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The Feasibility of Using
Augmented Auditory Feedback
From a Pressure Detecting
Insole to Reduce the Knee
Adduction Moment: A Proof of
Concept Study
The objective of this work was to conduct a proof of concept study utilizing auditory
feedback from a pressure-detecting shoe insole to shift plantar pressure medially in order
to reduce the knee adduction moment (KAM). When compared with normal walking, 32
healthy subjects significantly reduced their peak KAM using feedback (p< 0.001). When
compared with medial thrust gait, an established gait modification, walking with
pressure-based feedback was equally effective at reducing the peak KAM, yet it success-
fully mitigated other potentially detrimental gait measures such as the peak knee flexion
moment (KFM), knee internal rotation moment (KIrM), and a reduction in speed.
[DOI: 10.1115/1.4032123]

Introduction

Arthritis is the leading cause of disability among adults, and
knee osteoarthritis (OA) is the most common form of arthritis
affecting 12% of older adults [1]. The medial compartment of the
knee is most often affected by arthritic changes [2] and is associ-
ated with higher biomechanical loads than the lateral compart-
ment. The KAM is a surrogate marker of biomechanical load
distribution across the tibiofemoral joint [3,4] and can be altered
with gait modifications such as medial thrust gait, lateral trunk
lean [5], toe-in gait [6], and toe-out gait [7].

To date, gait modifications employed to reduce the KAM focus
either directly on knee position, such as medial thrust gait [8–11],
or body positions proximal to the knee, such as hip “endorotation”
[12] and lateral trunk lean [13]. Despite their names, toe-out gait
and toe-in gait require a significant change in hip rotation to
change the foot progression angle [14]. While such modifications
elicit a KAM reduction, they may change other loading parame-
ters at the knee, specifically the KFM [9–11,13], which increases
both with medial thrust gait [10,11] and toe-in gait [15]. An
increase in the KFM likely contributes to increased compressive
loads across the knee joint [10,16] and potential decline in tibial
cartilage quality [17]. Gait modifications can also generate ineffi-
cient movement patterns that may necessitate a reduction in gait
speed [11]. Collectively, these factors make adopting such gait

adaptations a less than ideal and potentially harmful as long-term
treatment options [18].

A systematic review of the literature regarding gait modifica-
tions designed to alter medial joint loads suggests that medial

thrust gait and lateral trunk lean each result in the greatest reduc-
tions in the KAM, specifically during the first half of the stance

phase during gait [19]. A recently published side-by-side compari-
son of medial thrust gait and lateral trunk lean showed that

both gait modifications significantly reduced the peak KAM [11];

however, medial thrust gait elicited a slightly greater peak KAM
reduction with less overall variability in the response [11]. For

this reason, and because a lateral trunk lean jeopardizes energy
expenditure [5], medial thrust gait was chosen for this current

proof of concept study to use as a comparison for another, less
investigated gait modification using auditory feedback from a

pressure-detecting shoe insole.
There has been little attention devoted to gait adaptations at the

foot and ankle, where subtle changes may have a significant impact
at more proximal joints. An increase in rearfoot eversion and a
reduction in lateral tibia tilt are associated with a decreased KAM
in subjects with knee OA [20], suggesting that increased foot pro-
nation is associated with a decrease in the KAM. The reductions in
the KAM seen with laterally wedged orthoses [21–23], variable-
stiffness shoes [24–26], and flexible shoes [27,28] support the role
of altering kinematics at the foot to change knee joint loading.

Shifting foot center of pressure (COP) has been suggested as a
mechanism to lower the KAM [25,26]. A medial shift in barefoot
COP has been correlated with a reduction in the KAM [29], and
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wearing flexible shoes over 12 weeks medialized the foot COP
while reducing the KAM [30]. Medializing foot pressure using
augmented feedback from a simple “force” sensor under a shoe can
successfully reduce the KAM [31]. Augmented feedback can facil-
itate skill acquisition by reinforcing the motor learning process in
order to make the gait modification a permanent change in an indi-
vidual’s motor pattern [32]. Auditory [31], visual [12,13,33], and
haptic [6,31,33,34] have been successfully used to augment gait
modifications to lower the KAM. One of these studies used a single
force sensor applied under the heel of the shoe to provide auditory
cues to medialize foot pressure and, thus, lower the KAM. Further
exploration into using a pressure-detecting shoe insole to provide
auditory feedback to lower the KAM is warranted.

