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Can a shoe-mounted IMU identify the effects =
of orthotics in ways comparable to gait
laboratory measurements?

Max Lewin'?"®, Carina Price' and Christopher Nester'

Abstract

Background Footwear and orthotic research has traditionally been conducted within laboratories. With increas-
ing prevalence of wearable sensors for foot and ankle biomechanics measurement, transitioning experiments
into the real-world is realistic. However wearable systems must effectively detect the direction and magnitude

of response to interventions to be considered for future usage.

Methods RunScribe IMU was used simultaneously with motion capture, accelerometers, and force plates dur-

ing straight-line walking. Three orthotics (A, B, C) were used to change lower limb biomechanics from a control (SHOE)
including: Ground reaction force (GRF) loading rate (A), pronation excursion (A and B), maximum pronation velocity

(A and B), and impact shock (C) to test whether RunScribe detected effects consistent with laboratory measurements.
Sensitivity was evaluated by assessing: 1. Significant differences (t-test) and effect sizes (Cohen's d) between meas-
urement systems for the same orthotic, 2. Statistical significance (t-test and ANOVA) and effect size (Cohen’s d & )

for orthotic effect across measurement systems 3. Direction of orthotic effect across measurement systems.

Results GRF loading rate (SHOE: p=0.138 d=0.403, A: p=0.541 d=0.165), impact shock (SHOE: p=0.177 d=0.405,
C:p=0.668 d=0.132), pronation excursion (A: p=0.623 d=0.10, B: p=0.986 d=0.00) did not significantly differ
between measurement systems with low effect size. Significant differences and high effect sizes existed between sys-
tems in the control condition for pronation excursion (p=0.005 d=0.68), and all conditions for pronation velocity
(SHOE: p<0.001 d=1.24, A:p=0.001 p=1.21, B: p=0.050 d=0.64).

RunScribe (RS) and Laboratory (LM) recorded the same significant effect of orthotic but inconsistent effect sizes

for GRF loading rate (LM: p=0.020 d=0.54, RS: p=0.042 d=0.27), pronation excursion (LM: p<0.001 f=0.31, RS:
p=0.042 f=0.15), and non-significant effect of orthotic for impact shock (LM: p=0.182 d=0.08, RS: p=0.457 d=0.24).
Statistical significance was different between systems for effect of orthotic on pronation velocity (LM: p=0.010 f=0.18,
RS: p=0.093 f=0.25).

RunScribe and Laboratory agreed on the direction of change of the biomechanics variables for 69% (GRF loading
rate), 40%—70% (pronation excursion), 47%—65% (pronation velocity), and 58% (impact shock) of participants.
Conclusion The RunScribe shows sensitivity to orthotic effect consistent with the laboratory at the group level

for GRF loading rate, pronation excursion, and impact shock during walking. There were however large discrepancies
between measurements in individuals. Application of the RunScribe for group analysis may be appropriate, however
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implementation of RunScribe for individual assessment and those including pronation may lead to erroneous

interpretation.

Keywords Orthotics, Footwear, Wearables, Sensitivity, Validation

Background

Orthotic and footwear testing requires the measurement
of relevant variables to identify the changes in foot and
lower limb biomechanics that are induced due to changes
in design. Changes in foot pronation due to footwear and
orthotic use have been widely investigated [1-3] due to
its apparent association with lower limb injury [4]. Spe-
cifically, changes in the velocity and peak or range of foot
pronation due to foot orthoses have been quantified [3,
5]. Additionally, changes in ground reaction force (GRF)
loading rate have been used to quantify shock attenuation
properties of orthotic devices [6, 7] and differing foot-
wear midsole materials [8]. Impact forces and shock have
also been used to assess differences in footwear (barefoot
vs. traditional running shoes, [9]) and orthotic designs [6,
7, 10]. However, the above studies are laboratory-based
experiments during straight line walking or running.

Wearable technology for the measurement of footwear
and orthotic effects is not uncommon [11], examples
include plantar pressure assessment [12, 13] and tibial
accelerometers [14—17]. However, these are still utilised
within a structured laboratory setting. Laboratories can
be inaccessible due to high cost and skill requirements,
whereas wearable technologies offer portability, low cost,
reduced participant burden, and ease of application.
However, this potential benefit can only be realised if
wearables are able to output relevant variables with sen-
sitivity in magnitude or direction to different footwear or
orthotic designs.

