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ARTICLE INFO ABSTRACT

Keywords: Background: Pressure-measuring insoles have the potential to measure plantar contact area (PA) during walking.
Gait However, they are not widely used for this purpose because of the need for a reliable process that can convert the
Pressure-measuring insole insole output into PA. The purposes of this study were to: (1) develop an adaptive-threshold method for pressure-
Contact area measuring insoles that can improve the accuracy of the PA measurements during walking, and (2) experimen-
gg:;?ii/ge;ig;gﬁiy tally assess the accuracy and generalizability of this method.

Fixed threshold Methods: A sample of 42 healthy, ambulatory, young adults (age = 24.3 + 3.2 years, mass = 67.2 + 16.9 kg,
height = 1.63 + 0.08 m) completed 10 trials walking on an elevated walkway while wearing Medilogic®
pressure-measuring insoles (sizes 35-45). A total of six insole sizes were considered. Insole data were converted
to PA using three unique adaptive-thresholds that were based on percentages of the maximum sum of digital
values (MSDV) during an analyzed step. Three values were considered: 0.1%, 0.2%, and 0.3% of the MSDV.
Additionally, a fixed-threshold, which is typically used to estimate PA, was assessed. These two techniques,
applied to the insole worn on the left foot, were compared with PA obtained from high-resolution reference
footprints obtained from optical pedography of the right foot and processed using digital image processing
algorithms. An assumption of PA symmetry between the left (insole) and right (barefoot) feet was made and
comparisons were conducted over the entire stance phase of walking. The generalizability of the algorithm was
assessed by comparing PA errors from insoles with respect to the optical pedography results based on insole size
criteria.

Results: The adaptive-thresholds of 0.1%, 0.2%, and 0.3% of MSDV produced mean errors of 7.31 = 17.44%,
—8.62 * 15.01%, and —20.45 = 14.18%, respectively. Using the 2-digital value fixed-threshold produced a
mean error of 20.88 * 22.44%. The best performing adaptive-threshold varied among insole sizes.

Conclusion: It was observed that the fixed-threshold technique produced large magnitudes of errors. The proposed
adaptive-thresholds of 0.1% and 0.2% of the MSDV reduced PA error to = 10% during walking. The adaptive-
threshold method consistently reduced PA error vs. the fixed-threshold for each insole size.

1. Introduction

Foot postures, such as pes cavus (high arch) and pes planus (flat
foot), are prevalent in community dwelling older adults (5.2% and
19%, respectively) [1] and older adults with diabetes (24.1% and
18.6%, respectively)[2]. Pes cavus and pes planus foot structures lead
to elevated plantar pressures that increase risk for lower extremity in-
jury [3], lower extremity pain [4,5], and foot deformities [2]. Fur-
thermore, compared to normal foot structure, pes cavus and pes planus
feet show reduced and increased plantar contact area (PA), respectively
[6,7]. To use PA as a diagnostic tool of foot structure, valid and reliable
methods for identifying the PA are needed. Although PA can be

obtained both statically or during walking, dynamic footprint indices
can provide a more complete assessment of foot function compared to
static footprint indices [8-11].

Simple pedography techniques to measure the PA during walking
include ink-mat [12-18] and paper [6,15-17,19]. While these techni-
ques are easy to use and of limited cost, their main disadvantage is that
only a single footprint, representing the maximal PA, is obtained. They
are unsuited for monitoring changes in PA during walking as several
separate footprints from various instances during the stance period are
needed to quantify the changes of the footprint over time. This process
is time intensive and could not be obtained using a natural gait pattern.

The above deficiency is addressed by optical pedography combined
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Fig. 1. Elevated walkway.