The current study tests the potential of using an in-shoe insole
with more adaptability and practicality for training outside the
laboratory setting. Because this is a proof of concept study,
healthy young adults with relatively uncompromised gait were
chosen to optimize the kinesthetic response to the pressure-based
feedback. The primary hypothesis of this study was that subjects
would demonstrate significant reductions in their KAM when they
walked with auditory feedback from a pressure-based shoe insole
and would be similar to those achieved with medial thrust gait.
We further hypothesized that the KFM, speed, cadence, and stride
would not be compromised with pressure-based feedback in con-
trast to the significant changes seen with medial thrust gait.

Methods

This single day cross-sectional study tested 32 healthy subjects
(26.66 3.6 yrs, 17M, 15F). The study was approved by Rush Uni-
versity’s Institutional Review Board. Subjects were recruited by
word of mouth from within the university student body, faculty,
and staff and informed consent was obtained. Subjects were en-
rolled in the study if they had no recent history of lower extremity
injury and self-reported as both healthy and pain free (<10mm on
a visual analog scale of 100mm). Subject demographics are pre-
sented in Table 1.

The study protocol entailed that subjects undergo three sets of
gait analyses. All subjects first walked with their normal gait pat-
tern and subsequently with two randomly ordered gait modifica-
tions: medial thrust gait and gait with audible feedback from a
pressure-detecting shoe insole programmed to limit lateral foot
pressure. See Fig. 1 for study design.

All subjects first completed five walking trials at a self-selected
normal speed with their normal gait pattern on a leveled 6-m
walkway while wearing a standardized flexible shoe (FlexOA,
Dr. Comfort, Mequon, WI) containing a pressure-detecting shoe
insole (Pedar, Novel, Munich, Germany). After completing the
five normal walking trials, subjects completed five trials each of
the two gait modifications (Fig. 2) designed to reduce the KAM,
specifically: (1) medial thrust gait and (2) gait with a pressure-
detecting shoe insole providing auditory feedback designed to
reduce pressure in two lateral foot regions (Fig. 3) by 25% com-
pared to normal walking. The order in which the gait modifica-
tions were introduced was randomized: 16 subjects first walked
with medial thrust gait and the other 16 subjects first walked while
receiving pressure-based feedback from the shoe insole. All 32
subjects completed a total of 15 walking trials.

Before subjects were gait tested with each gait modification, a
training and practice session was performed under the supervision
of an experienced and licensed physical therapist (CF) according
to previously published methods [8,12,35,36]. Subjects were
instructed to adduct and internally rotate the hip while slightly
increasing their hip, knee, and ankle flexions. Subjects practiced
medial thrust gait for a minimum of 5min and until both the sub-
jects were comfortable with the new gait strategy and the instructor
observed a fluid gait pattern. Five minutes was an adequate amount
of time for most of the subjects to become proficient with medial
thrust gait while a few subjects required up to 10 min of practice.

During the shoe-insole training with pressure-based feedback,
the physical therapist (CF) instructed the subjects to subtly alter
their walking to prevent the generation of an audible tone from
the pressure insole. When performing the modification, the thera-
pist instructed the subjects to “walk as normal as possible so that a
casual observer would not notice anything abnormal” in their gait

Table 1 Subject characteristics

Characteristics Mean (SD)

N 32
Gender (M/F) 17/15
Age (yrs) 26.6 (3.6)
Height (m) 1.68 (0.08)
Mass (kg) 69.6 (17.4)
BMI (kg/m2) 24.4 (5.1)

