary and a secondary task (i.e., 

dual tasking) is a frequent and debilitating proble ÔɯÍÖÙɯ×ÌÖ×ÓÌɯÞÐÛÏɯ/ÈÙÒÐÕÚÖÕɀÚɯ

(PwP) [25]. Both Spildooren et al. and Petterson et al. examined the effect of 

cognitive dual tasking (walking while performing a secondary cognitive task) 

during PD gait [26,27]. Results demonstrated a significant effect of cognitive dual 

tasking on gait and concluded that cognitive dual tasking increases the risk of 

experiencing FoG episodes. Alternatively, Chen et al. examined the impact of 

motor dual -tasking (walking while performing a secondary motor task) during PD 

gait [28]. Results showed that motor dual-tasking also increased the likelihood of 

FoG episodes occurring during gait. Moreover, Galletly et al. investigated the 

effects of both cognitive and motor dual -tasking and reported that while a 

cognitive dual -task caused deterioration in gait parameters, a motor dual -task did 

not [29]. 

These findings indicate the potentially harmful effect of cognitive dual tasking on 

gait in PD. However, the impact of motor dual -tasking has presented conflicting 

results. Interestingly, it has been reported that motor tasks also occupy part of the 

cognitive resources (i.e., the mental processes involved in the planning, 

preparation, and execution of a task) [30]. This, in part, may explain the conflicting 

results. Motor tasks requiring hi gh cognitive resources [28] may have a more 
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significant negative effect on gait than motor tasks requiring lower cognitive 

resources [29]. Therefore, in situations where physical interaction with a cueing 

system may represent dual tasking, it is important that the required interaction can 

be carried out with minimal attention demand so that the PwP can remain focused 

on their primary task.  

Physical peripheral interactions (defined as physical interaction with technology 

that takes place outside the focus of attention [31,32]) may provide a potential 

solution which minimizes the cognitive load required to interact with a Self -

activated cueing system. To perform the interaction in the periphery of attention, 

these interactions avoid physical actions requiring fine motor control or 

continuous visual attention [33]. As an example, several interactive systems have 

used accelerometers to facilitate peripheral interactions through the recognition of 

simple hand gestures (movement of the hand to convey information) [ 32,33]. 

The purpose of our work was to assess the potential of a double-tap gesture 

interaction to facilitate Self -activated cueing for PwP. To this end, we assessed (i) 

if PwP can effectively perform a double -tap gesture in response to the occurrence 

of a FoG episode, (ii) if a double-tap gesture performed during FoG episodes can 

ÉÌɯ ÙÌÓÐÈÉÓàɯ ËÌÛÌÊÛÌËɯ ÜÚÐÕÎɯ ÈÕɯ ÈÊÊÌÓÌÙÖÔÌÛÌÙɀÚɯ ÌÔÉÌËËÌËɯ ÎÌÚÛÜÙÈÓɯ ÐÕÛÌÙÈÊÛÐÖÕɯ

recognition function, and (iii) if a double -tap gesture performed during a FoG 

episode aggravates the FoG episode itself. Therefore, we hypothesized that a 

simple hand gesture performed by PwP might provide an effective actuation 

method for triggering the onset of On -Demand cueing with minimal attention 

ËÌÔÈÕËȭɯ3ÏÐÚɯÚÛÜËàɀÚɯÍÐÕËÐÕÎÚɯÔÈàɯÐÕÍÖÙÔɯÉÐÖÔÌËÐÊÈÓɯÌÕgineers and clinicians 

who are considering the use of self-actuation to trigger the onset of On-Demand 

cueing PD. 

6.2 Meth ods 

This study was conducted in three phases. In Phase 1, a double-tap detection 

function was proposed to enable the detection of double-tap gestures performed 

by PwP. This function was enabled through the analysis of double -tap gesture 

signals recorded from 19 PwP. The double-tap gesture was defined as double-

tapping action of the whole  hand, requiring only gross motor control and enabl ing 
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eyes-free interaction. In Phase 2, the specificity of the proposed double-tap 

detection function was assessed on eight healthy participants during scripted and 

unscripted free-living activities. In Phase 3, the double-tap detection function's 

validity as a mechanism to activate On-Demand cueing was evaluated with 10 

PwP, which had not taken part in Phase 1 of the study.  

6.2.1 Participants  

Twenty -nine (22 men and 7 women; mean age 71.5 ± 8.6 years; and mean disease 

duration 10.9 ± 8.0 years) participants with idiopathic PD enrolled in the study. A 

further eight (4 men and 4 women; age 65 ± 9.5 years) healthy participants enrolled 

in Phase 2 of the study. 

/ÈÙÛÐÊÐ×ÈÕÛÚɯÞÌÙÌɯÙÌÊÙÜÐÛÌËɯÛÏÙÖÜÎÏɯ&ÈÓÞÈàɯ/ÈÙÒÐÕÚÖÕɀÚɯ ÚÚÖÊÐÈÛÐÖÕɯÖÍɯ(ÙÌÓÈÕËȮɯ

Ireland, Clare ParkinsÖÕɀÚɯ2Ü××ÖÙÛɯ&ÙÖÜ×Ȯɯ(ÙÌÓÈÕËȮɯ-ÈÛÐÖÕÈÓɯ4ÕÐÝÌÙÚÐÛàɯÖÍɯ(ÙÌÓÈÕËȮɯ

Galway, Ireland, and University Hospital Limerick, Ireland. The participants were 

informed about the nature of the study and provided written informed consent for 

inclusion before they participat ed in the study. The study was conducted in 

accordance with the Declaration of Helsinki, and the protocol was approved by 

the Galway Hospital Research Ethics Committee (ref: CA 890) for Phases 1 and 2 

of the study and the Limerick Hospital Research Ethics Committee (ref: 053/18) for 

Phase 3 of the study. 

/#ɯÞÈÚɯËÐÈÎÕÖÚÌËɯÈÊÊÖÙËÐÕÎɯÛÖɯÛÏÌɯ4*ɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌɯ2ÖÊÐÌÛàɯ!ÙÈÐÕɯ!ÈÕÒɯ

criteria. All PwP participants performed the procedures during the medicated 

Ɂ.Õ-2ÛÈÛÌɂȭɯ(ÕÊÓÜÚÐÖÕɯÊÙÐÛÌÙÐÈɯÍÖÙɯ/ÏÈÚÌɯƕɯÖÍɯÛÏÌɯÚÛÜdy included able to walk either 

unaided, with one walking stick or elbow crutch. Inclusion criteria of Phase 3 of 

the study included a Hoehn and Yahr stage score between two and four, able to 

walk either unaided, with one walking stick or elbow crutch, a M MSE score greater 

ÛÏÈÕɯƖƘɯÈÕËɯÈɯÏÐÚÛÖÙàɯÖÍɯ%Ö&ɯÐÕɯÛÏÌɯÔÌËÐÊÈÛÌËɯɁ.Õ-2ÛÈÛÌɂȭ 

6.2.2 Hardware  

We used a custom-built wearable cueing device for all three phases of the study. 

The cueing device was a waist-worn voltage -controlled, two -channel, Bluetooth 

enabled electrical stimulator developed at the NUI Galway. The device was 
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designed to deliver either continuous or On -Demand sensory electrical 

stimulation (sES) to ameliorate FoG [34]. 

In Phases 1 and 2 of this study, the cueing capabilities of the cueing device were 

disabled, and the device was configured to operate only as an inertial 

ÔÌÈÚÜÙÌÔÌÕÛɯËÈÛÈɯÓÖÎÎÌÙȭɯ#ÈÛÈɯÓÖÎÎÐÕÎɯÞÈÚɯÍÈÊÐÓÐÛÈÛÌËɯÛÏÙÖÜÎÏɯÛÏÌɯÊÜÌÐÕÎɯËÌÝÐÊÌɀÚɯ

on-board tri -axial accelerometer and a microSD card. The tri-axial accelerometer 

(LIS2DH, STMicroelectronics) was used to measure z-axis (anterior-posterior axis) 

acceleration magnitudes up to ±8 g with a resolution of 63 mg (1 g = 9.81 m/s2) and 

at a sampling frequency of 400 Hz. The removable microSD card allows access to 

the stored raw accelerometer data. Thus, the cueing device provided a platform to 

record the double-tap gesture signals of PwP. 

In Phase 3 of this study, the cueing capabilities of the cueing device were enabled. 

In this mode, the device can be either configured to trigger On-Demand cueing 

locally by the user (through an embedded double -tap detection function within 

the LIS2DH tri -axial sensor) or remotely by a clinician (through a custom-built 

smartphone application, reported in a previous study [35]).  

The LIS2DH double-tap detection function provides four registers, which can be 

configured detect specific double-tap signatures. Table 6.1 highlights the double -

tap configurable registers and their range of values.  

Table 6.1. The tri -axial accelerometer (LIS2DH) double-tap register value ranges for a 

sampling frequency of 400 Hz with a full -scale value of ±8 g. 

Register Register Value  Resolution  Range 

Threshold 0ɬ127 63 mg 0ɬ±8 g 

Time Limit  0ɬ127 2.5 ms 0ɬ318 ms 

Latency 0ɬ255 2.5 ms 0ɬ638 ms  

Window  0ɬ255 2.5 ms 0ɬ638 ms 

The resolution of these values directly related to the selected sampling frequency 

and acceleration range of the accelerometer, 400 Hz, and ±8 g. The threshold 

Register's resolution is given as the absolute value of the acceleration range (8 g) 

divided by the max imum register value (127), 63 mg. The resolution of the 
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remaining three double -tap registers is given as one divided by the sampling 

frequency (400 Hz), 2.5 ms. 

A valid double -tap signature is detected if its signal conforms to the value in each 

double-tap register (Figure 6.1A). The Threshold Register configures the double-

tap acceleration (±g) value that must be exceeded for a double-tap to be detected. 

The Time Limit Register sets the maximum duration of the first and second tap. If 

any tap exceeds this value, it will not be recognized as a double-tap (Figure 6.1B). 

The Latency Register is used to configure the minimum time over which the 

second tap must occur after the first tap. If the second tap occurs in less time than 

the Latency Register value, it will not be recognized as a double-tap (Figure 6.1C).  

 

Figure 6.1. Double-tap signature recognition conditions. A) Valid double -tap due to the 

first and second-tap signal not exceeding the Time Limit Register value while the second-

tap signal exceeds the Latency Register value and occurs before the Window Register value 

is exceeded; B) Invalid double-tap due to signal not falling below the Threshold Register 

value before the Time Limit Register value was exceeded; C) Invalid double-tap due to 

second tap occurring before the Latency Register value was exceeded; D) Invalid double-

tap due to second tap occurring after the Window Register value was exceeded. 

The Window Register configures the maximum time after the Latency Register 

value in which the second tap must occur. If the second tap occurs after the 
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Window Register value, it will not be recognized as a double -tap (Figure 6.1D). To 

permit the configuration of these registers, an accompanying smartphone 

application facilitated the wireless programming of e ach register. 

The successful recognition of a double-tap signature by the LIS2DH double -tap 

detection function immediately triggers the delivery of four biphasic sES bursts to 

either Channel 1 and/or Channel 2 of the cueing device (Figure 6.2A). The 

removable microSD card provides a platform to record all double -tap detection 

and cueing events on the device. 

 

Figure 6.2. On-Demand cueing delivery technique . A: Illustrates the execution of a double-

tap gesture in response to the self-detection of a FoG episode and the subsequent successful 

recognition of the  double-tap gesture by the cueing device which immediately triggers the 

delivery of sES on Channel 2; B: Illustration of a participant wearing the cueing device 

located in a waist-worn belt holder with Channel 1 and Channel 2 electrodes connected to 

the right and left anatomical sites of quadriceps muscle. 

Each sES burst consisted of 100 ms Ramp-up time, 500 ms ON-time, 100 ms Ramp-

down time, and 0 ms OFF-time. Cueing was facilitated through the use of two  pairs 

of 5 × 10 cm skin surface electrodes (Axelgaard PALS Electrodes, Denmark). One 

pair of electrodes was connected to Channel 1 of the cueing device and placed on 

the skin surface over two anatomical sites on the right quadriceps muscle (Figure 

6.2B). The other electrodes were connected to Channel 2 of the cueing device and 

placed on the skin surface over two anatomical sites on the left quadriceps muscle. 
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The accompanying smartphone application enables a clinician to select which 

stimulation channel is  to be used (i.e., Channel 1 and/or Channel 2) and to adjust 

the intensity of the sES bursts for each channel. The intensity of the sES burst was 

set for each participant such that a maximum sensory response was elicited but 

that the amplitude was not of s ufficient intensity to produce a motor or pain 

response. 

A Canon (Tokyo, Japan) Legria HF R46 camera was used to record video during 

all participant testing in Phase 3 of the study. The video quality was set to capture 

full HD video at a frame rate of 25 p rogressive frames per second (17 Mbps). 

6.2.3 Phase 1: Double-Tap Detection Function for PwP  

Nineteen participants with idiopathic PD completed Phase 1 of the study (13 men 

and 6 women; 71.9 ± 9.0 years; mean disease duration 9.6 ± 9.2 years). A database 

of double-tap gesture signals was created using the following procedure. While 

standing, each participant was required to perform a set of 10 double-tap gestures 

on the surface of the cueing device. An investigator instructed the participant to 

perform a double-tap gesture when requested and then return their hand to their 

side. Each participant received a total of ten requests from the investigator. An 

initial demonstration was carried out by an investigator to clarify whether the 

participant understood the  procedure. Following the demonstration, the 

ÐÕÝÌÚÛÐÎÈÛÖÙɯÚÌÊÜÙÌËɯÛÏÌɯÊÜÌÐÕÎɯËÌÝÐÊÌɯÛÖɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÞÈÐÚÛɯȹÓÌÍÛɯÖÙɯÙÐÎÏÛɯÏÐ×ɯ

ÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÚÐËÌɯÖÍɯthe dominant hand) using a waist -worn 

belt holder. Before beginning the procedure, the participants were allowed to 

perform up to three double -tap gesture practice attempts. Upon completion of the 

procedure, a personal computer was used to upload the logged accelerometer 

signals from the cueing device via a removable micro SD-card. 

Analy sis of the double-tap gesture signals was carried out within M ATLAB  

(MathWorks, Natick, MA, USA). As illustrated in Figure 6.3, four double-tap 

characteristics were measured from each recorded double-tap gesture signal: 

¶ Tap_Acceleration: defined as the maximum acceleration recorded for each 

tap, measured at A1 and A2. 
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¶ Interval_Time: defined as the time between the beginning of the first tap 

(T1) and the beginning of the second tap (T4). 

¶ Tap_Width: defined as the base width of the initial impact spike of the  first 

and second tap, measured between T1ŸT2 and T4ŸT5. 

¶ Tap_Duration: specifies the total duration of a tap as measured from the 

initial point of impact until a point in which the signal regress to its post 

tap state, measured between T1ŸT3 and T4ŸT6. 

 

Figure 6.3. Double-tap gesture signal and key characteristics measurement. T1ŸT4: 

Interval_Time; T1ŸT2 and T4ŸT5: Tap_Width; T1ŸT3 and T4ŸT6: Tap_Duration; A1 

and A2: Tap_Acceleration. 