The RunScribe is a commercially available IMU tar-
geted towards use within runners to provide insight
into running biomechanics. The units are affixed to the
laces of the shoe of both feet and allow the participant
to collect data on lower limb biomechanics outside of a
traditional laboratory. Data are subsequently synchro-
nised with a mobile phone app and processed using a
pre-defined algorithm to provide data for each step
during the collection period allowing users to view the
peaks of each variable for each step or to view averages
over the data collection period. The RunScribe is one of
several wearable human gait technologies and provides
temporospatial, GRF, acceleration, and foot pronation
variables. These have all previously been used to evalu-
ate the biomechanical effects of footwear and orthoses
using traditional methods in laboratory settings [1, 3, 6,
7,9, 10]. Previous validation studies show mixed agree-
ment between RunScribe and comparable laboratory

measures during running for pronation velocity (intra-
class correlation coefficient (ICC)=0.17—0.87) and
pronation excursion (ICC=0.40—0.57) [18], and
impact shock (ICC=0.38 — 0.54) compared to an
accelerometer [16]. For walking, the RunScribe has
been shown to have moderate agreement for prona-
tion excursion, maximum pronation velocity, and GRF
loading rate (ICC=0.54—0.63) but low agreement
for impact shock, braking shock, total shock and GRF
(ICC=0.18 - 0.35) compared with laboratory data [19].
RunScribe has also been used to identify differences in
impact shock with neutral, minimalist, and maximalist
footwear [16], and shown to be sensitive to changes in
impact shock due to softer flooring surfaces and run-
ning speeds [20].

The RunScribe therefore offers potential promise in
terms of validity of measures relevant to footwear and
orthotic design when compared to laboratory measure-
ments for some variables. Here we extend the under-
standing of its performance by investigating its ability
to identify differences in biomechanical variables due
to different orthotic designs to ensure its application to
all variables for potential assessment is warranted.

Aim

The aim of the study was to investigate the ability for
the RunScribe inertial measurement unit (IMU) to
detect the same orthotic effect as traditional laboratory
measurements on/for ground reaction force loading
rate, pronation excursion, maximum pronation veloc-
ity, and impact shock during walking.

Methods

Participants & protocol

Twenty participants (Male n=8, Female n=12) were
recruited: age (33.6 + 10.6 Years), height (1.71 £ 0.08 m),
body mass (73.2+11.9 kg) after ethical approval was
granted by The University of Salford School of Health
and Society ethics committee (application: 1391). Par-
ticipants walked at self-selected speed in their own
footwear as a control condition (SHOE), and three
orthotic conditions A, B, and C (differing in shape,
material, and proposed application) (Table 1), com-
pleting 5 walks producing 10 footsteps per foot in each
orthotic condition (20 total footsteps).
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Laboratory measurements

Participants walked across two 400X600 mm instru-
mented force plates (AMTI BP400600, Massachusetts,
USA) operating at 1000 Hz with thirteen Qualisys Oqus
cameras (Gothenburg, Sweden, 100 Hz) used for 3D
motion capture. Markers were placed bilaterally on
the: medial knee, lateral knee, medial malleolus, lateral
malleolus, heel, metatarsal head (MH) 1, MH2, MHS5,
with the addition of a four marker cluster on the outer
shank (Fig. 1) to enable the use of calibrated anatomi-
cal systems technique (CAST) [21]. All metatarsal head
markers were placed on the shoe over the top of the ana-
tomical landmark. As the RunScribe is a shoe mounted
system, the markers were placed on the shoe to allow for
the 3D motion to be tracked in the same way across both
systems.

