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Idiopathic Toe Walking is an atypical gait pattern that results in limited mobility, pain, and higher risk of falling.
Current therapeutic interventions lack the ability to be implemented outside the clinic or lab. Beyond this, it is
unclear if gait analysis and real-time feedback is technologically feasible to attain within a user’s natural
environment. In our research we aimed to understand the child and parent participants’ experience of an
innovative wearable system. We surveyed children and parents after the deployment of a functional prototype
with real time vibrotactile feedback for awareness of toe walking via a shoe insert paired with a smartphone for
visual feedback. Findings revealed insights into design considerations for wearable technologies for children.

Factors such as comfort of using the system (physically and psychologically), child’s perception and response to
the vibrotactile feedback, and children and parents’ perception of reduced fall risk, pain, and stigma are

discussed.

1. Introduction

Toe walking is a gait pattern characterized by toe to toe initial
contact. Toe walking can be observed in individuals with cerebral palsy,
autism spectrum disorders, and several other medical conditions
(Pomarino et al., 2016; van Bemmel et al., 2014; Williams et al., 2010).
When toe walking is observed in an individual without an additional
developmental, neurological, or neuromuscular condition, it can be
classified as idiopathic toe walking. While the cause of idiopathic toe
walking has not been established, limitations in balance (De Oliveira
et al., 2021; Soangra et al., 2021; Williams et al., 2014), decreased
function (De Oliveira et al., 2021; Shulman et al., 1997; Williams et al.,
2014), increased incidence of pain (Fox et al., 2006; Pelykh et al., 2014;
Rossi et al., 2018; Sobel et al., 1997), and lower quality of life scores
(Caserta et al., 2022) indicate a need for intervention. Idiopathic toe
walking is frequently observed early in life (Babb & Carlson, 2008; E
Pistilli et al., 2014; Oetgen & Peden, 2012) and becomes a
well-established pattern when treatment is delayed. Thus, intervention
at an early age may decrease limitations in balance and function, as well
as eliminate pain. By function we mean the ability to participate in age
appropriate tasks and access their community safely, for example,

ambulation over a variety of terrains and negotiating stairs. Effective
treatment can be a challenge due to the complexity of an idiopathic toe
walking diagnosis and varied treatment approaches. Parents have re-
ported feeling helpless in knowing what course of action will be best for
their child (Williams et al., 2020). This helplessness is understandable
given the array of clinical methods to address idiopathic toe walking
including, but not limited to physical therapy, casting, orthoses, and
surgery in severe cases. All these intervention methods focus on 2 goals:
1) increasing limited dorsiflexion range of motion, and/or, 2) restraining
active movement into plantarflexion during gait. Both these interven-
tion goals presume that limited ankle mobility results in toe walking.
The literature suggests that effects of these interventions tend to fade
over time, requiring repeated bouts of treatment (Stricker & Angulo,
1998; van Kuijk et al., 2014; Westberry et al., 2021). Thus, there is an
opportunity to find new and different treatments.

Recently, evidence for a different intervention strategy, motor re-
learning, has emerged (Fanchiang et al., 2016; Williams and Curtin,
2010, 2016). Motor re-learning supports intervention that focuses on
external feedback to increase heel strike repetition, which improves the
learner’s ability to learn to produce a typical, efficient heel strike
(Conrad & Bleck, 1980; Marcus et al., 2010; Pelykh et al., 2014; Sanger,
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2004). To date, external feedback has consisted of providing augmented
feedback through auditory information such as ring, buzzing or
squeaking sound (Conrad & Bleck, 1980; Marcus et al., 2010) and
through visual feedback such as the visualization of a footprint on a
display (Pelykh et al., 2014). All these studies reported increased heel
strike frequency over multiple days and weeks of training in a clinic
setting or therapy session. Thus, moving external feedback to the natural
setting has the potential for even greater rehearsal during daily activ-
ities. A new treatment via wearable systems offer a way to automate the
detection of gait patterns and produce external feedback thus potentially
meeting the need to provide motor re-learning intervention in the nat-
ural environment. In the current work, we conducted a feasibility study
to understand if a wearable system we previously developed-Smart
Stepper-will work in a real-life environment. We employed several of
Bowen et al. (2009) suggestions of focus areas for feasibility studies
based on the stage of the intervention’s development. According to
Bowen et al. 2009, feasibility studies can be conducted at 3 stages to
answer “can it work”, “does it work”, and “will it work” (Bowen et al.,
2009). Our previous work and related work to answer “can it work™ and
“does it work” from a technical feasibility perspective is discussed in
detail below. The aim of the current work is to understand the third
question, “will it work” from a human-factors perspective.

1.1. Can it work

Feasibility studies aimed to determine “can it work” explore the
potential for an intervention to work by asking if there is any evidence
that it might (Bowen et al., 2009). To design a wearable system for
extended home use, several factors were considered for it to be feasible.
The first hurdle was technical-to automate and accurately detect gait
events. Recent researchers have utilized Inertial Measurement Unit
(IMU) sensors to capture common gait parameters in clinical settings of
healthy adults (Soangra et al., 2011) as well as those with Parkinson’s
Disease (Anderson et al., 2018). More recently, researchers have
demonstrated automated gait detection (Pollind et al., 2019)among
children with idiopathic toe walking using IMU. This later approach
specifically targeted real-time vibrotactile feedback during the foot
strike event, as opposed to the auditory or visual feedback used in earlier
studies. Therefore, it is feasible for technology to detect gait events as
well as provide vibrotactile feedback.