Automatic Identification Algorithm

Fig. 2. Optical pedography method including (1) PA phases (heel-on = H-ON, full contact with no toes= FCNT, full contact with toes= FCWT, and heel-off = H-

OFF) and (2) automatic identification of contact area.

with digital image processing techniques [20-30]. This technique al-
lows the plantar surface of the foot to be recorded by a digital camera
located underneath a transparent platform, typically made of acrylic.
Digital image processing techniques are then used to segment the
footprint from the background. This technique has several advantages
including the ability to assess progressive PA changes over the entire
stance phase of walking and high capture rates. Disadvantages of this
technique include a lack of standardized methods to identify the foot-
print using digital image processing algorithms, cumbersome data

processing, and limited portability.

Recently, some researchers used various electronic pedography
techniques [6,14-17,31] to evaluate PA during walking. These techni-
ques are able to measure the PA and the associated normal ground
reaction force component over multiple steps in various locations.
However, these pressure-measuring devices rely on a grid of sensors
whose accuracy varies between and among devices [32] and the spatial
resolution of the sensor grid [13,33]. Bending of the insoles [34] and
hysteresis of sensors [35] introduce factors that may increase pressure-
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Fig. 3. PA curve from optical pedography method.

measurement and PA error during walking.

Current insole PA measurement techniques involve recording
plantar pressures and identifying active sensors above a fixed-threshold
[16,32,36,37]. However, this technique may not be appropriate for
measuring the PA during walking since pressure measurement errors
may increase proportionately with the load applied to the sensors. In
the current study, an alternative adaptive-threshold approach that ad-
justs the threshold value to the maximal digital value output from the
insole during walking is proposed.

The purpose of this study was to (1) develop an adaptive-threshold
method for pressure-measuring insoles to improve the accuracy of the
PA measurements during walking, and (2) experimentally assess the
accuracy and generalizability of this method. It was hypothesized that
an adaptive-threshold method would be more effective at reducing PA
error compared to the use of a fixed-threshold. The results of the pro-
posed electronic pedography method on the left foot were compared to
the corresponding optical pedography technique on the right foot to
assess its accuracy. An assumption of PA symmetry between the left
(insole) and right (barefoot) feet was made and comparisons were con-
ducted over the entire stance phase of walking.

2. Material and methods
2.1. Participants

A sample of 42 healthy, ambulatory, young adults (age = 24.3 =+
3.2 years, sex (male/female) =15/27, mass = 67.2 * 16.9 kg,
height = 1.63 + 0.08 m) gave the researchers institutionally-ap-
proved written consent (IRB protocol 772154-6). All participants were
free from lower extremity injuries and obvious foot deformities, as re-
ported by the participants and observed by the research team. Age,
mass, height, and insole size were obtained from all participants.
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2.2. Pressure-measuring insoles

Medilogic” (Schonefeld, Germany, 60 Hz) pressure-measuring in-
soles were used in the current study. The number of sensors on the
Medilogic® insoles ranges between 93 and 162 sensors depending on the
size. Each sensor is a 0.75 X 1.5 cm rectangle (1.125 cm?) and outputs
pressure using an 8-bit converter covering a range of digital values from
0-255. The insole manufacturer states that the 255 digital value is
equal to 64 N/cm? and that the sensor output is linear [38].

2.3. Elevated walkway

All walking trials were collected on a custom-built elevated acrylic
walkway (2.54 cm thick, 1.21 m long, 0.6 m wide, 0.9 m height)
(Fig. 1). Acrylic is known to have a low refraction index [39] and high
modulus. A stress analysis of the custom acrylic platform determined a
maximum deflection of 1.25 mm assuming a 90 kg individual placing
their heel in the middle of the plate. A digital camera (Nikon 1°, J4
model, Tokyo, Japan) was used in all experiments. The camera, which
produced images of 1920 x 1080 pixels at a rate of 60 frames per
second, was placed below the center of the acrylic walkway. The
camera was placed in customized 3-D printed housing at a marked lo-
cation on the ground, 0.9-m below the acrylic platform, for internal
consistency. Plantar pressures from each sensor on the left foot were
recorded simultaneously at 60 Hz using Medilogic® software to de-
termine left foot PA. The PA from the bare right foot was measured
using a previously validated optical pedography technique [40].
Therefore, PA from both the right and the left foot were recorded si-
multaneously at the same sampling rate (60 Hz) during each walking
trial using two separate techniques:

(1) left foot — pressure-measuring insole
(2) bare right foot — optical pedography.