Fig. 1 Study design

Fig. 2 Typical subject walking with pressure-based feedback
(left) and medial thrust gait (right)
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pattern. Other than these two instructions, no further verbal
instructions were given. Subjects practiced until they could suc-
cessfully avoid the audible cues on several consecutive steps, typi-
cally requiring 2 to 5 min. During the latter portion of the practice
session, subjects were instructed to hone their gait strategy until
they occasionally elicited an audible tone. This additional practice
time was designed to foster precision in reducing the plantar pres-
sure close to the target of 25%. A 25% reduction ensured that the
pressure was reduced more than one standard deviation from
the average pressure readings during the normal walking trials.
Preliminary laboratory testing suggested that a 25% reduction had
potential to elicit consistent reductions in the KAM yet was com-
fortable to the subject and was easily accomplished. Subjects
usually required less than one additional minute to successfully
hone this skill but were asked to practice for a minimum of two
additional minutes. After the feedback practice session, subjects
completed five recorded walking trials while receiving the
pressure-based, auditory feedback. A walking trial was deemed
successful when no auditory feedback tones were generated dur-
ing the stance phase of gait on the force plate; the lack of an
audible tone confirmed that pressure was reduced by at least 25%
in each of the two masked lateral areas.

Motion capture was performed using a ground embedded force
plate (Bertec, Columbus, OH) to measure ground reaction forces
and 12 optoelectric cameras (Qualysis, Gothenburg, Sweden) to
capture lower extremity kinematics. Raw kinetic and kinematic
data were processed in The Motion Monitor software (Innovative
Sports Training, Chicago, IL). A 24-marker, modified Helen Hayes
marker set was applied. The model combined the Helen Hayes
[37] model with our existing six-marker link model [38], increas-
ing the functionality of the model by viewing segments as 3D
planes instead of 2D lines. Thigh and shank markers were moved
off the long axis of the segment to create a segment plane. Markers
on medial knee joint line and medial malleolus during a static col-
lection defined respective joint centers of the knee and ankle. The
ankle joint center was defined as the midpoint between the markers
on the lateral and medial malleoli. The knee joint center was
defined as the midpoint between the lateral and medial knee joint
line markers. The hip joint center was defined as 2.5 cm distal to
the midpoint of a line from the anterior–superior iliac spine to the
pubic tubercle [39]. Knee moments were calculated with inverse
dynamics [38]. Gait speed was calculated based on the average
speed of the center of mass within the markered model.

Plantar pressure was detected between the foot and shoe using
the Pedar pressure insole for all walking trials. The Pedar insole is
commercially available and has been extensively validated for

laboratory use. For example, McPoil et al. [40] determined mea-
surement errors ranging from 16% to 0.8% for increasing pres-
sures from 50 to 500 kPa. Also, good measurement repeatability
has been reported [41]. For our test, the pressure insole was time-
synced with force plate and cameras and data were acquired at
100Hz. Out of the 99 capacitive sensors on every insole, two
regions with four and nine sensors were grouped together into two
pressure detecting units (Fig. 3). Region 1 included sensors under
the anterior aspect of the lateral heel, an area lateral to the approx-
imate location of the COP tracing that corresponds to the time-
matched occurrence of the first peak KAM. Region 2 included
sensors that typically register pressure from the head of the fifth
metatarsal, an area lateral to the approximate location of COP
tracing that corresponds to the time-matched occurrence of the
second peak KAM. For each region, the maximum mean pressures
for all five normal walking trials were averaged, reduced by 25%,
and programmed into the insole software to provide real-time
auditory feedback when the maximum mean pressure during the
feedback walking trials was not reduced by at least 25% in either
of the regions. Two audible tones, distinguished by pitch, could
therefore be generated during each stance phase.

Statistical analyses were performed using IBM SPSS Statistics
22 (SPSS Inc. Chicago, IL). An alpha level of 0.05 was selected
to determine significance. Descriptive statistics were calculated
for all the variables of interest. One-way repeated measures
ANOVAs and post hoc Bonferroni comparisons were used to
evaluate the null hypothesis that there was no difference in partici-
pants’ spatiotemporal parameters including speed, stride length,
and cadence, and relevant peak moments, including overall peak
KAM, the peak KAM during the first half of stance (KAM1), the
peak KAM during the second half of stance (KAM2), and overall
peak KFM for the three walking conditions. The peak values of
the knee extension moment (KEM), knee abduction moment
(KAbdM), KIrM, and knee external rotational moment (KErM)
during the stance phase of gait were also examined. While
moments other than the KAM and KFM have not been reported to
contribute to medial knee OA pathology, the KEM has been
observed to be lower in medial compartment knee OA and is
linked with compensatory strategies associated with knee OA
[42]. Substantial increases in any joint torque could theoretically
contribute undesirably to joint loading and should be considered.
A between-subject factor of gait modification order was applied to
assess whether the order in which the gait modifications were per-
formed played a role for each dependent variable.