To tailor the LIS2DH double -tap detection function to the needs of PwP, we 

statistically analyzed these four doubl e-tap characteristics to infer a range of values 

that are representative for all PwP. The LIS2DH double-tap registers where then 

configured using Equations ( 6.1ɬ6.4): 

3ÏÙÌÚÏÖÓËɯ1ÌÎÐÚÛÌÙɯȀɯ3È×ɍ ÊÊÌÓÌÙÈÛÐÖÕmin   Equation 6.1 

3ÐÔÌɯ+ÐÔÐÛɯ1ÌÎÐÚÛÌÙɯȁɯ3È×ɍ6ÐËÛÏmax   Equation 6.2 

Interval_Time min  ȁɯ+ÈÛÌÕÊàɯ1ÌÎÐÚÛÌÙɯȁɯȹ3È×ɍ#ÜÙÈÛÐÖÕmax Ǹɯ

Tap_Width max) 
  Equation 6.3 

6ÐÕËÖÞɯÙÌÎÐÚÛÌÙɯȁɯȹ(ÕÛÌÙÝÈÓɍ3ÐÔÌmax Ǹɯ3È×ɍ#ÜÙÈÛÐÖÕmax)   Equation 6.4 
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where Tap_Accelerationmin  is inferred from the mean value of all the participan ÛÚɀɯ

recorded minimum Tap_Acceleration value; Tap_Width max is inferred from the 

ÔÌÈÕɯÖÍɯÈÓÓɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÙÌÊÖÙËÌËɯÔÈßÐÔÜÔɯ3È×ɍ6ÐËÛÏɯÝÈÓÜÌȰɯ3È×ɍ#ÜÙÈÛÐÖÕmax 

ÐÚɯÐÕÍÌÙÙÌËɯÍÙÖÔɯÛÏÌɯÔÌÈÕɯÖÍɯÈÓÓɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÙÌÊÖÙËÌËɯÔÈßÐÔÜÔɯ3È×ɍ#ÜÙÈÛÐÖÕɯ

value; Interval_Time max ÐÚɯÐÕÍÌÙÙÌËɯÍÙÖÔɯÛÏÌɯÔÌÈÕɯÖÍɯÈÓÓɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÙÌÊÖÙËÌËɯ

maximum Interval_Time value. Interval_Time max and Interval_Time min  are inferred 

ÍÙÖÔɯ ÛÏÌɯ ÔÌÈÕɯ ÖÍɯ ÈÓÓɯ ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯ ÙÌÊÖÙËÌËɯ ÔÈßÐÔÜÔɯ ÈÕËɯ ÔÐÕÐÔÜÔɯ

Interval_Time value.  

6.2.4 Phase 2: Specificity  Testing with Health y Controls  

Eight healthy volunteers (4 men and 4 women; 54.38 ± 13.90 years) participated in 

Phase 2 of the study. Using the double-tap register values derived from Phase 1 of 

the study, the double-ÛÈ×ɯËÌÛÌÊÛÐÖÕɯÍÜÕÊÛÐÖÕɀÚɯÚ×ÌÊÐÍÐÊÐÛàɯÞÈÚɯÈÚÚÌÚÚed. To ensure 

that the specificity of the double -tap detection function was rigorously tested, 

participants were required to perform both scripted and unscripted free -living 

activities in their homes and their community while wearing the cueing device. 

ThrÖÜÎÏÖÜÛɯÛÏÌɯ×ÙÖÊÌËÜÙÌȮɯÛÏÌɯÊÜÌÐÕÎɯËÌÝÐÊÌɯÞÈÚɯÚÌÊÜÙÌËɯÛÖɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯ

ÞÈÐÚÛɯȹÓÌÍÛɯÖÙɯÙÐÎÏÛɯÏÐ×ɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÚÐËÌɯÖÍɯËÖÔÐÕÈÕÛɯÏÈÕËȺɯ

using a waist-worn belt holder. To reduce possible biasing, the participants were 

only instructed t hat the cueing device was used to record their movement. 

The specificity of the double -tap detection function was initially tested in a limited 

number of situations representative of free-living activities, and that may result in 

the accidental recognition of double-taps by the device. The scripted activities are 

presented in Table 6.2. These activities were selected as they could potentially 

ÙÌÚÜÓÛɯÐÕɯÜÕÞÈÕÛÌËɯÍÖÙÊÌÚɯÉÌÐÕÎɯÈ××ÓÐÌËɯÛÖɯÛÏÌɯÊÜÌÐÕÎɯËÌÝÐÊÌɀÚɯá-axis (anteriorɬ

posterior axis). 

To ensure that all of the scripted activities were completed, participants were 

supervised by a researcher. Following the scripted activities, participants 

continued to wear the cueing device under unsupervised conditions for two days 

(>8 hours per day). During this period, participants carried out their unscripted 

free-living activities, such as driving and shopping. A diary was provided to each 

participant, and they were required to record their activities on an hourly basis. 
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Upon completion of the procedure, a personal computer was used to upload both 

the logged accelerometer signals and the output of the double-tap detection 

function from the cueing device. The output from the double -tap detection 

function was either high if the function recognized a double -tab gesture, or low if 

it did not. 

Table 6.2. Scripted activities and number of times performed during specificity testing.  

 Activity  Duration/Frequency  

1 Stand-sit-stand from an armchair  3 times 

2 Stand-sit-stand from a kitchen chair  3 times 

3 Stand-sit-stand from a toilet seat  3 times 

4 Stand-sit-stand up from a bed 3 times 

5 Sit-to-lay spine on a bed  3 times 

6 Lay spine-roll over -lying prone on a bed 3 times 

7 Vacuum floor  120 seconds 

8 Sweep floor 120 seconds 

9 Wash dishes in a sink 120 seconds 

10 Clean dining table/worktop  120 seconds 

11 Ascend and descend stairs 3 times 

12 Open a closed door, walkthrough and close the door 3 times 

13 Stand still for 10 s and then get in and out of a car seat 3 times 

14 Walk with a shopping bag/handbag  60 seconds 

15 While standing, removing an item from your front pocket  3 times 

16 While sitting, removing an item from your front pocket  3 times 

In order to validate the specificity Equation ( 6.5), its calculation parameters were 

assessed: False positive (FP), a double-tap is not performed, but one is recognized 

by the cueing device; True negative (TN), a double-tap is not performed, and one 

is not recognized by the cueing device. 

Specificity = TN/(TN + FP)   Equation 6.5 
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6.2.5 Phase 3: Validity  Testing with PwP  

Ten participants (9 men and 1 woman; 70.6 ± 7.7 years; mean disease duration 13.4 

± 4.0 years; mean FOGQ score 15 ± 1.55) with idiopathic PD completed Phase 3 of 

the study (Table 6.3).  

Table 6.3. Characteristics of participants in Phase 3 of the study. 

 Gender  Age (Years) Duration of PD (Years)  FOGQ Score 

Participant 1 M 85 13 14 

Participant 2 M 70 13 15 

Participant 3 M 78 5 16 

Participant 4 F 70 14 14 

Participant 5 M 62 16 16 

Participant 6 M 63 19 15 

Participant 7 M 79 16 14 

Participant 8 M 72 8 12 

Participant 9  M 67 17 18 

Participant 10 M 60 13 16 

All  ÈÚÚÌÚÚÔÌÕÛÚɯÞÌÙÌɯÊÈÙÙÐÌËɯÖÜÛɯÖÕɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÞÏÐÓÌɯÐÕɯÛÏÌɯÔÌËÐÊÈÛÌËɯɁ.Õ-

2ÛÈÛÌɂɯȹÚÌÓÍ-reported by the participant). All the participants identified a one -

minute -walking -task within their home, which usua lly elicited FoG episodes. The 

common features in each of the walking tasks performed were (i) performing a 

turn during walking (ii) walking through a doorway (iii) walking across a room 

and walking in a corridor/hallway. During testing, participants perfo rmed the 

walking task for both Self -activated and Clinician -activated On-Demand cueing. 

Before the walking task with Self -activated cueing, participants were instructed to 

perform a double -tap gesture only when they experienced a FoG episode. During 

walkin g tasks with Clinician -activated cueing, participants were instructed not to 

perform a double -tap gesture during the walking task. Instead, when the clinician 

ȹ/ÈÙÒÐÕÚÖÕɀÚɯ #ÐÚÌÈÚÌ Nurse Specialist) identified a FoG episode, the clinician 

would remotely act ivate On-Demand cueing using the smartphone application.  

An initial demonstration was carried out by an investigator to assist the participant 

in understanding the procedure. Following the demonstration, the investigator 



185 

 

secured the cueing device to the paÙÛÐÊÐ×ÈÕÛɀÚɯ ÞÈÐÚÛɯ ȹÓÌÍÛɯ ÖÙɯ ÙÐÎÏÛɯ ÏÐ×Ȯɯ

ÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÚÐËÌɯÖÍɯÛÏÌɯËÖÔÐÕÈÕÛɯÏÈÕËȺɯÜÚÐÕÎɯÈɯÞÈÐÚÛ-worn 

belt holder.  

Each participant performed the walking task 12 times. Six times during Self -

activated cueing (three times while cueing is delivered to the left quadriceps and 

three times while cueing is delivered to the right quadriceps) and six times during 

Clinician -activated cueing (three times while cueing is delivered to the left 

quadriceps and three times while cueing is delivered to the  right quadriceps). The 

order of each walking task was randomly assigned using block randomization 

ȻƗƙȼȭɯ Úɯ×ÈÙÛɯÖÍɯÛÏÌɯÛÌÚÛÐÕÎȮɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɀɯÓÖÞÌÙɯÓÐÔÉÚɯÞÌÙÌɯÝÐËÌÖ-recorded with 

the HD camera as they performed each walking task. 

During a post -experimÌÕÛɯÝÐËÌÖɯÈÕÈÓàÚÐÚȮɯÈÕɯÌß×ÌÙÐÌÕÊÌËɯÊÓÐÕÐÊÐÈÕɯȹ/ÈÙÒÐÕÚÖÕɀÚɯ

Disease Nurse Specialist) labeled the start and end times of each FoG episodes 

ÐËÌÕÛÐÍÐÌËɯÞÐÛÏÐÕɯÌÈÊÏɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÝÐËÌÖɯÙÌÊÖÙËÐÕÎȭɯ(ÕɯÈËËÐÛÐÖÕȮɯÛÏÌɯÊÓÐÕÐÊÐÈÕɯ

labeled each sub-type of FoG, if present: (i) purely akinesia form (no motion of the 

×ÌÙÚÖÕɀÚɯÓÌÎÚɯÐÚɯÖÉÚÌÙÝÌËȺɯȹÐÐȺɯȿȿÛÙÌÔÉÓÌɯÐÕɯ×ÓÈÊÌɀɀɯÍÖÙÔɯȹÐÕÈÉÐÓÐÛàɯÖÍɯÛÏÌɯ×ÌÙÚÖÕɯÛÖɯ

ÚÛÌ×ɯÞÐÛÏɯÛÏÌÐÙɯÓÌÎÚɯÛÙÌÔÉÓÐÕÎɯÈÛɯÈɯÍÙÌØÜÌÕÊàɯÖÍɯƖɯÛÖɯƘɯ'áȺɯÈÕËɯȹÐÐÐȺɯȿȿÚÏÜÍÍÓÐÕÎɀɀɯÍÖÙÔɯ

(spontaneous increase in cadence and decrease in step length). When a FoG 

episode was identified, the start of that FoG episode was taken as the last point 

when the participant was in the foot -flat stage of the gait cycle, pre-FoG episode, 

Figure 6.4. The end of that FoG episode was taken as the point when the participant 

was in the heel-off stage of the gait cycle for the first successful step, post-FoG 

episode, Figure 6.4. 

The clinician who performed the labeling was also physically present during the 

recording sessions. However, before labeling (i) all the videos were edited to 

remove all audio, and (ii) the order of the 12 walking tasks was randomly shuffled. 

In this sense, it is important to note that the clinician was unaware of the type (Self -

activated or Clinician -activated) of On-Demand cueing being applied in each 

video. 

A researcher labeled the end time of each double-tap gesture identified within the 

×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÝÐËÌÖȭɯ3ÖɯÈÚÚÐÚÛɯÐÕɯÛÏÌɯ×ÙÖÊÌÚÚȮɯÛÏÌɯÙÌÊÖÙËÌËɯÔÖÝÌÔÌÕÛɯÚÐÎÕÈÓÚɯÓÖÎÎÌËɯ
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on the microSD card were analyzed within Matlab to identify each double -tap 

gesture performed. Video and inertial signals were synchronized based on a 

predefined event (5 single taps performed at 1 Hz), which can be identified in both 

the video recordings and the movement signals. 

 

Figure 6.4. Start and end markers of a FoG episode. 

The combination and analyses of both the clinician and researcher annotations 

enabled the evaluation of the viability of a double-tap gesture as an actuation 

mechanism to trigger On-Demand cueing in terms of  

¶ the latency and sensitivity of  PwP to perform a double -tap gesture in 

response to the occurrence of FoG;  

¶ the sensitivity and specificity of the  proposed double-tap detection 

function ; 

¶ the impact of performing a double -tap gesture on FoG episode durations 

during  On-Demand cueing; 

6.2.5.1 Latency and Sensitivity of Performing a Double-tap 

To validate whether PwP can adequately perform a double -tap gesture in response 

to the occurrence of a FoG episode, both latency and sensitivity were assessed. 

Latency was calculated as the time between the start of a FoG episode (identified 

using the clinician video annotation) and the completion of a responding double-

tap gesture (identified by the researcher). The sensitivity Equation (6.6) was 

calculated using the following parameters : 
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True positive (TP), a FoG episode occurs, and a double-tap is performed . 

False negative (FN), a FoG episode occurs, and a double-tap is not performed.  

Sensitivity = TP/(TP + FN)   Equation 6.6 

In some cases, a double-tap gesture may not have been performed in response to 

the occurrence of some FoG episodes, because the participant exited the FoG 

episode before they could perform a double-tap gesture. Such events could be 

classified as FN, however, it is probably that the duration of the FoG episode was 

shorter than the time it takes the participant to perform a double -tap. Therefore, to 

reduce the number of FN misclassifications, FoG episodes with a duration less 

ÛÏÈÕɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÔÌÈÕɯÓÈÛÌÕÊàɯÛÐÔÌɯÞÌÙÌɯÌßÊÓÜËÌËɯÍÙÖÔɯÛÏÌɯÚÌÕÚÐÛÐÝÐÛàɯ

analysis. 

6.2.5.2 Sensitivity and Specificity of Double-tap Detection Function 

To validate if the double -tap detection function can accurately detect a double-tap 

gesture during a FoG episode, its sensitivity and specificity were calculated using 

Equations (6.5) and (6.6), respectively. 

