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Differentiating fallers from nonfallers
using nonlinear variability analyses of data
from a low-cost portable footswitch device:

a feasibility study
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Purpose: Falls are one of the main causes of injuries in older adults. This study evaluated a low-cost footswitch device that was de-
signed to measure gait variability and investigates whether there are any relationships between variability metrics and clinical balance
tests for individuals with a history of previous falls. Methods: Sixteen older adults completed a history of falls questionnaire, three func-
tional tests related to fall risk, and walked on a treadmill with the footswitch device. We extracted the stride times from the device and
applied two nonlinear variability analyses: coefficient of variation and detrended fluctuation analysis. Results: The temporal variables
and variability metrics from the footswitch device correlated with gold-standard measurements based on ground reaction force data. One
variability metric (detrended fluctuation analysis) showed a significant relationship with the presence of past falls with a sensitivity of 43%.
Conclusion: This feasibility study demonstrates the basis for using low-cost footswitch devices to predict fall risk.
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1. Introduction

Falls are an important risk for our aging popula-
tion and are associated with high economic costs [7].
About one out of three adults older than 65 falls per
year [15]. A variety of possible contributing factors
include visual impairment and cognitive decline [8].
One study showed the relationship between gait me-
chanics and future falls [18]. Gait is a complex cyclic
behavior characterized by slight variations between
strides.

It has been theorized that a healthy state is associ-
ated with an optimal level of variability, which allows

the system to adapt to varying circumstances [25].
A pathological state can be either too regular or too
random. Moreover, studies have demonstrated a pro-
spective relationship between gait variability and falls
[12], [18], [23], [28]. Gait variability of biomechani-
cal measures (joint kinetics and kinematics, stance and
swing times, stride widths and lengths, minimum foot
clearances) can differentiate fall-prone and healthy
older adults [1], [10], [21], [28]. Additionally, older
adult fallers exhibit increased gait variability [14],
[15]. Associations between falls and gait variability
are variable and task-dependent [3], [24].

Most gait analysis systems are costly and labora-
tory-based. The rationale for developing low-cost sys-
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tems that enable portable monitoring of gait variability is
that these systems could allow for early detection of
changes in fall risk. Our aim was to develop a low-
cost portable device that could be used to measure gait
variability. Finally, we conducted a preliminary evalua-
tion to investigate if measurements with this device
could differentiate individuals who previously experi-
enced a fall from nonfallers in a cross-sectional feasi-
bility study.

2. Materials and methods

2.1. Participants

Sixteen healthy older adults (7 males, 9 females;
71 £ 6 years; 74 £ 16 kg; 1.71 £ 0.11 m) participated
in this study (Table 1). The sample size was based on
similar feasibility studies [26], [27] and guidelines on
adequate sample sizes for pilot studies [16]. Partici-
pants provided informed consent, and the study was
approved by the University of Nebraska Medical Center
Institutional Review Board. All participants were able
to walk independently without an assistive device, did
not suffer from neurological disease and any lower
limb disabilities, injuries, or disease. Older adult par-
ticipants have experienced one fall within the past
year that was determined through self-reporting. The
exclusion criteria for both young and older adult par-
ticipants were any neurologic conditions or lower
limb disabilities or disease that could affect gait and
unable to walk unassisted.

Table 1. Participant characteristics

Participant| Gender | Age [years] |Height [m]| Body mass [kg]
1 Female 70 1.55 60.78
2 Male 77 1.75 63.63
3 Female 71 1.58 62.73
4 Male 72 1.83 85.45
5 Female 68 1.64 67.27
6 Female 70 1.63 59.09
7 Male 65 1.91 88.18
8 Male 71 1.88 104.55
9 Male 60 1.80 111.36
10 Female 70 1.70 77.56
11 Female 76 1.60 57.15
12 Female 83 1.65 67.13
13 Female 79 1.78 76.20
14 Male 76 1.65 77.11
15 Female 66 1.70 61.24
16 Male 67 1.65 70.30

2.2. Experimental procedure

We examined whether there was a relationship
between gait variability parameters and the presence
of falls in a cross-sectional study design. Participants
reported if they had experienced a fall (defined as
“a slip or trip that resulted in a loss of balance and
landing on a lower level”) in the past year. Attitudes
toward falls were assessed using the Modified Falls
Efficacy Scale questionnaire. This is a questionnaire
that measures the fear of falling in older adults. Par-
ticipants also filled out the EQ-5D-5L health ques-
tionnaire. This is another scale in which the partici-
pants should rate their health on a vertical visual
analogue scale. We assessed balance and gait with the
Timed Up and Go test, the Modified Dynamic Gait
Index (MDGI), and the Berg Balance Scale. Timed
Up and Go test evaluates balance, walking perform-
ance, and fall risk. The MDGI was designed to evalu-
ate the dynamic balance during walking. The Berg
Balance Scale was designed to assess the balance
performance and determine the fall risk in an older
population. We measured stride and stance times
during ten minutes of walking at 0.8 m's™' on a force
treadmill (1000 Hz; Bertec, Columbus, OH).