Results

Means and SDs for kinetic and spatiotemporal variables of the
three walking conditions are presented in Table 2. The differences
from normal walking are demonstrated in Fig. 4. The order
in which subjects performed the gait modifications had no
effect on the knee moments and all spatiotemporal variables
(0.411< p< 0.935 for all variables).

Compared with normal walking, subjects significantly lowered
their overall peak KAM by 12% (0.36%BW*Ht, p< 0.001) with
both medial thrust gait and while walking with pressure-based
feedback. Figure 5 provides graphical comparisons of the KAM
and the KFM for each walking condition for the entire cohort of
subjects. Twenty-three of the 32 subjects reduced their overall
peak KAM executing medial thrust gait while pressure-based
feedback resulted in 28 of 32 subjects reducing their overall
peak KAM. The KAM1 was reduced 38.0% (0.66%BW*Ht,
p< 0.001) with medial thrust gait (28 of 32 subjects) and 9.2%
(0.18%BW*Ht, p< 0.156) with pressure-based feedback (31 of
32 subjects). The KAM2 was reduced by 11.7% (0.35%BW*Ht,
p< 0.001) with medial thrust gait (24 of 32 subjects) and 12.0%
(0.36%BW*Ht, p< 0.001) with pressure-based feedback (28 of
32 subjects). In contrast, the average KAbdM increased with
medial thrust gait by 98% (0.47%BW*Ht, p< 0.001) compared
with normal walking, but was unchanged with pressure-based

Fig. 3 Pressure-based feedback regions
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Table 2 Knee moments and spatiotemporal parameters for subjects walking in three conditions

Descriptive statistics

Normal walking Medial thrust walking Walking with pressure-based feedback

Mean SD Mean SD Probabilitya Mean SD Probabilitya

Spatiatemporal parameters
Speed (m/s) 1.31 0.13 1.17 0.15 <0.001 1.26b 0.15 0.066
Stride (m) 1.37 0.12 1.32 0.12 0.003 1.35 0.12 0.321
Cadence (steps/min) 55.3 3.4 51.3 4.4 <0.001 54.0b 4.5 0.064

Loading parameters, s(%BW*Ht)
KErM 0.49 0.29 0.81 0.55 0.001 0.49b 0.31 1.000
KIrM 1.38 0.41 1.33 0.43 0.535 1.28 0.41 0.027
KEM 2.77 0.81 2.55 0.84 0.162 2.59 0.87 0.239
KFM 3.01 1.50 4.02 1.98 0.004 2.79b 1.25 0.532
KAbdM 0.48 0.21 0.95 0.70 0.002 0.49b 0.23 1.00
KAM 3.03 0.86 2.66 0.95 <0.001 2.66 0.85 <0.001
KAM1 1.74 0.76 1.08 0.72 <0.001 1.58b 0.72 0.156
KAM2 2.99 0.88 2.64 0.98 <0.001 2.63 0.87 <0.001

Note: m/s, meters per second; m, meters; min, minute; %BW*Ht, percent body weight times height; KErM, knee external rotation moment; KIrM, knee
internal rotation moment; KEM, knee extension moment; KFM, knee flexion moment; KAbdM, knee abduction moment; KImpulse, knee angular
impulse; KAM, knee adduction moment.
aComparing the gait modification with normal walking.
bDenotes significance (p< 0.01) comparing walking with pressure-based feedback with medial thrust gait.

Fig. 4 The average amount of change, compared with normal
walking, when subjects walked with medial thrust gait and
pressure-based feedback in the (a) external KAM during early
stance (KAM1) and late stance (KAM2), (b) in the other five
external knee moments, and (c) the percent change in walking
speed, stride length, and cadence

Fig. 5 The average KAM and KFM waveform for all three walk-
ing conditions. The shaded region represents one standard
deviation of the normal walking condition only.
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feedback. Similarly, when compared to normal gait, the KFM
increased 33.6% (1.01%BW*Ht, p¼ 0.004) when subjects walked
with a medial thrust gait, but the KFM was not significantly
altered (0.22% BW*Ht decrease, p¼ 0.532) while walking with
pressure-based feedback. The KEM did not significantly change
with either gait modification. The KErM increased with medial
thrust gait 65% (0.32%BW*Ht, p¼ 0.001) but was unaffected
pressure-based feedback (p¼ 1.000) while the KIrM was unaf-
fected with medial thrust gait (p¼ 0.535) but decreased with
pressure-based feedback 7.2% (0.10%BW*Ht, p¼ 0.027).