From the analysis of the ÙÌÚÌÈÙÊÏÌÙɀÚɯÈÕÕÖÛÈÛÐÖÕÚɯÈÕËɯÛÏÌɯlogged events on the 

ÊÜÌÐÕÎɯËÌÝÐÊÌÚɀɯmicroSD card, the following parameters were assessed:  

¶ True positive (TP), a double-tap is performed, and it is recognized by the 

device;  

¶ False positive (FP), a double-tap is not performed, and it is recognized by 

the device;  

¶ True negative (TN), a double-tap is not performed, and it is not recognized 

by the device; 

¶ False negative (FN), a double-tap is performed, and it is not recognized by 

the device. 

6.2.5.3 Impact of Double-Tap Gestures on FoG Episode  

To assess if the action of performing a double-tap gesture aggravates FoG 

episodes, the duration and number of FoG episodes occurring with Self-activated 

cueing were compared to the duration and nu mber of FoG episodes occurring with 
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Clinician -activated cueing. FoG episodes with a duration less than the 

×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÔÌÈÕɯÓÈÛÌÕÊàɯÝÈÓÜÌɯÞÌÙÌɯÕÖÛɯÌßÊÓÜËÌËɯÍÙÖÔɯÛÏÌɯÈÕÈÓàÚÐÚȭɯ'ÖÞÌÝÌÙȮɯ

only TP parameters were analyzed (i.e., a FoG episode occurs, and a double-tap is 

performed and cueing is activated or the clinician  remotely activates cueing using 

the smartphone application ). 

6.2.5.4 User Experience 

Upon completion of the walking tasks, a participant questionnaire was completed, 

which incorporated a standa rd 100 mm Visual Analogue Scale (VAS) and a Face 

Pain Rating Scale to assess the perceived comfort/pain level associated with the 

sES cueing. This questionnaire included questions regarding the suitability of the 

intensity of sES cueing, the suitability of  the sES cueing device's location, and the 

perceived difficulty level of performing a double -tap gesture on the sES cueing 

device. 

6.2.6 Statistical Analysis  

A preliminary  t-test was run to test for possible differences between sES delivered 

to the left quadriceps or the right quadriceps . As the analyses revealed no 

significant difference between the duration of FoG episodes, we used the mean of 

the two limbs for each participant in the subsequent analyses. An independent 

samples t-test was conducted to assess whether there were differences between the 

mean duration of FoG episodes of participants during Self -activated and Clinician -

activated On-Demand cueing. Statistical calculations were performed with SPSS 

Version 24 (IBM Corporation, New York, USA). A  p-value < 0.05 was considered 

statistically significant in all case s. 

6.3 Results 

6.3.1 Phase 1: Double-Tap Detection Function for PwP  

A total of 190 double-tap signals were recorded. The data show that all participants 

were capable of performing a double-tap gesture. Analyses of these signals within 

Matlab identified the minimum and maximum values for the four double -tap 

characteristics (Figure 6.5). 
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!ÈÚÌËɯÖÕɯÛÏÌɯÙÌÚÜÓÛÚɯÐÕɯ%ÐÎÜÙÌɯƚȭƙȮɯÛÏÌɯÔÌÈÕɯÖÍɯÈÓÓɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɀɯÙÌÊÖÙËÌËɯ

minimum Tap_Acceleration value  was 7.56 ± 1.03 g. From the 380 single-tap 

signals (190 double-tap), only seven taps failed to produce an acceleration equal to 

ÖÙɯÎÙÌÈÛÌÙɯÛÏÈÕɯƜɯÎȭɯ3ÏÌɯÔÌÈÕɯÖÍɯÈÓÓɯ×ÈÙÛÐÊÐ×ÈÕÛÚɀɯÙÌÊÖÙËÌËɯÔÈßÐÔÜÔɯ3È×ɍ6ÐËÛÏɯ

value and Tap_Duration value was 13.49 ± 3.24 ms and 56.18 ± 8.99 ms, 

ÙÌÚ×ÌÊÛÐÝÌÓàȭɯ3ÏÌɯÔÌÈÕɯÖÍɯÈÓÓɯ×ÈÙÛÐÊÐ×ÈÕÛÚɀɯÙÌÊÖÙËÌËɯÔÈßÐÔÜÔɯÈÕËɯÔÐÕÐÔÜÔɯ

Interval_Time value was 313.82 ± 40.68 ms and 241.18 ± 35.67 ms, respectively. 

 

Figure 6.5. Participantsɀ individual double-tap characteristics (minimum and maxi mum 

recorded values). 

To generalize the extracted double-tap characteristics to values that are 

representative of the double-tap feature values of the majority of PwP, the 99.7 

rule, also known as the empirical rule (three standard deviations), was 

implemented. For example, it can be inferred that 99.7% of our sample population 

will have a minimum Tap_Acceleration value equal to  

Tap_Accelerationmin  ǻɯÔÌÈÕɯǸɯȹƗɯßɯ2#ȺɯǻɯƛȭƙƚɯÎɯǸɯ(3 × 1.03 g) = 4.47 g.  

Using this rule, we can infer that the PwP population wi ll have the double-tap 

characteristics summarized in Table 6.4. 
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Table 6.4. Inferred double -tap gesture characteristics. 

 
Tap_Acceleration 

[g]  

Interval_Time 

[ms]  

Tap_Width 

[ms]  

Tap_Duration 

[ms]  

Min.  4.47  134.17 1.91 17.07 

Max. 8 435.86 20.96 83.15 

The LIS2DH double -tap registers were then configured based on Equations (6.1-

6.4) and register resolution values (Table 6.1): 

Threshold Register = Tap_Accelerationmin  = 4.44 g. 

Time Limit Register = Tap_Width max = 20 ms. 

Latency Register = (Tap_DurationmaxɬTap_Width max) = 62.5 ms. 

Window Register = (Interval_Time maxɬTap_Duration max) = 362.5 ms. 

6.3.2 Phase 2: Specificity  Testing with Health y Controls  

The analysis of the logged output of the double -tap detection function revealed 

that on no occasion, a double-tap signal was detected during the scripted activities 

(i.e., FP = 0). During the scripted activities, the highest acceleration recorded was 

during activity number 16 (while sitting, removing an item from your front pocket) 

at 3.58 g. 

A total of 132 hours of unscripted activities were recorded. The analysis of the 

logged output of the double -tap detection function revealed that only on two 

occasions during the 132 hours of unscripted activities was a double-tap gesture 

detected. Therefore, using Equation (6.5), the double-tap detection function 

achieved a specificity of 100% during scripted activities and ~100% during 

unscripted activities with healthy controls. 

6.3.3 Phase 3: Validity  Testing with PwP  

From the 10 participants that completed Phase 3 of the study, four participants 

×ÙÌËÖÔÐÕÈÕÛÓàɯ ËÐÚ×ÓÈàÌËɯ Èɯ ȿȿÚÏÜÍÍÓÐÕÎɀɀɯ ÍÖÙÔɯ ÖÍɯ %Ö&Ȯɯ ÛÏÙÌÌɯ ×ÙÌËÖÔÐÕÈÕÛÓàɯ

ËÐÚ×ÓÈàÌËɯÈɯȿȿÈÒÐÕÌÛÐÊɀɀɯÍÖÙÔɯÖÍɯ%Ö&, ÈÕËɯÖÕÌɯ×ÙÌËÖÔÐÕÈÕÛÓàɯËÐÚ×ÓÈàÌËɯÈɯȿȿÛÙÌÔÉÓÌɯ

ÐÕɯ×ÓÈÊÌɂɯÍÖÙÔɯÖÍɯ%Ö&ȭɯ3ÞÖɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯËÐÚ×ÓÈàÌËɯÉÖÛÏɯȿȿÈÒÐÕÌÛÐÊɀɀɯÈÕËɯȿȿÛremble 

ÐÕɯ×ÓÈÊÌɂɯÍÖÙÔÚɯÖÍɯ%Ö&ȭ 
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An independent samples t-test showed no significant difference between the ages 

of participants in Phase 1 and Phase 3 (71.9 ± 9.0 years versus 70.6 ± 7.7 years, p = 

0.708). The statistical analysis of the difference between the disease duration of 

participants in Phase 1 and Phase 3 also showed no significant difference (9.6 ± 9.2 

years versus 13.4 ± 4.0 years, p = 0.232). 

6.3.3.1 Latency and Sensitivity of Performing a Double-Tap 

Table 6.5 summarizes participant latency time s associated with performing a 

double-tap gesture as an actuation mechanism to trigger cueing. The mean latency, 

reported as the time between the occurrence of a FoG episode and its detection by 

the participant through the performance of a double -tap gesture on the cueing 

device, is given as 1.42 ± 1.17 seconds. 

The lowest mean latency was recorded by participant seven, 0.79 ± 0.69 seconds, 

and the highest mean latency was recorded by participant ten, 2.34 ± 1.94 seconds. 

Table 6.5. Latency and sensitivity performing a double -tap gesture in response to the 

occurrence of FoG. 

 

Latency 

Time 

[seconds] 

Double -Taps 

Performed in Response 

to FoG Episodes 
Sensitivity 

[%]  

Specificity 

[%]  

TP  FN  

Participant 1 2.01 ± 1.03 11 3 78.57 100 

Participant 2 1.08 ± 1.58 6 7 46.15 100 

Participant 3 1.98 ± 1.21 21 1 95.45 100 

Participant 4 1.26 ± 0.90 12 3 80 100 

Participant 5 1.17 ± 0.82 4 1 80 100 

Participant 6 0.79 ± 0.69 18 2 90 100 

Participant 7 1.65 ± 0.55 5 2 71.43 100 

Participant 8 1.11 ± 0.77 27 8 77.14 100 

Participant 9 1.10 ± 0.78 14 7 66.67 100 

Participant 10 2.34 ± 1.62 20 4 83.33 100 

 1.42 ± 1.17 1 138 2 38 2 76.87 ± 13.58 1 100 ± 0 1 

1 Value expressed as mean ± SD of column. 2 Value expressed as total of column. 

A total of 176 FoG episodes were identified through video analysis. Participants 

correctly identified 138 episodes and failed to identify 38, resulting in a mean 
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sensitivity of 76.87% ± 13.58%. Participant three achieved the highest sensitivity 

(95.45%), while participant two achieved the lowest sensitivity, 46.15%. 

In addition, participants mis -identified 18 FoG episodes through double-tap 

gestures (FP = 18) when no FoG episode occurred. Participant one performed six 

FPs, participant six performed five FPs, and the remaining FPs were attributed to 

participants three, four, seven, eight, and nine. A total of 67 FoG episodes were 

removed from the analysis because their durations were shorter than the 

×ÈÙÛÐÊÐ×ÈÕÛÚɀɯÓÈÛÌÕÊàɯÛÐÔÌÚɯȹ3ÈÉÓÌɯ6.6). The mean duration of all the removed FoG 

episodes was 0.76 ± 0.58 seconds. 

Table 6.6. Number and mean duration of FoG episodes removed from the analysis.  

 Number of FoG Episodes  
Mean Duration of FoG Episodes 

[seconds] 

Participant 1 7 1.02 ± 0.56 

Participant 2 7 0.59 ± 0.32 

Participant 3 3 0.41 ± 0.28 

Participant 4 0 0 

Participant 5 1 0.31 ± 0.00 

Participant 6 4 0.21 ± 0.15 

Participant 7 7 0.88 ± 0.49 

Participant 8 0 0 

Participant 9 23 0.42 ± 0.26 

Participant 10 15 1.41 ± 0.61 

 67 2 0.76 ± 0.58 1 

1 Value expressed as mean ± SD of column. 2 Value expressed as total of column. 

6.3.3.2 Sensitivity and Specificity of Double-tap Detection Function 

Table 6.7 reports the sensitivity ÖÍɯÛÏÌɯÊÜÌÐÕÎɯËÌÝÐÊÌɀÚɯËÖÜÉÓÌ-tap detection function 

for individual participants . Taking into account the parameters for calculating 

sensitivity in Equation ( 6.6), the number of TP and FN are also presented. The mean 

sensitivity in recognizing a double -tap gesture performed by participants was 

96.39% ± 4.13%. In the absence of all participants performing a double-tap gesture, 

on no occasion did the cueing device incorrectly detect a double-tap (FP = 0). 

Therefore, using Equation (6.5), the double-tap detection function obtained a 

specificity of 100% for all participants.  
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The nine FN (non-detected double-tap gestures) resulted from  seven taps that 

failed to exceed the double-tap Threshold register value (4.47 g) and two taps that 

exceeded the double-tap Window register value (363 ms). 

Table 6.7. Sensitivity of double -tap detection function.  

 
Double -Taps 

Performed  

Double -Taps 

Detection by Device  Sensitivity 

[%]  

Specificity 

[%]  
TP FN FP 

Participant 1 20 20 0 0 100 100 

Participant 2 7 7 0 0 100 100 

Participant 3 26 24 2 0 92.31 100 

Participant 4 14 13 1 0 92.86 100 

Participant 5 4 4 0 0 100 100 

Participant 6 31 28 3 0 90.32 100 

Participant 7 7 7 0 0 100 100 

Participant 8 31 30 1 0 96.77 100 

Participant 9 20 20 0 0 100 100 

Participant 10 24 22 2 0 91.67 100 

 18.40 ± 9.48 1 175 2 9 2 0 2 96.39 ± 4.131 100 ± 0 1 

1 Value expressed as mean ± SD of column. 2 Value expressed as total of column.  

6.3.3.3 Impact of Double-tap Gestures on FoG Episode 

A total of 136 FoG episodes that occurred during Self-activated cueing and a 

further 140 FoG episodes that occurred during Clinician -activated cueing were 

analyzed. Table 6.8 highlight s the time duration of FoG episodes using Self-

activated cueing versus Clinician -activated cueing. 

An independent samples t-test showed a significant difference between the mean 

duration of FoG during Self-activated cueing and the mean duration of FoG duri ng 

Clinician -activated cueing (4.20 s ± 2.49 s versus 3.35 s ± 2.18, p = 0.005). However, 

an individual analysis revealed that for eight of the participants , the duration of 

FoG episodes was not significantly different between Self-activated and Clinician -

activated cueing. 

An independent samples t-test showed that the mean duration of FoG episodes for 

participant 2 significantly increased from 1.70 ± 0.23 seconds (Clinician -activated) 
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to 2.94 ± 0.67 seconds (Self-activated), p = 0.03. Furthermore, the mean duration of 

FoG episodes for participant 10 significantly increased from 4.85 ± 2.02 seconds 

(Clinician -activated) to 8.01 ± 3.18 seconds (Self-activated), p = 0.01. 

Table 6.8. Number of FoG episode occurring and their duration during Self -activated and 

Clinician -activated On-Demand cueing. * significant difference.  