PA measured over the stance phase of a left foot step was then
compared to the PA measured over the stance phase of a right foot step
to calculate PA error for each trial. A detailed explanation of the
pressure-measuring insole and reference optical pedography technique
are found in the following sections.

Pre-processing procedures and data extraction from the optical
pedography algorithm are briefly presented in this section (Fig. 2).
Optical pedography footprints for the stance phase of walking were
generated for each trial using a custom automated identification algo-
rithm. The algorithm was based on the observation that when the
plantar tissues are compressed they blanch in comparison to the re-
mainder of the foot, producing a change in coloration of the PA. The
concurrent validity of the automated identification algorithm was ex-
amined in a separate experiment [40]. The automated identification
algorithm showed strong agreement with a reference manual

Fig. 4. Foot placement on insole and insole inserted within sock.
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Fig. 5. Identification of the beginning (A) and end (B) of the second step.
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Fig. 6. Processing of the normal component of the ground reaction force (GRF)
during stance phase. Heel contact (HC) and toe-off (TO) are identified using the
40 N threshold using the corrected GRF curve.

planimetric tracing method (ICC = 0.939).

It was observed that the stance period has four phases: (1) Heel
Contact, (2) Full Contact with No Toes, (3) Full Contact With Toes, and
(4) Heel Off. A reference image was chosen from each phase using the
criteria below.

. Heel Contact: frame when the entire heel was in contact with the
acrylic platform without any midfoot contact.

. Full Contact with No Toes: frame when the entire foot was in contact
with the platform without any toe contact.

. Full Contact with Toes: frame when the entire foot, including the
toes, were in contact with the platform.

. Heel Off: frame when the entire heel was elevated off the platform
leaving only the forefoot in contact.

This approach, using multiple reference images, was used because
the color of the plantar contact area changed at each phase. In addition
to selection of a single reference image for each phase of stance, the
frame numbers corresponding to the start and end of each phase were
identified. Further details can be found in Ref. [40].

For each reference image selected, a contour was drawn along
perimeter of plantar contact area and the mean Red-Green-Blue
(RGB) = twice the standard deviation (SD) was calculated for each
phase. These RGB ranges were used as to identify the pixels that were
part of the PA. Pixels identified as a part of the plantar contact area
were summed for each footprint and converted to area (cm?) using a
conversion factor obtained from calibrating the camera. An exemplary
area-time curve for the stance phase of walking for a single trial is
shown in Fig. 3.

2.4. Experimental protocol

Participants were fitted with tight-fitting black clothing and black
nitrile gloves to reduce interference of body parts, other than the foot,
during image processing. The right foot of each participant was bare-
foot for the entire procedure, to measure PA using the optical

pedography technique [6,16,36,41], and a pressure-measuring insole
recorded pressures from the left foot. The spatial resolution using the
optical pedography method for the right foot was 1 pixel equals
0.0016 cm?, whereas the spatial resolution of the pressure-measuring
insole on the left foot was 1 sensor equals 1.125 cm?. Insoles were se-
lected based on participant shoe size. In cases where plantar surface of
the toes was not covered by the insole, the next largest size was selected
(Fig. 4). To simulate barefoot walking, the insoles were placed inside
thin socks provided by the researchers [42].

Participants were asked to perform 10 non-recorded practice trials
and were instructed to perform the following sequence of steps: (1) step
on the walkway with their right foot first, (2) walk along a straight line
at a normal pace, (3) keep their eyes focused ahead, and (4) maintain a
similar stride and cadence across all the trials. The starting position was
adjusted during the practice period so that the right foot contacted the
center of the acrylic portion of the walkway naturally. The position of
the left foot was not adjusted to be imaged by the video camera since
the pressure-measuring insoles worn on the left foot were used to
provide a measure of PA. Foot contact directly above the camera, in the
center of the camera field of view, also reduced the effects of image
distortion on PA measurements. Following the practice period, this
starting position was marked with tape to ensure a consistent starting
position for each of the subsequent trials.