1.2. Does it work

The second question addresses the design of the feedback system.
“Does it work” in Bowen et al’s paradigm refers to evidence that an
intervention “efficacious under idea or actual conditions, compared to
whatever other practices might be done instead” (Bowen et al., 2009).
Previous work found the use of textured in-soles led to lowered gait
speeds, step length, and stride length in the elderly but had no effect on
balance (Hatton et al., 2012). In contrast, the vibrotactile feedback with
subsensory vibratory actuators insoles was effective in reducing stride,
stance, and swing time variability in gait in the elderly which was hy-
pothesized to reduce fall risk (Galica et al., 2009). The Smart Stepper
system provided feedback if subsequent toe strikes were detected and
continued until the child reverted to heel strike gait. Simultaneously, a
smartphone records the number of heel vs. toe contact during foot initial
contact, which provide children, parents, and clinicians daily feedback
on gait performance (Pollind et al., 2019). While early pilot studies
documented success in increasing heel strike, the intervention period
was limited to a few days, and they did not explore the user experience
of the family in the home environment. To address this gap, we previ-
ously deployed a functional prototype developed (Pollind et al., 2019)
and validated (Soangra et al., 2021) to provide automated vibrotactile
input via shoe inserts linked with a smartphone application.

Motor learning has been utilized with idiopathic toe walking in four
different studies to increase heel strike frequency (Clark et al., 2010;
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Conrad & Bleck, 1980; Marcus et al., 2010; Pelykh et al., 2014). Two of
these studies provided augmented feedback through auditory (Conrad &
Bleck, 1980; Marcus et al., 2010) and one through visual feedback
(Pelykh et al., 2014). All three of these studies report positive changes in
the gait pattern over multiple days and weeks of training, however, none
of these studies report normalized gait. Conrad (Conrad & Bleck, 1980)
implemented auditory feedback during a home program for one-hour of
training per day, while Marcus (Marcus et al., 2010) utilized auditory
feedback at school. While both authors utilized feedback systems outside
of a clinic, use in the natural environment during typical school activ-
ities was only achieved by Marcus (Marcus et al., 2010).

1.3. Will it work

“Will it work ** feasibility studies examine real-life contexts, settings
or populations that might adopt an intervention (Bowen et al., 2009).
The aim of this current work is to understand the feasibility of the Smart
Stepper system after extended use within the natural environment. We
are interested in the feasibility of real-life context to determine if Smart
Stepper would work. We surveyed child and parent participants
post-intervention regarding feasibility factors of Acceptability, Demand,
Implementation, Practicality, and Limited efficacy (Bowen et al., 2009).

2. Smart stepper system

The Smart Stepper system implements a real-time vibrotactile motor
re-learning intervention by carefully combining several components: the
form factor (shoe insert and phone app), the embedded sensors, the foot
strike detection algorithm, and the interaction design. To automate the
real-time prompting provided by parents regarding toe walking, it is
critical to differentiate accurately toe-to toe versus heel-to-toe gait
patterns in a child’s natural environment. Once toe walking is identified,
private, real-time motor re-learning feedback is provided to encourage
heel strikes. To accomplish this task, several components were assem-
bled: sensors, algorithms, form factor, and the interaction design of the
vibrotactile feedback. Integrating the components was done with
consideration to the robustness of the system as this wearable requires
that participants don the system over the course of weeks or months.

2.1. Sensors

We utilized inertial sensors (consisting of accelerometers and gyro-
scopes) as data input for machine learning algorithms to classify gait
patterns. Previous research provides insights on how foot contact dy-
namics are affected during toe walking (Soangra et al., 2021) and how
sensors (Pollind et al., 2019) and machine learning algorithms (Kim
et al., 2019) can detect toe walking patterns (Ershadi et al., 2021). Re-
searchers have also established the technical feasibility of using sensors
and machine learning for detecting toe walking (Kim et al., 2019; Pol-
lind et al., 2019).

2.2. Algorithm

In the Smart Stepper system, the algorithm consists of a deep
learning neural network with input layers for raw sensor data (IMUs) as
input and output layers with two classification labels (toe-to-toe versus
heel-to-toe strike). The model was pruned, quantized, and embedded in
an Arduino Nano 33 BLE Sense using TensorFlow Micro. Pilot experi-
ments were conducted to determine accuracy of toe walking classifica-
tion before deploying the Smart Stepper system to the participants. We
found an accuracy of 94.3%, with sensitivity of 89.3% and specificity of
99.3% using deep learning model such as long short-term memory
(LSTM) (Kim et al., 2019).The embedded deep learning model detected
the lack of a heel strike and relayed this information in real-time via
Bluetooth to the smartphone. The real-time algorithm is necessary to
confirm when a heel strike is absent which is a key component of
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motor-relearning.
2.3. Form Factor