 

Clinician -activated Self -activated 

Duration of 

FoG Episodes 

[seconds]  

Number of 

FoG Episodes  

Duration of 

FoG Episodes 

[seconds] 

Number of 

FoG Episodes 

Participant 1 4.01 ± 2.62 25 3.50 ± 0.94 18 

Participant 2 1.70 ± 0.23 * 13 2.94 ± 0.67 * 13 

Participant 3 5.50 ± 2.33 26 5.24 ± 1.53 24 

Participant 4 3.34 ± 1.33 8 3.09 ± 1.31 11 

Participant 5 2.47 ± 0.98 10 2.22 ± 1.27 5 

Participant 6 2.24 ± 1.27 22 3.13 ± 1.91 22 

Participant 7 2.07 ± 0.47 10 2.78 ± 0.83 12 

Participant 8 2.96 ± 2.11 36 3.62 ± 1.68 27 

Participant 9 2.10 ± 0.81 61 2.65 ± 1.51 37 

Participant 10 4.85 ± 2.02 * 33 8.01 ± 3.18 * 34 

Mean ± SD 3.35 ± 2.18 * 24.40 ± 16.23 4.20 ± 2.49 * 20.30 ± 10.41 

Interestingly,  Self-activated cueing resulted in less FoG episodes occurring for 

some participants in comparison to Clinician -activated cueing. Participants 5 and 

9 had a substantially  lower  number of FoG episodes (~50% reduction) occurring 

during Self-activated cueing. An indepen dent samples t-test showed that the mean 

number of FoG episodes occurring during Clinician -activated cueing (24.40 ± 

16.23) was not significantly different from the mean number of FoG episodes 

occurring during Self-activated cueing (20.30 ± 10.41), p = 0.51. 

6.3.3.4 User Experience 

Participant VAS scores ranged from 3.5 cm (mildly comfortable) to 9. 4 cm (very 

comfortable) with a mean score of 7.93 cm (comfortable) for the perceived comfort 

of sES cueing. Eight participants give the Face Pain Rating Scale a score of 0 (no 

pain), with participants 6 and 10 both gi ving a score of 2 (mild, annoying pain) for 
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the pain level of sES cueing. When asked if the sES cueing intensity level was high 

ÌÕÖÜÎÏɯ ËÜÙÐÕÎɯ ÛÏÌɯ ÛÌÚÛÐÕÎȮɯ ÕÐÕÌɯ ÖÍɯ ÛÏÌɯ ×ÈÙÛÐÊÐ×ÈÕÛÚɯ ÙÌÚ×ÖÕËÌËɯ ÞÐÛÏɯ Ɂ8ÌÚɂ. 

/ÈÙÛÐÊÐ×ÈÕÛɯƖɯÙÌÚ×ÖÕËÌËȮɯɁ4ÕÚÜÙÌɂȭɯ-ÐÕÌɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÙÌÚ×ÖÕËÌËɯÞÐÛÏɯɁ8ÌÚɂɯÞÏÌÕɯ

asked if the double-tap ÞÈÚɯÌÈÚàɯÛÖɯ×ÌÙÍÖÙÔȭɯ/ÈÙÛÐÊÐ×ÈÕÛɯƕƔɯÙÌÚ×ÖÕËÌËȮɯɁ4ÕÚÜÙÌɂȭɯ

When asked if they would prefer the location of the sES cueing device at a different 

location, ÈÓÓɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯÙÌÚ×ÖÕËÌËɯÞÐÛÏɯɁ-Öɂȭ 

6.4 Discussion  

This paper is the first to investigate the viability of a double -tap gestural 

interaction as an actuation mechanism for On-Demand cueing in PD. The current 

results demonstrate that a double-tap gesture may provide an effective actuation 

method for triggering the delivery  of On-Demand cueing. 

6.4.1 Phase 1: Double-tap Detection Function for PwP  

In Phase 1, we reported four double-tap characteristics (tap acceleration, tap 

interval time, tap width, and tap  duration) from a cohort of 19 PwP. Although the 

number of participants in Phase 1 was limited, the authors inferred a set of LIS2DH 

double-tap register values based on Equations (6.1ɬ6.4). This enabled an initial 

validation of a double -tap gestural interaction modality as an actuation 

mechanism for On-Demand cueing in PD. An analysis revealed that the mean 

ÈÊÊÌÓÌÙÈÛÐÖÕɯÍÖÙɯÌÈÊÏɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÓÖÞÌÚÛɯÙÌÊÖÙËÌËɯÚÐÕÎÓÌ-tap acceleration value 

was 7.56 g ± 1.03 g. In comparison, the Daphet FoG dataset (wearable acceleration 

sensor data on 10 PwP with FoG) [36] revealed that during PD gait and activities 

of daily living, the maximum anterior -posterior axis accelerations recorded on a 

waist-worn sensor were 3.36 g ± 0.90 g. These findings suggest that the acceleration 

associated with a double-tap gesture by PwP on a waist-worn sensor is 

significantly higher than the background accelerations produced during gait or 

activities of daily living. Furthermore, we demonstrated that an accelerometer 

with an acceleration range ±8 g is suitable to record the double-tap gestures of 

PwP. 

In addition to the tap acceleration value, the tap interval time is an important 

double-tap characteristic. The tap interval times extracted in Phase 1 of the study 

were similar to those presented by Yahalom et al. [37]. Yahalom et al. investigated 
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the fastest speed at which PwP (32 men and 19 women; 66.3 ± 9.1 years; mean 

disease duration 7.5 ± 5.7 years) can perform hand tapping (tapping with fingers 

by moving their wrist). Yahalom reported a me an interval time of 228 ms 

compared to the mean interval time of 274 ms reported in our study. The slower 

mean interval time of 274 ms reported in our study may reflect the instruction 

given to the participants. Yahalom et al. instructed the participants t o perform taps 

at their fastest pace. While in our study, participants were instructed to perform 

taps at a comfortably fast pace. 

Interestingly, Yahalom et al. classified their participants into four subtypes (tremor 

predominant, FoG predominant, akinetic -rigid, and unclassified). Interestingly, no 

significant difference between groups was reported. This suggests that the tap 

interval time of different cohorts of PwP (i.e., PwP with and without FoG) may not 

be significantly different. Furthermore, our choi ce to use an acceleration sampling 

frequency of 400 Hz (as recommended by the LIS2DH manufacturers for double-

tap recognition) has been demonstrated to be sufficient to record the double-tap 

gestures of PwP. 

Using the 99.7 rule, the inferred set of LIS2DH double-tap register values derived 

in Phase 1 (Threshold Register = 4.44 g, Time Limit Register = 20 ms, Latency 

Register = 62.5 ms, and Window Register = 362.5 ms) were proposed by the authors 

as suitable to achieve a high double-tap detection sensitivity  rating.  

6.4.2 Phase 2: Specificity  Testing with Health y Controls  

In Phase 2, we reported that the double -tap detection function achieved a 

specificity of 100% during scripted activities and ~100% during unscripted 

activities with healthy controls. It was our view that healthy controls are typically 

more active in their daily lives than PwP with FoG. Therefore, by using healthy 

controls, the specificity could be more rigorously tested with a greater set of 

movement activities over a shorter period. Only on two occasions during the 132 

hours of unscripted activities was a double -tap gesture detected incorrectly. The 

precise activity which triggered a double -tap detection is unclear due to the 

participants carrying out multiple activities during the detection period . 
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6.4.3 Phase 3: Validity  Testing with PwP  

In Phase 3, it was first shown that participants performed a double -tap gesture in 

response to the occurrence of FoG with an average latency of 1.42 ± 1.17 seconds. 

Interestingly, the performance of the dou ble-tap gesture, in terms of latency, is 

comparable to the latency of some Intelligent cueing systems (<2 seconds [17], 1.1 

seconds [21] and 1 second [22]). Nevertheless, the requirement for a latency value 

of fewer than 2 seconds is up for discussion. From the combined analysis of 

subjective FoG questionnaires (FOG-Q and GFQ [38]), approximately 40% of FoG 

episodes last between 1and 2 seconds [39ɬ41]. However, mild FoG episodes that 

last such a short time may not be troublesome for PwP as they may not interfere 

with their daily lives [13,42]. Therefore, based on our results, it is our view that 

PwP can perform a double-tap gesture in a sufficient time to trigger On -Demand 

cueing to relieve potential troublesome FoG episodes. Furthermore, this was the 

first time that the study participants performed a double -tap gesture in response 

to the occurrence of FoG. Therefore, with increased practice, it may be possible to 

further reduce the latency time between the start of a FoG episode and the 

completion of a responding double -tap gesture. 

Secondly, in Phase 3, it was shown that participants performed a double-tap 

gesture in response to the occurrence of FoG with an average sensitivity of 76.87% 

± 13.58%. However, some participants achieved a sensitivity of 95%, while others 

only achieved a 46% sensitivity. These disparate results may reflect the inability of 

some PwP to self-detect FoG. However, due to the short protocol and a limited 

amount of training, some participants may have simply forgotten to perform a 

doubl e-tap gesture during some FoG episodes. In addition, the average FoG 

episode durations that were not identified by participants were short. Indeed, 71% 

of them had FoG episode durations that were one standard deviation from the 

×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÔÌÈÕɯÓÈÛÌÕÊàɯÛime. 

Although the sensitivity reported in this paper was lower than the reported 

sensitivity of some Intelligent cueing systems, 82.2%ɬ97% [17ɬ23], one should 

always be cautious when interpreting performance (in terms of sensitivity and 

specificity) of On -Demand cueing systems. In particular, one should consider the 

study protocol design (e.g., home versus laboratory environment; scripted versus 
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unscripted protocols), system design (e.g., one device versus a set of combined 

devices), sample size, the definition of FoG adopted and the type of FoG presented 

by participants within the study [17]. Our study protocol was based in a home 

environment with participants defining their walking task. Such unscripted tasks 

may provide a more rigorous test of sensitivity  and specificity compared to 

scripted tasks in a laboratory environment. In addition, the participants in this 

study displayed a wide range of FoG sub-Ûà×ÌÚɯȹÐȭÌȭȮɯȿȿÚÏÜÍÍÓÐÕÎɀɀȮɯȿȿÛÙÌÔÉÓÌɯÐÕɯ

×ÓÈÊÌɀɀɯ ÈÕËɯ ɁÈÒÐÕÌÛÐÊɂȺɯ ÞÏÐÊÏȮɯ ÈÎÈÐÕȮɯ ÔÈàɯ ×ÙÖÝÐËÌɯ Èɯ ÔÖÙÌɯ ÙÐÎÖÙÖÜs test of 

sensitivity and specificity in comparison to a cohort of participants all with similar 

FoG sub-types. 

In Phase 3, it was shown that the double-tap detection function derived in Phase 1 

of the study could achieve a specificity of 100% and a sensitivity of 96%. Our choice 

ÛÖɯ ÊÖÕÍÐÎÜÙÌɯ ÛÏÌɯ ÈÊÊÌÓÌÙÖÔÌÛÌÙɀÚɯ ȹ+(2Ɩ#'Ⱥɯ ÌÔÉÌËËÌËɯ ËÖÜÉÓÌ-tap detection 

function based on the characteristics extracted from a database of double-tap 

signals acquired from PwP, aimed to increase the specificity and sensitivity of t he 

detection function.  

Although the specificity of the double -tap detection function was only assessed on 

PwP during their home -based walking task (Phase 3 of the study), the specificity 

was also assessed on healthy controls (Phase 2 of the study). The overall results 

ÖÉÚÌÙÝÌËɯÚÜÎÎÌÚÛɯÛÏÈÛɯÈÕɯÈÊÊÌÓÌÙÖÔÌÛÌÙɀÚɯÌÔÉÌËËÌËɯÎÌÚÛÜÙÈÓɯÐÕÛÌÙÈÊÛÐÖÕɯÍÜÕÊÛÐÖÕɯ

can potentially be used as a viable method to reliably detect the double-tap gesture 

of PwP during a FoG episode. 

The final results from Phase 3 show that performing a double-tap gesture did not 

significantly aggravate FoG episode durations for most participants. However, for 

two participants, performing a double -tap gesture significantly increased the 

×ÈÙÛÐÊÐ×ÈÕÛɀÚɯËÜÙÈÛÐÖÕɯÖÍɯ%Ö&ɯÌ×ÐÚÖËÌÚȭɯ(ÕËÐÊÈÛÐÕÎɯÛÏÈÛɯÍÖÙɯÚÖÔÌ PwP a double-tap 

gesture may represent a dual-task that requires a significant cognitive load to 

execute. However, the limited amount of training and the relative unfamiliarity of 

the participants in performing the required double -tap gesture (before 

part icipating in this study) may be attributed to an increased cognitive load. As 

the PwP becomes more learned to the action of a double-tap gesture, the cognitive 
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load requirements may decrease as the action becomes more natural and 

instinctive.  

Interestingly , Self-activated cueing resulted in less FoG episodes occurring for 

some participants in comparison to Clinician -activated cueing, although the mean 

number of FoG episodes occurring was not statistically different between Self-

activated cueing and Clinicia n-activated cueing. These findings further 

demonstrate that a double-tap gesture performed during a FoG episode does not 

significantly aggravate FoG episodes. 

6.4.4 Limitations  

In the current study, a small cohort of 19 PwP was used to infer a double-tap 

detection function, yet the double -tap detection functio n achieved a specificity of 

100% and a sensitivity of 96%. However, it is important to acknowledge that the 

sensitivity  was evaluated on a small cohort (10 participants). As the symptoms of 

PD, such as dexterity impairment and motor deficits like bradykinesia 

(characterized by slowness and decreased amplitude of movement ) [43], are 

experienced by PwP to different degrees, our database of double-tap signals may 

be of insufficient size to infer the double -tap characteristics that are representative 

for all PwP. This may, in part , account for the nine non-detected double-tap 

gestures, which resulted in a sensitivity value of 96%.  In addition, no participants 

within the study displayed freezing of the upper limb (FOUL).  Although FOUL is 

not correlated to FoG [44], it is possible that during a FoG event, PwP with FOUL 

may be unable to perform a doubl e-tap gesture. 

As would be expected in a new area of research, there remains a large number of 

directions for fu ture work on this topic . Predominantly , there remains a need for a 

more thorough validation of Self-activated cueing systems, as work to date has 

involved low participant numbers.  

6.5 Conclusion s 

PwP can effectively perform a double -tap gesture in response to the occurrence of 

a FoG episode with an average latency of 1.42 ± 1.17 seconds and a sensitivity of 

76.87% ± 13.58%. A double-tap gesture performed during a FoG episode can be 
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ÙÌÓÐÈÉÓàɯ ËÌÛÌÊÛÌËɯ ÜÚÐÕÎɯ ÈÕɯ ÈÊÊÌÓÌÙÖÔÌÛÌÙɀÚɯ ÌÔÉÌËËÌËɯ ÎÌÚÛÜÙÈÓɯ ÐÕÛÌÙÈÊÛÐÖÕɯ

recognition function with a specificity and sensitivity of 100% and 96%, 

respectively. For some PwP, a double-tap gesture performed during a FoG episode 

does not significantly aggravate FoG episode duration or frequency. These three 

key findings collectively suggest the possible feasibility of Self-activated cueing as 

a method of On-Demand cueing, which can be easily implemented and focus on 

empowering PwPs to better self-manage their FoG episodes. 
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In Chapter 6, it was reported that a double-tap gesture may provide an effective actuation 

method for triggering On-Demand cueing in PwP. However, the efficacy of On-Demand 

sES cueing as a therapy for ameliorating FoG has not been presented. In this chapter, we 

will present a preliminary assessment of the efficacy of a self-activated On-Demand sES 

cueing with the same participants that completed Phase 3 of the study presented in Chapter 

6. Using the sES cueing system (iteration III, as presented in Chapter 4), and with the 

support of the PhD candidate data collection was completed by the University Hospital 

Limerick using a jointly developed experimental protocol and subsequent data analysis was 

completed by the PhD candidate. The assessment will focus on assessing the effect of On-

Demand sES cueing on the duration of FoG episodes that occur in the homes of PwP. In 

concluding the chapter, the efficacy of the therapy is discussed to highlight the pathway for 

further research into the use of self-activated sES cueing in PD. 

