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An Instrumented Walking-Aid to Assess and
Retrain Gait

Peter R. Culmer, Peter C. Brooks, Daniella N. Strauss, Denise H. Ross, Martin C. Levesle'
Rory J.O’Connor, Bipin B. Bhakta

Abstract— An instrumented walking-aid, the iWA system, has
been developed to measure kinematic and kinetic properties of
walking aid (WA) use and deliver feedback to improve gait. The
clinical requirements, technical specification and design of the
system are developed through clinical collaboration. The
development of the system is described, including hardware
components and data analysis used to process the measured data
for assessment. The system measurements are validated under
controlled laboratory conditions. The iWA system is evaluated in
a typical UK clinical environment by a participant in a
rehabilitation session. The resultant data successfully capture the
quality of the participant’s walking aid use and agreewith clinical
opinion, supporting the efficacy of this approach.

Index Terms— Biomedical telemetry, Medical information
systems, Rehabilitation robotics

I. INTRODUCTION

morbidity, age and size. Individuals typically receive training
in WA use during rehabilitation sessions within a hospital
environment and will participate in prescribed exercises until
their next clinical assessment. Clinicians guide WA usage
according to their function and recovery; for example, asking a
user to progressively decrease WA loading as they become
more accustomed to a new prosthesis.

Assessing WA use is critical, firstly to ensure the user meets
ther rehabilitation objectives and secondly to avoid the user
developing conditions associated with overuse of the upper
limbs (e.g. carpal tunnel syndrome). Clinical assessment of WA
use focuses on its key functions to support weight and enhance
balance. Currentlydue to the lack of clinically appropriate
measurement equipment these assessments are subjective and
qualitative The availability of objectivequantitative data o
WA use has the potential to lead to improved WA designs and
improve rehabilitation treatment for the user [3,4

W alking is a fundamental human activity. When this Several groups have addredshis clinical need by using
ability is affected by illness or injury, people prioritise itinstrumentation to record WA movement and/or load. In early
as a goal of treatment [1]. Up to 10% of adults suffer frowork Klenermen et al [Gattached a load cell to a WA to record
reduced mobility or balance as a result of conditions such #@ce during use. A similar approach was adopted in [6],
stroke, osteoarthritis or limb loss which affect balance and gdowever both systems were tethered and WA movement was
In Europe and North America walking atdg.g. a stick or not monitored. This was addressed in works using optical
crutch) are the most commonly prescribed intervention fdotion-tracking systems to measure WA movement [4,7,8] but

improve balance and mobility in this population [2].

such methods are limited to laboratory environments due to

Using a WA serves two key functions; it allows the user ttheir size and complexityrhe introduction of MEMs sensors
better support their weight (by reducing the magnitude of tid wireless telemetry technology has catalysed advancements
load borne by the leg9 and to improve their balance (byin this area The ‘Smart Cane’ records data from load and

increasing théody’s base of support) [3A user’s requirement

orientation sensors in a custom WA and broadcasts it to a

of these WA functions varies due to factors includingemote computer for storage and analysis [9]. A similar
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! The term “walking aid” encompasses a range of assistive devices including
crutches and walkers; however here we use the acronyntovgpecifically
refer to the walking stick/cane.

(elma

approach by Merret et al used low-cost sensing hardware [10].
Instrumented shoes have also been developed for walking
assessment using this technology [11,12] which complement
instrumented WAs but targeted at people who do not require a
WA. For those with more severe impairmentcane-robot’
system has been developed to monitor and actively assist
walking [13]. However, despite recent advancements there are
adearth of systems thatvebeen evaluated with typical WA
users in clinical environments.