The Smart Stepper system consists of a 3D-printed shoe insert with
embedded sensors and a microcontroller in the heel that vibrates when a
heel strike is absent, see Fig. 1. Given the hardware and software re-
quirements of the Smart Stepper system, we built the shoe insert out of
NinjaFlex (Leite et al., 2019) 1.75mm thick midnight black filament.
NinjaFlex materials have superior flexibility and longevity compared to
non-polyurethane materials (Hussain et al., 2018). The material’s
elongation allowed for repeated movements and impact without wear or
cracking. This material was chosen because it has 20% better abrasion
resistance than ABS (Acrylonitrile Butadiene Styrene) and 68% better
abrasion resistance than PLA (Polylactic Acid), which is commonly used
in 3-D printed insole materials.The 3D accelerometer and gyroscope
sensors embedded on the Arduino Nano Sense BLE with microcontroller
were chosen because they afford the ability to deploy ML algorithms to
provide real time toe walking classification.

2.4. Interaction Design of Vibrotactile Feedback

Creating new forms of sensory feedback in devices requires
addressing individual child participants’ sensory perceptual thresholds.
Previous research findings regarding wearer’s perception of vibrotactile
feedback have been contradictory. Researchers have found that vibra-
tion stimuli may not be recognizable feedback information or that it can
become uncomfortable if used for a longer period (Alahakone & Sen-
anayake, 2009). Children with idiopathic toe walking have been shown
to be both more sensitive to vibrotactile perception (Pollind et al., 2019)
as well as being less sensitive (Ganley & Behnke, 2016) than non-toe
walkers. Given this variability in previous work, the vibration in the
Smart Stepper at the heel was varied and delivered between 150-180 Hz
which has been found to be the optimal vibration frequency range in
mobile environments (Yim et al., 2007).

Another potential concern that we considered is phantom vibration
syndrome which could lead to sensation of vibration when in actuality
there was no vibration (Deibel, 2013). The Smart Stepper system
addressed the concerns through the varied duration of the vibrotactile
feedback. The duration of vibration was kept random from 100 to 500ms
to ensure minimal learning and adaptability (i.e., sensory habituation
(Fanchiang et al., 2016)) among the participants. Specifically, the
interaction involved a prompt hierarchy starting with three, six, then
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nine consecutive toe-to-toe steps that elicited intermittent random vi-
bration among participants. When 10 consecutive toe walking steps
occurred, then a 30 second vibration occurred. The smart phone dis-
played summary feedback of 2 gait patterns: heel strike and toe walking
(see Fig. 1c).

3. Methods

We conducted post intervention surveys to understand key areas of
feasibility (Bowen et al., 2009). Specifically, we were interested in un-
derstanding if Smart Stepper would work in a real-life context and if
families would be willing to adopt the intervention as a practice. Areas
we focused on were Acceptability, Implementation, Demand, Practi-
cality, and Limited efficacy.

3.2. Participants

In Southern California, twenty families who have sought physical
therapy for their children’s toe walking participated in the deployment
of the Smart Stepper system within the home setting. Researchers
requested the children wear the system intensively for a month. Par-
ticipants wore the

Smart Stepper insert for 8-39 days and maintained bi-weekly
consultation with the physical therapist (see number of days of use in
Table 1). The system was available for an additional 6 months because in
some instances the insert would break, requiring replacement and some
children grew out of their shoes. At the completion of the deployment,
participants were invited via email to complete two surveys regarding
their opinions on the overall system and intervention.

Table 1
Child and Parent Demographics of Participants who responded to the survey.
The * indicates the child did not complete the survey.

Child ID Parent ID Child’s age Days of Use # of shoe replacements
Cl P1 9 34 3
C2 P2 9 23 0
C3 P3 13 30 1
Cc4 P4 8 31 4
C5 P5 9 39 1
C6 P6 9 22 2
* P7 7 21 1
P8 10 8 1
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Fig. 1. (a) Smart Stepper Insole designed with circuitry at heel, (b) System on chip (SOC) along with battery and vibration motor, (c) Smartphone Interface showing

real-time classification of toe walking characteristics.
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3.3. Survey Study Procedure

This study was approved by our university’s Institutional Review
Board (IRB #20-219) and prior to the initiation of data collection, par-
ticipants provided informed consent and assent. Child and parent sur-
veys were designed using Qualtrics software. The two surveys were
deployed a few weeks after the deployment study concluded. A second
survey was deployed to clarify responses. Surveys were emailed to the
parents of the 20 families that participated in the system deployment.
Six children and eight parents responded to the user experience survey,
(see Table 1). This response rate is slightly below the acceptable, pre-
covid expectations of 67% (Sitzia & Wood, 1998). Families who
completed both surveys were compensated with a $5 gift card. From the
twenty families, a total of 14 surveys were completed. Eight surveys
were from parents of children 7-13 years old and six from children ages
8-13 years at the time of survey collection. Data from the surveys were
reviewed and the open ended questions were analyzed by two research
assistants for common themes using the framework provided by Bowen
and colleagues (Bowen et al., 2009).