 

7.1 Introduction  

In our previous work [ 1], we evaluated the use of a double-tap gesture interaction 

to facilitate self-activated On-Demand cueing. While the investigation provided 

evidence for an effective actuation method for triggering the onset of sensory 

electrical stimulation (sES) cueing, its efficacy as a therapy for ameliorating FoG 

was not presented. Therefore in the work presented in this chapter , we investigate 

the effect of self-activated On-Demand sES cueing on FoG and identify whether 

the presented cueing strategy reduces the duration of on-state FoG episodes 

experienced by people with Parkinson's (PwP).  

 

7.2 Methods 

7.2.1 Participants  

The study was performed, with 10 idiopathic /ÈÙÒÐÕÚÖÕɀÚɯ ËÐÚÌÈÚÌɯ ȹPD) 

participants, 9 males and 1 females, mean age 70.6 ± 7.7 years (range 62ɬ85), 1 with 

a H&Y score of 2, 8 with a H&Y score of 2, and 1 with a H&Y score of 1, mean 

disease duration 13.4 ± 4.0 years (range 5ɬ19), and mean FOGQ score 15 ± 1.55 

(range 12ɬ16). Participants were recruited through University Hospital Limerick, 
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Ireland  and were previously enrolled in Phase 3 of our double -tap study (see 

Chapter 6). All participants were informed about the nature of the study and 

provided written informed consent. The protocol was approved by the Limerick 

Hospital Research Ethics Committee (ref: 053/18). All participants  met the UK PD 

Society Brain Bank Research Centre criteria for PD  and experienced a history of 

on-state FoG, which was rated ȁɯ2 (2-10 seconds) on item 4 (how long is your 

longest freezing episode) on the Freezing of Gait Questionnaire (FOGQ). One 

participants (P5) ambulated with a cane. All participants had a Mini -Mental Status 

Examination (MMSE) score > 24. Exclusion criteria were: Parkinson's Plus 

Syndrome or non-Parkinson's diagnosis, major psychiatric disorders, severe co-

morbidity, mild cognitive impairment (dementia), use of opioid or neuropathic 

pain medication or use a pacemaker or deep brain stimulator. 

7.2.2 On-Demand sES Cueing  

As illustrated in Figure 7.1, On-Demand sES cueing was facilitated using the 

cueStim stimulator (presented in Chapters 4 and 6).  

 

Figure 7.1. On-Demand cueing delivery technique. (A) Illustrates the execution of a 

double-tap gesture in response to the self-detection of a FoG episode and the subsequent 

delivery of an sES burst on Channel 1; (B) Illustration of a participant wearing the cueStim 

device located in a waist-worn belt hol ster with Channel 1 electrodes connected to either 

the right or  left anatomical sites of quadriceps muscle. 

4×ÖÕɯÛÏÌɯÚÛÐÔÜÓÈÛÖÙɀÚɯËÌÛÌÊÛÐÖÕɯÖÍɯÈɯdouble-tap gesture, four biphasic sES bursts 

were delivered using a pair of 5 cm × 10 cm skin surface electrodes (PALS-

Axelgaard, California, USA). Each burst of stimulation comprised 0.1s ramp-

up/ramp -down time and 0.5s ON-time and 0s OFF-time. Stimulation amplitude 

was adjusted for each participant to achieve a maximum sensory response while 
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not producing a motor or pain response. The cueStim stimulator was secured to 

the paÙÛÐÊÐ×ÈÕÛɀÚɯÞÈÐÚÛɯȹÓÌÍÛɯÖÙɯÙÐÎÏÛɯÏÐ×ȮɯÊÖÙÙÌÚ×ÖÕËÐÕÎɯÛÖɯÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯÚÐËÌɯÖÍɯ

the dominant hand) using a belt hol ster and the electrodes were placed over the 

quadriceps muscle on the side of PD onset. 

7.2.3 FoG Assessment 

The ɁDuration of FoG Episodes OÊÊÜÙÙÐÕÎɂɯ ȹ#%.) was assessed, as the 

participants performed, within their home, a self -identified, short, uninterrupted 

walking -task (one-minute duration) which normally elicited FoG episodes for the 

participant. The walking -task was performed while the Pw P was in the on-state, 

as reported by their attending PD nurse specialist. The common features in each 

of the walking tasks performed by each participant were: (i) performing a turn 

during walking, (ii) walking through a doorway, (iii) walking across a roo m and 

(iv) walking in a hallway. During data collection, participants repeated the 

walking task under two test conditions.  

¶ Control condition: Wearing electrical stimulator but it is inactive.  

¶ Intervention condition: Wearing electrical stimulator and it i s active.  

The cueing conditions were randomly assigned to participants using block 

randomi sation and each participant performed each test condition three times. 

Before the intervention  condition, participants were instructed by the PD nurse 

specialist to perform a double -tap gesture on the cueStim stimulator  when they 

experienced the onset of a FoG episode. A demonstration was carried out by the 

PD nurse specialist to assist the participant in understanding th is procedure. 

During walking tasks with the Con trol condition, participants were instructed not 

to perform a double -tap gesture during the walking task.  

Evaluation of DFO was performed by an expert rater (PD Nurse Specialist), 

through post -hoc video analysis. In line with previous works, FoG was ident ified 

ÈÚȯɯȹÐȺɯ×ÜÙÌÓàɯÈÒÐÕÌÚÐÈɯÍÖÙÔɯȹÕÖɯÔÖÛÐÖÕɯÖÍɯÛÏÌɯ×ÌÙÚÖÕɀÚɯÓÌÎÚɯÐÚɯÖÉÚÌÙÝÌËȺɯȹÐÐȺɯ

ȿȿÛÙÌÔÉÓÌɯÐÕɯ×ÓÈÊÌɀɀɯÍÖÙÔɯȹÐÕÈÉÐÓÐÛàɯÖÍɯÛÏÌɯ×ÌÙÚÖÕɯÛÖɯÚÛÌ×ɯÞÐÛÏɯÛÏÌÐÙɯÓÌÎÚɯÛÙÌÔÉÓÐÕÎɯÈÛɯ

ÈɯÍÙÌØÜÌÕÊàɯÖÍɯƖɯÛÖɯƘɯ'áȺɯÈÕËɯȹÐÐÐȺɯȿȿÚÏÜÍÍÓÐÕÎɀɀɯÍÖÙÔɯȹÚ×ÖÕÛÈÕÌÖÜÚɯÐÕÊÙÌÈÚÌɯÐÕɯ

cadence and a decrease in step length) [2, 3].  When a FoG episode was identified 

by the rater, the start of that FoG episode was taken as the last point when the 
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participant was in the foot -flat stage of the gait cycle, pre-FoG episode. The end of 

that FoG episode was taken as the point when the participant was in the heel-off 

stage of the gait cycle for the first successful step, post-FoG episode. The rater was 

blinded (visually and audio) during video analysis as (i) all the videos were edited 

to remove audio, and (ii) a researcher randomized the order of the videos for the 

different conditions.  

7.2.4 Data Analysis  

Differences between control  and intervention conditions were tested using the 

Wilcoxon signed-rank test with a Bonferroni correction applied to adjust for 

multiple comparisons (i.e., two test conditions). Statistical significance was defined 

as p < (0.05/2) = 0.025. Statistical calculations were performed with SPSS Version 25 

(IBM Corporation, New York, USA).  

If participants did not perform a doub le-tap gesture in response to a FoG episode 

during the intervention condition, the FoG episode was analysed as if it occurred 

in the control condition. Furthermore, if a double -tap gesture was performed in 

response to the occurrence of a FoG episode and the gesture was not detected by 

the cueStim stimulator , then the FoG episodes was excluded from the analysis. 

Due to the latency time associated with performing a double -tap gesture (1.42 ± 

1.17s, as reported in Chapter 6), FoG episodes with a duration of less than 2 

seconds were excluded from the analysis. This procedure also ensured that the 

intervention's efficacy was only assessed on moderate to troublesome FoG 

episodes (i.e., at least a 2 on item 4 of the FOGQ). Participants that did not 

experience at least one FoG episode during the control condition were also 

excluded from the analysis. 

7.3 Results 

A total of 126 FoG episodes were identified across all test conditions. All 

participants except P5 experienced at least one FoG episode during the control 

condition. Eighteen FoG episode occurred during the intervention condition in 

which the participants did not perform a double -tap gesture in response to their 

occurrence and three double-tap gestures were not recognized by the cueStim 
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stimulator. During the analysis, 65 FoG episodes were analysed in the control 

condition and 61 FoG episodes in the intervention condition . 

Figure 7.2A shows the changes in the mean DFO for each test condition. Compared 

to the control condition, the intervention  condition was associated with a non -

significant increase in the mean DFO (control: 4.02 ± 2.31s; intervention : 4.54 ± 

2.35s, p = 0.326).  

 

Figure 7.2. (A) Mean DFO during each test condition. (B) Participant mean DFO during 

each test condition.  

Figure 7.2B shows the control and intervention conditions for each participant, 

based on their mean DFO.  

While four participants (P1, P3, P4 and P7) indicated a reduction in DFO during 

the intervention conditions, the reduction was small and non -significant. One 

participant (P10) indicated a large increase in their DFO during the intervention 

conditions (control: 4.96 ± 5.02s; intervention: 8.28 ± 3.77s, p = 0.161). However, as 
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discussed in Chapter 6, for P10, performing a double -tap gesture significantly 

aggravated the DFO. Similarly, performing a double -tap gesture was also shown 

to significantly aggravate the DFO for P2. Therefore, for these participants, the 

reported increase in DFO is likely to be associated with performing the double -tap 

gesture. 

7.4 Conclusion  

This study aimed to investigate for the first time if a self -activated On-Demand 

cueing strategy could reduce DFO during the performance of a walking task in a 

population of PwP known to freeze. Although some participants responded 

positively, overall, there was no associated difference between the mean DFO 

measures during control and intervention conditions (Figure 7.2A).  

While speculative, we propose that the observed null results may be in part related 

to concurrent actions of performing the walking task while also per forming a 

double-tap gesture at the onset of FoG. Due to the relative unfamiliarity of the 

participants in performing self -activated On-Demand cueing, this may represent a 

possible dual-task that reduces the otherwise positive effect of the sES cueing 

strategy.  

Interestingly, we observed an increase in the frequency of FoG during the 

intervention condition. While similar findings have been previously reported 

during self-activated On-Demand cueing [4]. During the intervention condition, 

the participants we re required to perform a time -critical action (i.e., perform a 

double-tap at the onset of the FoG episode) which may have triggered 

performance anxiety for the participant , thus, increasing the likelihood of FoG 

occurring during the intervention condition . However, during the control 

condition, the walking task could be completed without any additional burden on 

the participant . 

However, as would be expected in a new research area, there remains a large 

number of directions for future work on this topic. In  particular, future 

investigations should establish if the efficiency of self -activated On-Demand can 

be improved following prolonged use of the self-activated cueing by users. 

Although speculative, we propose that as the PwP becomes more accustomed to 
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the action of performing a double-tap gesture in response to the onset of a FoG 

episode, the action's cognitive load requirements may decrease as it potentially  

becomes more automatic or instinctive. As such, this is an area that merits further 

investigation .  
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To further build on the preliminary positive findings presented in Chapter 5, Chapter 8 

describes a comprehensive study that directly compares the effectiveness of the sES cueing 

therapy proposed in Chapter 5 to auditory and visual cueing therapies. In this chapter, 

tests are conducted to investigate each cueing therapy's effect on the percentage of time 

spent in On-State FoG (PTF) and the number of FoG episodes occurring (NFO) during a 

home-based walking task with PwP. Using the sES cueing system (iteration III, as 

presented in Chapter 4), and with the support of the PhD candidate data collection was 

completed by the University Hospital Limerick using a jointly developed experimental 

protocol and subsequent data analysis was completed by the PhD candidate. The results 

are presented in detail, and evidence on the efficiency of each cueing therapy will be 

demonstrated. The chapter concludes with a discussion on the results. We expected that 

this chapter will  help to enhance the further development and optimization of an effective 

sES cueing therapy for managing FoG in PD.   

 

8.1 Introduction  

Freezing of Gait (FoG) in the On-State is typically refractory to drug  therapy and 

is associated with increased risk of falls in Parkinson's disease (PD) [1,2]. Cueing 

may ameliorate FoG, however, there is limited evidence available on what is the 

most effective cueing modality  for the mitigation of On -State FoG [3]. 

The aim of this study was to investigate the effectiveness of three recent cueing 

strategies in ameliorating On-State FoG, within a homebased environment.  

8.2 Methods 

8.2.1. Participants  

A cross-over study was performed, with 12 idiopathic  PD participants, 9 males 

and 3 females, mean age 71.75 ± 5.55 years (range 62ɬ85), 9 with a H&Y score of 2 

and 3 with a H&Y score of  3, mean disease duration 15.08 ± 5.17 years (range 5ɬ

27), and mean FOGQ score 17.25 ± 2.86 (range 14ɬ23). All subjects met the UK PD 

Society Brain Bank Research Center criteria for PD. All experienced a history of 

troublesome On-State FoG, which was rated ȁɯ3 on item 3 (freezing when walking) 

and ȁɯ2 on item 2 (affecting daily activities  and independence) on the Freezing of 
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Gait Questionnaire (FOGQ). All  participants received their optimal anti -

parkinsonian medications, and  their routine dosage did not alter during the study. 

No participants had  previously used cueing devices prior to the study. Three 

participants  (P1, P4, and P11) ambulated with a cane. One participant (P2) used a 

wheeled walker to ambulate. All participants had a Mini - Mental Status 

Examination (MMSE) score > 24 to ensure competence in informed consent and 

the ability to learn procedurally the use of the  cueing interventions. Exclusion 

criteria were: Parkinson's Plus Syndrome or non-Parkinson's diagnosis, major 

psychiatric disorders,  severe co-morbidity, mild cognitive impairment (dementia), 

people with Parkinson's (PwP) on opioid or neuropathic pain medication, PwP  

with a pacemaker or deep brain stimulator, PwP with uncorrected visual  

impairment, or inadequate hearing to perceive auditory cues.   

8.2.2 Cueing Therapies 

Cueing was delivered using recently developed wearable auditory,  visual, and 

somatosensory technologies which had indicated some positive effects on FoG and 

which could be adopted by PwP that ambulated  with or without a cane/roller 

walker [4ɬ6]. As illustrated in  Figure 8.1A, auditory cueing was delivered using a 

smartphone-based metronome application via a wireless ear-piece. A series of 

auditory  beats were generated at a rhythm scaled to either 10% above or below the 

participant's normal step -rate [7,8]. Participants were instructed to step in time to 

the beat of the auditory cue.  