When examining changes in spatiotemporal parameters, sub-
jects walked significantly slower than normal when walking with
medial thrust gait (�11.5% or �0.14m/s, p< 0.001) but did not
significantly reduce their walking speed with pressure-based feed-
back (�3.8% or �0.05m/s, p¼ 0.066). Stride length shortened
4.5% or 0.05m with medial thrust gait (p¼ 0.003); however, no
significant change in stride length was observed with pressure-
based feedback (p¼ 0.337). Cadence was reduced 7.2% or 4.0
steps/min with medial thrust gait (p< 0.001) but not significantly
with pressure-based feedback (p¼ 0.64).

Discussion

This proof of concept study was designed to test the feasibility
of using a shoe insole providing pressure-based audible feedback
to reduce the KAM. Changes in gait parameters were compared to
the changes observed with a medial thrust gait modification,
which is known to reduce the KAM but negatively impacts other
gait parameters. This study supports the hypothesis that walking
with auditory feedback from a pressure-detecting insole reduces
the overall KAM by a similar magnitude as medial thrust gait
without increasing other surrogate markers of knee load or caus-
ing major alterations in kinematic gait parameters.

During normal walking, the average KAM1 (1.74%BW*Ht)
was considerably lower than KAM2 (average 2.99%BW*Ht).
Despite the relatively low baseline KAM1 values, subjects signifi-
cantly reduced their KAM1 with both gait modifications. Medial
thrust gait; however, elicited a far greater reduction on the KAM1
than pressure-based feedback. The reduction in speed may have
contributed to this reduction in KAM1; however, debate exists
regarding the role of speed in affecting the KAM [43,44]. Slower
speed has been associated with reductions in the KAM [43] but
others have observed minimal effects in those with knee OA and
no effects in healthy subjects [44,45].

This significant KAM1 reduction may outwardly appear to be
advantageous, but a closer examination of the KAM1 with medial
thrust gait shows that many subjects elicited a moment reversal
where there was little to no KAM during the first half of stance
but rather a substantial increase in the KAbdM. The KAbdM
nearly doubled with medial thrust gait but was unaffected with
pressure-based feedback. Interpreting this moment reversal with
medial thrust gait is difficult as little is known about the effects of
KAbdM on knee loading as related to medial or lateral knee OA.
However, the KAbdM has been implicated in other conditions of
knee injury including patellofemoral pain [46] and anterior cruci-
ate ligament tears during jumping [47] suggesting that increases
in the KAbdM could potentially strain other soft tissue structures
in the knee, especially with prolonged use.

The 9.2% reduction of KAM1 with pressure-based feedback in
this study is greater than the 6% reductions with 5 deg lateral
wedges [22] and the 7.2% reductions with combined variable
stiffness sole and laterally wedged shoes [48]. Pressure-based
feedback elicited significant reductions for both KAM1 and
KAM2, a finding not always observed with other gait modifica-
tions. While medial thrust gait typically elicits reductions in both
KAM1 and KAM2, toeing in reduces the KAM1 but not the
KAM2 [6,15,49] and toeing out has been reported to reduce the
KAM2 but not the KAM1 [49–51]. Historically, the KAM1 has
been the target for biomechanical interventions; more recent evi-
dence has shown that significant changes in only the KAM2

results in clinical improvements such as a decrease in pain for
subjects with knee OA [51]. While these KAM reductions were
realized with a simple, binary cue, subsequent investigations of
pressure-based feedback could benefit from more sophisticated
auditory feedback on a longitudinal scale allowing subjects to
fine-tune their skills. Also, a dose–response study allowing sub-
jects to gradually adjust to the final threshold of 25%, or more,
might be beneficial.

