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Abstract: Functional electrical stimulation has been sheavbe a safe and effective means of correcting foot
drop of central neurological origin. Curresurface-based devices typically consist ofirgle  channel
stimulator, a sensor for determining gait phase awedff, within which is housed the anode and cd¢hdhe
cuff-mounted electrode design reduces the likelhoblarge errors in electrode placement, but ger is  still
fully responsible for selecting the correct stintida level each time the system is donned. Reseesdmave
investigated different approaches to automatingetspof setup and/or use, including recent prorgisiork
based on iterative learning techniques. This pageorts on the design and clinical evaluation okhattrode
array-based FES system for the correction of dogp, fShefStim. The paper reviews the design profress
proof of concept lab-based study, through modelbhthe array geometry and interface layer to asggrch
algorithm development. Finally, the paper sumnegrisvo clinical studies involving patients wittod foot.
The results suggest that the ShefStim system wiitnaated setup produces results which are compgaralith
clinician setup of conventional systems. Furthie, final study demonstrated that patients can hisesystem
without clinical supervision. When used unsupemyjsgetup time was 14 minutes (9 minutes for autethat
search plus 5 minutes for donning the equipmefifipagh this figure could be reduced significantVith
relatively minor changes to the design.

1. INTRODUCTION

Functional electrical stimulation has been showibéoa safe and effective means of correcting foop af

central neurological origin [1-3]. Surface-bdisgevices typically stimulate via a cathguaced over the
common peroneal nerve immediately distal to wheb#urcates into the deep and superficial branched an
anode placed over tibialis anterior. Appropriateels of stimulation delivered via accurately placezlectrodes
should result in suitably weighted recruitment loé two nerve branches, leading to a useful and feafie
response during the swing phase of walking (densifin with a small degree of eversion). However,éertain
individuals even very small electrode positionimges can lead to a poor foot response. Indee@98 1survey
of users of drop foot stimulators reported over 48046espondents finding electrode positioning peattic

[4]. Some current systems such as the WalkkAlidnovative Neurotronics Inc., Austin, Texas, U®nbed

electrodes in a cuff, worn below the knee (the eeasl referred to [5] for a recent review of cutrepstems).
Such an approach greatly reduces the likelihoddrgk errors in electrode placement, but the wsstill  fully

responsible for selecting the correct stimolatevel each time the system is donned. éstargly, despite
improvements in both stimulator designs and epateducation, two recent studies demonstrétetl when
patients set up their stimulators without cliniceurpport, the resultant foot response is oftentless optimal[6,
7.

One approach to the challenge of stimulator setup implant the electrodes on the nerve(s), thereimoving
the electrode placement problem from the user [8H®wever, an invasive approach carries risks ted
implantable devices and surgical costs remainivelgtexpensive. As a result, a number of grougee been
investigating the possibility of automating the faoe-based drop foot setup process through a taoreh
stimulation approach to software steering of tha {&0-12], or electrode array-based approache< g3 Both
approaches feature a ‘setup space’ which warautomatically searched, either throughamdpg single
electrode(s) with one or two arrays of discreteteteles, or by allowing modulation of pulse wavefoiBoth



52
53

54
55
56
57
58
59
60
61
62

63
64
65
66
67
68
69
70
71
72
73
74

75

76

77
78
79
80
81

82
83
84
85
86
87
88
89

90

approaches also use measurement of foot orientatsually derived from foot-worn inertial sensdis guide
the search.

Elsaify proposed an automatic array element seslgdrithm, but using array elements with separatelayers

(a matrix of small single electrodes) [14]. Moreestly, Valtin [17] demonstrated an array seargo@hm
that takes roughly two minutes using two flexiblEBP electrode arrays (one over the nerve and one ove
Tibialis Anterior), each interfaced with a contiuso high-resistivity hydrogel layer. However, imtmast to the
work presented here, only preliminary results wéithealthy subject were presented. In the most tegerk,
Seel reported on a system using a foot-nealinbertial sensor to adjust the steeringetlaon realtime
measurements of the foot orientation[11]. The systises only two electrodes and, in laboratory stugith
stroke participants, demonstrates convergence suitable foot response within one or two strideswelver,
studies of the system outside of the laboratoryngehave yet to be published.

In this paper we expand on a recent conterepaper [19] to report on the design,etyment and
demonstration of a system for automated setupay thot FES (ShefStim). The paper extends the fecence
paper by presenting the model used to define tlialialectrode array geometry design (sectionr) provides
discussion of the merits and limitations of ShefStiompared with alternative systems. The ShefSasigh
concept was proposed by Heller in 2003 [20]. Fig #tudy the Department of Medical Physics at Séleff
Teaching Hospitals initially developed ‘proof-of-concept’ multi-electrode stimulatorwhich  could
simultaneously stimulate any manually-selected eubst of a conveniently sized, 8 by 8 rectangalaay of
metal electrodes. The subset of activated elecéraxitermed a virtual electrode (VE). In order &velop this
concept into a clinically usable system for aut@datetup a series of design problems needed tol\eds The
first problem was the electrode array design; theosd problem was the development of an array lsearc
algorithm. The remaining part of the paper sumresrithe results from two studies of the ShefStinoliving
people with drop foot of central neurological onigi

2. DESIGN OF THE ELECTRODE ARRAY

For clinical applications a moderately electricalnductive hydrogel interface between the eleesahd skin
provides the benefits of hydration of, and adhesmrthe skin. However, in array applications atcarous
hydrogel layer also introduces the issue ofiapaelectivity loss due to transverse curreintshe hydrogel.
Spatial selectivity is defined as the ability tdizate discrete groups of nerve fibres in a loealisegion without
stimulating nerve fibres in neighbouring regions.

In order to achieve a satisfactory degreespdtial selectivity, it was necessary to tifgnan appropriate
electrode geometry and interface layer properfiego finite-element models were therefore developed
investigate the effects of electrode geometry amtdygel layer properties on spatial selectivityarecterised in
our model by the activation area (see below). Mdbekas developed to explore the effects of hydrogel
resistivity and electrode size on activation aredan a single cathode electrode and; Model 2 eggiibdel 1
through the addition of electrodes surrounding ¢athode, to allow investigation of activation aresder a
multi-electrode array. The results of the secanodel, together with practical constraintpased by the
stimulator, led to the array geometry and interfiager properties used in part 3 of this paper.

Model 1
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Figure 1 shows the 3D finite-element model, devetbpsing ANSYS Multiphysics (Version 10.0, Ansysic,

Canonsburg, PA, USA) to predict the effects of etmte geometry and hydrogel properties on eledigid
distribution in the underlying tissue [21]. The nebdepresents a cathode, an anode, a hydrogel Iskier fat
and muscle. The skin, fat and muscle were madiekeflat, extended layers, whose thicknesses based on
their anatomical dimensions. As bone has much higigstivity than the other media, it was assurntebte
non-conductive volume underlying the muscle, antchavas represented as the lower boundary ofrtrezlel.
Structures of smaller dimension, such as hairdiei or blood vessels, were not explicitly modellasl their
influence on stimulation at the depth of the materve branchescould be considered negligible.
Appropriate electrical conductivity properties wergsigned to the elements, based on values frork [223
(Table 1). Although the skin’s capacitance canmwtmally be neglected, the skin in the model wasassl to
be hydrated due to intimate contact with the hydtdayer. Hence capacitive effects were not inctltethis
model.
Z
440 > 230 | 430
1 F Y =< }2; hﬂ F >_AL_
Cathode "2
26 — 26
| Hydrogel Anode i
¢ q ¢ Y
800
Top view
Cathode
Anode
T 2
Hydrogel .. 4¥Il2 . | £ 2
'X Skin 133
Fat 10 |, 4
—_—————_———— — — — —— — =
Target nerve location 20
Muscle Front view
Figure 1: Schematic of the geometry of the selectivity FE model (not to scale) (dimensionsinmm)
Table 1: Model parameters
Biological tissues and materials Resistivigng)
Bone 7x10
Muscle 2 in X and Z directions
4inY direction
Fat 62.5
Skin (hydrated) 833
Hydrogel Model variable
Cathode and Anode 1.5x10
The calculation of whether a point in the model wiaemed to be stimulated was based on the stironlati
function [23]. To explore spatial selectivity westi defined a stimulus pool to be a volume overcivtihe value
of the stimulation function exceeds a threshold/lsith action potentials in a nerve fibre are getsgta The
maximum stimulation function always appears indtimulus pool centre, just underneath the cathade, the