4. Results

The analysis of the survey data reveals several themes and trends in
feasibility. These child and parent insights are unique and have not been
investigated by earlier studies. We uncovered insight regarding the user
experience from both the child and parent perspective regarding the
Acceptability, Demand, Implementation, Practicality, and Limited Effi-
cacy of the Smart Stepper system in family life (Bowen et al., 2009).

4.1. Acceptability

Drawing on Bowen et al’ s recommendations (Bowen et al., 2009) for
focus on Acceptability, we asked families about their satisfaction & intent
to continue use, perceived appropriateness, and fit for daily home life.

4.1.2. Satisfaction and Intent to Continue Use

The survey results indicated that the Smart Stepper system was
identified as a preferred method of intervention because it was easier to
implement than other alternatives. Multiple parents commented on the
benefits of the shoe insert compared to casting or orthoses with one
parent stating, “Shoe inserts are better as it has built in vibration that
reminds my son not to toe walk,” -P1. We asked how long parents would
be willing to continue using the system. Additionally, three participants
reported that they would continue using the system for approximately
one year while five participants stated that they would continue using
the system until toe walking was corrected or improved. Three children
responded to a follow-up survey and indicated they would wear the
Smart Stepper system for 50% to 90% of the day and from a “couple of
days” to a “couple of months”. (C1, C4, C6). Sixty-three percent of the
parents stated they would like to continue using the system and 87%
reported their child would be willing to try a new version.

4.1.3. Perceived Appropriateness and Practicality

The invisibility of the Smart Stepper system was perceived as an
appropriate intervention for home use. The Smart Stepper system may
be less stigmatizing than other interventions such as auditory cueing and
children were willing to wear them. The families reported the perception
reduced stigma. We found many parents feared the potential of other
children discriminating against their child by “making fun of” their child
for the way they walk. For example, P1 stated they appreciated that the
insert allowed for privacy by “being less obvious as it doesn’t make my
son stand out like wearing leg braces”. Additionally, children expressed
satisfaction when they talked about their improvements and the chance
to wear preferred types of shoes (i.e., “dress shoes and flip flops™).

Regarding Practicality, we asked about the ability to carry out the
intervention’s positive and negative effects on participants. We found
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the physical comfort of the shoe comfort to be an important factor of a
system’s practicality. Overall, the children felt the shoe insert comfort
was acceptable with a few outliers (i.e., one child stating it was un-
comfortable and one child stating it was very comfortable). This is a
tension to consider along with the technical feasibility of getting sensors
and microcontrollers embedded in a shoe insert. Children informed us of
ways to make the Smart Stepper system more comfortable such as using
a thinner insert (C4, C6). C1 said “The inserts are too bulky. Maybe make
the shoes wider to not make it not tight”. C3 stated the inserts were hard
and wanted a “higher arch”. And another child added “more padding,
[as] inserts were hard,” and that the system would be good for “someone
who is less sensitive to the vibrations so that they would actually put
their heels down”-C5. This input presents the potential for tension be-
tween some parents who may believe children may not feel the vibration
and children stating it can be uncomfortable to step down on the sensor,
regardless of sensing the vibration. Adjusting the physical qualities of
the shoe insert will be explored in future design iterations.

4.1.4. Positive Effect on Family

Improved parent-child communication was another positive
outcome of using the system. Parents were asked if their interactions had
changed with their children after seeing the data (app summary). Two
parents said it allowed for better communication to discuss toe walking
with their child. One parent stated: “I am able to explain more when he
is on his toes or heel by showing the data to him” P1. These responses
suggest that based on the parent interaction with the system, commu-
nication regarding toe walking was improved. And a few parents said
they were able to use the data to implement a reward system as captured
in P3’s comment that “he did get praised when the count showed more
heel strikes than toe steps”. P6 said “We would cheer, and he’d get a
special treat after dinner when he did a certain amount of heel strikes”.
Thirty-eight percent of parents reported that their parent-child inter-
action had improved after initiation of the system. When asked for
further detail in this regard, one parent responded by stating “No... but
since the study, my child has taken a more positive stance on being told
to ‘get off your toes’ or ‘down’ or ‘flat’ or ‘heels’.”- P3. Another parent
responded, “Yes, being able to recognize toe walking”-P7. From this
statement, it is understood that this parent is now better able to recog-
nize when their child is toe walking, which suggests that this system may
be appropriate for helping parents to identify toe walking in their child.
All the parents stated that they shared their interpretation of the (app
summary) data with their child.

4.2. Demand

Demand as a feasibility factor according to Bowen et al. (2009),
consists of “Post-only design with multiple surveys over time to test
reactions to the intervention of a new population”. We asked about
perceived demand as well as the parent participant’s report of actual
use.

4.2.1. Perceived Demand

We sought a clear understanding of the demand for wearable inter-
vention. Parents were motivated to increase the children’s awareness of
toe walking and to reduce their child’s pain. One parent stated this
concern most clearly when they said “Toe walking is causing a lot of
problems for my child. Her toes are cramping, her skin on her toes are
splitting and she trips and falls”-P5. Other parents expressed similar
sentiments as P6 stated,“My son complains that his calves hurt and I
know it’s from the toe walking so I want to find a way for him to be in
less pain”. The reduction in pain was the central theme for children as
well. All the children surveyed said that they would like to change their
toe walking. When further questioned as to why, some children indi-
cated to reduce pain. One child said, “So that my legs don’t feel stiff
when I walk sometimes’’-C6. Another child reported, “To reduce trips
and falls, pain, and deformed toes. Be able to wear flip flops and dress
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shoes.”-C4.