A Delsys Trigno Avanti (14 g) (Natick, Massachusetts,
USA) sampling at 135 Hz was affixed bilaterally to the
shank of participants approximately 10 cm above the
medial malleolus. The attachment site was palpated to
ensure the accelerometer was placed over the bony area
of the shank avoiding areas of soft tissue. The acceler-
ometer was positioned with the z-axis aligned to the axis
of the tibia and fixed using double sided tape and subse-
quently wrapped using medical tape to reduce oscillation
associated with foot contact. The Delsys accelerometer

Fig. 1 Marker and equipment placement on lower limbs
and participant footwear
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was started manually before each walk allowing it to
operate simultaneously to the other laboratory measures.

RunScribe measurement

The RunScribe IMU (Scribe Labs, Moss Beach, Califor-
nia, USA) sampling at 500 Hz was fitted to the laces of the
footwear on both limbs as per the manufacturer instruc-
tions (Fig. 1). The RunScribe was started manually prior
to the commencement of each walk allowing it to oper-
ate simultaneously with the force plates (force), Qualisys
cameras (motion), and Delsys accelerometer (Shock).

Data processing and synchronisation

Data from the RunScribe was processed from the Run-
Scribe system using the mobile application and the pre-
defined data processing algorithm available when using
the IMU sensors. This processing method extracted a
maximum value for each variable per step. The number
of steps before the force plates was identified using data
from the 3D motion capture system, this allowed for
identification of the data from the RunScribe that corre-
sponded to valid trials with contact with the force plates
and were extracted for further analysis. Variables from
the RunScribe for further analysis were GRF loading rate
(N/Kg/s), pronation excursion (°), maximum pronation
velocity (°/sec), and impact shock (g).

The same synchronisation process was followed for
data from the Delsys accelerometer, where peak positive
axial acceleration (along the tibia) was extracted to cor-
respond to impact shock from the RunScribe IMU. Data
from the force plates and 3D motion cameras were pro-
cessed using Visual 3D (C-Motion, Maryland, USA). A
Butterworth low pass filter was used on marker trajecto-
ries (10 Hz) and force data (20 Hz).

The shank was modelled with the proximal end defined
using medial and lateral knee markers, and the distal with
medial and lateral malleolus markers. The foot was mod-
elled as a single segment with the proximal end defined
using the malleolus markers and MH1 and MH5 defin-
ing the distal joint. These were projected to the floor to
remove the offset through definition of a virtual foot and
then the heel and three metatarsal markers were used for
tracking. Pronation was defined as the rotation of the foot
with respect to the shank in the frontal plane. Pronation
excursion was defined as the range of pronation from ini-
tial contact to maximum pronation, and maximum pro-
nation velocity was the maximum instantaneous velocity
of joint rotation during this period. GRF loading rate was
extracted from the force plate data.

Data was extracted from the left and right limbs from
all systems, which was then averaged across both limbs to
create a single participant average for comparison of the
measures from the RunScribe and laboratory systems.
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Theoretical orthotic effect
Each orthosis was assessed for design features which
may affect foot pronation, GRF or acceleration data in
different ways (Table 1). A theoretical effect for each of
the foot pronation, GRF loading rate, and impact shock
variables was established based on the identified orthotic
design features. This theoretical effect was tested using
data from both the wearable and laboratory measures.
Thereafter, a comparison of the outcome was made to
answer the following question for each of the included
variables.

Is a change in GRF loading rate, pronation excursion,
pronation velocity, and impact shock in response to
orthotic use detected by both measurement systems?

Statistics

SPSS statistics 26 (IBM, New York, USA) was used to test
differences between measurement systems (measure) and
between orthotic conditions (orthotic). Data was checked
for normality using a Shapiro—wilk test. Pronation excur-
sion data was normally distributed without significant
outliers. GRF loading rate data contained four individu-
als with outlying data, maximum pronation velocity data
three outlying data points, and impact shock a single out-
lier. These data points were removed from further analy-
sis therefore participant numbers for each variable were:
GRF loading rate n=16, pronation excursion n=20,
maximum pronation velocity n=17, and impact shock
n=19.