3
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amplitude of the stimulation function decreasesnfitbe centre to the edge of the stimulus pool. &lgh the
value of the maximum stimulation function variesviien models, it can always be scaled to the saiue \by
changing the input current, and this scaling dastschange the shape or size of the stimulus poohtdlirs
may be defined which connect points in the modehwdentical stimulation function values (expresseda
percentage of the maximum) and the 50% contourseketed to represent the boundary of the stimpbas
for the results presented here. The 50% contouicehwas somewhat arbitrary, but avoided problemghvh
would be associated with choice of a contour n€@8f84d or 0% of maximum stimulation function (allntours
converge to a point at 100% of maximum stimulafiomction and contours enclose infinitely large araa0%)
As the electrical properties of the tissue werdarni, the current density distribution was symntestiong the
plane normal to the skin surface and along theresrdf the cathode and the anode. This synmewed a
study to be performed on a half model. To repretf@iocation of the nerve, we defined a planeasgnting
the anatomical depth of the target nerve (10mmé. ifitersection of the stimulus pool with the plaeéined an
area; the smaller the area, the more focusede stimulation and thus the better tpatial selectivity.
Therefore, the area of the stimulus contour assetiaith 50% of maximal stimulation was used as theetric
of spatial selectivity.

To explore the combined effect of hydrogel resistiand electrode size on selectivity, a seriesiofulations
were run with square electrodes from infinitely #irfe point) to 16mmx16mm with a range of interfalegers.
The first simulation considered the no iraed layer case; subsequent simulations vahiedlmm thick
hydrogel layer resistivity from Z0m to 100@m. The results are shown in Figure 1.
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200 ohm.m hydrogel —— 500 ohm.m hydrogel — 1000 ohm dndnyel

Figure 2: The effects of electrode size on activation area for a range of hydrogel resistivities.

Figure 1 shows that there is a minimum limit toiaation area of approximately 100rmt 10mm depth, and
that spatial selectivity becomes poorer (ation area increases) with increasing sizeelettrode and
decreasing resistivity. When the resistivity reach@@m or greater, the spatial selectivity is similathat of
the model without the hydrogel sheet.

Model 2




141  Model 1 had shown that the introduction of a 1 mydrbgel interface layer did not significantly dedea
142  selectivity providing the hydrogel resistivity was least 50@m. However, the model did not account for the
143  presence of neighbouring electrodes which wouldosumd an electrode in the array. The presence esfeth
144  electrodes will lead to a decrease in selectivitypared with the single electrode condition, asesircan flow
145  from activated electrodes across inter-electrodes gad into adjacent non-activated electrodes. & kégcts
146  would be modulated by the size of the inter-elargap and hydrogel properties. Therefore, Modeag used
147  asthe basis for a new model (Model 2) to enal#eetbctrode array design to be finalised.

148 It was assumed that the magnitude of reductioreiecsivity due to current passing across the istectrode
149 gaps would be dominated by electrodes immelyiaurrounding any given electrode in theayrHence,
150 Model 1 was extended to include eight more eleesaslirrounding the original cathode electrodeigugie 2).

151 The interface between the electrode array andkinevgas a sheet of hydrogel. The initial geometrivodel 2
152 was informed by previous pilot experimentabriv carried out as part of a Master's reslea project,
153  demonstrating the viability of using a 70mm x70migciode array consisting of 64 electrodes (arrdrige an
154  8x8 format)[24].

155
156

BRI
|Eb|<—2a—b|

157 [ surrounding electrodes the stimulating electrode

158 Figure3: Model 2. Theelectrode gap (g) is the edge-to-edge distance between any two neighbouring electrodesin  the
159 array, 2a isthe dimension of each square electrode

160 As the feasibility work suggested maintaining aerall array size of approximately 70mm x 70mm , viixed
161  the centre-to-centre spacing of electrodes in tbdahto be 9mm (2a + g =9, see Figure 2). Fiveediifit gap
162 sizes were modelled (Table 1) and for each of tHese commercial hydrogel sheets were modelledbl@a2).
163 The set of hydrogel properties were informmest only by the results of Model 1, buscaby earlier
164 experimental work [25, 26] which provided furthevidence to support the use of a thin, high-resistiv
165  hydrogel layer between the electrode and skin.

166  Table2: Electrode gap and size evaluated in the FE model, and resultant overall electrode arraysize
Electrode gap (mm) Electrode size (mm) Electrodayasize (mm)
1 8x8 71x71
2 <7 70x70
3 6x6 69%69
4 5x5 68%68
5 4x4 67%x67

167

168 Table 3: Hydrogel materials represented in the model. Note that the different sheet thicknesses modelled were chosen to
169 represent the sheet thicknesses provided by themanufacturers.

Hydrogel (abbreviation) Approx thicknessResisitivity at 1.67kHz@®m)
(mm)

! Note, as per Model 1, a half model was developedke advantage of symmetry.
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AG703, Axelgaard manufactune0.9 55
Co., Ltd. Fallbrook, CA. USA
(Hydrogel 703)
AGB803, Axelgaard manufactu| 0.S 20€
Co., Ltd. Fallbrook, CA. USA
(Hydrogel 803)
SRBZAB-05SB, Sekisu| 0.5 1363
Plastics, Co., Ltd. Tokyo, Japan
(Hydrogel ST)
AG, AG3AMO3M-P10WO05 | 0.3 2518¢
Sekisui Plastics, Co., Ltd.
Tokyo, Japan (Hydrogel AG)

In order to quantify the effects of the surroundeigctrodes on selectivity, two versions of eacldetavere
run. In the first version, the surrounding éledes were not represented and in the sechedstirrounding
electrodes were represented. The selectivity ksslting from the introduction of surrounding etedes was
guantified by a selectivity loss ratio, definedeiquation 1.
A Ay x100% Q)

Ay
Where, A is the activation area of the model without suriing electrode andA, is the activation area of the
model with surrounding electrode

Selectivity _loss__ratio =

Figure 3 shows the selectivity loss ratio due ® shrrounding electrodes calculated for each coatioim of

hydrogel interface layer and inter-electrode gap.

l\
20%
10% \ \\
- | | \-\_\:,

0 1 2 3 4 5 6
Inter-electrode gap (mr

70%
* —e— hydroge 70¢
© 60% A ydroge 702}
< \ —a— hydrogel80:
o
'5 50% \ hydrogel ST[
B 40% hydrogel AG.
o
2 30%
=
S
°
D
n

Figure 3: Selectivity loss ratios with different hydrogels

The results suggested that for hydrogels ST andhA@lectrode gap between 1mm and 5mm will resudinin
acceptably low selectivity loss (defined as lessth0%) in the presence of the surrounding eleegoBrom a
manufacturing perspective, an inter-electrode daless than 2mm would make it very difficult to teuhe

tracks between electrodes, so a 2mm inter-elecgagevas chosen. A final practical test demondirtitat our

stimulator (200V drive voltage) could not drive thgecified 8mA per channel when using the morestigsi of

the two most promising materials (hydrogel AG) &edice hydrogel ST was selected.

3. FEASIBILITY STUDY OF ELECTRODE ARRAY SEARCH STRFEGY

Section 3 described the design of an 8 x 8 eleetraulay interfaced to the skin via a thin highsgsity
hydrogel layer. The next design problem was theeligpment of a quick, reliable method of searchimgget of
all possible stimulation electrodes to find theimgt virtual electrode. In this section we repamt two

6
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methods for searching the array used to identifyragpriate virtual electrodes and their associateduation
levels, which extended the work of Elsaify et al. [14]. In the first part of the work, we apphswly ramped
stimulation through each virtual electrode whiletiouously = monitoring the orientation of the foelative to
the leg. These data allow identification of eled&®ets that, when appropriately stimulated, réswdcceptable
foot movement. The ramped stimulation results wesed to investigate whether it is possible to redie
search space through prediction of the locatiothefbest subset of these electrodes based onheomdsponse
of the foot to short bursts of stimulation (twitstimulation). We investigated use of a cost functiorank the
response to short bursts of stimulation and examimether this ranking may be used to isolate smaligoups
of electrodes that contain one or all of the besisst of electrodes identified in the slow ramptchation
search.