There is a clear clinical need to develop an instrumemad
that can quantitatively measure, store and assess itJhmse
information would benefit clinicians and WA users by
informing rehabilitation and helping WA manufacturers
improve existing systems. We approached this challenge by
working closely witha WA user group (consisting of WA users



and clinicians) to develop a prototype system for evaluatidfig. 1. A load cell assembly is located near the foot of the WA

which is acceptable to users and clinically appropriate. to measure axial load. The iWA sensor module contains the
remaining components in a custom housing located near the
Il. SYSTEM DESCRIPTION WA'’s handle. The sensor module has a compact footprint

- . which aims to minimise anympact on the user’s gait. An
A Clinical Requirements . : .
d electronic Inertial Measurement Unit (IMUjs used to

The aim is to develop an instrumented walking aid ((\WA}etermine the orientation of the WAhe IMU is integrated
that paptures data on WA use to inform gait rehabilitation a%th a data acquisition system and Bluet6atbmmunications
provide automated and timely user feedback on performancen,qje. This transmits sensor data wirelessly to a portable

An expert user-group, composed of rehabilitation cliniciangjgia| assistant (PDA) which acts as a data storage/feedback
and therapists from the UK National Health Service (NHS) ardjevice and is carriedy the user. The PDA uses custom

WA users, were consulted to develop clinical requirements Qg yare to process the data stream from the sensors, record it

IWA. These state that iWA should: to a storage card and provide real-time visual feedbacleto th
* capture objective, clinically relevant data on WA use  ger. A PC is used to provide more computationally intensive

o feedback information to the user and therapist on: data analysis and feedback functions. The PC connects to the
o the amount of WA use (time and/or distance)  ppA via a USB cable to transfer recorded data and configure
o the mode of WA use (movement and load) user specific information (e.g. feedback configuration)

e permit free, unrestricted movement 1) iWA Sensor Module

e record WA use over time to inform future rehabilitation A commercially available IMU was selected for iWA to
provide a cost-effective sensor module with integrated

. o . Bluetooth® functionality in a compact package (Sparkfun
A technical specification for iWA was developed from th%lectronics, SEN-08454). The IMU is composed of a 2 degree
clinical requirements. The principle need is to characterise thzy freedom (DoF) gyroscope (InvenSense Inc., IDG-500)
the WA is used. To achieve this it was considered necessar ich measures angular velocity and a 3 axis accelerometer

measure kinetic (WA load) and kinematic (WA OrientationzFreescaIe Semiconductor Inc., MMA7260Q) which measures
aspects ofVA use and relate these to the walking cycle. Tr\‘?near acceleration. The IMU also includes a 3 DoE

WA load force is directly related to the support provided to thr‘ﬁagnetometer module which is not used in this application
user. The WA orientation is informative becauis@rovides because the changing magnetic fields around medical
information on how the stick is positioned for balance angnvironments would compromise
support when it is loaded.

Use of iWA is divided into WA'activities, pre-defined by
the expert user-groupo provide context to collected data, for
example ‘short walk’ or ‘walk up stairs’. The activity type is

B. Technical Specification

its measurements. The
gyroscope and accelerometer data of the IMU provide the
inputs to a Kalman filter that calculates the orientation of iWA
with respect to gravity, as describedSectionlID.

) Data acquisition functions on the IMU are conducted using
selected by the user from a menu on the PDA (see Fig. 2D) o mbedded microcontroller (NXP Semiconductors, LPC2138
During each activity the WA measurements must B@iy, 10hit ADCs). The microprocessor perfornss key
continuously recorded by a portable data acquisition device that, i ng in iwa it digitises the sensor signatsoadcasts data
does not impede the user (e.g. alter or restrict their gait). [8.1ets via a serial Bluetooth® transceiver and provides an

capture the transient signal content of human gait and Wve tace for adjusting data acquisition parameters such as
movement requires a sample rate of H50@r above 14]. The sampling frequency and sensor gain. The Bluetooth®

data capture system must also feedback performance data tqfifsceiver provides the two-way wireless communication
user during the activity. interface between the IMU and the PDFhe data acquisition
C. System Overview system is configured to acquire, transmit and store data from
iWA is based on an unmodifie¥A, as used within the UK the IMU sensors at 150Hz. This rate ensures that movement
NHS, augmented with custom instrumentation, as shown Q{ﬂa can be appropriately filtered to remove noise and aliasing