To determine the ability for the RunScribe to accurately
measure biomechanics variables, paired t-tests were
used to compare variables across systems for the same
condition. To determine the ability for the RunScribe to
replicate results of orthotic testing from the laboratory
system, paired t-tests were used to compare the control
condition and test orthotic (GRF loading rate and impact
shock). A repeated measures ANOVA was used for the
same purpose when comparisons were required between
the control condition and two orthotic conditions (pro-
nation excursion and pronation velocity). Cohen’s D (d)
effect size was calculated when a t-test was used and
interpreted as: small (d=0.20), medium (d=0.50), and
large (d=0.80), Cohen’s F (f) effect size was calculated
where an ANOVA was used and interpreted as: small
(f=0.10), medium (f=0.25), and large (f=0.40) [22].

To assess individual response to the orthotic and the
ability for the measurement systems to detect this the dif-
ference between the orthotic conditions in each system
was calculated. This was firstly used to identify the num-
ber of participants where the response to the orthotic
occurred in the same direction for both systems. For fur-
ther analysis, the absolute difference between this value
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from the RunScribe and the laboratory system was calcu-
lated to remove the influence of directional differences.
This was used to assess both the magnitude of difference
between the control and orthotic conditions, and the
magnitude of difference between the two measurement
systems.

Evaluation criteria

RunScribe was said to be comparably sensitive to the
orthosis effect vs. laboratory measurement approach
when:

1. There was no statistically significant difference
(p>0.05) and low effect size (d=0.2) indicated by the
t-test between the measure given by the RS and the
LM for the same orthotic condition.

2. There was matching statistical significance (ie. Both
RS and LM show p<0.05 or p>0.05) and effect size
classification (low, medium, high) for orthotic effect.

3. The direction of the orthotic effect: Individual
response to orthotics were assessed as control minus
orthotic A, B, or C and orthotic A minus orthotic
B, enabling the presentation of data for response to
orthotic in both systems. This therefore enabled an
analysis of the measurement systems to assess the
ability for the RunScribe to detect the same response
to orthotic use as the laboratory measurement sys-
tem for all participants.

Results

Is an alteration in GRF loading rate in response to orthotic
use detected by both measurement systems?

The orthotic was successful in reducing GRF loading
rate (p=0.020 (LM) and p=0.042 (RS)), with medium
(d=0.54) and small (d=0.27) effect sizes respectively.
There was no significant difference between the meas-
urement systems (p>0.138) with small effect sizes for
both SHOE (d=0.17) and orthotic A (d=0.40) (Table 2).
Individual response to orthosis showed that LM and RS
agreed on the direction of the change in GRF loading rate
for 11/16 (69%) participants (Fig. 2). The average absolute
difference between systems for response to orthotic was
1.42 N/Kg/s ranging from 0.01 N/Kg/s to 3.46 N/Kg/s
when considering individual participant data.

Is a change in pronation excursion and pronation velocity
in response to orthotic use detected by both measurement
systems?

There was significant main effect for orthotic (p<0.001
(LM) and p=0.042 (RS)) with medium (0.31) and small
(0.15) effect sizes respectively. Both systems detected a
significant reduction in pronation excursion when wear-
ing orthotic B compared to orthotic A, however the
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Table 2 Ground Reaction Force loading rate research question data outcomes

GRF loading Rate (N/Kg/s) Laboratory measurement RunScribe (RS) Mean difference Effect Size (d)
(LM) (P-Value)

SHOE 143+22 140408 0.3(0.541) 0.17

Orthotic A 132419 13.8+09 0.6 (0.138) 040

Mean difference (P-Value) 1.1 (0.020) 0.2 (0.042)

Effect Size (d) 0.54 0.27

Data presented as Mean+SD

Significance level set at p <0.05

GRF loading rate (N/Kg/s)

-2

Fig. 2 Difference in GRF loading rate between orthotic conditions (SHOE minus orthotic A) as measured by the RS (Black) and the LM (Grey)

RunScribe detected a significant reduction in pronation
when wearing SHOE compared to both orthotic con-
ditions whereas the LM did not. Significant difference
(p=0.005) was seen between systems for SHOE with
a large effect size (4=0.68), but no significant differ-
ence between the measurement systems for the orthotic
conditions (p>0.623) and small effect sizes (d<0.10)
(Table 3).