2.3. Footswitch system

We developed a footswitch system that consisted
of pressure sensors (FlexiForce, South Boston, MA)
and a microcontroller (250 Hz; Adafruit, New York
City, NY) (Fig 1). The pressure sensors are trimmable
and include a 3-pin male connector. The force range
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Fig. 1. Low-cost footswitch device. The picture shows
the insole with embedded pressure sensors and electronics.
A transparent shoe is portrayed to show
how the insole fits inside a shoe
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of the sensors is 445 N (0—100 1b). The dynamic range
of this sensor, versatile force sensor can be modified
by changing the drive voltage and adjusting the resis-
tance of the feedback resistor. We selected this micro-
controller because it is easy to use in portable devices
as well as including a USB to serial program and de-
bug capability besides, the heart is clocked at 8 MHz
and at 3.3 V logic. This chip has 32 K of flash and 2 K
of RAM. To compare measurements against a gold
standard, we also measured vertical ground reaction
forces (GRF) and detected gait events with the force
treadmill.

2.4. Data processing

In the GRF data, heel strikes and toe-offs were
detected when the unfiltered vertical GRF crossed 5%
of the participant’s body weight. The footswitch data
were filtered with a 10 Hz Butterworth filter. Heel
strikes were detected using a threshold of 15% of the
range between the minimum and maximum force sig-
nal. Toe-offs were detected using a threshold of 30%.
We removed errors in the gait event detection (e.g.,
due to crossing the split between the treadmill force
plates or due to pressure from the foot on the insole
during the swing phase) by plotting the stride nor-
malized GRF and footswitch signals and excluding
strides that fell outside of a band of the mean (plus or
minus 2.5 times the interquartile range).

We calculated two gait variability metrics from the
recorded stride times and stance times: the coefficient
of variation (100 x standard deviation/mean) [2], [11],
[14] and the detrended fluctuation analysis (DFA)
scaling coefficient [9]. We used data obtained for both
legs, except in 5 out of the 16 participants in which
one of the footswitches malfunctioned. Moreover, we
calculated sensitivity and specificity. Sensitivity is
defined as the proportion of participants who were
correctly identified as fallers divided by the number of
participants who were correctly detected as fallers
plus the participants who were incorrectly detected as
nonfallers. Specificity is defined as the proportion of
participants who were correctly identified as nonfal-
lers divided by the number of participants who were
correctly identified as nonfallers plus the number of
participants who were incorrectly defined as fallers.

2.5. Statistical analyses

We compared temporal variables and variability
metrics versus the GRF-based measurements (gold stan-

dard) using Pearson’s correlation. We analyzed the
relationships between the gait variability metrics and
fall history using logistic regression and the relation-
ships between the gait variability metrics and the bal-
ance questionnaires and tests using linear regression.
All analyses were performed in MATLAB (Math-
Works, Natick, MA).

3. Results

We found a strong correlation between the stride
time measured with the footswitch device and the
stride time based on the GRF measurements (R =
100%, P < 0.001) as well as moderate to strong cor-
relations between footswitch-based and GRF-based
variability metrics (Reoefficient of variation = 0-98, P < 0.01;
RoFA scaling coefficient = 0.58, P =0.001). We found a weak
but significant relationship between the stance time
DFA scaling coefficient measured with the footswitch
device and the reporting of previous falls (P-value
0.024, logistic regression; Fig. 2). We did not find any
other significant relationships between any of the
variability metrics and the questionnaire results and
functional balance tests (P-values > 0.063, linear re-
gression; Figs. 3, 4).

Only footswitch-based stance time DFA scaling
exponent shows a significant relationship with re-
ported falls. Sensitivity (i.e., the number of true posi-
tives divided by the number of positives) is slightly
larger than specificity (i.e., the number of true nega-
tives divided by the number of negatives). This means
that the footswitch-based stance time DFA scaling
exponent is better at estimating who did not report
a fall than at estimating who reported a fall. The
measurement sensitivity of the footswitch system was
determined by the FlexiForce sensors attached to the
insoles. According to the datasheet of the sensors,
collecting data utilizing an Op Amp Circuit (opera-
tional amplifier) [5], the linearity (error) was less than
+ 3%, the repeatability was less than + 2.5%, the hys-
teresis was less than + 4.5%, and the response time
was less than 5.