USB | 2 DoF Gyroscope | ......... {ﬁ — *Upperhousing
link ' .
! | 3 DoF Accelerometer | Nylon spacer
re v . 'Zr_ Loadcell
*Data storage | cpusioitanc | ... = _
*Data analysis + WA | { <Lower housing
Bluetooth : 710N Pre-loa *Nylon bush
link .._..~"| Bluetooth TX/RX | L T . Slider pll’l
. — ‘— +Aluminium foot
| Li-Po Battery | | insert
PDA Unit B S A _ *Rubber foot ‘ferule’
*Data acquisitiol iWA Sensor Module .
+Data feedback L i IWA Loadcell assembly

Fig. 1. A schematic illustrating key components of théigystem.



artefacts to obtain a high fidelity representation of walking-aig- " "W )
use &. User #1 Select Activity Activity Display
L . ) ) mm_ uration ei

A lithium polymer battery provides a light-weight (22g) and Medium Walk m?.ms‘sm e
compact (53 x 33 x 5.7 mm) power source for iWA. The batter]|  yew acaviy S e
provides 8.2V nominal with a capacity of 1100mAh which Stairs Down e
enables iWA to run for up to 12 hours of continuous active ug Short Walk
before being charged through a socket integrated into the IM Start END
casing. T emi T el |

A nylon housing is used to protect and mount the sensor unw - ¢ BY < W = 4

on the iWA. The housmg has an _'nteg.ral clamp to hold the .unifig. 2. The iWA PDA user interface allowing the usemitiate a new activit
securely on an unmodified walking-aid shaft, a power switcl(a), log its type (b), see their current progress andfem activity (c).

and a charging connector. LEDs are embedded into thegyisition then begins and a serial stream of time-stamped

structure to indicate power and data connectivity states.  gensor data is transmitted to the PDA from the iWA sensar unit
The data is parsed into discrete samples and written to the SD
2) Loadcell Assembly memory card on the PDAn parallel it is analysed to drive a

A custom load cell assembly (Fig. 1.) was designed aggk 5| feedback display that consists of the elapsed time and
manufactured to house the load cell at the foot of iWA and meﬁ&ps taken since the activity began. The step-detection

two requirements: _ algorithm is discussed in Secti@®. When the user stops the
* tofreely transfer axial load wload cdl for measurement activity on the PDA the Bluetooth® connection is closed and
e toisolate the load cell from off-axis loads/torques the IMU places the sensors in a low power state.