Table 3 Pronation excursion research question data outcomes

The direction of the response to orthotic A compared

to the control condition was the same between RS and
LM for 8/20 (40%) participants (Fig. 3a) the average abso-
lute difference between systems for response to orthotic
was 2.6° ranging from 0.2° to 11.6°, only 10/20 (50%) of
participants saw agreement between the two systems
for direction of response to orthotic B (Fig. 3b) with the
average absolute difference between systems for response

Pronation excursion (°) Laboratory measurement RunScribe (RS) Mean difference (P-Value) Effect Size (d)
(Lm)

SHOE 10.1+£1.9 8.1+38*P 2.0 (0.005) 0.68

Orthotic A 94+24% 9.4 +45%¢ 0.0 (0.986) 0.00

Orthotic B 85+2.2% 82+39%¢ 0.3(0.623) 0.10

ANOVA P-Value <0.001 0.042

Effect Size (f) 0.31 0.15

Data presented as Mean+SD
Significance level set at p <0.05

" ab< |dentifies significant difference between conditions
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to orthotic being 2.1° ranging from 0.3° to 5.5°. Compar-
ing the orthotic conditions, 14/20 (70%) participants
showed agreement between systems for response to
wearing orthotic B compared to orthotic A (Fig. 3c), the
average absolute difference between systems for response
to orthotic was 1.6° ranging from 0.0° to 6.1°.

A significant main effect was seen between orthotic
conditions on maximum pronation velocity when meas-
ured by the LM (p=0.010) (f=0.18 (small)), and signifi-
cant difference between orthotic A and B (p=0.048).
This was not however identified by RS (p=0.093)
(f=0.25 (medium)). There were significant differences
between the LM and the RS measures of maximum pro-
nation velocity across all test conditions (p<0.05) with
large effect sizes (d>0.64). The RunScribe consistently
recorded greater pronation velocities than the LM (mean
differences 25.8—60.9°/sec) (Table 4).

The measurement systems agreed on the direction of
change in pronation velocity when wearing orthotic
A for 11/17 (65%) participants (Fig. 4a) the average

a) b)
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absolute difference between systems for response to
orthotic was 47.7°/sec ranging from 5.9°/sec to 101.9°/
sec, correct direction of change was identified in 8/17
(47%) participants for orthotic B compared to the con-
trol (Fig. 4b) the average absolute difference between
systems for response to orthotic was 28.7°/sec rang-
ing from 2.1°/sec to 97.8°/sec. The change in prona-
tion velocity due to the orthotics occurred in the same
direction for RS and the LM in 10/17 (59%) participants
when comparing orthotic A and orthotic B (Fig. 4c)
the average absolute difference between systems for
response to orthotic was 34.3°/sec ranging from 2.1°/
sec to 96.3°/sec.

Is a change in impact shock in response to orthotic use
detected by both measurement systems?

There was no significant difference between SHOE
and orthotic C in the RS or LM systems (p >0.18) with
small effect size (d <0.24) (Table 5). There was no signifi-
cant difference between the two measurement systems

o —
O |—
-

-

|011!21314|5‘617| I920 1 2!3 678

Pronation excursion (°)

b o U h b A b YA o Rr NSO

N
S)

-11

Fig. 3 Difference in Pronation Excursion between orthotic conditions as measured by the RS (Black) and the LM (Grey).

b) SHOE minus Orthotic B, €) Orthotic A minus Orthotic B

Table 4 Maximum Pronation Velocity research question outcomes

101112131415'6'7181920 1 2345 6 7 8 910111213141516 7181920

a) SHOE minus Orthotic A,

Maximum pronation velocity Laboratory Measurement RunScribe (RS) Mean Difference (P-Value)  Effect Size (d)
(°/sec) (LM)

SHOE 181.2+£315 2420=+61.7 -60.8 (<0.001) 1.24

Orthotic A 196.7+33.2° 2224+46.5 -25.7 (0.050) 0.64

Orthotic B 1803+29.1° 224.5+41.1 -44.2 (0.001) 1.24

ANOVA P-Value 0.010 0.093

Effect Size (f) 018 0.25

Data presented as Mean+SD
Significance level set at p <0.05

2 Signifies significant difference between conditions
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Maximum pronation velocity (°/sec)