As illustrated in Fig ure 8.1B, visual cueing was delivered using the PathFinder 

system (Walk With Path Ltd, Denmark), which features two  lasers, mounted on 

the participant's shoes. During gait, each laser projects a laser line in front of the 

ipsilateral foot during heel strike. The  site of the projection of the laser line on the 

ground was scaled to the participant's step-length and participants were instructed 

ÛÖɯɁÚÛÌ×ɯÖÝÌÙɂ ÖÙɯɁÛÖÞÈÙËÚɂɯÛÏÌɯÓÈÚÌÙɯÓÐÕÌɯÐÕɯÛÏÌɯÌÝÌÕÛɯÖÍɯ%Ö&ȭ  

As illustrated in Fig ure 8.1C, somatosensory cueing was delivered using a custom-

built electrical stimulator  (NUI Galway, Ireland), which delivered  a series of 

continuous electrical stimulation bursts using skin  surface electrodes (PALS-

Axelgaard, California, USA). Each burst of  stimulation comprised 0.1s ramp-
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up/ramp -down time and 0.5s ON-time and 0s OFF-time. Stimulation amplitude 

was adjusted for each participant to achieve a maximum sensory response while 

not producing  a motor or pain response [6]. The electrodes were placed over the 

quadriceps muscle on the side of PD onset. Participants were not instructed on 

how to respond to the somatosensory cue. 

 

Figure  8.1. Illustration  of a participant  wearing  each cueing system and the cueing strategy 

delivered.  (A)  Auditory  cueing system, (B) visual  cueing system, and (C) somatosensory 

cueing system. 
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8.2.3 FoG Assessment 

3ÏÌɯɁ/ÌÙÊÌÕÛÈÎÌɯÖÍɯ3ÐÔÌɯÐÕɯ%Ö&ɂɯȹ/3%ȺɯÈÕËɯÛÏÌɯɁ-ÜÔÉÌÙɯÖÍɯ%Ö& Episodes 

.ÊÊÜÙÙÐÕÎɂɯȹ-%.ȺɯÞÌÙÌɯÈÚÚÌÚÚÌËɯÈÚɯ×ÈÙÛÐÊÐ×ÈÕÛÚɯ×ÌÙÍÖÙÔÌËɯÈ self-identified short 

walking -task within in their home, which normally  elicited FoG episodes. The 

walking -task (one-minute duration) was  performed while in the On -State, as 

reported by their attending PD  nurse specialist. The common features in each of 

the walking tasks performed by each participant were: (i) performing a turn during  

walking (ii) walking through a doorway (iii) walking across a room and  walking 

in a corridor/hallway. During data collection, participants repeated  the walking 

task under seven test conditions. 

¶ B: Not wearing any cueing system. 

¶ A-A: Wearing the auditory c ueing device and it is active. 

¶ A-I: Wearing the auditory cueing device but it is inactive.  

¶ V-A: Wearing the visual cueing device and it is active.  

¶ VɬI: Wearing the visual cueing device but it is inactive.  

¶ S-A: Wearing the somatosensory device and it is active. 

¶ SɬI: Wearing the somatosensory device but it is inactive. 

The cueing conditions were randomly assigned to participants using  block 

randomization and each participant performed each test condition  twice. To assess 

for potential carry -over effects, within each block, the active intervention always 

preceded the inactive intervention. The  baseline condition was performed at the 

start and end of the trial. To minimize hesitancy in using the cueing systems and 

to familiarise the  participants with the cue, each participant performed a practice 

walk  with each system. Data collection only began when the participant was  

observed to be capable of correctly using the different cueing systems and the 

participants confirmed verbally that they understood how to  use them. NFO and 

PTF were rated by three independent experts, through post -hoc video analysis of 

each walking task. Rater One (PD Nurse Specialist) labeled all 12 videos, Rater 

Two (physiotherapist) and  Rate Three (physiotherapist) labeled six videos each. 

The raters were blinded (visual and audio) during video analysis of the auditory 

and somatosensory cueing devices. It was not possible to blind raters to visual 

cueing, as the visual cueing device was visible to the raters in the videos, as it is 
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located on the user's shoes. Only FoG episodes that were simultaneously identified 

by two raters were included for analysis.   

8.2.4 Statistical Analysis  

Differences between conditions were tested using the Wilcoxon signed rank test 

with a Bonferroni correction applied  to adjust for multiple  comparisons. Statistical 

significance was defined as p < (0.05/7) = 0.0071. 

8.3 Results 

Figure  8.2A-B shows the changes in the mean PTF and NFO for each test condition. 

In comparison to baseline (PTF: 17.38 ± 12.01%; NFO: 9.45 ± 5.50) the active 

auditory condition (A -A) was associated with a significant lower PTF (7.02 ± 6.48%, 

p = 0.005) and lower NFO (3.25 ± 2.63, p = 0.003). There was no significant effect of 

active visual condition (V -A) for either the PTF or the NFO. There was a significant 

reduction in both the PTF (9.46 ± 9.05%, p = 0.006) and the NFO (4.92 ± 1.98, p = 

0.005) for the active somatosensory condition (S-A). There was a significant 

reduction in the PTF (8.36 ± 6.75%, p = 0.002) and the NFO (5.92 ± 2.71, p = 0.003) 

for the inactive  somatosensory condition (SɬI). However, it is not possible to 

distinguish  a carry-over effect from the potential placebo effect of simply  wearing 

the somatosensory device. There was no significant difference between the active 

auditory an d active somatosensory conditions (A-A and S-A) for PTF or NFO.  

Figure 8.2CɬD shows total positive respondents during auditory, visual and 

somatosensory cueing, respectively, were 10(11), 7(7) and 10(10), based on 

improvements in the PTF(NFO).   

Except for two participants (P7, P11), the response to the active auditory and 

somatosensory conditions were similar in terms of ameliorating  FoG. However, 

the response to the active visual condition was variable and was only helpful for 7 

(P2ɬP4, P6ɬP8, P12) out of 12 participants. It has been demonstrated by Barthel et 

al. [5] and Bunting - Perry et al. [9] that not all PwP with On -State FoG respond 

positively to  visual cueing. The fact that some participants will benefit more than  

others from cueing remains an area for further research. Indeed, identifying  
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potential subgroups of PwP who are more likely to benefit from  different types of 

cueing devices warrants investigation.   

 

Figure  8.2. (A)  Mean PTF during  each test condition.  (B) Mean NFO during  each test 

condit ion. Data represents mean +/- SD, Significance from  baseline * (p < 0.0071). (C) Mean 

reduction  in the PTF during  each condition  for  responders and non-responders. (D) Mean 

reduction  in the NFO during  active auditory,  visual  and somatosensory conditions  for 

responders and non-responders. Data represents mean, number  in the bar show sample 

size. 

8.4 Discussion 

The study shows significantly lower PTF and NFO for auditory and  

somatosensory cueing over baseline for non-cognitively impaired PwP  at the 

early-mid stage of PD with troublesome On-State FoG.  

Our conclusions are limited by the fact that the study population  was composed 

of 12 participants. However, participants recruited had  troublesome On-State FoG 

and, as such, were a smaller subset of On-State freezers, more likely to freeze 

during baseline testing. As a result, all 12 participants displayed FoG during 

baseline, enabling the cueing devices to be assessed on all participants recruited. 

While the current study demonstrated the positive effect of cuein g in terms of a 



219 

 

reduction in PTF and NFO during a short duration walking  task, it remains to be 

seen if this translates to a longer-term clinically meaningful change.  

8.5 References 

1. 'ÌÙÌÔÈÕÚȮɯ$ȭȰɯ-ÐÌÜÞÉÖÌÙȮɯ ȭȰɯ5ÌÙÊÙÜàÚÚÌȮɯ2ȭɯ%ÙÌÌáÐÕÎɯÖÍɯÎÈÐÛɯÐÕɯ/ÈÙÒÐÕÚÖÕɀs 

disease: Where are we now? Curr. Neurol. Neurosci. Rep. 2013, 13(6), 350-359. 

2. Paul, S.S.; Harvey, L.; Canning, C.G.; Boufous, S.; Lord, S.R.; Close, J.C.T.; 

Sherrington, C. Fall-ÙÌÓÈÛÌËɯÏÖÚ×ÐÛÈÓÐáÈÛÐÖÕɯÐÕɯ×ÌÖ×ÓÌɯÞÐÛÏɯ/ÈÙÒÐÕÚÖÕɀÚɯËÐÚÌÈÚÌȭɯ

Eur. J. Neurol. 2017, 24(3), 523ɬ529. 

3. Sweeney, D.; Quinlan , LR.; Browne, P.;  Richardson, M.;  Meskell, P.;  ÓLaighin 

G. A technological review of wearable cueing devices addressing freezing of 

ÎÈÐÛɯÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯËÐÚÌÈÚÌȭɯSensors 2019, 19(6), 1277 

4. Ginis, P.; Nieuwboer, A .; Dorfman, M .; Ferrari, A .; Gazit, E.; Canning, C.G.; 

Rocchi, L.;  Chiari,  L.; Hausdorff,  J.M.; Mirelman, A. Feasibility and effects of 

home-based smartphone-delivered automated feedback training for gait in 

people with Parkinson's disease: a pilot randomized controlled 

trial.  Parkinsonism Relat. Disord. 2016. 22, 28-34. 

5. Barthel, C.; Nonnekes, J.; van Helvert, M.; Haan, R.; Janssen, A.; Delval, A.; 

Weerdesteyn, V.; Debû, B.; van Wezel, R.; Bloem, B.R.; et al. The laser shoes: 

A new ambulatory device to all eviate freezing of gait in Parkinson disease. 

Neurology 2018, 90(2), e164-171 

6. Rosenthal, L.; Sweeney, D.; Cunnington, A.L.; Quinlan, L.R.; ÓLaighin, G. 

Sensory Electrical Stimulation Cueing May Reduce Freezing of Gait Episodes 

ÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌȭɯJ. Healthc. Eng. 2018. 

7. Spildooren, J.; Vercruysse, S.; Meyns, P.; Vandenbossche, J.; Heremans, E.; 

Desloovere, K.; Vandenberghe, W.; Nieuwboer, A. Turning and unilateral 

cueing in Parkinson's disease patients with and without freezing of 

gait. Neurosci. 2012, 207, 298-306. 

8. Chen, P.H.; Liou, D.J.; Liou, K.C.; Liang, J.L.; Cheng, S.J.; Shaw, J.S. Walking 

3ÜÙÕÚɯÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌɯ/ÈÛÐÌÕÛÚɯÞÐÛÏɯ%ÙÌÌáÐÕÎɯÖÍɯ&ÈÐÛȯɯ3ÏÌɯ2ÏÖÙÛ-term 

Effects of Different Cueing Strategies. Int. J. Gerontol. 2016, 10, 71ɬ75. 

9. Bunting -Perry, L.; Spindler, M,; Robinson, K.M.; Noorigian, J.; Cianci, H.J.; 

Duda, J.E. Laser light visual cueing  for freezing of gait in Parkinson disease: 

A pilot study with male participants. J. Rehabil. Res. Dev. 2013, 50(2), 223ɬ231. 



 

 

9 
Multifaceted  Sensory 

Electrical Cueing for  Freezing 

ÖÍɯ&ÈÐÛɯÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌ 
 

 

 

 

 

 

 

 

 

 

Published Reference:  

Sweeney, D.; Quinlan, L.R.; Richardson, M.; Meskell , P.; Cunnington, A.L .; Rosenthal, L.; 

Luo, L.; and ÓLaighin, G. Multifaceted  Sensory Electrical Stimulation Cueing for Freezing 

ÖÍɯ&ÈÐÛɯÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌȭ Parkinsonism and Related Disorders, 2020, 82, 106-108. 



221 

 

In this penultimate chapter, an optimized sES cueing therapy is presented, which coalesces 

the knowledge and experience gained from Chapters 7 and 8. This chapter elaborates on the 

working principles of a multi-faceted sES cueing therapy and its effects on the number of 

FoG episodes occurring and the percentage of time on FoG during the task. Using the sES 

cueing system (iteration III, as presented in Chapter 4), and with the support of the PhD 

candidate data collection was completed by the University Hospital Limerick using a 

jointly developed experimental protocol and subsequent data analysis was completed by the 

PhD candidate. The results are presented in detail, and evidence that the multi -faceted sES 

cueing has the potential to be more effective than our previously proposed sES cueing 

therapy will be demonstrated. In concluding the chapter, the effectiveness of the multi -

faceted sES cueing therapy is discussed to highlight the pathway for further research into 

the use of sES for cueing applications in PD.  

 

9.1 Introduction  

Sensory Electrical Stimulation (sES) cueing of the lower limb may provide a means 

to ameliorate on-state Freezing of Gait (FoG) [1]. Here, we report the results from 

a multifaceted sES cueing strategy, which aims to compensate for the multiple 

physiological abnormalities reported to be associated with FoG (internal rhythm 

generation, cognitive/attentional mechanisms, and proprioceptiv e information 

processes [2ɬ4]).  

9.2 Methods 

9.2.1. Participants  

A study was performed, with 10 non -cognitively impaired idiopathic Parkinson ɀs 

disease participants (8 males and 2 females, mean age 70.9 ± 6.89 years and disease 

duration 14.6 ± 2.8 years). All participants experienced a history of on-state FoG, 

which was rated as at least 2 (Moderately) on item 2 (affecting daily activities and 

independence) and at least a 3 (often, about once a day) on item 3 (freezing when 

walking) on the Freezing of Gait  Questionnaire (FOGQ) [5]. To screen for cognitive 

impairment, all participants were required to have a Mini -Mental Status 

Examination score >24 [6].  
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9.2.2 sES Cueing Therapy 

sES cueing was delivered using an electrical stimulator (NUI Galway, Ireland), 

which provided sES cueing to the left and right thighs in an alternating rhythmic 

manner scaled to the participantɀs step rate. Initially, participant step -rate was 

determined by measuring the time taken and the number of steps performed by 

the participant over a straight 8 m pathway. The cueing rhythm was set to 10% 

below the participant ɀs measured step-rate for participants with festination [7]. For 

all other participants, the cueing rhythm was set to 10% above the participantɀs 

measured step-rate [8]. The sES amplitude was adjusted for each participant to 

achieve maximum sensory response, while avoiding a motor or pain response [1]. 

Participants were instructed to step each leg in time to the rhythm of the sES cue.  

9.2.3 FoG Assessment 

The ɁPercentage of Time in FoGɂɯ(PTF) and the ɁNumber of FoG Episodes 

Occurringɂɯ(NFO) were assessed, as the participants performed, within their 

home, a self-identified, short, uninterrupted walking -task (one-minute duration) 

which normally elicited FoG episodes for the par ticipant. The PTF is reported as 

the gold standard for FoG assessment [9]. Furthermore, it was recommended that 

PTF should be utilised as a metric in conjunction with NFO for the clinical 

assessment of FoG [10]. The walking-task was performed while the PwP  was in 

the on-state, as reported by their attending PD nurse specialist. The common 

features in each of the walking tasks performed by each participant were: (i) 

performing a turn during walking, (ii) walking through a doorway, (iii) walking 

across a room and (iv) walking in a hallway. Participants repeated the walking -

task in the following chronological order.  

¶ Baseline condition: Not wearing electrical stimulator.  

¶ Control condition: Wearing electrical stimulator but it is inactive.  