For brevity, here we only report on the searchajgpropriate single VEs. Additional work to ident8wyitable
pairs of VEs is reported elsewhere [27]. Ethicaprapal for the study was granted by the Universify
Salford’'s Research Governance and Ethics comm{R€&E06/102). Twelve healthy subjects were recruited
from within the University and a full set of resilvere obtained for ten (9 male) subjects (med@years).

The stimulation system consisted of a constanectiportable 64 channel stimulator designed anid loyi the
Medical Engineering section of Sheffield TeachingsHitals NHS Foundation Trust (size: 155 mm x 95 mm
33 mm), an.8x8 electrode array, described in se@iand a 50x50 mm square conventional hydrogeitrelde
(PALS® Platinum electrode, Axelgaard Manufactur®g. Ltd.), The charge-balanced asymmetrical ddjh
stimulus pulses were software controllable via @pbical user interface, with the pulse width fixad300us,
and the frequency at 35 Hz. Stimulation intenditptigh each electrode was software controlled er@hsured
by an analogue to digital converter built-in to thimulator itself. During the experiment, groupls2x2
electrodes were activated simultaneously tieimum number required to elicit adequatentractions,
providing a total current of up to 32 mA), and asta virtual electrode.

A 5-camera Qualisys motion capture systenor@®lex, Qualisys AB, Sweden) was used toorg foot
movement at 100Hz and the motion data weaasferred to and simultaneously analysed Visual3D
(Visual3D™, C-Motion Inc, USA). Hence the foot mowent was captured, and ankle angles in sagittal,
coronal and transverse planes were displayed iktirea. Synchronisation between the stimulator anel
motion capture system was achieved using a dataisatign device via the stimulator control prograsm
electrically-isolated button was included to alltive user to stop stimulation at any stage in tpegment.

The experiment started with measurement of therakfiatot orientation for the subject while standingpright.

He/she was then asked to sit in a chair and thght lower leg was strapped in the brackets to kbepshank in
a consistent pose throughout. The stimulator aadtreldes were then donned. The subject was thesdask
maintain their sitting posture and relax the faotinatural (dropped) position throughout the expents. As

the analysis of data did not dictate the order Iictv the tests were conducted, the foot twitch expent was

conducted first to reduce fatigue. However, heey thre explained in reverse order for clarity.

Prior to beginning the slow ramped stimulation ekpent a user-defined maximal current was iderdifie We
assumed that sensation would be most acute over rmminences and hence at the start of the expetim
increased stimulation over these sites until a-deéined maximum was reached and the value noted.Next,
current through each VE in turn was ramped frono Zzerthe user-defined maximal current over 10 sdson
The twitch stimulation part of the experiment inved six different bursts of stimulation (1 and gulses/burst,
at 3 different levels of stimulation (16, 24 andv8®) being applied in turn through each of the 4%VE Ankle
angles together with time-synchronised current fataach of the different electrodes were recordédr both
experiments.

The target for foot orientation was defined as iflerdon at or above neutral, and inversion/evemsidthin -
1SD of the previously reported healthy subject miean orientation at heel strike [28]. All VEs whicwhen
stimulated over the 10 second period, resultetiérfoot reaching the target foot orientation welentified and
the set of electrodes satisfying these criterisevi@belled Set A.

When sitting relaxed in the chair the subject’stfeas typically plantarflexed and inverted, compiarewith its
neutral position. Hence, it was assumed thatitefiwesponse that moved the foot towards dessdn and
eversion was desirable. A cost function was defimddch used the maximum value of dorsiflexion and
inversion angles observed during the twitch respons

2Two subjects could only tolerate 12.8 mA and 16 regpectively, which was insufficient to producegttr
dorsiflexion when applied through any of the vittekectrodes electrodes during the slowly rampadigation

7
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Cost =-2[Dord + Inver

WhereDors is the peak dorsiflexion angle (in degrees) mesabduring stimulation relative to the relaxed
position. Dorsiflexion is positive and plantarfleriis negative |NVeY is the peak inversion angle (in degrees)
measured during stimulation relative to the relagedition. Inversion is positive and eversion igatéeve. A

weighting factor of 2 was applied to the sifbexion angle to reflect its relative impantee compared to
inversion/eversion.

This cost function was used to rank the foot resperio each of the different twitch stimulationdtsrr applied
to each of the VEs. The cost function, which wagpliad to the positive peak value of dorsiflexiondan
inversion, maximizes dorsiflexion and minimizesérsion. The VE with the lowest cost was rank&dafid
each of the remaining 48 VEs were then assigneadnk based on their cost. To identify hoWl ee cost
function could be used to predict membership of Séthe set of VEs which, when stimulated resulitedhe
foot reaching the target foot orientation) two restrwere derived. First, how far down the rankibgvas
necessary to go to include all of the members oASeefined as Rank_all ; second, how far down ttaeking

it was necessary to go to include any member oRASdefined as Rank_any.

In 9 out of the 10 subjects to complete the slomped stimulation study, at least 1 VE was iderdifiehich,
when stimulated, produced the target foot responke. maximum number of acceptable VEs found for any
individual subject was 4 (out of 49) and the minimwas 0.

The results of the twitch stimulation analysis fioe 9 subjects are shown in Table 4. Note thatudétion at
16mA produced no or minimal response.

Table 4: Rank_any and Rank_all for different twitchstimuli

1pulse @| 4 pulses| 1pulse @| 4 pulses
32mA @32mA | 24mA @ 24mA
Rank_all
Median
(range) 5(1-33) | 4(1-41) | 11(2-40) | 8 (2-41)
Rank_any
Median
(range)
2(1-19) | 3(1-15) |6(1-15) |4 (1-29)

Although there was significant inter-subject vailiyy the results showed that in most cases byagisi cost
function to rank responses to twitch stimulatiowds possible to identify a much smaller set otteteles
containing one, or all of Set A. For example, using pulse burst of stimulation at 32mA, a suitadertrode
was identified in all cases within the first 1%f the responses ranked according to the slow rdrapeulation
results. The data suggested therefore theutd cloe advantage to using a twitch stimulatmmsisting of
multiple pulses at high currents and a two stageckestrategy was worth furtherinvestigation.

4. FIRST LAB-BASED DEMONSTRATION OF SHEFSTIM

Further development work on both the stimulator tiiedsearch algorithm was carried out over theope2D09-
11 resulting in the first demonstration of an arb@ped FES system with automated setup for thectton of
drop foot. The study is reported in detail elseveHéi, so in this paper, we focus on the improvetmemade to
the stimulator hardware and implementation of #ersh algorithm, and provide an overview of theotabory-
based study involving subjects with drop foot.

4.1 Stimulator

Further stimulator development led to a new desigighing 200 g with a volume of 211cc (130 mm x 68

x 25 mm). During automated setup the stimulator wastrolled via an isolated serial link by a progra
running on an external computer, the participales was held in a brace, with the knee edg@enand foot
movement was measured using an electromagnetit¢igrosind orientation sensor (Patriot, Polhemus Inc,

8
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Vermont) (Figure 4). For walking trials the setigrgmeters were downloaded and the stimulator discted
from the computer, enabling it to function as andtdone drop foot stimulator being triggered usinfpot
switch.

4.2 Search algorithm

The work described in section 4 had been baseti®nge of a 2 x 2 VE. Following further pilot wdtkwas
found that a 4 x 4 VE still provided satisfactoegolution over foot response, but reduced semsatimpared
to a 2x2 arrangement and increased robustnessstgetinovement during gait. The move to a 4 x 4 B a
served to reduce the array search space by a fakcte®2, compared with the original approach (25 \t&be
searched rather than 49).