-20

L 3[5 6 7F91011!2131415|6|7

-40

-60

Fig. 4 Difference in Maximum Pronation Velocity between orthotic conditions as measured by the RS (Black) and the LM (Grey).
minus Orthotic A, b) SHOE minus Orthotic B, ¢) Orthotic A minus Orthotic B

Table 5 Impact shock research question outcomes

T
i [ !0111213141516 12345

[ i IB |0111213 4151617

a) SHOE

Impact shock (g) Laboratory measurement

RunScribe (RS)

Mean Difference (P-Value) Effect Size (d)

(LM)
SHOE 14+04 1.5+04 0.1 (0.668) 0.13
Orthotic C 14104 16+05 0.2(0.177) 041
Mean Difference (P-Value) 0.0 (0.182) 0.1 (0.457)
Effect Size (d) 0.08 0.24

Data presented as Mean+SD
Significance level set at p <0.05

(p>0.177) and small effect sizes when comparing sys-
tems for the orthotic conditions (d <0.41).

The measurement systems showed agreement for
direction of change in response to orthotic C for 11/19
(58%) participants (Fig. 5) the average absolute differ-
ence between systems for response to orthotic was 0.26 g
ranging from 0.00 g to 0.93 g.

Discussion
Using the evaluation criteria to assess the RunScribe for
each research question enabled the performance of the
RunScribe for measurement of lower limb biomechanics
to be compared to that.

of a traditional laboratory measurement system. Over-
all, the RS system showed capability as a tool to inves-
tigate orthotic and likely footwear effects for selected
biomechanical variables. There were no significant differ-
ences between the RS and LM systems for GRF loading
rate, impact shock, and for 2 out of 3 orthotic conditions

for pronation excursion, therefore satisfying our first
evaluation criteria. The second criteria was satisfied for
GRF loading rate, impact shock, and pronation excursion
by having the same statistical significance for orthotic
effect in both systems. Effect sizes differed between sys-
tems, but were categorised at the same level (e.g. low,
medium, or high [22]),. This criteria was however not sat-
isfied for maximum pronation velocity. Our third criteria
centre on the number of participants for whom the RS
identified the same direction of orthotic effect as the lab-
oratory measures. This ranged from 40—70% across the
variables tested, and was over half of the sample with the
exception of the effect of orthotic A on pronation excur-
sion and orthotic B on maximum pronation velocity.

The practical utility of the RS for orthotic and foot-
wear applications is supported by its ability to detect
response to orthotic conditions across a sample popula-
tion. In a standard group mean study design this would
enable researchers, industry or clinicians to subsequently
answer research questions. On the group level, the RS
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Fig. 5 Difference in Impact shock between orthotic conditions (SHOE minus Orthotic C) as measured by the RS (Black) and the LM (Grey)

detects directional response in line with the traditional
laboratory leading to the same conclusion for impact of
orthotic use upon GRF loading rate, impact shock, and
pronation excursion. However, when the data is exam-
ined on an individual level, the RS is less successful at
detecting differences in response to orthotic, having
lower utility within this area.

Results from the RS show a significant reduction in
GRF loading rate due to the orthotic and small effect size
(vs. medium effect size for the laboratory measurement).
There was no significant difference between the RS and
LM systems for measurement of the same orthotic con-
dition, demonstrating comparable measurements from
both systems. The RS also matched results from the
laboratory measurement for GRF loading rate in 69% of
participants. The agreement between systems was mixed
at the individual level when considering the range of dif-
ference between systems when measuring orthotic effect
(0.01 N/Kg/s to 3.46 N/Kg/s). Different footwear [23]
and orthotic designs [7] have been effective in reducing
GRF loading rate during running, as have different mid-
soles during drop landings [24] within which the results
link reduced GRF loading rate to increased cushion-
ing properties within footwear. Considering the current
results, and the prevalent use of GRF loading rate within
footwear and orthotic testing [6-8, 23, 24] the RS has
a place testing such products on the group level due to
replication of the statistical relationship between condi-
tions being equivalent to those measured by the labora-
tory. Considering the use of the RS as a tool to measure
an individual’s response to orthotics, the RS should be
applied with caution in this scenario due to the mixed
agreement with the laboratory measurement system.