The subjects in this study realized a large increase in the
KFM during medial thrust gait. This finding is not unique to the
current work and has been previously reported in other studies
[10,11]. The large increase in the KFM during medial thrust gait
may affect tibial cartilage [17] and contribute to the potential
deleterious effect of an increased KAbdM while negating some
of the potential benefits from the reduction in KAM1 due to a
general increase in knee loading [10,16]. Medial thrust gait also
increased the KErM. Given the small direct muscular support in
the transverse plane, biomechanical principles suggest that an
increase in this rotational moment can stress secondary restraints
of the knee such as the menisci. Conversely, pressure-based
feedback resulted in a small decrease in the KFM and a signifi-
cant decrease in the KIrM, suggesting additional unloading of
the knee joint.

Gait speed, stride length, and cadence were adversely affected
with medial thrust gait and were somewhat affected, although not
significantly, with pressure-based feedback. Since loss of speed is
a defining characteristic for frailty with strong associations to loss
of functional mobility [52–54], and reduced stride length can
increase energy expenditure [55], gait efficiency is an important
consideration in order for the gait modification to be efficacious in
the long term. A longitudinal study should therefore assess
whether these spatiotemporal parameters would normalize over
time as individuals become accustomed to the modification.

This study has several limitations. Similar to other studies
investigating gait modifications [33,34,56], the current study
trained and tested young healthy subjects in a single visit. We
acknowledge that pressure-based feedback is ultimately intended
for older individuals with medial knee OA who are potentially
less kinesthetically capable. For this proof of concept study, we
felt it was important to first test the training algorithm in a cohort
of subjects without pain and joint disease. Given the ease of the
adaptation in this study, combined with studies where those with
knee OA quickly learned a gait modification in a single visit
[6,13,14,57], we see the potential benefit of using pressure-based
feedback in a population with knee OA.

Subjects performed these two gait modifications back to back
in a single test session, and the first gait modification could theo-
retically influence the other. However, we are confident that the
order in which the subjects learned the gait modification did not
impact the results of this work since our study design randomized
the modification order and our statistical analysis yielded very
high probability values when the modification order was included
as a between-subjects factor. In addition, the fact that order did
not play a role suggests a different underlying mechanism for the
KAM reduction between medial thrust gait and pressure-based
feedback.

The mechanism behind the loading differences between the
three walking conditions remains unclear. Further investigation is
warranted to elucidate how such subtle changes during gait using
pressure-based feedback lowers the KAM without adversely
affecting other knee moments. We hypothesize that several small
changes add up to induce significant alterations in frontal plane
loading. For instance, both a small medial change in the knee
position and a slight ipsilateral shift in the center of mass may be
sufficient to substantially alter knee load distribution.

The cross-sectional design didn’t allow for the assessment of
motor learning; rather, it assessed motor performance [32]. Motor
learning research suggests that in addition to frequent accurate
practice and verbal feedback, augmented feedback plays a critical
role in integrating a new motor pattern [58]. Long-term success of
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a gait modification relies on complete integration of the new
movement pattern, which is a defining principle of motor learning
[59]. With the observation that unloading the lateral foot can
reduce the KAM without changing other loading or spatiotempo-
ral parameters, plantar pressure-based feedback is potentially a
formidable tool for treating knee OA. With the advent of inte-
grated insoles with feedback capabilities, it is feasible for a sub-
ject to initiate feedback training in a clinic and transition to home
with a progressive, daily training regimen. This would allow
frequent practice of the gait modification with the certainty that
lateral foot unloading occurred with only minimal and intermittent
clinician oversight. A longitudinal study examining the efficacy of
a longer training regimen and motor learning is necessary.

In conclusion, this proof of concept study demonstrates that
pressure-based feedback is equally as effective as medial thrust
gait in lowering the KAM in healthy subjects without the
unwanted and potentially deleterious effects of other gait modifi-
cations. These findings suggest that walking with feedback
designed to alter foot pressure was feasible in nearly all of the
healthy individuals tested to reduce knee joint loading while they
maintained their speed, stride length, and cadence. This study sup-
ports the need for future investigations into the short-term and
long-term efficacy of augmented pressure-based feedback
designed to subtly unload the lateral foot as a treatment modality
for medial compartment knee OA.
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