Each participant then performed 10 recorded walking trials on the
walkway. After trial completion, the insole sensor raw data, in 0-255
digital values, were exported as comma separated values (CSV) for post-
processing.

2.5. Data processing

Optical pedography footprint processing procedures — The automated
identification optical pedography algorithm was used to calculate the
PA for all frames during the stance phase of walking. Please refer to Ref.
[40] for a detailed outline of processing procedures for the automated
identification algorithm. Of the 420 collected trials, 17 trials were re-
moved due to poor video quality.

Pre-processing of pressure-measuring insole data — All processing
presented in this work was performed in MATLAB (version 2017a,
Natick, MA) as follows:

. For each trial, 0-255 digital values from all sensors were summed
and plotted versus time (Fig. 5).

. The second step of each trial was manually cropped, using a cross
hair tool, by manually selecting a single time point before heel
contact and after toe off (Fig. 5).

. The sum of digital values at the start and end points, that were
manually selected by the experimenter, were averaged and sub-
tracted from the time-series. This approach was used to eliminate
error due to signals of sensors that were active while not in contact
(Fig. 6).

. To identify heel contact (HC) and toe off (TO), the corrected
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Fig. 7. Qualitative assessment between plantar contact area from insole vs. optical pedography algorithm at the same time point during mid-stance. White (areas of
overlap), pink (sensors outside contact area), green (areas where sensors do not overlap reference footprint). Top: size 35; Middle: size 39; Bottom: size 43.
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Fig. 8. Right: Area-time curve for the same participant and trials of Fig. 7. Top: size 35; Middle: size 39; Bottom: size 43.

summed digital values were converted to the normal force compo- where Fy; is measured force at instant j
nent (F,) using a conversion factor specified by the manufacturer as n; is the number of sensors on insole i
follows (Fig. 6): DV, is the 0-255 digital value output of sensor i at instant j
. A 40 N normal force threshold was used to identify heel strike and
i 2
Fy(N) =), (D ijzs,si‘_l\]_i/cm)l.lzscmz toe off [43.]' _
vy igital value @ Processing of Pressure-Measuring Insole Data — Two approaches were
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Fig. 9. Top: Qualitative assessment between plantar contact area from insole vs. optical pedography algorithm at different stages of the support phase (size 43). 2-
digital value Fixed-Threshold; Bottom: Adaptive-Threshold. White (areas of overlap), pink (sensors outside contact area), green (areas where sensors do not overlap
reference footprint). A—heel-on, B—full contact no toes, C—full contact with toes, D-heel-off.

used to identify sensors that were activated during contact. The first
method, which was labeled, fixed-threshold, identified a sensor as in
contact with the ground if its output was more than the digital value of
2 [32,37]. The fixed-threshold has limited generalizability since it is
independent of the load placed on the sensors. Participants with a
greater body mass (BM) or who walk at a greater velocity will likely
apply higher loads on the insole. These higher loads will also increase
the sensor output from partially loaded sensors not fully contributing to
PA.

In the present study, an alternative to the fixed-threshold: a load-
based adaptive-threshold is suggested. This technique took a percentage of
the maximum sum of digital values (MSDV) of an analyzed step as the
threshold. The adaptive-threshold would therefore increase or decrease
depending on the load applied to the insole. In this work, three per-
centages of the MSDV were used: (0.1% 0.2%, and 0.3%) to evaluate
the proposed method.