Prior to testing, there was a strong potential use of the
RS within research due to it’s potential to quantify pro-
nation, the reduction of which is frequently an aim of
footwear and orthotic interventions [1-3], custom made
orthotics [25] and for treatment and prevention of lower
limb pathologies [26]. There was no significant difference
in pronation excursion between RS and LM for 2 out of
3 orthotic conditions and comparison of orthotic effect
was also significant in both RS and LM measurement
systems. The RS enables a difference in orthotic condi-
tions to be detected in line with the laboratory measure-
ments, therefore providing a suitable measure for group
analysis of orthotic effect on pronation excursion. The
RS correctly identified a maximum of 70% of individual
relationships, recording a maximum difference between
systems for response to orthotic of 11.6°. The low number
of correct individual relationships here is related to dif-
ferences between the RS and the laboratory measures in
the control condition, whereas the results for the orthotic
conditions are more comparable across the two systems.
Within applications of the RS on an individual basis, cur-
rent results showing a large number of incorrect deci-
sions made regarding effect of orthotic could lead to an
efficacious intervention to be deemed ineffective, or
an ineffective intervention to be deemed as effective.
Despite the pre-testing potential for RS to be imple-
mented for the assessment of pronation, considering the
current results and potential implications, application of
the RS for assessment of pronation excursion at the indi-
vidual level should therefore be considered with caution.

The RS was significantly different to the LM for maxi-
mum pronation velocity with large effect sizes in all com-
parisons across systems, and the RS measured the correct
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direction of change of maximum pronation velocity from
orthotic use in 47%—65% of participants. Both systems
defined the variable in the same period of stance and using
frontal plane motion of the shoe/foot unit. The differing
sample frequencies however would have influenced the
velocity calculation, furthermore any error in excursion
would result in potential error of velocity also. The mag-
nitude of the individual differences also highlights the low
agreement between the systems, with a maximum abso-
lute difference of 101.9°/sec between the systems for the
orthotic response. The average difference was 28.7°/sec to
47.7°/sec dependant on the conditions being compared,
representing a large difference given the average group
difference between conditions as measured by the labo-
ratory was only a maximum of 16.4°/sec. This therefore
means that the RS IMU is not suitable for measurement
of maximum pronation velocity for either a standalone
measurement of pronation, or a method for accurately
detecting differences between orthotic conditions.

The RS provided a comparable measure of impact
shock to the laboratory measurement for both condi-
tions indicated by non-significant differences when com-
paring RS and LM systems, and small effect sizes. The
differences in mounting location between the RS and
the Delsys accelerometer (LM) within the method are
expected to cause differences in magnitude of impact
shock due to attenuation and the different axis of meas-
urement [27]. However, there was no significant dif-
ference between SHOE and orthotic C in either of the
measurement systems. The impact of orthotic usage was
measured in the correct direction by the RS in 58% of
participants, the average absolute difference between
systems for orthotic effect was 0.26 g with a maximum
difference of 0.93 g, representing a large difference
between systems considering the small magnitude of
impact shock measured and the absence of difference
between conditions at the group level. As there is no dif-
ference between conditions when measured by the labo-
ratory measurement, the RS shows the ability to provide
the same results as the laboratory measurement system.
The importance of a reliable measurement of impact
shock within research is crucial due to widespread usage
of shock absorbing insoles for prevention of lower limb
injuries [26], field studies employing shock absorbing
insoles have not tested the effectiveness of the interven-
tions in vivo [28]. The RS would therefore enable a deter-
mination of insole effectiveness for shock absorption
and prevention of subsequent injuries in this scenario.
To fully understand the utility of the RS, it must be com-
pared against the laboratory measurement when a dif-
ference is present between orthotic conditions. This will
enable a conclusion to be drawn on whether the RS is
sensitive to the changes in impact shock that an orthotic
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could create, enabling future implementation of the RS
within orthotic testing.