¶ Intervention conditio n: Wearing electrical stimulator and it is active.  

¶ Residual condition: Not wearing electrical stimulator.  

Evaluation of NFO and PTF was performed by two independent expert raters (PD 

Nurse Specialist and Highly Specialized Physiotherapist Movement Disord ers), 

through post -hoc video analysis. Before the video analysis, a researcher 



223 

 

randomized the order of the videos for the different conditions. The experts were 

only blinded to the baseline -residual and the control -intervention conditions due 

to the sES cueing stimulator being visible in the videos.  

9.2.4 Data  Analysis  

Differences between baseline-control, baseline-intervention, baseline-residual and 

control -intervention conditions were tested using the Friedman test and Wilcoxon 

signed-rank test. A Holm -Bonferroni correction was applied and statistical 

significance was defined as: ϔɯǻɯ0.0125 for the lowest p-value, ϔɯǻɯ0.0167 for the 

second lowest p-value, ϔɯǻɯ0.025 for the third lowest p-value, and ϔɯǻɯ0.05 for the 

fourth lowest p-value. Intraclass correlation coefficient (ICC) estimates and their 

95% confident intervals were calculated based on a mean-rating (k = 2), 

consistency, and 2-way random model.  

9.3 Results 

Agreement between raters was high, with ICC of 0.94 (95% CI 0.94ɬ0.78) and 0.72 

(95% CI -0.14 ɬ 0.93) for PTF and NFO, respectively. Therefore, in line with 

previous studies, the average scores of the two raters was used as the measure of 

PTF and NFO. Figure 9.1A and B shows the changes in the mean PTF and NFO for 

each test condition. Results from Friedman tests showed a statistically significant 

difference between one or more conditions for both the mean PTF (Ϫ2(3) = 19.92, p 

= 0.001) and for the mean NFO (Ϫ2(3) = 14.02, p = 0.003). In comparison to baseline 

(PTF: 28.74 ± 14.94%; NFO: 5.15 ± 1.65), the control condition was associated with 

similar PTF (27.75 ± 14.95%, p = 0.799 and ϔɯǻɯ0.05) and NFO (6.2 ± 3.47, p = 0.478 

and ϔɯǻɯ0.05) values. However, the intervention condition was associated with 

lower PTF (6.86 ± 4.48%, p = 0.005 and ϔɯǻɯ0.0125) and NFO (2.25 ± 1.34, p = 0.007 

and ϔɯǻɯ0.0125), when compared to the baseline condition. In comparison to 

baseline, the residual condition was associated with a lower PTF (9.99 ± 8.23%, p = 

0.009 and ϔɯǻɯ0.025). However, the residual condition was not associated with a 

lower NFO (3.10 ± 2.08, p = 0.027 and ϔɯǻɯ0.025). In comparison to control, the 

intervention condition was associated with lower PTF ( p = 0.005 and ϔɯǻɯ0.0167) 

and NFO (p = 0.012 and ϔɯǻɯ0.0167) values. Figure 9.1C and D shows the control, 

intervention, and residual conditions for each participant, based on reductions in 
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the PTF and NFO from baseline. During the intervention condition the PTF 

reduced by 72.36 ± 24.79% and NFO reduced by 52.64 ± 30.64%.  

 

Figure 9.1. (A) Mean PTF during each test condition. (B) Mean NFO during each test 

condition. Data represents mean±SD, significance from baseline *, significance from control 

$. (C) Participant reductions in PTF. (D) Participant reductions in NFO.  

9.4 Discussion 

The presented multifaceted sES cueing strategy provided three mechanisms that 

may have compensated for the disrupted physiological processes associated with 

FoG:  
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¶ Delivery of a fixed rhythm sES cue scaled to each participantɀs step rate 

may have provided temporal information to com pensate for disrupted 

internal rhythm generation.  

¶ Requiring the participants to pay attention to the cue (i.e. step to the 

sensation of the cue) may have compensated for disrupted cognitive/ 

attentional mechanisms.   

¶ Possible artificial stimulation of the  proprioceptive inputs may have 

provided enhanced information on the positioning of both lower limbs, to 

compensate for disrupted proprioception.  

However, the authors acknowledge that whether or not these mechanisms explain 

the effectiveness of the cueing strategy is speculative and as such this is an area 

that merits further investigation.  

Overall, there was no associated difference between the mean outcome measures 

during baseline and control conditions, Fig. 1A and B. However individual 

difference between the baseline and control were observed, Fig. 1C and D. While 

speculative, we propose that the observed difference may be related to a placebo 

effect [11,12] and a shift from a non-anxious to an anxious situation [13]. Results 

also suggest that the benefits of the described cueing strategy are at least in part 

retained for a short time after the cessation of cueing for some PwP. The actual 

mechanism of residual effects of cueing remains an area of speculation and 

warrants further investigation.  

The study linked a lower PTF and NFO to the described sES cueing strategy for 

non-cognitively impaired PwP with on-state FoG and compares favorably with our 

previously reported sES cueing strategy, which resulted in a mean reduction in the 

PTF of 55.34 ± 25.29% and NFO 48.23 ± 24.19% [1]. Our conclusions are limited, as 

the non-randomized sequencing of the conditions, with potential task learning 

effects, may have impacted the results. However, to reduce possible learning 

effects, each participant performed a self-identified walking task, that was both 

familiar to them and carried out within their own homes. Furthermore, our study 

population was small, ten participants. However, and in line with our previously 

reported study [1], participants recruited were a subset  of on-state freezers, more 

likely to freeze. As such, all participants displayed FoG during baseline, enabling 
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the proposed sES cueing strategy to be assessed on all participants. In addition, 

our subset of freezers, reported FoG that interfered moderately or severely with 

daily activities and independence. Currently, a clear definition of Ɂtroublesomeɂɯ

FoG is lacking in the literature. Nevertheless, for some PwP, FoG can be 

Ɂtroublesomeɂɯ(e.g., FoG that interferes moderately or severely with mobility or 

quality of life). In comparison to PwP with mild FoG [14], a reduction in 

troublesome FoG could potentially have a more clinically meaningful effect on 

those affected (e.g., increased walking and access to their community, with a 

consequent positive impact on quality of life).  

9.5 References 

1. Sweeney, D.; ÓLaighin, G.; Richardson, M.;,. Meskell, P.; Rosenthal, L.; 

McGeough, A.; Cunnington, A.L.; Quinlan, L.R. Effect of Auditory, Visual and 

Somatosensory Cueing stratagies on On-State Freezing of Gait in ParkinÚÖÕɀÚɯ

Disease. Parkinsonism  Relat. Disord. 2020, 77, 1-4. 

2. Azulay, J.P.; Mesure, S.; Amblard, B.; Blin, O.; Sangla, I.; Pouget, J. Visual 

control of locomotion in Parkinson ɀs disease. Brain 1999, 122(pt 1), 111ɬ120.  

3. Peterson, D.S.; King, L.A.; Cohen, R.G.; Horak, F.B. Cognitive contributions to 

freezing of gait in Parkinson disease: implications for physical rehabilitation. 

Phys. Ther. 2016, 96(5), 659ɬ670.  

4. /ÌÙÌÐÙÈȮɯ,ȭ/ȭȰɯ&ÖÉÉÐȮɯ+ȭ3ȭȰɯ ÓÔÌÐËÈȮɯ0ȭ)ȭɯ%ÙÌÌáÐÕÎɯÖÍɯÎÈÐÛɯÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯ

disease: Evidence of sensory rather than attentional mechanisms through 

muscle vibration. Parkinsonism  Relat. Disord. 2016, 29, 78ɬ82. 

5. Giladi, N.; Shabtai, H.; Simon, E.S.; Biran, S.; Tal, J.; Korczyn, A.D. 

Construction of freezing of gait questionnaire for patients with Parkinso nism. 

Parkinsonism Relat. Disord. 2000, 6(3), 165ɬ170.  

6. Tombaugh, T.N.; aMcIntyre, N.J. The mini -mental state examination: a 

comprehensive review. J. Am. Geriatr. Soc. 1992, 40(9), 922ɬ935.  

7. Spildooren, J.; Vercruysse, S.; Meyns, P.; Vandenbossche, J.; Heremans, E.; 

Desloovere, K.; Vandenberghe, W.; Nieuwboer, A. Turning and unilateral 

cueing in Parkinson's disease patients with and without freezing of 

gait. Neurosci. 2012, 207, 298-306. 

8. Chen, P.H.; Liou, D.J.; Liou, K.C.; Liang, J.L.; Cheng, S.J.; Shaw, J.S. Walking 

3ÜÙÕÚɯÐÕɯ/ÈÙÒÐÕÚÖÕɀÚɯ#ÐÚÌÈÚÌɯ/ÈÛÐÌÕÛÚɯÞÐÛÏɯ%ÙÌÌáÐÕÎɯÖÍɯ&ÈÐÛȯɯ3ÏÌɯ2ÏÖÙÛ-term 

Effects of Different Cueing Strategies. Int. J. Gerontol. 2016, 10, 71ɬ75. 



227 

 

9. Barthel, C.; Nonnekes, J.; Van Helvert, M.; Haan, R.; Janssen, A.; Delval, A.; 

Weerdesteyn, V.; Debû, B.; Van Wezel, R.; Bloem, B.R.; Ferraye, M.U. The laser 

shoes: a new ambulatory device to alleviate freezing of gait in Parkinson 

disease. Neurology 2018, 90(2), e164ɬ171.  

10. Morris, T.R.; Cho, C.; Dilda, V.; Shine, J.M.; Naismith, S.L.; Lewis, S.J.; Moore, 

S.T. A comparison of clinical and objective measures of freezing of gait in 

Parkinsonɀs disease. Parkinsonism Relat. Disord. 2012, 18(5),  572ɬ577.  

11. Mariani, L.L.; Corvol, J.C.  Maximizing placebo response in neurological 

clinical practice. Int. Rev. Neurobiol. 2020, 153, 71ɬ101.  

12. Lidstone, S.C.; Schulzer, M.; Dinelle, K.; Mak, E.; Sossi, V.; Ruth, T.J.; de la 

Fuente-Fernández, R.; Phillips, A.G.; Stoessl, A.J. Effects of expectation on 

placebo-induced dopamine release in Parkinson disease. Arch. Gen. Psychiatry 

2010, 67(8), 857ɬ865.  

13. Ehgoetz Martens, K.A.; Ellard, C.G.; Almeida, Q.J. Does anxiety cause freezing 

of gait in Parkinsonɀs disease? PloS One 2014, 9(9), e106561.  

14. Nonnekes, J.; Snijders, A.H.; Nutt, J.G.; Deuschl, G.; Giladi, N.; Bloem, B.R. 

Freezing of gait: a practical approach to management. Lancet Neurol. 2015, 

14(7), 768ɬ778. 



 

 

10 
Conclusions  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



229 

 

10.1 Conclusion  

The work outlined in this thesis explored the design of an sES cueing system and 

detailed a collection of clini cal studies that progressively investigated the efficacy 

of sES cueing through the adoption of an evolving suite of cueing strategies. 

Through an exploratory study on the comfort of skin surface ES of the upper and 

lower leg of PwP (see Chapter 2), it has offered new knowledge around the 

applicability and tolerability of sES for cueing applications in PD. This study has 

offered insights into the suitability of different lower leg stimulation sites and the 

ES voltage intensities associated with the EST, EMT, EDT, and EPT of PwP. A very 

positive finding from this study was the demonstration that sES is applicable and 

tolerable for cueing applications in PwP, with the soleus and quadriceps identified 

as particularly suitable stimulation sites for sES cueing. These findings provided 

the gateway to the clinical studies presented in this thesis. It is worth noting that 

throughout this PhD there has been no data presented which contradicts the 

applicability and tolerability of sES in PwP.  

Through  a review of litera ture on current wearable cueing systems (see Chapter 

3), the state-of-the-art in cueing system technology, cueing strategies and study 

design, used to evaluate the efficacy of these systems, has highlighted  several gaps 

in the literature.  It was noted that  there was limited evidence in the literature on 

the efficacy of cueing for on-state FoG. Although not as prevalent as off-state FoG, 

this subset of FoG is typically refractory to drug therapy, and as such, there is a 

pressing need to provide new treatment  options for this subset of FoG. 

Furthermore, it was noted that there was scope to enhance the experimental design 

of the studies used to evaluate cueing systems, such as using two raters to assess 

outcome measures. The literature review also provided know ledge around the 

outcome measures used to assess the effectiveness of cueing systems, with the PTF 

and NFO ÉÌÊÖÔÐÕÎɯ ÌÍÍÌÊÛÐÝÌÓàɯ ÛÏÌɯ ȿÎÖÓËɯ ÚÛÈÕËÈÙËɀɯ ÔÌÈÚÜÙÌÚɯ ÛÖɯ ÈÚÚÌÚÚɯFoG 

amelioration. This review also provided i nsights into the use of Continuous and 

On-Demand cueing strategies, and highlighted the  limited evidence on 

the efficacy of On-Demand cueing. In addition to identifying gaps in the literature, 

the review provided us with invaluable insight s that influenced the  design of (i) 

the sES cueing system, (ii) the cueing strategies, and (iii)  our clinical studies.   
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In developing the sES cueing system we focused on using a HCD design process 

in which the design activities were split into four distinct phases (see Chapter 4): 

(i) understand and specify the context of use, (ii) specify user requirements, (iii) 

produce design solutions to meet user requirements, and (iv) evaluate the design 

solutions against the requirements. While adopting this HCD design process, we 

were able to iteratively develop the sES cueing system towards an ultimate design  

solution , which is suitable for long -term use by the PwP in their living 

environment.   

The ability to iteratively develop the design solution was important, as both the 

development of the cueing system and the clinical assessment of sES cueing 

strategies were research activities conducted in parallel. Therefore, as our 

understanding o f cueing deepened and broadened by evaluating different cueing 

strategies, so did our assessment of the requirements of the sES cueing system. 

Overall the HCD design process through:  use-case analysis with  clinicians and 

PwP, usability inspection and user testing , enabled our ultimate design solution  to 

achieve satisfactory usability results with the intended PwP users.  

An  exploratory pilot study in Scotland  provided evidence that  a Continuous  sES 

cueing strategy, ËÌÓÐÝÌÙÌËɯÐÕɯÈɯȿÍÐßÌËɀɯÙÏàÛÏÔÐÊɯÔÈÕÕÌÙ using the sES cueing 

system, could be an effective therapy option for on-state FoG (see Chapter 5). 

Findings of this study indicated a 14% reduction in time to complete a walking 

task and a 58% reduction in the NFO. However, it was recognised that a more 

comprehensive evaluation of the presented sES cueing strategy using video 

analysis would be desirable.  

In addition to investigating  Continuous sES cueing strategies, a Self-activated On-

demand sES cueing strategy was investigated as an adjunct research activity. This 

was an opportunistic approach to investigate if an On -demand sES cueing 

strategy, which empowers PwP, and could be an effective therapy option for FoG.   