As described in section 4, we had already demdestréhe potential to use the response of the fathbrt
bursts of stimulation as a means of homing in amrpsing VEs. However, further work was needed toettzp
a clinically usable search algorithm. In the fiegbtem a three phase search strategy wasimplethente

PC connected during
getup to run oplimum

Fsite selection algorithm

(dizconnected once
setup completed)

Wired commercial
movement detection
sysiem

Figure 4: Setup of ShefStim

In phase one the level of stimulation at which fibet first responds is determined. Short burststwhulation
are applied to each of the 25 virtual elmd¢s, a process taking about 2.5 seconts. amplitude is
automatically titrated until the threshold for ragsble foot movement, irrespective of direction, determined.
This threshold amplitude is used as the base fimches in subsequent phases. In phase two (twitesponse),
the algorithm searches for candidate stimulatitessusing twitches rather than tetanic contrastiorspeed-up
search time and reduce sensation. Four pulsesmo@lation are applied to each electrode in turne Toot
response is monitored for short periods after eéichulation, if there is a detectable responsg @dded to the
list of candidate sites. Again the current is awtoally adjusted until between 4 and 12 sitesfavad or the
maximum current limit is reached. These sites arked in order of sensitivity using a cost functimsed on
the angular displacement. The first two stagesefoee allowed for rapid identification of the masnsitive
VEs.

In phase three (tetanic testing), up to 8 of thessidentified in phase two were tested in rankeondith an
increasing stimulation intensity. Stimulation begarhe level identified in phase two and increredrih  steps
until one of the following conditions were met:heit plantarflexion was corrected to neutral doesifhn; or
current reaching twice the starting value; cd%5of starting value with no movement detectedyr motion
saturation was detected. The algorithm includateguards if unexpected movements occurredbliagahe
system to temporarily wait if a leg spasm was detkor to pause the search process if repeatedstimaniated
leg movement was detected. Once all the cateliddes were assessed, they were given a saseslbon a
three-part cost function, designed to penatisiutions resulting in plantarflexion, exdgssinversion or
eversion, and high current If at any point durihig {phase the user found a site uncomfortablelthieian was
able to skip that site. Once the tetanic testingsphwas complete the first-ranked site was activatel, after
initial testing of the site while sitting, the usttven walked using the stimulator: If the foot pesse or
stimulation sensation was not satisfactory it cduédmanually changed to an alternative site th&imgnlist.
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Finally, stimulus pulse width could be adjustedthg user, if necessary, to fine-tune the magnitfdfoot
response.

4.3 Laboratory-based clinical study

Ten participants with drop foot due to stroke (af8s71 years) and 11 due to MS (ages 40-80 yeas) w
recruited to test the system. Each participant @cliwice over 10 m under each of four conditior)s;uging
their own stimulator setup by themselves; b) usirar own stimulator set up by a clinician, c¢).ngiShefStim
with automated setup, and d). no stimulati@utcome measures were walking speed, fodeagnitial
contact and the Borg Rating of Perceived Exertfmdescribed in Heller et al [6], the nesshowed that
when setup using ShefStim subjects’ walking spdedsiflexion and frontal plane ankle angle at aliticontact
were all broadly comparable with clinician setup aapart from walking speed, better than patiehipserhe
study demonstrated for the first time that fullyauated setup of an array stimulator is feasibla ipopulation
with drop foot of central origin.

5. FIRST TAKE-HOME STUDY OF SHEFSTIM

A final iteration of the stimulator design resuliedhe CE- marked ShefStim system shownbelow.

5 o RS tem,

Figure 5: ShefStim stimulator (left) being used by a subject during setup (right)

The ShefStim stimulator measures 142mm x 50mm xmM4wolume 99cc) and weighs 125 g (including
batteries). In contrast to the earlier versionthefsystem, it includes a combined foot angle sesmisd remote
control device, and setup does not involve holdhegleg in a brace (Figure 5). The remote contedick is
placed on the foot during set up and wirelesslyigies triaxial accelerometer inputs to the seatgoréhm
described in the previous section. Users are geabvivith an attachment, based on an iPod holdechwtould
be slipped onto the shoe prior to setup. Guidasi@edvided to the users on the correct mountindp@f remote
control on the shoe and the importance of aligniregShefStim box with the long axis of the leg. ©setup is
completed, the foot angle sensor device servesramate control with which the user can pause dttmn,
adjust intensity or receive audible error saggs. Stimulation timing during gait is cofied using a
conventional footswitch, located under the heethef shoe. Integrating the foot angle sensor inkostystem
enabled the stimulator to carry out the autemhaetup routine without requiring  input frany external
sensors or connection to a PC, making it suitatrlei$e in the home environment.

In the final clinical study seven subjects with glfoot (3 subjects with MS, 3 with stroke and 1hwitraumatic
brain injury) used ShefStim over a 2 week peridae Teader is referred to [7] for the experimentatgcol and
full results. Log data showed that all subjects evable to setup the stimulator outside of the latooy
environment without technical support. Automatetligeime averaged 9 minutes, plus 5 minutes to tten
equipment. Despite the challenges associated wislupervised use, including the need for users trecty
align the ShefStim, placed in a pocket of a leg-nted sleeve, and the remote on their shoe, peedsand foot
response with ShefStim, evaluated in a tsboratory at the end of the 2 week persdobwed results
comparable with the previous study by Heller [6].The study demonstrated, for the first time, #raay-based
automated setup FES system for foot-drop can beesstully used without technical support outsidehef
laboratory environment.

10



366
367

369

370
371
372
373
374
375
376
377
378

379

389

390
391
392
393
394

395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419

6. DISCUSSION AND CONCLUSIONS

The work presented in this paper describes theuéwal of the ShefStim design from initial concept2003 to
evaluation of the CE-marked system by people witbke in their own homes. A number of issues arethwo
discussing before conclusions are drawn on thesi@ws needed to be made to the design.

In section 2 we introduced two models used forittemtification of electrode array geometry. Theiatton
area is similar in concept to the measure usedudyket al [29], who based their measure of seliggton an
activation volume. As our model assumes rieeve depth to be known (at 10mm in this cabe), cross-
sectional area of the stimulation pool at 10mnhésmeasure of the selectivity of stimulation.The larger this
area is, the less selective the array stimulat®oiii.e. the worse the ability to selectively stiatel neural
structures). There are a number of limitations whitn model, including the prismatic geometry arsdiagptions
regarding the nerve depth, which undoubtedly vasigsificantly between subjects. Further, in cositta Kuhn
et al. [29], we did not experimentally validate thedel. However, the array geometry and hydrogebperties
derived using the model proved to be similar todtray design successfully used in the final tatméstudy.

Although the ShefStim stimulator has been CE marlteere remain a small number of barriers to céhic
uptake. By far the most significant of these i¢ 8waeat ingress to the hydrogel electrode interfager leadsto
a significant drop in its resistivity and an inegte decay in focality and stimulation efficiencitwwear time
[30].These effects limit use of a given array towrd one day of continuous wear. In the final stody
ShefStim [7] we were able to provide participantthwgufficient arrays to use a fresh hydrogel layeach day.
However, the cost of such an approach is high aa@ mealistic solution in clinical practice. Todxéss this we
are exploring alternative solutions, including thee of dry electrodes (see, for example [31]). ©thaor
product development issues remain, including theelbgment of an improved garment to house the wstitar
on the leg and minor improvements to the firmwatkof which may be easily resolved. We believe ththese
improvements would lead to a significant reducifiosetup time, as recorded in our final (unsupedjs study

[7].