Parents are also aware that their children may not connect their pain
with toe walking. One parent reported her child was not tracking their
toe walking by stating “he isn’t aware of his walking gait at the
conscious level,” P4. One parent was sure of the connection themselves
as P7 stated “My son complains that his calf’s hurt and I know it’s from
the toe walking so I want to find a way for him to be in less pain.” Some
wanted to help their child be free of the pain from toe walking as well as
help others. This wish was exemplified by one parent who said, “We
want a pain free, normal life for our toe walking child. And if the data
from these trials can be used to better diagnose and treat toe walking
children earlier in life; that would be outstanding,”-P3. One parent went
so far as to suggest that the system should be designed for “early toe
walkers to prevent kids from developing idiopathic toe walking”-P4. In
summary, the children and parents demonstrated a demand to reduce
pain and connect the child’s awareness of toe walking to that pain.

4.2.2. Actual Use

The core function of the system was to provide vibrotactile feedback
that the child could perceive and comfortably act upon. The survey re-
sults confirmed that the vibration provided by the system was perceived,
however exhibited low awareness and habituation. We found that the
functional prototype provided enough vibration to elicit a report that
83% of the children did feel the vibration when they took steps. This is
encouraging, however there is room to improve as only 57% of the
children reported they “often” felt the vibration even when they were
taking steps on their toes-with only one child stating they “always” felt
the vibration at all time periods.

These findings indicate that the vibration may need to be stronger for
some children. In fact, 66% of the children reported that the amount of
feedback given was “not enough” stating that they would prefer a
stronger (C6) or longer vibration (C3). Despite the limited perception of
the vibration, 66% of the children still reported that they paid attention
“often”, and 100% said they paid attention to the feedback at least
“sometimes”. Additionally, in response to the vibration, 50% of the
children reported making efforts to walk on their heels. For example, C4
stated that “walking changed immediately after putting on shoe inserts”,
and C5 stated their response to the vibration was to “walk flat foot and
stomp if it still kept vibrating”. A parent stated “When he was focused,
he would pay attention to the shoes more and would mention when it
was vibrating so I know he can feel it but if it was stronger, he’d prob-
ably stay off his toes more’’-P7. We are encouraged that the parents and
children are reporting similar patterns and found repeatedly that parent
interpretation of the child’s response to the shoe vibrating, and the
child’s perception of the vibration were in sync across the 3 time periods
of the study, see Fig.s 2 & 3. Our findings suggest that when the children
most consistently felt the vibration, they also performed the greatest
consistency of heel strikes according to the parent report.

Of interest is the varying rates of vibrotactile perception over three
periods of time: before initial use, after a few days of use, and during the
final days of use, see Fig. 2. As the child’s perception of the vibration
declined, their responses also became more inconsistent. We have
considered a few possibilities for this decreasing trend. It could be
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viewed as habituation; an overall decrease in toe walking; or false
positives by the system itself. We feel the latter is not likely as there was
unanimous agreement from the parents that the summary did reflect the
effort and performance of their child to some extent. Parents also
comment on the positive impact of the feedback as P5 said “It helps my
child visually see proper walking and she strives for more green. Seeing
improvement helps to continue to work towards our goals™.

4.3. Implementation

Regarding Implementation, we asked about the degree of execution,
success and failures with execution, factors affecting implementation
ease or difficulty.

4.3.1. Ease of Use

We surveyed parents and children regarding the system’s ease of use.
Parents found the system easy to use for several reasons. Survey results
showed the Smart Stepper was easy to use because of the support and
assistance provided by researchers, the compatibility of the system, and
the automatic and consistent reminders that heels needed to be on the
ground. Parents’ concerns with the shoes were described as needing to
be more durable and have better connectivity with the system. It was
also obtained that parents desired a system to confirm the Smart Step-
pers overall accuracy. The natural setting for use seemed acceptable as
three parents identified school and other activities as being the perfect
environment to use the shoes, as there was an “ease of using especially
when going out or going to school vs. leg braces”- P1. Another parent
said that they were motivated to use the system because of “the ease of
just putting the inserts in the shoes”-P1. P7 said:

“The inserts were easy to put on. We had some problems with con-
necting phones. Inserts would have problems during use and not
recording information. The inserts caused her heel to be raised up to
high...The system was made easier to use by assistance provided by
[senior researcher] and personnel who worked in the lab”.

4.3.2. Connectivity

Although the shoe insert component worked overall, the connectiv-
ity was a concern at times. A few parents felt the system was easy to
charge and connect, and stated “You just charge it, turn it on and con-
nect to the app and you’re good to go,” P1, and P2 stated “The app and
the shoes were easy to sync, and we had no trouble getting used to the
system”. Some issues resulted in difficulty with syncing as P2 stated
“When we would leave the house and the WIFI would get disrupted, not
counting all of our steps”. Parents also reported challenges with the
system disconnecting or not recognizing which insert was being used
that day. P6 said:

“Sometimes the shoes wouldn’t stay connected, or I would unplug
them from the charging cords, but they wouldn’t have any charge. Also,
it was hard to make sure they were charging correctly the first few times.
[The shoes worked well] when they connected with no issues and
tracked all day long”.