A detailed study on the  assessment of a double-tap gesture interaction to facilitate 

a self-activated On-Demand cueing strategy offered new knowledge of this 

alternative activation mechanism for  On-Demand cueing systems (see Chapter 

6). This study has offered insights into (i) whether or not PwP could perform a 
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double-tap gesture in response to the occurrence of a FoG episode, (ii) if a 

performed double -ÛÈ×ɯÎÌÚÛÜÙÌɯÊÖÜÓËɯÉÌɯÙÌÓÐÈÉÓàɯËÌÛÌÊÛÌËɯÜÚÐÕÎɯÈÕɯÈÊÊÌÓÌÙÖÔÌÛÌÙɀÚɯ

embedded gestural interaction recognition function, and (iii) whether or not a 

double-tap gesture would aggravate FoG. 

Very positive findings from this study were that On -Demand cueing could be 

easily implemented without the need for complex technologies (i.e., FoG detection 

algorithms) . Furthermore, a double-tap gesture interaction was feasible for a PwP 

to perform. However, while such a cueing strategy could have potential , a level of 

caution should be applied to  self-activated cueing strategies. For some PwP, the 

cognitive  load required to execute a double-tap gesture may represent a dual-task 

and as such, aggravate FoG.  

A further exploratory  pilot  study in Ireland provided additional evidence on the 

effect of a self-activated On-Demand sES cueing strategy, achieved throug h a 

double-tap gesture, in a population of PwP with on -state FoG (see Chapter 7). 

Findings of this study report that the self -activated On-Demand sES cueing 

strategy had no overall effect on the DFO. This was supported by comparing the 

reported mean DFO for control (4.02 ± 2.31 seconds) and intervention (4.54 ± 2.35 

seconds) conditions.  

We attributed this poor performance to either  (i) dual -tasking, associated with the 

concurrent actions of performing a walking task while also performing a double -

tap gesture at the onset of a FoG episode and/or (ii)  an increase in ÛÏÌɯ×ÈÙÛÐÊÐ×ÈÕÛɀÚɯ

performance anxiety levels, due to being required to perform a double -tap gesture 

at the onset of a FoG episode. Both dual-tasking and increased anxiety levels have 

been reported as potential scenarios that aggravate FoG.   

Following the poor performance of the presented self-activated On-Demand sES 

cueing strategy (see Chapter 7) and the more positive findings from the presented 

Continuous  sES cueing strategy (see Chapter 6), a more comprehensive study was 

planned to further investigate if  Continuous  sES cueing strategy could be an 

effective therapy option for on-state FoG. This study directly compared the 

effectiveness of sES cueing to auditory and visual cueing. Ethical approval was 

granted by UHL to video record the study  (see Chapter 8). This was important and 
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allowed us to adopt best practice evaluation methodologies  (i.e., post-hoc video 

analysis of PTF and NFO by multiple raters).  The results showed significantly 

lower PTF and NFO for auditory and sES cueing over baseline for PwP with 

troublesome on-state FoG. Compared to baseline auditory cueing was associated 

with a significant lower PTF (69 ± 24% reduction) and NFO (64 ± 23% reduction). 

There was no significant effect of visual cueing for either the PTF or the NFO. There 

was a significant reduction in both the PTF (55 ± 25% reduction) and the NFO (48 

± 24% reduction) for sES cueing. At this point we recognised that the evaluated 

auditory cueing device outperformed our prese nt sES cueing strategy, which 

provided us with the impetus to reassess our Continuous  sES cueing strategy. 

The final study presented in this thesis, explored the potential of a multi -faceted 

Continuous  sES cueing strategy, delivered using the sES cueing system, to 

ameliorate on-state FoG (see Chapter 9). The presented multi -faceted cueing 

strategy was designed to provide three mechanisms that may compensate for the 

disrupted physiological processes associated with FoG: 

¶ Delivery of a fixed rhythm sES cue scaled to each participantɀs step rate to 

compensate for disrupted internal rhythm generation.  

¶ Requiring the participants to pay attention to the cue to compensate for 

disrupted cognitive/ attentional mechanisms.   

¶ Artificial stimulation of the proprioceptiv e inputs to compensate for 

disrupted proprioception.  

Findings of this study reported a 72 ± 25% reduction in PTF and a 52 ± 31% 

reduction in the NFO.  We acknowledge that whether or not the  described 

mechanisms explain the effectiveness of the multi -faceted cueing strategy is 

speculative, and warrants further investigation.   

Overall the results from this study indicated that a multi -faceted Continuous  sES 

cueing strategy could outperform our previously reported Continuous  sES cueing 

strategy and compare favourably with  auditory cueing.   

In Chapter 8, we have demonstrated a significant reduction in the PTF and the 

NFO during the cueStim active test condition (wearing the cueStim device and it 

is active). However, a limitation of this study was the absence of a further control 
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condition (wearing the cueStim device and it is inactive), which would occur 

before the cueStim active test condition. This would have enabled us to establish 

if wearing the cueStim device with it inactive could affect PTF and the 

NFO. Therefore, it is unclear if the positive effect observed during the cueStim 

active test condition is linked to a placebo effect or a cueStim therapy affect. 

Furthermore, due to this absence of such a control condition, two arguments could 

be made that might explain the significant reduction in the PTF and the NFO 

during the cueStim inactive test condition (i.e., wearing the cueStim device and it 

is inactive), which occurred after the cueStim active test condition:  

¶ Due to simply wearing the cueStim device, par ticipants may have 

experienced an expectation of a clinical benefit (placebo effect) during the 

cueStim inactive test condition. 

¶ The positive effect of the sES cueing given in the cueStim active test 

condition persisted into the cueStim inactive test condi tion resulting in a 

carry-over effect. 

However, to distinguish if the significant reduction in the PTF and the NFO during 

the cueStim inactive test condition can be linked to either a placebo or carry-over 

(residual) effect, the multi -faceted sES cueing study presented in Chapter 9 

included a cueStim inactive test condition, which occurred before and after the 

cueStim active test condition.  

In this study (see chapter 9), we demonstrated that a cueStim inactive test 

condition, which occurred before the cueStim active test condition, was similar to 

the baseline test condition (not wearing the cueStim device) and did not affect PTF 

and NFO. However, in line with our previous findings in Chapter 8, a cueStim 

inactive test condition, which occurred after the cue Stim active test condition, 

significantly reduced the PTF. Thus, indicating an associated carry-over effect 

from the cueStim active test condition. 

The actual mechanism of this carry-over effect remains unclear. However, results 

suggest that the benefits of the sES cueing are at least in part retained for a short 

time (at least 94 ± 33 seconds) after the cessation of cueing. Therefore, we 

recommend that any future crossover studies involving sES cueing have a 
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sufficient washout period between cueing interve ntions to diminish the impact of 

sES cueing's possible carry-over effect. 

The general overview of the clinical assessments of sES cueing strategies (Chapters 

5, 7, 8 and 9) is given in the Appendix B, Table B.1. The table highlight s the key 

experimental conditions, and the key findings  of all the sES cueing strategies 

adopted within this thesis . 

Of the three cueing strategies under taken, the multi -faceted Continuous sES 

cueing strategy could be viewed as the most successful for ameliorating FoG. The 

perform ance of the strategy compares favourably with some commercially 

available auditory and visual cueing devices , while at the same time addressing 

safety and stigmatisation issues associated with these devices.  

Future work arising from this thesis work could  involve a series of possible 

activities.  

¶ Miniaturisation of cueStim should be investigated to enhance the usability 

and human factors of the equipment. As the system is designed for use by 

×ÌÙÚÖÕÚɯÞÐÛÏɯ/ÈÙÒÐÕÚÖÕɀÚȮɯ×ÈÙÛÐÊÜÓÈÙɯÈÛÛÌÕÛÐÖÕɯÞÖÜÓËɯÕÌÌËɯÛÖɯÉÌɯ×aid to 

optimi sing usability for this patient group with the electrode attachment 

methodology requiring particular attention.  

¶ Future investigations should establish if the efficiency of self -activated On-

Demand on FoG can be improved following prolonged use  of the self-

activated cueing by users. Although speculative, we propose that as the 

PwP becomes more accustomed to the action of performing a double-tap 

gesture in response to the onset of a FoG episode, the action's cognitive 

load requirements may decrease as it potentially becomes more automatic 

or instinctive. As such, this is an area that merits further investigation.  

¶ Finally, it  needs to be established if our findings translate to longer-term 

effects on FoG, as our work to date has involved acute studies, which 

evaluated the short-term effects of sES cueing. In line with previous chronic 

cueing studies, future studies should investigate sES cueing when used 

throughout the waking hours over an extended period of weeks. During 
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the design of a chronic cueing study, researchers would need to  carefully 

consider; (i) the outcome measure(s) used to assess the long-term effect of 

cueing on FoG, (ii) the minimum required change in the outcome 

measure(s) that would be clinically meaningful , and (iii ) the sample size 

required to confidently observe the anticipated effect of cueing within the 

study.  

For researchers embarking on similar research work requiring the development 

and evaluation of new healthcare technologies, we recommend adopting the 

iterative developme nt and evaluation approach used in this thesis work. Through 

our iterative development and evaluation of sES cueing, we were able to 

progressively test sES cueing strategies through several pilot acute studies that 

enabled us to evolve our sES cueing solution and evaluation methodology through 

the lessons we learnt in each pilot study. This approach de-risks the possibility of 

in a single large scale study, of testing a sub-optimal technology configuration 

and/or adopting sub -optimum evaluation methodologie s. 

In conclusion, this PhD although challenging, has been a very rewarding journey. 

In particular, the development of a technology from conception through to clinical 

evaluation has been extremely satisfying.  

At the beginning of this PhD, we set out to de velop an sES cueing system to 

ameliorate FoG in PwP. It is hoped that the work presented in thesis places sES 

cueing on a path to being a viable option for PwP to manage FoG and paves the 

way for further  developments in this  the field of  research. 
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A.1 Introduction  

The somatosensory system is distributed throughout the human body  and is part 

of the nervous system. It is responsible for informing about somatic sensations 

arising from stimulation of sensory receptors embedded in the skin or the 

subcutaneous layers [1]. Information from the sensory receptors is relayed to the 

somatosensory cortex in the brain, through the somatosensory pathway. As 

illustrated in Figure A.1,  this pathway consists of three long afferent neurons (first -

order, second-order, and third -order), of which they are thousands, and which 

allow us to interact with our environment [1].  

 

Figure A. 1. Somatosensory pathway of the lower limb. First -order afferent neurons have 

axons connected to sensory receptors and cell bodies in the spinal cord. Second-order 

afferent neurons travel up the spinal cord to the brain and act as relays. Third -order 

afferent neurons have cell bodies in the thalamus (propriocepti on neurons have cell bodies 

located in the cerebellum) and project to the somatosensory cortex.  

A.2 Afferent Neurons  

Afferent neurons,  also known as sensory neurons, are electrically excitable (i.e., 

they can be stimulated by an electrical signal) nerve cells that convey information 

(i.e., nerve impulses) into the central nervous system (CNS) through the 

somatosensory pathway. The main parts of an afferent neuron are: (i) the cell body 

and (ii) the nerve fibre [1]. The cell body is the metabolic centre of the cell, 

consisting of the nucleus and other organelles. The nerve fibber is a general term 

for any neuronal extension that emerges from the cell body [1]. Afferent neurons 

have two kinds of neuronal extension:  
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¶ Dendrites: are the connection regions where the neuron generates 

information or receives information from other neurons (Figure  A.2).  

¶ Axon:  is a key component of the neuron, over which information is 

transmitted to the terminal parts of the neuron called axon terminals 

(Figure A.2). 

 

Figure  A.2. Illustrations of a myelinated unipolar neuron. I maged from [1]. 

First-order afferent neurons are unipolar neurons, have dendrites and one axon 

that are fused together to form a continuous extension that emerges from the cell 

body [1]. The dendrites of most unipolar neurons function as sensory receptors. 

These sensory receptors exhibit modality specificity and thus  responds to only one 

particular kind of stimulus and may be one of the following:  

¶ Free nerve endings: are bare dendrites. Free nerve endings sensitive to 

temperature are termed thermoreceptors, and free nerve endings sensitive 

to pain are termed nociceptors. Thermoreceptors have receptive fields on 

the skin surface while, nociceptors are found in every tissue of the body 

except the brain [1]. 

¶ Encapsulated nerve endings: are dendrites enclosed in a connective tissue 

capsule. Encapsulated nerve endings sensitive to mechanical stimuli (such 

as the deformation, stretching, or bending of cells) are termed 

mechanoreceptors. Mechanoreceptors found in the skin or subcutaneous 

layer are sensitive to stimuli originating outside the body, such as touch, 

pressure, and vibration [1]. The different types of mechanoreceptors are 

illustrated in Figure  A.3. Proprioceptors are encapsulated nerve endings 
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located in muscles and tendons. They provide information about our body 

position, muscle length, and tension. The different types of proprioceptors 

are illustrated in Figure  A.4. 

 

Figure  A.3. Examples of sensory receptors that are dendrites of unipolar neurons. (a) A 

mechanoreceptor that consists of a mass of dendrites enclosed by a capsule of connective 

tissue. (b) A mechanoreceptor that consists of free nerve endings that make contact with 

epithelial cells. (c) A mechanoreceptor composed of a multi-layered connective tissue 

capsule that encloses a dendrite. (d) A nociceptor is a pain receptor that consists of free 

nerve endings. Imaged from [1]. 

The axons of first -order afferent neurons vary in size and structure. Axons 

surrounded by a multi -layered lipid and protein co vering, called the myelin 

sheath, are said to be myelinated [1]. The sheath electrically insulates the axon of 

a neuron and increases the speed of nerve impulse conduction. Axons without 

such a covering are said to be unmyelinated. Axons have two basic features: the 

existence of a resting membrane potential and the presence of voltage-gated ion 

channels. Like most other cells in the body, the plasma membrane of an axon 

exhibits a resting membrane potential [1].  
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Figure A.4.  Two types of proprioceptors: a muscle spindle and a tendon organ. In muscle 

spindles, which monitor changes in skeletal muscle length, sensory nerve endings wrap 

around the central portion of intrafusal muscle fibres  In tendon organs, which monitor the 

force of muscle contraction, sensory nerve endings are activated by increasing tension on 

a tendon. Imaged from [1]. 

The resting membrane potential exists because of a small build-up of negative ions 

in the cytosol along the inside of the membrane and an equal build -up of positive 

ions in the extracellular fluid along the outside surface of the membrane [1]. Such 

a separation of positive and negative electrical charges is a form of potential 

energy, which is measured in millivolts (mV). The greater the difference in charge 

across the membrane, the larger the membrane potential (voltage). In neurons, the 

resting membrane potential ranges from 40 to 90 mV. A typical value is 70 mV [1]. 

Voltage-gated ion channels permit the flow of electrical signals along the 

membrane of the axon in response to changes in membrane potential and 

participate in the generation and conduction of action potentials (described 

shortly).  

Afferent neuron  axons can be classified into two major groups based on the 

amount of myelination, their diameters, and their propagat ion speeds [1]:  

¶ A fibre are the largest diameter axons (1ɬƖƔɯϟÔȺɯÈÕËɯÈÙÌɯÔàÌÓÐÕÈÛÌËȭɯ ɯ

fibre conducts nerve impulses at speeds of 12-130 m/s. The axons of afferent 