In conclusion, this paper has described the cormplesign, development and evaluation of an arragdaFES
system with automated setup for the correction mipdfoot. The results demonstrate that an arragdas
stimulator with automated setup is a viable altéweato a conventional surface stimulator, or amplanted
stimulator, for the correction of drop foot. Largterm clinical exploitation of ShefStim is depentd on
identifying an acceptable alternative to the highistivity hydrogel electrode-skin interface layer.
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Abstract: Functional electrical stimulation has been shaowihe a safe and effective means of correcting foot
drop of central neurological origin. Curresuirface-based devices typically consist ofirsgle  channel
stimulator, a sensor for determining gait phase awdff, within which is housed the anode and cd¢hdhe
cuff-mounted electrode design reduces the likelihoblarge errors in electrode placement, but ey is  still
fully responsible for selecting the correct stintida level each time the system is donn@derrecent-years
rResearchers have investigated different approachastomating aspects of setup and/or,_usguding recent
promising work based on iterative learning techaijirhis paper reports on the design and clinicafaluation

of an electrode array-based FES system for thecton of drop foot, ShefStim. The paper reviewes ttesign
process from proof of concept lab-based study,utiinomodelling of the array geometry and interfameet to
array search algorithm development. Finally, thegpasummarises two clinical studies involving patise with
drop foot. The results suggest that the ShefStistesy with automated setup produces results whieh ar
comparable with clinician setup of conventionaltsyss. Further, the final study demonstrated thaépis can
use the system without clinical supervisidftheugh-wWhen used unsupervised,  setup tims-fgund-to-be
14 minutes {relatively-long (9 mlnutes faut(amated search plus 5 mlnutes for donnimey etqument)
although this figure B wWh v

purely-lab-basedcould be reducedetudlessmmﬂmahth relat|vely minor chanqes to the desrqn

1. INTRODUCTION

Functional electrical stimulation has been showtbéoa safe and effective means of correcting foop af
central neurological origidd}[1-3]. Surface-based devices typically stimulata &i cathode placed over the
common peroneal nenaese_immediately distab where it bifurcates into the deep and supelfisianches,
and an anode placed over tibialis anterior. Appate levels of stimulation delivered via actela placed
electrodes should result in suitably weighted ritgrent of the two nerve branches, leading to aulsaid safe
foot response during the swing phase of walkinggiflexion with a small degree of eversion). Howevia
certain individuals even very small electrode posihg errors can lead to a poor foot responsesédda 1999
survey of users of drop foot stimulatosserreported oved0% of respondentsepertedfinding electrode
positioning problematic [4J2}. Medern Some currerdystemgthereaderisreferred-{6] forarecentreview
paperysuch as the WalkAide (Innovative Neurotronics Ifwstin, Texas, USA) embed electrodes in a cuff,
worn below the kneéhe reader is referred {6] for a recent review of current systems). , Suclagwroach
whieh-greatly reducgthe likelihood of large errors in electrode placamméut the user is still fuIIy responsible
for selectlng the correct stimulation IeveI eamne the system is donneéihe—reader—ts—tefe#ed—te—a—Fecent
e ; ystelfbf - Interestingly,
desplte |mprovements in both stlmulator desnyms pat|ent educatlon two recent studies deinated that
when patients set up their stimulators withouticlan support, the resultant foot response is oféss than
optimal[3;4][6, 7].
One approach to the challenge of stimulator setup implant the electrodes on the nerve(s), theremoving
the electrode placement problem from the U&e6}[8, 9]. However, an invasive approach carries rashd the
implantable deviceand surgical costemain relatively expensive. As a result, a nundbgroups have been
investigating the possibility of automating the faoe-based drop foot setup process througimga two-
channel stimulation approach to software steerfrtefoot [10-12}7%8], or electrode array-based approaches
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elaemnq—ug—the—sea#eh setup space’ WhICh can tnemancallv searched, either through replacing Ising
electrode(s) with one or two arrays of discretecteteles, or by allowing modulation ef-manipulatipglse
waveform. Both approaches also usefeedback onmrasut ofn foot-poseorientation, usually derivedhfro
foot-worn inertial sensors, to guide the search.

the—éw#ual;—e%etmde—aea{lemnq—weeess EIsanv)posed an automat|c array element search atiggnb t

using array elements with separate gel layers (&ixmaf small single electrodes)}-were—usEdl]. More
recently, Valtin[17] demonstrated an array search algorithm that takeghty two minutes, using two flexible
PCB electrode arrays (one over the nerve and ore Bbialis Anterior), each interfaced with a contous,
high-resistivity hydrogel layer. However, in caamt to the work presented here, only preliminasyits with a
healthy subject were presented. In the most regerikt, Seel reported on a system using a foot-malintertial
sensor to adjust the steering based on realtimesunements of the foot orientatjdd]. The system uses only
two electrodes and, in laboratory studies withksrparticipants, demonstrates convergence on akégifoot
response within one or two strides. However, studfethe system outside of the laboratory settisngehyet to

be published.
-In this paper we expand on a recent conferencerpgdgg{19] to report on the design, development and

demonstration of a system for automated setup op doot FES (ShefStim)The paper extends the—work

presentedin-the conference paper by presettimgiodel used to define the initial-a-detaileccdpionof the
electrode array geometry desigmeblem(section 2)and provides discussion of the merits and limitediof

ShefStim compared with alternative systemgxxex.

For this studyFthe Dem@rtment—of Medical Physics at Sheffield Teaching Hodpitmitially developed a
‘proof-of-concept’ multi-electrode stimulatowhich- Fhis-device could simultaneously stimulate anynoaly-
selected subset out of a conveniently sized, 8 lc@ngular array of metal electrod&€lhe subset of activated
electrodes is termed a virtual electrode (MB)order to develop this concept into a clinicalsable system for
automated setup a series of design problems ndedesl solved—Fhese-are-addressed-in-turn—bErmfirst
problem was the electrode array design; the sepostslem was the development of an array searcloritign.
The remaining part of the paper summarises thdtsefsam two studies of the ShefStim involving pé&opwith
drop foot of central neurological origin.
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32 DESIGN OF THE ELECTRODE ARRAY

For clinical applications a moderately electricalpnductive hydrogel interface between the eleesaahd skin
provides inereased—comfort,the benefits lojdration of, and adhesion fahe skin. However, in array
applications a continuous hydrogel layer also ihiices the issue of spatial selectivity loss dugdnsverse
currentsin the hydrogelSpatial selectivity is defined as the abilityeitivate discrete groups of nerve fibres in
a localised region without stimulating nerve fibresieighbouringregions.

In order to achieve a satisfactory degreespditial selectivityit was necessary to identifgn appropriate
electrode geometry and interface layer properfiego finite-_element models were therefore developed to
investigate the effects of electrode geometry ardtdyel layer properties on spatial selectivitharacterised in
our model by the activation area (see belowlylodel 1 was developed to explore the effects ofrbgdl
resistivity and electrode size epatial-selectivityactivation areeder a single cathode electrode and; Model 2
extended Model 1 through the additioneshumberotlectrodes surrounding the cathode, to allow ingatbn

of spatial-selectivityactivation aremder a multi-electrode array. The results of #oad model, together with
practical constraints imposed by the stimulatat,ttethe array geometry and interface layer progetsed in
part43 of this paper.

Model 1




126 | Figure 1 shows—AtheD finite -element model was-developed using ANSYS Multiphysics (Version 10.0

127  Ansys, Inc, Canonsburg, PA, USA)to predict @féects of electrode geometry and hydrogel priggs on
128 | electric field distribution in the underlying tissgt5}[21]. The model represesgda cathode, an anode, a
129  hydrogel layer, skin, fat and muscle. The skin,diatl muscle were modelled as flat, extended layensse
130 | thicknesses were based on their anatomical dimesisiss bone has much higher resistivity than the other
131 media, it was assumed to be non-conductive volunterying the muscle, and hence was representditeas
132 | lower boundary of the model. Structures of smalierension, such as hair follicles _or blood vésseere not
133 | explicitly modelled, as their influence orinsilation at the depth of the motor nervanches could be
134 | considered negligible.
135 Approprlate electrical conductivity properties W&r&slgned to the elementsased on values from DudERZ]
136 | (Table 1) Fim Gy
137 | Although the skms capacitance cannot normallvriwlected the skln in the model was assumed to be
138 | hydrated due to intimate contact with the hydrdagker. Hence capacitive effects were not includedhis
139 | model.
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141 | Figure 1: Schematic of the geometry of the selectivity FE model (not to scale) (dimensionsinmm)
142
143 | Table1: Model parameters
Biological tissues and materialg Resistivity m)
Bone 7x10
Muscle 2 in X and Z directions
4 in Y direction
Fat 62.5
Skin (hydrated) 833
Hydrogel Model variable
Cathode and Anode 1.5x10°
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The calculation of whether a point in the model wiagmed to be stimulated was based on the stironlati
function{26}[23]. To explore spatial selectivity we first defsha stimulus pool to be a volume over which the
value of the stimulation function exceeds a thréslad which action potentials in a nerve fibre ganerated.
The maxinumakstimulation function always appears in the stimyes! centre, just underneath the cathode,
and the amplitude of the stimulation function deses from the centre to the edge of #tienulus pool.
Although the value of the maximum stimulation fuootvaries between models, it can always be sdaledhe
same value by changing the input curreamid this scaling does not change the shape erdfithe stimulus
pool. Contours may be defined which connect points inrtfeelel with identical stimulation function values
(expressed as a percentage of the maximum) ariiD#becontour was selected to represent the bouradatiye
stimulus pool for the results presented here. Th% Tontour choice was somewhat arbitrary, but aaaid
problems which would be associated with choice afoatour near 100% or 0% of maximum stimulation
function (all contours converge to a pomt at 100%maX|mum stlmulanon functlon and contours enelos
infinitely Iarqe areas at 0% HEy j : et