Active sensors identified using either the fixed or adaptive-threshold
methods for each time instant during the stance phase were summed
and converted to PA by multiplying the number of active sensors by the

area of the sensor (1.125 cm?). Area—time curves were generated for the
stance phase of each trial and the areas under the area-time curves
were numerically integrated and compared to the corresponding curves
obtained the optical pedography. The ratio between the integral of each
sensor thresholding algorithm (2-digital value, 0.1% MSDV, 0.2%
MSDV, and 0.3% MSDV) and the optical pedography algorithm were
calculated assuming PA symmetry between the left (insole) and right
(barefoot) feet:

ER(%) = (% - 1)100
OoP

(2)
where ER is the percentage of error between the thresholding procedure
and the optical pedography algorithm.

Agr is the area—-time curve integral when using sensor thresholding
algorithm (cm?s)

App is the area—-time curve integral when using optical pedography
algorithm (cm?s)
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Table 1

Mean and standard deviation (SD) values of error ratios with respect to optical
pedography by insole size. Threshold method values with < + 10% error are
given in bold.

Insole size Error ratio (%)

2-digital 0.1% MSDV 0.2% MSDV 0.3% MSDV
value (%) (%) (%) (%)
35 21.07 (13.18) 17.91 6.53 (11.66) —2.92 (9.97)
(N = 38) (12.96)
37 10.89 (8.71) 8.71 —-3.93 —13.57 (9.04)
(N =113) (11.89) (10.45)
39 8.92 (12.65) —7.96 —23.44 —35.56 (7.77)
(N = 88) (10.93) (9.19)
41 21.44 (18.58) 5.45 -11.17 —23.45 (11.51)
(N =77) (16.44) (13.55)
43 33.10 (20.03) 11.02 —8.62 —22.91 (12.47)
(N = 58) (17.25) (13.96)
45 69.88 (24.45) 31.79 5.00 (12.69) —11.44 (10.92)
(N = 29) (17.82)
All 20.88 (22.44) 7.31 —8.62 —20.45 (14.18)
(N = 403) (17.44) (15.01)
Table 2

Mean and standard deviations (SD) of error ratios with respect to optical ped-
ography by insole size in terms of digital values. Threshold method values with
< = 10% error are given in bold.

Insole size Adaptive threshold value

0.1% MSDV 0.2% MSDV 0.3% MSDV (digital
(digital value) (digital value) value)

35 (N = 38) 2.50 (0.50) 4.52 (0.55) 6.63 (0.78)

37 (N =113) 2.34 (0.54) 4.29 (0.88) 6.27 (1.15)

39 (N = 88) 5.45 (0.67) 10.40 (1.19) 15.31 (1.76)

41 (N = 77) 4.24 (0.43) 8.02 (0.88) 11.72 (1.31)

43 (N = 58) 4.86 (0.66) 9.37 (1.19) 13.72 (1.68)

45 (N = 29) 5.93 (0.88) 11.51 (1.68) 17.03 (2.71)

All (N = 403) 4.02 (1.48) 7.61 (2.89) 11.20 (4.28)

3. Results

3.1. Qualitative analysis

The qualitative differences of PA from the different thresholds with
respect to the results of the automatic identification algorithm are
shown at the same time point during mid-stance for exemplar partici-
pants (Fig. 7). The associated PA curves for the same participants and
trials are shown (Fig. 8). It can be observed that, in each case, the
sensors in the toe region PA were underestimated with each con-
secutively larger adaptive-threshold. Pressure values are most under-
estimated in the toe region, since load is distributed over a smaller area
[33]. This would result in high load areas, such as the heel and meta-
tarsal regions, being less affected by greater thresholds compared to
regions with the lowest load relative to body weight (mid-foot and toe
region), and contributing most to total loading of the insole [44].

The PA curves in Fig. 7 show the effect of each threshold on the
entire stance phase of gait for the three cases shown in Fig. 6. It is
observed that the fixed-threshold overestimated PA especially during
mid-stance when PA is largest and at heel-off when the insole is
bending. The adaptive-thresholds reduced this error and maintained the
shape of the area curve of the reference ‘fixed threshold’ method.
However, the best-performing threshold differed for each case.