4. Discussion

This study examined a low-cost, easy-to-implement
footswitch system designed to measure gait variability
and investigated if there are relationships between gait
variability metrics and clinical balance tests for fall
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Fig. 2. Reported falls versus variability measurements with the footswitch device. Reported falls are shown on vertical axes
(1 indicates a reported fall, 0 indicates no reported fall). Variability measurements are shown on the horizontal axes.

The dashed line represents a curve fit with logistic regression. The inset text shows the equation of the logistic regression curve fit
as well as sensitivity and specificity. Trials categorized correctly according to the logistic regression equation are marked with a cross.
Trials identified incorrectly are marked with a diamond (filled diamonds = true negatives, filled circles = true positives,
empty circles = false negatives, empty diamonds = false positives; negative means detected as nonfaller; positive means detected as faller).
Significance of the logistic regression is indicated with symbols. * is P < 0.05, ¢ is P < 0.10, ns is P> 0.10
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Fig. 3. Balance tests versus variability measurements with the footswitch device. Balance tests are shown on the vertical axes.
Footswitch-device based variability coefficients are shown on the horizontal axes. Lines indicate regression lines.
The inset text shows the regression formula and the coefficient of determination. ¢ is P <0.10, ns is P > 0.10
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Fig. 4. Balance and health questionnaires versus variability measurements with the footswitch device.
Questionnaires are shown on the vertical axes. Footswitch-device based variability coefficients are shown on the horizontal axes.
Lines indicate regression lines. The inset text shows the regression formula and the coefficient of determination. ns is P> 0.10

history in older adults. We found that stance time DFA
measured with the footswitch device differentiates
previous fallers with a sensitivity of 43% and specific-
ity of 90% (Fig. 2). While the sensitivity is not high, this
is a similar magnitude for sensitivity and specificity to
that achieved in certain studies with functional tests in
other populations (e.g., sensitivity of 35-57% and speci-
ficity of 87-100%) [6].

According to the results of this study, fallers had
a longer double-limb stance time, consistent with other
research [4]. A reason for this could be the loss of
muscle strength and joint flexibility due to aging [17].
Potentially, this difference in stance time duration
could be related to the difference in stance time DFA
scaling coefficient values between the two groups in
our study. Other studies also found changes in similar
coefficients that explain a more random gait pattern in
older adults [9], similar to the difference in DFA scal-
ing coefficients between the two groups in our study.

We found moderate to strong correlations between
temporal and gait variability metrics measured with
the footswitch device and the GRF-based results,
which indicate that the footswitch device is suffi-
ciently advanced to measure gait variability in a port-
able manner. Previously, it was shown that foot contact
events identified with footswitches agree adequately
with GRF-based methods [20].

There were no significant relationships between
the balance and gait tests and the measurements from
our device. This could be related to the subjective
nature of some tests. There was only a weak trend
toward a significant relation between the stride time
coefficient of variation and the modified dynamic gait

index (Fig 3). The need for self-control, independ-
ence in activities, and knowledge of basic safety
features are important motivations to use new tech-
nologies to determine the risk of falls in older adults
[13]. Clinical balance assessment tools may some-
times not be accurate enough to distinguish the bal-
ance deficits associated with gait [19], which indi-
cates the importance of using technology to assist
with fall risk detection.

The current sample size and the fact that we did
not recruit a representative average population of
older adults limits the generalizability of the results.
We also found only one significant metric that differ-
entiates participants with previous falls from nonfallers,
which could perhaps be a result of this. Another limita-
tion is that this is a cross-sectional feasibility study.
Investigating whether measurements with a similar
device could predict falls prospectively could be a chal-
lenging but impactful next step.

Laboratory-based devices such as the force tread-
mill allow for more accurate and higher frame rate
measurements. Future improvements to the footswitch
device could include increasing the framerate to the
same rate of force treadmills and evaluating if combi-
nations of parameters (e.g., variability metrics and
treadmill speed) can improve differentiating between
fallers and nonfallers. Another possible improvement
could involve adding extra pressure sensors to cover
the entire foot to obtain more accurate measurements
of heel strike and toe-off if the foot contacts the
ground in different locations. Devices, including the
one in this study, could be worn during daily life for
conducting prospective studies [22]. Such studies
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could be descriptive (i.e., following a group of older
adults during their daily life and recording occur-
rences of falls), or they could include subgroups with
individualized intervention strategies (e.g., contacting
older adults to start a balance training intervention as
soon as their sensors indicate that they have an in-
creased risk of falling).

5. Conclusions

This prototype could enable monitoring of gait
variability outside of the laboratory on an outpatient
basis. We found that a portable device measures tem-
poral variability metrics well enough to distinguish
fallers within the dataset.
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