eIectncaI propernes of the tlssue were un|formz turrent densny dlstrlbutlon was symmetnc aldmg plane
normal to the skin surface and along the centréseo€athode and the anode. This symmetry allowstdady to
be performed on a half model. To represent thetimeaof the nerve, we defined a plane representivey
anatomical depth of the target nefd®mm) The intersection of the stimulus pool with than# defined an
area; the smaller the area, the more focusede stimulation and thus the better tpatial selectivity.
Therefore, the area of the stimulus contour astettiaith 50% of maximal stimulation was used as theetric
of spatial selectivity.

To explore the combined effect of hydrogel resistiand electrode size on selectivigy series of simulations
were run with square electrodes from infinitely #irfe point) to 16mmx16mm with a range of interfalegers.
The first simulation considered the no iraed layer case; subsequent simulations vahiedlmm thick
hydrogel layer resistivity from 2Z0m to 100@m. The results are shownflRigure 1.
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Figure 22%: The effects of electrode size on spatiat-activation areaseteetivity-for a range of hydrogel resistivities.
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Figure 1 shows thahere is a minimum limit to activation area of apgmately 100mrhiat 10mm depth, and
that spatial selectivity becomes pooreelectivity-coefficientactivation ardacreases) with increasing size of
electrode and decreasing resistivity. When thestiggtly reaches 500Qm or meregreaterthe spatial  selectivity
is similar to that of the model without the hydrbgjeeet.

Model 2

Model 1 had shown that the introduction of a 1 mydrbgel interface layer did not significantly dedea
selectivity providing the hydrogel resistivity watleast 500m. However, the model did not account for the
presence of neighbouring electrodes which wouldosurd an electrode in the array. The presence esfeth
electrodesnay will lead to a decrease in selectivity compared wittsthgle electrode condition, as current can
flow from activated electrodes across inter-elefgrgaps and into adjacent non-activated electrotlesse
effects would be modulated by the size of the tetectrode gap and hydrogel properties. Therefdedel 1
was used as the basis for a new model (Model @héble the electrode array design to be finalised.

It was assumed that the magnitude of reductioreiecsivity due to current passing across the iptectrode
gaps would be dominated by electrodes immelyigurrounding any given electrode in theagrHence,
Model 1 was extended to include eight more elees&lrrounding the original cathode electrdefgre 23.

The interface between the electrode array andkinensgas a sheet of hydrogel. The initial geometriviodel 2
were- wasinformed by previous pilot experimental wodarried out as part of a Master's research project,
demonstrating the viability of using a 70mm x70mlec&ode array consisting of 64 electrodes (arrdrigean

8x8 format)[24].

BRI
|Eb|<—2a—b|

[ surounding electrodes the stimulating electrode

Figure 332: Model 2. The electrode gap (9) is the edge-to-edge distance between any two neighbouring electrodes in the
array; 2a isthe dimension of each square electrode

As the feasibility work suggested maintaining aerall array size of approximately 70mm x 70mm , viixed
the centreto--centre spacing of electrodes in the model to be $&an+ g =9, seéFigure 2). Five different gap
sizes were modelledifable 1) and for each of these, four commercial bgdl sheets were modelled éble
2). The set of hydrogel properties were iimfed not only by the results of Model 1. laiso by earlier
experimental workd8-219}{25, 26] which provided further evidence to suppbg use of a thin, highesistivity
hydrogel layer between the electrode and skin.

‘ Table 221: Electrode gap and size evaluated in the FE model, and resultant overall electrode arraysize

Electrode gap (mm) Electrode size (mm) Electrodayasize (mm)
1 8x8 71x71
2 <7 70%x70
3 6x6 69%69
4 5x5 68%68
5 4x4 67x67

! Note, as per Model 1, a half model was developedke advantage of symmetry.
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Table 332: Hydrogel materials represented in the model. Note that the different sheet thicknesses modelled were chosen to
represent the sheet thicknesses provided by the manufacturers.

Hydrogel (abbreviation) Approx thicknessResisitivity at 1.67kHz@®m)
(mm)
AG703, Axelgaard manufactune0.9 55

Co., Ltd. Fallbrook, CA. USA
(Hydrogel 703)
AG803, Axelgaard manufactu| 0.9 20€
Co., Ltd. Fallbrook, CA. USA
(Hydrogel 803)
SRBZAB-05SB, Sekisuf 0.5 1363
Plastics, Co., Ltd. Tokyo, Japd
(Hydrogel ST)
AG, AG3AMO3M-P10WO05,| 0.3 25185
Sekisui Plastics, Co., Ltd.
Tokyo, Japan (Hydrogel AG)

>

In order to quantify the effects of the surroundelgctrodes on selectivity, two versions of eacldehavere
run. In the first version, the surrounding éledes were not represented and in the sechedstirrounding
electrodes were represented. The selectivity ksslting from the introduction of surrounding etedes was
guantified by a selectivity loss ratio, definedeiquation 1.

A — A
A

Where, A is theseleetivity-coefficientactivation arexf the model without — surrounding electrode awd, is
the selectivity-coefficientactivation ared the model with surrounding electrode

Sdlectivity _loss_ratio= x100% 1)

Figure 3 shows the selectivity loss ratio due ® shrrounding electrodes calculated for each coatioim of
hydrogel interface layer and inter-electrode gap.

.\
20%
10% \ \\
oo | | \-\_\‘:'

0 1 2 3 4 5 6
Inter-electrode gap (mr

70%
—e+— hydroge 70z
S 60% A\ yeroge rEl
\5 \ —=— hydrogel80:
B S0% \ hydrogel ST[
g 40% hydrogel AG-
> 30%
=
S
Q
Q
n

Figure 3: Selectivity loss ratios with different hydrogels

The results suggested that for hydrogels ST andaA@lectrode gap between 1mm and 5mm will resudinin
acceptably low selectivity loss (defined as lessth0%) in the presence of the surrounding eleegorom a
manufacturing perspective, an inter-electrode dgaless than 2mm would make it very difficult to teuhe
tracks between electrodes, so a 2mm inter-elecgagevas chosen. A final practical test demonsirtitat our
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stimulator (200V drive voltage) could not drive theecified 8mA per channel when using the morestigsi of
the two most promising materials (hydrogel AG) &edice hydrogel ST was selected.

43. FEASIBILITY STUDY OF ELECTRODE ARRAY SEARCH STRAHGY

Section 3 described the design of an 8 x 8 eleetraday interfaced to the skin via a thin highsteity
hydrogel layer. The next design problem was thesligpment of a quick, reliable method of searchhgget of

all p055|ble strmulatron electrodes to flnd thermadl vrrtual electrode PHeHeJéhrswem—ElsarﬁLe{—al—[—lO]—had
pulse—rruhe%eareh@Larkeleetred&armythrs section We report on two methods for serarg:h]he array

used to identify appropriate virtual electrodes #rar associated stimulation levels, which extehthee work
of Elsaify et al. [£26}-[14]. In the first part of the work, we applwBwly ramped stimulation through each
virtual electrode while continuously monitoring thdentation of the foot relative to the leg. Theksa allow
identification of electrode sets that, when appiaiely stimulated, result in acceptable foot mment. The
ramped stimulation results were used to investigaiether it is possible to reduce the search sfaoeigh
prediction of the location of the best subset efsthelectrodes based only on the response of thedshort
bursts of stimulation (twitch stimulation). We imstigated use of a cost function to rank the respdasshort
bursts of stimulation and examine whether this iregpknay be used to isolate smaller groups of edeles that
contain one or all of the best subset of electradiestified in the slow ramped stimulation search.