Qualitative differences in PA can be observed for all four phases of
stance (heel-on, full-foot contact with no toes, full-foot contact with
toes, and heel-off). As an example, a trial from a participant wearing
size 43 (Fig. 9) is considered. The corresponding PA curve for this case
is shown in Fig. 8 (bottom). As shown, the best performing adaptive-
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threshold for size 43 (0.2% MSDV) effectively removed erroneous sen-
sors at heel-on and heel-off that resulted in over-estimation of PA using
the fixed-threshold (Fig. 9). The erroneous active sensors in Fig. 9D (top
row), using the fixed-threshold, might have been active due to bending
of the insole during the heel-off phase since the bent insole might be
sticking to the foot, leading to activating these sensors. The 0.2%
adaptive-threshold shown (Fig. 9D, bottom row), appeared effective in
removing these sensors from PA measurement.

3.2. Quantitative analysis

Table 1 provides the mean and standard deviation (SD) values of
error ratios by insole size. Table 2 shows the mean and SD values for
threshold values in digital values by insole size. The table confirms
what was observed in Fig. 8 since the fixed threshold consistently
overestimated PA for all insole sizes, with a mean error ratio of
20.88 + 22.44%. The adaptive thresholds, 0.1%, 0.2%, and 0.3% MSDV
had PA error ratios of 7.31 * 17.44%, —8.62 = 15.01%, and
—20.45 = 14.18%, respectively (Table 1). The adaptive-thresholds for
each insole size were consistently larger than the fixed-threshold and
increase proportionately with larger adaptive-thresholds and insole sizes.
These results indicate that larger thresholds may be necessary to reduce
PA error in individuals wearing larger insole sizes. Individuals wearing
larger insole sizes tend to have higher body masses and may apply
higher GRFs during walking. The adaptive threshold is scaled to the
MSDV from the insole, that is linearly related to the GRF, and explains
why size 45 has larger adaptive-thresholds compared to size 35 (Table 2).

The 0.3%, 0.1%, and 0.2% MSDV adaptive-thresholds matched the
curves most closely for the cases with insole sizes 35, 39, and 43, re-
spectively. This qualitative analysis follows the findings reported in
Table 2 with sizes 35, 39, and 43 showing 0.3%, 0.1%, and 0.2% MSDV
as the best performing thresholds, respectively.

4. Discussion

The purpose of this exploratory study was to examine the accuracy
of an adaptive-threshold to reduce the PA error measured by pressure-
measuring insoles. Our hypothesis that adaptive-thresholds would be
more effective at reducing PA error compared to a fixed-threshold was
supported. Furthermore, qualitative assessment of the results also in-
dicated that the adaptive-thresholds effectively reduced noise from sen-
sors during walking that were included as part of the PA when a fixed-
threshold was used (Fig. 9). This is the first study to examine the effect of
an adaptive-threshold on PA error over the entire stance phase of
walking.

To assess the generalizability of the adaptive-threshold, results were
classified using insole size (Table 1). Overall, each insole size benefited
from a reduction in error ratio when using an adaptive vs. fixed-
threshold. Sizes 39 and 41 benefited most from the 0.1% MSDV
threshold, whereas sizes 37, 43, and 45 benefited most from using the
0.2% MSDV threshold. The smallest insole, size 35, benefited most from
the most conservative threshold 0.3% MSDV. In general, the data in
Table 1 follows the trend of overestimation of PA using the fixed-
threshold with a consistent consecutive reduction in over-estimation at
0.1%, 0.2%, and 0.3% MSDV.