Others also had difficulty with connectivity. For example, P8 said
“we had quite a few technical problems and became very discouraged.
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Fig. 2. Graphs depicting the child’s perception of the vibration felt during three time intervals. Left: initial use; Middle: a few days of Use, Right: final days of use.
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Fig. 3. Graphs depict the parent report of the child’s response to vibration during three time intervals. Left: initial Use, Middle: a few days of use, Right: final days

of use.

Once the glitches are worked out, it would be a fairly easy system to
use”. P7 said: “The system had difficulty getting connected and starting
up. Process would take several attempts. She would go to school, and it
would disconnect. The app did not always recognize which insert was
being used that day”.

4.3.3. Accuracy

Some parents and children were concerned with the system’s accu-
racy. The system was validated for accuracy as described earlier, how-
ever some child participant’s interpretation of the vibrotactile and the
visual feedback resulted in confusion when it did not match their per-
ceptions. The system was carefully calibrated yet the awareness of what
constitutes a heel strike is still emerging for some participants. Half of
the children reported being confused about the system’s ability to detect
improvements in their gait and only two children felt supported or that
the system gave clear feedback. For example, C5 stated “make it vibrate
only when walking on toes not when flat foot”. This concern trickled
down to the parents who also expressed concerns with accuracy such as
P8 said “He improved when the inserts were working”. Additionally, one
parent requested a specific form of the data analysis, when they said,
“some data analysis would have been useful for parents (histogram,
etc.),”-P4.

4.3.4. Durability

Duration of the post interventions survey and durability were the
main concerns regarding the execution of the system deployment. C6
said “I think I needed more time to really get used to the inserts and how
everything works because of the pandemic. I haven’t been leaving my
house as much as I did when I first got the shoes.” Another parent
expressed the impact of the COVID-19 pandemic on being able to use the
system as P8 said: “It would have been fine [with] my son in a more
normal time and if the inserts were able to handle more. I think it is a
good system for kids or adults. [However], the system was proving to be
more stressful than useful- especially during the pandemic when we’re
stuck in our house. We likely would have stuck with it longer (indefi-
nitely) if it had worked more smoothly”.

Durability was the biggest challenge of the Smart Stepper system. As
a prototype, it was more fragile than parent participants would have
preferred. For example, P3 stated: “The usability of the app and insole
was easy enough to learn and maintain functionality. The weak part of
the system was having the electronics housed in the heel of the insole.
When my child did walk on his heels, it led to the breaking of the insole
electronics. We only got 3-4 days of light walking and wearing before
they would stop working. The perfect environment for us was inside
large retail box stores, or malls. If my child wore the shoes to school,
they broke the first day; probably at recess or lunch play. If the system
could be worked in such a way as to make the system more durable to
the rigors of daily wear..... these insoles would be priceless!” Durability
is a consideration that is difficult to address in an early prototype
deployment, yet it is important for an understanding of a system’s use in
a natural setting.

4.4. Limited Efficacy

Regarding Limited efficacy, we asked about the intended effects of the
smart stepper on toe walking.

4.4.1. Intended Effects

The survey results suggest that the system was effective in addressing
idiopathic toe walking over time and even after cessation of interven-
tion. Improvements were seen in the amount of toe walking compared
across time. The longer the shoe insert was worn, the greater gait
changes were observed by both parent and child suggesting that a longer
intervention would be more effective. Similar trends in perceived gait
changes were reported by children and parents, see Fig. 4 Left. Although
there are slight differences between the parent and child perception of
toe walking, the overall trend is the same (See Fig. 4 Left). These results
demonstrate the perceived efficacy of this Smart Stepper intervention.
This is supported by parent reports of perceived efficacy with 50%
saying it was “very effective” compared to their previous interventions,
see Fig. 4 Right. Insights related to the trends over time were also
discussed.

At initial use of the shoes one parent reported “whenever he is not
wearing the shoes, he is up on his toes” -P2; another parent reported “My
child was able to walk flat footed for long periods of time when wearing
the inserts” -P5. While another stated “just wearing those shoes put him
in a mode to walk on his heels”-P3. Even in the initial days of the
intervention, “toe walking was less” -P1 and parents reported “improved
gait but needed some parental reminders” -P8. P7 stated “Once we
started (the) toe study that is when we started noticing a big improve-
ment”. After multiple days of wear children were able to tolerate
wearing the shoe as evidenced by P7 report that “the inserts were worn
the length of study until covid. At that time, we wore them until shoes no
longer fit”. After multiple days of wear, 88% of parents and 50% of
children were able to detect a change in their gait which suggests a time
dependent component to this intervention.