For brevity, here we only report on the searchafopropriate single VEs. Additional work to identdyitable
pairs of VEs is reported elsewhere [17{[27]. Ethical approval for the study was grantedhwy University of
Salford’s Research Governance and Ethics comm{R€&E06/102). Twelve healthy subjects were recruited
from within the University and a full set of resulere obtained for ten (9 male) subjects (mediayears?.

The stimulation system consisted of a constanectiportable 64 channel stimulator designed anid i the
Medical Engineering section of Sheffield TeachingsHitals NHS Foundation Trust (size: 155 mm x 95 mm
33 mm), an.8x8 electrode array, describedsantion32 and a 50x50 mm square conventional hydrogel
electrode (PALS® Platinum electrode, Axelgaard Manturing Co. Ltd.), The charge-balanced asymicuegtr
biphasic stimulus pulses were software controllafdea graphical user interface, with the pulsetiviiked at
300 us, and the frequency at 35 Hz. Stimulation intgngitough each electrode was software controlledl an
measured by an analogue to digital converter lnitt the stimulator itself. During the experimegtpups of
2x2 electrodes were activated simultaneously (tieimum number required to elicit adequate rtions,
providing a total current of up to 32 mA), and asta virtual electrode.

A 5-camera Qualisys motion capture systenor@®lex, Qualisys AB, Sweden) was used tcorg foot
movement at 100Hz and the motion data wesasferred to and simultaneously analysed Visual3D
(Visual3D™, C-Motion Inc, USA). Hence the foot mowent was captured, and ankle angles in sagittal,
coronal and transverse planes were displayed iktirea. Synchronisation between the stimulator ainel
motion capture system was achieved using a dataisitgn device via the stimulator control prograAn
electrically-isolated button was included to allthe user to stop stimulation at any stage in thpegment.

The experiment started with measurement of therakfatot orientation for the subject while standingpright.
He/she was then asked to sit in a chair and thght lower leg was strapped in the brackets to kbepshank in
a consistent pose throughout. The stimulator aadtreldes were then donned. The subject was thesdask
maintain their sitting posture and relax floot in a naturdy—relaxed(dropped) position throughout the
experiments. As the analysis of data did not dictaé order in which the tests were conductedidbe twitch
experiment was conducted first to reduce fatigumweéler, here they are explained in reverse ordexldaty.

Prior to beginning the slow ramped stimulation ekpent a user-defined maximal current was iderdifie We
assumed that sensation would be most acute over frmminences and hence at the start of the expetim
increased stimulation over these sites until a-dséined maximum was reached and the value noted.Next,
current through each VE in turn was ramped frono Zerthe user-defined maximal current over 10 sdson
The twitch stimulation part of the experiment inved six different bursts of stimulation (1 and gulses/burst,
at 3 different levels of stimulation (16, 24 andv8®) being applied in turn through each of the 4%VE Ankle
angles together with time-synchronised current fataach of the different electrodes were recordéadr both
experiments.

The target for foot orientation was defined as dlesson at or above neutral, and inversion/evemsiathin -
1SD of the previously reported healthy subject mizent orientation at heel striki20}[28]. All VEs which,

2Two subjects could only tolerate 12.8 mA and 16 ragpectively, which was insufficient to producegtr
dorsiflexion when applied through any of the vittebectrodes electrodes during the slowly rampedigation
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when stimulated over the 10 second period, resiltethe foot reaching the target foot orientatioergv
identified and the set of electrodes satisfying¢heriteria were labelled SetA.

As-can-be-seenfrom-figure-4, Wieh sitting relaxed in the chair the subject’s fais typically plantarflexed
and inverted, compared with its neutral positioenkk, it was assumed that a twitch response thaéadnihe

foot towards dorsiflexion and eversion was dese&all cost function was defined which used the maxm
value of dorsiflexion and inversion angles obserdedng the twitch response

Cost =-2[Dord + Inver

WhereDors s the peak dorsiflexion angle (in degrees) mestbduring stimulation relative to the relaxed
position. Dorsiflexion is positive and plantarfleriis negative.lNver is the peak inversion angle (in  degrees)
measured during stimulation relative to the relagedition. Inversion is positive and eversion igatéve. A

weighting factor of 2 was applied to the dorsiflaxiangle to reflect its relative importance compgate
inversion/eversion.

This cost function was used to rank the foot resperio each of the different twitch stimulationdisir applied
to each of the VEsThe cost function, which was applied to the positpeak value of dorsiflexion and
inversion, maximizes dorsiflexion and minimizesension. The VE with the lowest cost-  was rankédahd
each of the remaining 48 VEs were then assigheank based on their cost. To identify hovl ¢ cost
function could be used to predict membership of Séthe set of VEs which, when stimulated resulte thie
foot reaching the target foot orientatiomjo metrics were derived. First, how far down tlamking it was
necessary to go to include all of the members oASeefined as Rank_all ; second, how far down ttaeking

it was necessary to go to include any member oASdefined as Rank_any.

In 9 out of the 10 subjects to complete the slomped stimulation study, at least 1 VE was iderdifiehich,
when stimulated, produced the target foot responke. maximum number of acceptable VEs found for any
individual subject was 4 (out of 49) and the minimwas 0.

The results of the twitch stimulation analysis tiee 9 subjects are showntiFable34. Note that stimulation at
16mA produced no or minimal response.

Table 443: Rank_any and Rank_all for different twitch stimuli

1lpulse @| 4 pulses| 1pulse @| 4 pulses
32mA @32mA | 24mA @ 24mA

Rank_all

Median
(range) 5(1-33) | 4(1-41) | 11(2-40) | 8 (2-41)

Rank_any

Median
(range)

2(1-19) |3(1-15) | 6(1-15) | 4 (1-29)

Although there was significant inter-subject vailiy the results showed that in most cases byaisi cost
function to rank responses to twitch stimulatiowds possible to identify a much smaller set otteteles
containing one, or all of Set A. For example, using pulse burst of stimulation at 32mA, a suitadertrode
was identified in all cases within the first 1%f the responses ranked according to the slow rdrapeaulation
results. The data suggested therefore theutd cloe advantage to using a twitch stimulatmmsisting of
multiple pulses at high currents and a two stageckestrategy was worth furtherinvestigation.

45. FIRST LAB-BASED DEMONSTRATION OF SHEFSTIM

Further development work on both the stimulator nedsearch algorithm was carried out over theope2D09-
11 resulting in the first demonstration of an arb@ped FES system with automated setup for thectton of

322 | drop foot. The study is reported in detail elseveher [6]21}, so in this paper, we focus on the improvements



323 made to the stimulator hardware and implementatiotihe search algorithm, and provide an overviewhef
324 laboratory-based study involving subjects with dicugt.

325 | 5144 Stimulator

326 ' Further stimulator development led to a new desigighing 200 g with a volume of 211cc (130 mm x %m
327  x 25 mm). During automated setup the stimulator wastrolled via an isolated serial link by a pragra
328  running on an external computer, the participaleis was held in a brace, with the knee edgéenand foot
329 movement was measured using an electromagnetitigrosind orientation sensor (Patriot, Polhemus Inc,
330 | Vermont) figure-Figure4). For walking trials the setup parametessre downloaded and the stimulator
331  disconnected from the computer, enabling it to fiomcas a standalone drop foot stimulator beinggeied
332  using a foot switch.

333 ‘ 5242 Search algorithm

334  The work described in section 4 had been baseti@mmnige of a 2 x 2 VE. Following further pilot wdtkwas
335  found that a 4 x 4 VE still provided satisfactoegolution over foot response, but reduced sensatiampared
336 to a 2x2 arrangement and increased robustnesssteetimovement during gait. The move to a 4 x 4 B a
337 | served to reduce the array search space by a fafct@, compared with the original approadB5 VEs to be
338 ‘ searched rather than 49).