Further influence on the difference between the labora-
tory and RS for all variables may relate to the footwear
and fastening techniques used by each participant. Par-
ticipants were responsible for lacing their own footwear,
therefore lace pressure may not have been consistent
across participants or conditions. As the RS is affixed to
the laces, tight lacing would hold the RS firmly in place
against the tongue of the footwear, loose lacing would
lead to the RS not being rigidly fixed creating excessive
movement in the RS alongside the shoes and associated
markers. This may also impact the shock measured by the
RS system due to increased oscillation and movement of
the unit becoming uncoupled with the shoe. As this fac-
tor is dependent on the individual footwear fit and lacing
pressure and will change from participant to participant,
this may provide some explanation for some of the larger
individual differences present within the results.

Effects of an orthotic on biomechanical outcomes are
generally lesser in magnitude than that of a footwear
intervention for example to control excessive pronation
[25]. Furthermore footwear [9] is more effective than
orthotics [7, 10, 29] for reduction of peak acceleration,
and footwear also has larger effect on vertical loading
rates [30] than orthotics [31]. As the differences associ-
ated with orthotics are relatively small, the questions
posed of the RS within the current research provide a
robust test of the RS measurements. The ability to detect
the differences and similarities between orthotic inter-
ventions within the current results show promise for
future application within footwear testing where differ-
ences between conditions are likely larger [25], allowing
the measurement device to be less sensitive to measure
the differences accurately. This would therefore enable
both footwear and orthotic testing to be completed in the
field allowing data to be captured and assessment of foot-
wear and orthotic products to be completed within sce-
narios that are not accessible by traditional measurement
methods. The results from the current study highlight
that future application of RS should consider its capabil-
ity to detect group differences in GRF loading rate, pro-
nation excursion and impact shock between footwear
conditions. RS is not recommended for experimental
designs testing pronation velocity at the group level or
testing individual patients. A limitation of the current
study includes the effectiveness of orthotic C in reduc-
ing impact shock. Orthotic C displayed the same levels of
impact shock as the control condition when measured by
the laboratory measurement, it could therefore only be
concluded that the RS is able to measure impact shock at
a similar level to the traditional laboratory measurement.
However further exploration of orthotic materials with
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different impact shock absorption properties can clarify
the efficacy of RS compared to the lab across a range
of shock values. Aims of the current investigation were
surrounding the ability of the RS to accurately detect
change, therefore use of an orthotic that has confirmed
effectiveness in reducing impact shock over the control
would enable an understanding of whether the RS is able
to measure this difference, and satisfy the aims of the
study. Further limitations include the low sampling fre-
quency of the Delsys Trigno avanti accelerometer used as
the laboratory measurement was undertaken through a
mobile app. The low sampling frequency here may have
led to aliasing error, missing the true peak of the positive
acceleration meaning impact shock recorded by the labo-
ratory system could be an underestimation.

The use of RS in the laboratory environment is an
essential step in the research process and it has also let
us explore its capability to address theoretical orthotic
research questions. However constraining the assessment
to a laboratory environment lacks the external validity of
the real-world use of RS which is its main benefit. Simi-
larly the results being captured over 20 steps as opposed
over a days worth of walking on varied terrains and floor-
ings needs to also be considered when applying RS to real
world orthotic assessment.

Conclusion

The RunScribe IMU delivers a solution to real-world gait
measurement with suitable variables for the testing of
footwear and orthotics. Assessing the RunScribe against
the evaluation criteria set out within the methods showed
promise for use at the group level to replicate statistical
relationships seen using traditional laboratory measures
for the effect of orthotics on GRF loading rate, pronation
excursion, and impact shock. The RunScribe also pro-
vided a group average measurement of these variables
that was not statistically significantly different to that
of the lab alongside low effect sizes. There was however
significant differences between systems for maximum
pronation velocity and large effect sizes, the systems
also did not show the same statistical effect of orthotic
on maximum pronation velocity with varied effect sizes.
Examination of individual differences show the RS to be
unreliable at replicating results for individual response to
orthotic usage, therefore implementation of the RS and
interpretation of results should be done with caution.
The benefits to using the RS system have been outlined
in comparison to traditional biomechanics measurement
using 3D motion capture, force plates, and accelerome-
ters providing a real-world alternative to orthotic testing.
However the results from the current investigation show
that some usages of the RunScribe may lead to erroneous
interpretation of orthotic effect.
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