Following multiple days of wear, comments on awareness were
prevalent. P3 reported “while the insoles worked, we saw him constantly
aware of his heel to toe strike ratio”. Parents also reported less reminders
on their part as P8 stated “Let’s [less] reminders to stay off his toes” and
P1 stated “the toe walking has lessened a bit”. Children were also aware
of these improvements as C6 stated they “walked more flat footed”. P7
observed that during periods when shoe inserts were not worn for
multiple days, “She would start walking more on toes rather than doing
toe heel strikes’’. P8 demonstrated some habituation to the system and
stated, “he eventually started ignoring, or taking longer to notice the
prompt, but still responded”.

Immediately after deployment of the system, it was observed that
there was a slight increase in the amount of toe walking from the end of
the intervention to the time of survey completion. However, the parent
and child still reported a 12% and 7% decrease in toe walking respec-
tively compared to before the intervention. Both the parent and child
perceived the greatest decrease in toe walking immediately post inter-
vention, with 15% and 16% decreases respectively. Multiple days after
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Fig. 4. Left: Graph of child and parent perceptions of gait changes during four time intervals. Middle: Graph comparing the percentage of perceived Toe Walking at
three time intervals, Right: Graph depicts parental report of efficacy of the intervention compared to other interventions previously tried.

the last use, 75% of the parents were still able to detect a change in their
child’s gait. This provides initial evidence that there may be long-term
benefits in correcting gait mechanics after the cessation of shoe use.
Following multiple days without wear, the children were observed to
regress to a certain extent with parents stating “he went back to[e]
walking”-P1. Taken with the data suggesting greater gait changes with
multiple days of wear, this suggests that additional benefits would
continue to be observed with a longer period of intervention.

4.4.2. Maintenance of Changes from Initial Use

In surveying the children and parents about what changed over the
time using the system, we found the system brought some awareness to
their toe walking. P7 stated the system “made her aware of how her legs
felt if she was having pain from toe walking” and added the system
would be useful for “any child who was unaware of toe walking and
needed it to be identified”. Regarding the child’s awareness of their toe
walking, we found that toe walking is difficult for children to perceive
and thus resulted in parents verbally prompting their children. Specif-
ically in our survey, when the children were asked what makes them
walk on their toes more, they either did not know or stated when they
did not have any external cues, such as when they were “walking
barefoot”-C2. These findings support the use of an external cue as
necessary to indicate to children who toe walk that they are on their
toes. This concept is supported by a response from a child themselves
who realized the effect of the external cue in the shoe stating, “I should
wear shoes more now that I am typing about it”-C2.

Improvement in heel strikes motivated continued use of the system.
C4 said they felt “hopeful because it was working”. P8 said, “Improve-
ment would motivate. I liked seeing improvement. It was positive in that
we could discuss what helped. He definitely is motivated by it”. P6 said,
“He was excited about his progress when he wore the shoes”. Another
parent summarized the sentiment for their intent to continue with using
the Smart Stepper system. P7 said “I would be willing to use the system
as long as it was showing improvement. The reason we agreed to
participate was to improve walking without being on toes”.

5. Discussion

In exploring the rich user experiences of the families that used the
Smart Stepper system, we have demonstrated that the system is feasible
in a real context by examining Acceptability, Demand, Implementation,
Practicality, and Limited Efficacy. This study provided design insight
regarding the child and parent experiences in a natural setting over time.
These user experiences from children and their parents regarding
vibrotactile perception are novel contributions to the wearable litera-
ture. The insight that children are not always aware of their own toe
walking and its impact on their pain can be considered when parents,
clinicians, designers interpret the child participant’s feedback. Prior to
this work, little was known about the child’s perspective regarding toe
walking and the associated interventions. For example, one such study
found a negative impact on quality of life as idiopathic toe walking
children scored lower than healthy controls on Total, Psychosocial, and

Emotional subscales of the PedsQL 4.0, thus demonstrating the over-
arching effect toe walking can have on their life (Williams & Haines,
2015). The need to understand the experience of toe walking and the
experience of wearable interventions has led to this work which
revealed places of balance and place of tension.

5.1. In Balance

Family members were in balance regarding satisfaction with the
system. When parents and children were in alignment with their satis-
faction with the system, shifts in family communication around toe
walking and interventions were possible. Satisfaction was driven by the
child and parent seeing improvement in gait and decreased pain. The
intended effect to support awareness of what is causing pain plays a role
in the limited efficacy of this study. The child and the parents’ desire to
see change is a highly desirable type of motivation for a therapeutic
system as “mastery motivation” is the kind that leads to the adoption of a
wearable system. Overall, showing the daily data increased awareness of
toe walking as well as increased the child’s motivation, allowing the
child to be more receptive to parental cues.

Regarding the practicality of the system, the ease of use and invisi-
bility of the feedback which could reduce stigma, as well as provide an
ideal condition for motor re-learning through the immediacy and
automaticity of feedback. Parents are highly concerned with the impact
of their child’s toe walking not only because of the physical pain it
causes but also the potential stigma. Stigma should be considered when
designing assistive devices (Shinohara & Jacob O. Wobbrock, 2011) or
wearable devices to ensure social acceptability (Boyd et al., 2017; Shi-
nohara et al., 2018). therefore an ease to use and practical system is of
value.