339  As described in section 4, we had already demaestrthe potential to use the response of the foathbrt
340  bursts of stimulation as a means of homing in @mypsing VEs. However, further work was needed toettep
341 aclinically usable search algorithm. In the fisgstem a three phase search strategy wasimplethente

PC connected during
getup to run oplimum
site =election algorithm

(disconnected once E
setup completed)

Wired commencial
movement detection
system

342
343  Figure4: Setup of ShefStim

344  In phase one the level of stimulation at which fibet first responds is determined. Short burststivhulation
345 | are applied to each of the 25 virtual elmi¢s, a process taking abdit5 seconds. The amplitude is
346  automatically titrated until the threshold for rafesble foot movement, irrespective of direction, determined.
347  This threshold amplitude is used as the base fnckes in subsequent phases. In phase two (twitesponse),
348  the algorithm searches for candidate stimulatitgssusing twitches rather than tetanic contrastiorspeed-up
349  search time and reduce sensation. Four pulsesrofilation are applied to each electrode in turne Toot
350 response is monitored for short periods after esichulation, if there is a detectable responsg édded to the
351  list of candidate sites. Again the current is awtioally adjusted until between 4 and 12 sitesfaved or the
352  maximum current limit is reached. These sites arked in order of sensitivity using a cost functizased on
353 the angular displacement. The first two stagesefoee allowed for rapid identification of the mastnsitive
354  VEs.

355 In phase three (tetanic testing), up to 8 of thessidentified in phase two were tested in rankeondith an
356 increasing stimulation intensity. Stimulation begarthe level identified in phase two and increradrin  steps
357 | until one of the following conditions were met:hait plantarflexion was corrected to neutral dorsiflevdero
358 | dersiflexion or current reaching twice the starting value150% of starting value with no movement detected;
359 | or motion saturation was detected. The algorincluded safeguards if unexpected movemeatsirred

| 10
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enabling the system to temporarily wait if a le@sp was detected or to pause the search processedted
non-stimulated leg movement was detect@ce all the candidate sites were assessed, theygiven a score
based on a three-part cost function, desigwegenalise solutions resulting in planexifbn, excessive
inversion or eversion, and high currét}-If at any point during this phase the usemfd@ site uncomfortable
the clinician was able to skip that site. Oncet#tanic testing phase was complete-the—Fhe-bserdteod-and
thefirst-ranked site was activateshd, after initial testing of the site while siggin - the user then walked using
the stimulator|f the foot response or stlmulatlon sensat|on watssatlsfactorv it could be manuallv chanqed to

A hna ; R-the
ranking list. Flnally eve#a#stlmulus pulse W|dth could be adjusted by the uﬁmecessary, to f|ne tune the
magnitude of foot response.

5.34.3 Laboratory-based clinical study

Ten participants with drop foot due to stroke (af8s71 years) and 11 due to MS (ages 40-80 yeas) w
recruited to test the system. Each participant eclivice over 10 m under each of four conditiong)4. using
their own stimulator setup by themselvé®) using their own stimulator set up by a clinician3. using
ShefStim with automated setup, aid. no stimulation. Outcome measures were  walkjpepd, foot angle at
initial contact and the Borg Rating of Perceivedefion. As described in Heller et gf21}[6], the results
showed that when setup using ShefStim subjectkinglspeed, dorsiflexion and frontal plane anklglarat
initial contact were all broadly comparable twitlinician setup and, apart from walking shdmetter than
patient setup. The study demonstrated for tis¢ fiime thatfully automated setup of an array stimulator is
feasible in a population with drop foot of centyagin.

65. FIRST TAKE-HOME STUDY OF SHEFSTIM
A final iteration of the stimulator design resuliedhe CE- marked ShefStim system shown below.

Figure 5: ShefStim stimulator (left) being used by a subject during setup (right)

The ShefStim stimulator measures 142mm x 50mm xmM4wolume 99cc) and weighs 125 g (including
batteries). In contrast to the earlier versionthefsystem, it includes a combined foot angle sesmsd remote
control device, and setup does not involve holdmgleg in a braceFfigure 5). The remote control device is
placed on the foot during set up and wirelesslyides triaxial accelerometer inputs to the seatgrahm
described in the previous sectiodsers are provided with an attachment, based @Ra@hholder, which could
be slipped onto the shoe prior to setup. Guidangedvided to the users on the correct mountinth®f remote
control on the shoe and the importance of aligniregShefStim box with the long axis of the |@nce setup is
completed, the foot angle sensor device servesramate control with which the user can pause ddtion,
adjust intensity or receive audible error sa@es.Stimulation timing during gait is controllegsing a
conventional footswitch, located under the heethef shoentegrating the foot angle sensor into the system
enabled the stimulator to carry out the automatetdps routine without requiring input from any extar
sensors or connection to a PC, making it suitatrlei$e in the home environment.

In the final clinical study seven subjects with glfoot (3 subjects with MS, 3 with stroke and 1twitraumatic
brain injury) used ShefStim over a 2 week peridae Teader is referred f22}{7] for the experimental protocol
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and full results. Log data showed that all subjeetse able to setup the stimulator outside of #imotatory
environment without technical support. Automatetiggime - averaged 9 minutggus 5 minutes to don the
equipment Despite the challenges associated with unsupervisedincluding the need for users to correctly
align the ShefStim, placed in a pocket of a leg-nmed sleeve, and the remote on their shoe; peetsand foot
response witkane-witheutShefStim wereevaluated in a gait laboratory at the end of thee2k periodand
showedresults were-comparable with the previous study by elell24][6]. —-addition—the study
demonstrated, for the first time, that array-basetmated setup FES system for foot-drop can becessfully
used without technical support outside of the labmy environment.

#6. DISCUSSION AND CONCLUSIONS

The work presented in this paper describes theuéwol of the ShefStim design from initial concept2i003 to
evaluation of the CE-marked system by people wiitbke in their own homes. A number of issues arethvo
discussing before conclusions are drawn on thesiens needed to be made to the design.

In section 2 we introduced two models used foritlemtification of electrode array geometihe activation
area is similar in concept to the measure useduhnket al[29], who based their measure of selectivity on an
activation volume. As our model assumes tieeve depth to be known (at 10mm in this cabe), cross-
sectional area of the stimulation pool at 10mnihérnheasure of the selectivity of stimulation.The larger this
area is, the less selective the array stimulat®fi.e. the worse the ability to selectively stiatel neural
structures)}—There are a number of limitations with thmdel, including the prismatic geometry and
assumptions regarding the nerve depth, whichoulbigdly varies significantly between subjects.tifemr,  in
contrast to Kuhn et a[29], we did not experimentally validate the model. ldeo@r, the array geometry and

hydrogel properties derived using the model prom;be similar to the arrav design successfully usse’dhe
final take- home stud. A ; K i3

Although the ShefStim stimulator has been CE mariieere remain a small number of barriers to cihic
uptake. By far the most significant of these id 8waeat ingress to the hydrogel electrode interfager leads to

a significant drop in its resistivity and an ineddte decay in focality and stimulation efficiencitwwear time
[23}[30].These effects limit use of a given array toward one day of continuous wear. In the final stofly
ShefStim{22}[7] we were able to provide participants with stiéfint arrays to use a fresh hydrogel layer each
day. However, the cost of such an approach is Aighnot a realistic solution in clinical practide address
this we are exploring alternative solutions, indhgithe use of dry electrodes (see, for exarfidé{31]). Other
minor product development issues remain, includhmgy development of an improved garment to house the
stimulator on the leg and minor improvements tofttreware, all of which may be easily resolvéde believe
that these improvements would lead to aio@mt reduction in setup time, as recordadour final
(unsupervised) study].

In conclusion, this paper has described the cormmlesign, development and evaluation of an arragdaFES
system with automated setup for the correction mipdfoot. The results demonstrate that an arragdas
stimulator with automated setugs a viable alternative to a conventional surfadawdator, or an implanted
stimulator, for the correction of drop foot. Largterm clinical exploitation of ShefStim is depent on
identifying an acceptable alternative to the higsistivity hydrogel electrode-skin interface layer
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