These requirements are necessary to prevent damage to the load )
cell and ensure that it measures an accurate representation Bf Data Analysis
the axial load placed through iWA. This was achieved using The technical specificationn Section Il B requires
stainless steel slider pin that is constrained to move axiallyformation on the WA’s axial load and orientation. These data
within the assembly by a low-friction polymer bushing that hashould be measured relative to the walking cycle to segment the
low wear characteristics (DuPont, Delrin@ compressive 1 time series and allow specific inspection of loading phases that
DoF load cell (RDP Electronics Ltd., SLC13/0250. 0.5% Fgrovide the user with support. Tieeslements are obtained
linearity, 1.1KN max) was selected for its compact footprinthrough analysis of the IMU and loadcell sensor signals.
(12.7mm dia x 3.8mm height) to measure the axial foice. 1) WA Axial Load
10N pre-load is applied to the load cell during assembly to The axial load through the WA is directly measured through
maintain the load cell in compression (as recommended by ¢ loadcell assembly. The load signal is then filtered using a
manufacturer) and ensure that the assembly acts as a rigid b@dy. order low-pass Butterworth filter to attenuate
A single-chip instrumentation amplifier (Texas Instrument§igh-frequency noise. A cut-off frequency of 10Hz is
Inc., INA125) provides a precision regulated 5V power suppgpPpropriate for human movement applicatioh4.[
to the load cell and amplifies the output signal for digitisation. 2) Walking Cycle Phase
A gain factor of 465 is used to provide an output voltage of The walking cycle is considered as comprising two phases;
0-3.3V over a load range of 0-800N. The amplified load celpading and positioning. The loading phase begins with the WA
output signal is digitised by an ADC channel on the IMU.  foot in front of the user with the handle leaning towards them.
3) PDAUnit The user then takes two steps, loading the WA for support and
A PDA (Hewlett-Packard, iPAQ 214) was selected ifpalance, to move forward. The positioning phase follows as the
accordance with the technical specification to provide @ser relocateshe WA’s foot for the next loading phasén
portable data storage and feedback unit which can be worn walgorithm was developed to detect and count loading phases
minimum inconvenience to the user (dimensions 75 x 18 x 18#m the axial load dat# peak counting method delineates the
mm, masd90g, storage 4 Gb). The PDA includes Bluetooth@aositioning phase (where there is zero load) and loading phases
functionality and a large high-clarity screen (dimensions 101when the load exceeds both magnitufig.) and duration
76 mm, resolution 640 x 480jor clearly presenting visual (Tioad thresholds. This algorithm was implemented on the PDA
feedback to the user. to provide real-time feedback to the user on the total steps taken
The PDA runs custom software written using the LabVIEWwhere 1 loading phase = 2 steps), as shown in Fig. 2C.
Development Environment (National Instruments Corp.). The 3) WA Orientation
software has a user-interface (Ul) that enables the user tol he WA orientation is calculated from the accelerometer and
control the iIWA system; WA activities can be selected, startéyroscope components of the IMU using Kalman methods to
and then stopgrl via touch-sensitive controls on the screenfeconstruct absolute position from the input sensor data.
shown in Fig. 2. When the user starts an activity a Bluetooth® WA orientation is expressed relative to a global Cartesian
connection is opened between the PDA and iWA sensor uBfordinate systenthe gravitational acceleration vector defines
and the sensors are placed into an active powered state. tfigeZ axis and th¥Y ground plane is assumed to be level and
PDA transmits configuration information to the sensor unit arigerpendicular (e.g. the user is on flat groufid)s assumption
the data acquisition process is initiated accordingly. The dat@s discussed with the WA user group and deemed appropriate
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Z, where P is the estimation error covariance, K the Kalman
way gain, Q the process noise covariance, S the estimation
covariance and R the measurement error covariance. The
Pitch parameters Q and R define the behaviour of the Kalman filter,
biasing the filter to rely upon the most reliable information
available at the current time.
The orientation estimations fércan be further improved
X because the entire data set is available (since it is being
post-processed) by extending the Kalman filter with
way Rauch-Tung-Striebel (RTS) equations [19]. These update the
Kalman estimate with a subsequent backward pass of the data.

The RTS equations are defined as:
) )

9roII R Ol l epitch

iwaY

\V_f

gx iwax gY iwaY

Fig. 3. The iWA coordinate system. Sugeipt ‘g’ and ‘iwa’ denote the global
ground and local iWA frames respectively.

for the clinical environments in which iWA will be deployed. x; = X, + Dy. (Xi41 — X 31 (10)
. . . _1
The spherical coordinatég, anddy. are used to define the D, = Pk(+)_ AT, Pk(-l_-i (11)

orientation of iWA relative to the global reference frame as The Kalman filter must be initialised with an estimate of the

shown in Fig. 3 In_ qua5|-sta_t|c conditions the a_cceleratlor}noders initial state Although the RTS Kalman filter is more
measgred by the IWA IMU is due only tp gravity and th‘?‘obust to poor initialisation it is desirable to provide the best
coordmate@r? andépicn can be expressed simply as: possible estimate because the systwill converge to a
Broy = tan™! i Opitcn = tan™* 2—’; (1) minimum error state more rapidly [19]. For iWA the initial state