The findings suggest that data processing techniques are effective in
reducing PA error from pressure-measuring insoles during walking.
Another way to reduce PA errors from pressure measuring insoles is to
increase the density of sensors. A limitation of the Medilogic® insoles
used in the current study is the relatively large sensor size (1 sen-
sor = 1.125 cm?). This spatial resolution is nearly a fourfold reduction
in the recommended spatial resolution of 1 sensor = ~25mm? for
pressure [33,44] and PA measurements [45]. However, the findings
presented here show that the sensor size of 1.125 cm?, combined with
an adaptive-threshold, was sufficient to produce a reasonable estimate of
PA during walking. An inherent limitation of low sensor spatial



D.E. Lidstone, et al.

resolution is the greater potential for overestimation of the PA due to
partial loading of sensors along the perimeter of the footprint [13].
Furthermore, when walking; insole bending, sticking of the insole to the
foot, and hysteresis of sensors introduce noise in PA measurements that
may not be reduced with sensor size reduction. The proposed adaptive-
threshold effectively reduces sensor noise when measuring the PA
during walking

Lastly, the adaptive-threshold adapts to the maximal load applied to
the insole and may be more effective at reducing PA error in high-load
regions (ex. heel and metatarsals) compared to low-load regions (ex.
mid-foot and toes) on the foot. In the current study, qualitative as-
sessment showed that sensors in the toe region may be dis-
proportionately removed using the adaptive-threshold. Applying a re-
gion-specific adaptive-threshold may therefore improve accuracy of PA
measurement when using pressure-measuring insoles, since forces differ
across the anatomical structures of the foot [33,44].

4.1. Limitations

A limitation of the current study is that the effect of foot types on PA
error when wusing the various thresholds was not examined.
Furthermore, the effect of foot type on the validity of the Automated
Identification Algorithm was also not examined [40]. While we did not
assess the effects of different foot types on the performance of the al-
gorithm in our previous validation study, we were able to show that the
algorithm produced acceptable results for most participants (N = 42)
showing generalizability regardless of foot type. Furthermore, the
previous validation study [40] and the current study used data col-
lected from the same participants in the same sessions. In our previous
study [40] on the validity of an Automated Identification Algorithm,
only video data recorded from the right foot of the participants were
processed to derive PA, whereas the current study analyzed PA from
both the right (video) and left (pressure-measuring insole) feet using
two separate techniques.

Another limitation of the study is that PA during walking was as-
sumed to be symmetrical between the left and right feet. However,
despite this limitation, only healthy participants with non-pathological
gait or observable foot deformities were recruited. Any PA differences
between the feet were likely insignificant relative to PA errors from the
measurement insole. However, the authors cannot rule out the possi-
bility of altered PA of the left foot due to wearing the measurement
insole.

Finally, the adaptive-threshold algorithm proposed in the current
study did not consider the foot region the sensor was located in. This
might have resulted in a loss of sensors in low-load regions leading to an
underestimation of PA using the adaptive-threshold.

5. Conclusions

This is the first study to: (1) quantify PA error over the entire stance
phase of walking using pressure-measuring insoles, and (2) examine the
effectiveness of an adaptive-threshold technique to reduce PA error. The
results from the current study demonstrate that PA error from pressure-
measuring insoles can be reduced from over 20% to less than 10% using
load-based adaptive-thresholds. The findings presented also show that a
sensor size of 1.125cm? provides a reasonable estimate of plantar
contact area during walking. While these recommendations were ob-
tained using Medilogic’ insoles, future studies should examine the
generalizability of the adaptive-threshold proposed here to other pres-
sure-measuring devices.

Brief summary
What is already known:

e The current method to identify the plantar contact area using
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pressure-measuring insoles is based on arbitrarily-chosen fixed-
threshold values of the sensors output.

e However, plantar contact errors over the entire stance phase of
walking using a fixed-threshold method was not quantified.

e Furthermore, the fixed-threshold method does not account for var-
iation in insole sizes.

What this study adds:

This study showed that identification of the plantar contact area
during walking using a fixed-threshold produced unacceptable re-
sults.

e We proposed an adaptive-threshold based on the percentage of the

maximum sum of digital values (MSDV) during the analyzed step.

e Experiments showed that using 0.1% and 0.2% of the MSDV sub-
stantially reduced plantar contact area error compared to the com-
monly used fixed-threshold method.
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