5.2. In Tension

Tensions in execution were noted regarding the execution of the
system in a home setting. Insights regarding the pain points of using a
wearable in the natural setting include the practicality regarding dura-
bility and comfort of the system. It is highly encouraging that parents
reported that they want to continue using the system until toe walking is
corrected if the system is updated and there was an increase in durability
of the shoe inserts. Ongoing use will require customizing for vibrotactile
comfort of the insert and the feedback. Given idiopathic toe walking
children may be predisposed to sensory processing difficulties such as
hypersensitivity (Williams et al., 2012) customizing for comfort is key.
The frequency of vibration can be varied with different inter-vibration
timings and the design of future shoe inserts could focus on hardness
on the heel. Despite our efforts to use flexible and durable materials, for
some, that hardness of the shoe insert had the unintended effect of
making it less likely for the child to walk on their heels.

The vibration provided by the system worked and the children would
have preferred a strong/longer vibration. The children experienced a
decrease in vibration over time that could be due to adaptation. Further
study is required however we found that the longer the shoe insert was
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worn, the greater gait changes were observed by both parent and child.
This suggests that a longer intervention could be more effective. Addi-
tionally, the varied perception of vibrotactile input in some cases reveals
the need for developers to maintain a role in improving the user expe-
rience through calibration settings for child and parent participants. A
ground truth metric would have allowed parents and children to check
that the system was working and adjust their perception of what con-
stitutes a heel strike. This is a valuable lesson that is at the core of motor
re-learning. Design work on how to make this feasible could be
addressed in future iterations.

Improvements to the shoe need to focus on comfort for the child
including durability for rugged use, customizable vibrotactile input and
flexibility of the insert. Finding a balance between having the sensors
placed in a feasible location while not being too soft of a material that
the sensor would be felt by heel strikes. With improvements to durability
and comfort (e.g., and thinner, softer, higher arch insert), the shoes can
be used in any environment. However, overall, the invisible shoe insert
paired with a mobile phone as a form factor is easy to use and less
stigmatizing than other interventions and children are willing and
motivated to wear them.

The feedback on the phone promoted a starting place for parent-child
communication related to awareness and pain associated with toe
walking. With the need to balance data sharing amongst family members
with the child’s privacy, we began with discrete feedback in real time
through vibrotactile input for the child as well as shareable summary on
a smartphone for the family. However, as this system is a functional
prototype to test for feasibility in a natural setting, it did not have the
capacity to save the gait data beyond the current day/week, yet the
utility of this configuration has been demonstrated. What was learned
from this deployment was the need for a ground truth in the natural
setting that all members could rely on to confirm heel strikes. Although
the development and testing of the efficacy of this system had been
previously established (Soangra et al., 2021); children and parent par-
ticipants doubted the system at times, derailing the core function of the
system. The system’s physical robustness including the system’s con-
nectivity had a positive impact on the family members connecting to
each other regarding the presence of heel strikes.

6. Conclusion

The Smart Stepper system was reported to promote heel strikes as
well as reduce pain, fall risk, and potential stigma. Additionally, several
insights contribute to the understanding of families who use wearables
in natural settings over time. Previous studies on wearables have not
addressed the need for real time feedback to promote motor re-learning
in natural environments for extended periods of time nor have they
explored the user experience of children and their parents regarding
home use. We addressed this gap by deploying a functional prototype
previously developed (Pollind et al., 2019) and validated (Soangra et al.,
2021) to provide automated vibrotactile input via shoe inserts linked
with a smartphone application. In this work, we surveyed children and
parents regarding the child and parent participants’ experience with the
Smart Stepper system after their extended use of the system at home.
The survey results indicated the Smart Stepper system supports
perception of improved gait patterns by children and parents, the system
was easy to use, motivated ongoing use, alleviated pain, and supported
positive parent-child communication regarding toe walking. The system
was reported to be effective in addressing idiopathic toe walking over
time, even after cessation of intervention. These design insights will be
incorporated in the next iteration of the Smart Stepper system. These
design implications may have utility for other therapeutic wearables
that involve similar stakeholder groups made up of children, parents,
and clinicians.
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6.1. Implications

Designers of therapeutic wearable systems for children should
consider ways to reduce frustration by adding the ability to confirm
ground truth as a method to demonstrate the system is consistently ac-
curate and reliable. Other implications for future design are to: change
the insert to improve durability for robust use in daily life; add more user
training; optimize connectivity; customize user interfaces for multiple
types of users; customize vibrotactile feedback as well as customizing
the insert’s shape and feel for comfort.

Future work could explore ways to customize the physical aspects of
the insert with new technologies for 3D printing such as Fused Deposi-
tion Modeling 3D printers that allows for each voxel to be customized in
terms of flexibility and strength, thus providing a highly individualized
fit, thus improving the user experience across several pain points for the
family of wearables in a natural setting.

6.2. Impact Statement

This research paper takes an important first-time look at family ex-
periences (children and parents) regarding a device for rehabilitation.
While this is a first look at how children feel about wearables for
physical therapy, the impact of the work has a sustainable broader
impact on the design of wearable interventions. The intellectual merit of
the project is the novel application of Machine Learning to classify gait.
This paper provides an important step to ensure wearable devices are
usable by children and parents. This work explores these vital human
factor parameters in feasibility.
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