In dynamic conditions iWA will experience and measurés measured using the on-board sensors to maintain a portable
additional accelerations due to translational movement af¥stem. The most reliable direct measurement of system state is
centripetal forces induced b is rotated During human Obtained when the system is closest to static conditions such
movement, the magnitude of dynamic components woutfat equation (1) appliefnspection ofa broad range of iWA
invalidate the quasi-static assumption and thus orientatié@ta showed that this occurs at the beginning of each loading
determinedin (1) [15. Kalman filter techniques are widely cycle and is well defined through the WA load cycle analysis
used to combine a range of sensor measurements and optimaiying post-processing the Kalman filter is initialised using the
predict the state of a modelled system {7, In this context, first such occasion that occurs in that set of data. The initial
they provide an effective means to determine an imprové@nditions are then defined as:
estimate of orientation under dynamic human movemertﬁ’O] — [equaSi—StatiC];Po -0 (12)
conditions by using both accelerometer and gyroscope readings 0
[18]. A model of the system being observed underpins tHéN€r€Oquasi staticlS calcula_ted from (%)- .
Kalman method. In this approach the roll and pitch orientatior]d1€ orientation calculations described here were implemented
are considered to be decoupled and are thus treafH@ PC for post-hoc processing. A real-time implementafion o

independently. The iWA system is then described by t{8€se methods on the PDA was deemed unnecessary because
following linear state-space equations: the resultant orientation data is intended for use by clinical staff

1 =&t [0 1 (rather than the user) after each exercise has been completed.
xk+1:A.xk+B.uk:[0 1 ][pk]+ [O]wk

E. System Validation

~ 0
Vi =0 =Cx=[1 0] k] (3) Tests were conducted to evaluate the kinematic and kinetic
Pr A easurements made by the iWA system. It is crucial that the
This model of the system estimates the angle in each@xis g‘ ati d axial | 3(; dat é’ db ’ WA ffioientl
by integrating the angular velocity) and removing a biap) rientation and axiafload data recorded by | are suttigren

to account for drift errors in the gyroscope measuremdnts, accurate to provide clinically useful assessment.

discrete time Kalman filter was implemented through a series 1) K'”ef”a“c Validation -
. . . . . . A 3D motion capture system (Northern Digital Inc., Optotrak
of iterative equations that estimate the angle and bias WIH]

. . . . .Certus) was used to calibrate and validate the WA orientation
reference to the directly measured (quasi-static) orientation

(6., derived from the accelerometers in (1). The Kalmarnneasured by IWA. The system is widely used in human

. o . o . movement analysis and has excellent accuracy characteristics
equations partition into predictive and corrective stages y y

denoted by (-) and (+) superscripts respectively: iff rotational (0.04°) and linear (0.03mm) moti@d][ The iIWA
' sensor housing was instrumented with four active Infra-red

x) = Ax.D + By, (4)  (IRED) markers which were used to identify the WA as a rigid
Pk(_) = A.Pk(fi.AT +Q (5 body using calibration routines supplied with the motion
S, = C'Pk(_)' cT +R (6) capture software. The coordinate system of the rigid body was
K. = p©O) T g -1 ) defined to correspond with that of iWAhown in Fig. 3. A

k k Ik

) o o second rigid body was used to define the coordinate system of
X =X+ K (e = Cox ) ®)  the ground plane. The measurements made by iWA and the
Pk(+) = Pk(_) - K. C. Pk(_) (9) motion capture system were temporally synchronised at
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Fig. 4. The experimental configuration used to vaéidhe iWA orientation
measurements. Superscripts are used to denote coordimaés fra
sample rate of 150Hz using a common trigger signal conne: ‘% 1 2 3 4 5 & 7 8 9 1
to iIWA via a wired tether. The experimental setup ° 30
summarised in Fig. 4.

The accuracy of the orientations calculated by WA
dependent on the performance of the Kalman filter which m
be tuned to represent the system. This entails identify
appropriate values for the measurement and process noise
Q and R. The gains were determined by optimising the Kaln G
filter gains to minimise orientation error with respect Time (s)

reference data from the motion tracking system. T Fig. 5. Validation of iWA measurements; axial load vaffraxis loading at
Nelder-Mead l timisati | ith | t0.25Hz (top), roll angle (middle), pitch angle (lowi).
elder-viead non-linear optimisation algorithm was SeleCly v reference (dashed black), Measured (solid black)r Egrey , scale:

for this task because of its ability to find global minimahe right-hand axis)
parameter spade1]. Identical gains were used in roll and pitchyere analysedcmoss 10 load cycles for each frequency and the
and correspondingly the cost function of the optimisation Waggyits are presented in Table I. The results demonstrate that the
defined as the sum of the RMS roll and pitch errors. RMS percentage error is 5% of the applied load with a

To obtain representative validation data a research therapighsistent response across the operating frequencies. This
used iWA in a series of 5 walking sequences. The range of th&nonse is close to the performance of the loadcell in isolation
motion capture system restricted each sequence to 2-3 ste@for = 0.5%FS) demonstrating that the loadcell assembly is
dependent on stride length. The physiotherapist was askedsfRuctive in rejecting off-axis loading and incurs relatively
vary their speed and stride to emulate a rangeW& inor mechanical losses during operation.
conditions. A combined data set was generated by collating the
first two steps of each trial. The orientation angles calculated by . CLINICAL EVALUATION

the iWA data processing routines were compared to the angle%\ . tal uati £ IWA ducted t
reported by the motion tracking system to determine gfigr n expenmental evaluation of 1 was conducted to assess

5 shows a typical example. It is apparent that error is far motltl{I %ﬁ;l::atcy of ut?lg 'W_'If“h.W'th ? _tlyplcrzljlduser_ n ?hC“mI(.:a.l |
significant for roll, rather than pitch, due to the lower range abriitation - setting. IS entalls addressing the clinica
requirements in Section IlIA, with an emphasis on the collection

movement in that axis. A summary of the resudfgrésented in X WA ¢ dat d using th © deri
Table | which shows that the absolute errors in each orientati%k prlmary movement data and using these to derive a

are similar and compare favourably to other methods usedqmca"y relevant assessment of performance.
measure and characterise human motidin18]. A Method
2) Axial Load Validation _ _ _ The data reported here involves a single participant, used as a
The load cell assembly was validated against a universglyresentative case study, who gave written informed consent
testing system (Hounsfield, Type W) that was configured i@ take part in the evaluation. The participant #3aear old
apply clinically representative compressive loaditige WA
was placed in a vertical orientation (with respect to gravity) al KINEMATIC AND KINEM ATLAEéCEUIR ACY OF THEIWA SYSTEM
load was applied was applied at the handle mid-point (50n

<

N

Pitch Angle (Degs)
[

N [S)
Pitch Angle Error (Degs)

)

-
IN)
w
IN
3
o
~
©
©
5

from the longitudinal axis)A sine wave profile (150 N Error RMS Error Std Error Max
amplitude) at three frequencies (0.25, 0.5 and 1Hz) was usei g, (Degs) 095 0.25 210
reflect the temporal characteristics of typical WA use. Fig. 6, (Degs) 0.73 0.54 2.70
shows a representative example of the response. Peak el Load @ 0.25Hz (N) 238 2.13 6.94

i . . .~ Load @ 0.5 Hz (N) 2.25 2.13 6.68
occur at the onset of loading, likely due to mechanical stictic | .4 @ 1.0 Hz (N) 201 227 6.74

effects in the loadcell assembly. At zero load there is evider.

of a small degree of steady-state error. The error characteris 00t mean square (RMS), Standard Deviation (Std)



TABLE Il
female (height 1.7 m, weight 88 kg) with multiple sclerosis wh PERFORMANCEMETRICS FROM THEIWA CLINICAL EVALUATION

usesa WA on her right side to aid mobility. No significant

visual impairment or other co-morbidities were present. T FES Off FES On
participant used iWA in a clinical Functional Electrical Number of load phases 13 10
Stimulation (FES) treatment session. The FES treatment w EP;;:S&S;;EE‘ES)E" steps g? 28
applied to help compensate against the effects of MS | rms Load (% Body weight) 5.76 (2.29) 4.12 (0.65)
applying small electrical impulses to stimulate affected le Pitch range (degs) 14.1 (4.4) 17.5(4.7)
muscles and thus improve gai22[.The evaluation was Rollrange (degs) 4.0(26) 4.9(3.6)

approved by the University of Leeds and Leeds Teachir Data pairs show: Mean (Standard Deviation)
Hospitals NHS Trust Ethics Committees and clinicallyeport of discomfort or difficulties in using the iWA. Fig. 6
supervised throughout. shows the time series data for each case (FES On vs FES Off)
WA was used to provide comparative data of th&haded regions denote the loading phase of the WA cycle as
participant’s WA use with and without FES applied. Thedetermined by the step-counting algorithm. The pattern and
participant was asked to complete two repetitions of magnitude of WA orientations are similar between casestand i
standardised 10m wal23] along a level linoleum floor at a is evident that WA pitch is the dominant characteristic. During
pace with which she felt comfortable. In each exercise datge loading phase the WA roll remains near zero (the WA is
were recorded and analysed as described in Selfiorio  upright) while WA pitch moves in a linear fashion from below
determine WA orientatigrioad and walking cycle phase. Thezero (leaning toward the user) to plateau at a positive peak
walking cycle peak detection parameters wegg 10 N and  (leaning away from the user) at the phase mid-pdihts
Tias = 0.5 s, selected to avoid false triggering due to loadcelbrresponds to the axial load peak, indicating that the WA is
errors (see Table I) whileemaining sensitive tolight” WA being used to both push forward and support the user’s weight.
loading. Summary metrics were calculated from these data®@mparing both cases reveals that load reaches higher peaks
provide performance measures that capture quality of WA usfd is more variable with FES Off.
for evaluation by the supervising physiotherapist. Sehe The summary metrics of these data are presented in Table 1.
metrics were designed, in conjunction with clinicians, tqhe therapist supervising this study observed that with FES On
provide an objective measure of physical characteristics thag participant walked better and with less reliance on her WA.
would otherwise be judged subjectively in subject case notesthis clinical judgement shows strong agreement with the iWA
e Load: the axial force through the WA during use (definedgnetrics The therapist documented the number of steps taken by
as RMS load as a percentage of body weight) the patient which corresponds to the load phases detected by the
e Movement: movement of the WA during use (defined asWA (2 steps per load phase). The lower RMS Load magnitude
the angular range in roll and pitch axes during loading) indicates that the WA is relied on less for support and the
e Headway: the effectiveness of the subjexassisted gait variability suggests more consistent walking cycl&he roll
(defined as the number of load phases and tota).time  orientation is less revealing but the pitch metric shows an
increased range of movement during the load phase, consistent

B. Resullts. ~with the user completing the task faster and with fewer load
The participant completed the two sets of 10m walks with Nghases.
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IV. DISCUSSION
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meaningful information to characterise WA use. The system
validation in Section IIE demonstrates that the load and
orientation data measured by iWA has errors which atd
appropriate for this application and similar in magnitude to
comparable work in human movement analysis. (2]
The system was successfully evaluated in clinical settings
with the support of physiotherapists in the UK National Healtfy
Service. These outcomes were only possible through close
collaboration between engineers, clinicians and WA users
underpinned by a clear set of clinical requiremefite study 4l
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