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Abstract

Background: Sit-to-stand and sit-to-walk are common functional movementsthat provide insight into an individual’s functional
mobility. Developing comprehensive measures of these movements using ear-worn inertial measurement units (IMUs), which
areincreasingly incorporated into widely used devices such as hearing ai ds and headphones, could provide ameans of monitoring
older adults and individuals with movement disorders with minimal additional burden.

Objective: This paper aimed to introduce comprehensive outcome measures for sit-to-stand and sit-to-walk movements based
on data from ear-worn IMUSs, and to evaluate their agreement with an optical motion capture reference.

Methods: Data were analyzed from 62 participants, of whom 46 (18 male and 28 female; median age 27, IQR 15 years) did
not have aknown underlying movement condition and 16 (7 male and 9 female; median age 62, IQR 23 years) did. The participants
wore a bespoke 3D-printed headset that contained 6-axis IMUs placed beside their left and right ears. A reflective marker was
placed on each participant’s seventh cervical vertebrato provide an optical motion capture reference. Each participant performed
3 sit-to-stand movements and 3 sit-to-walk movements. The reported outcome metrics included overall and subphase durations,
acceleration, velocity, power, movement smoothness, and hesitation. Agreement between ear-derived and optical outcomes was
evaluated using linear mixed-effects analyses accounting for repeated trial swithin participants, including systematic and proportional
bias, limits of agreement, root mean squared error, and smallest detectable difference.

Results: Tempora outcomes demonstrated the closest agreement between systems. The mean overall movement duration
differed by 0.09 (SD 0.12) seconds for sit-to-stand and 0.06 (SD 0.17) seconds for sit-to-walk, with 95% limits of agreement of
—0.14 to 0.32 seconds and —0.28 to 0.39 seconds, respectively. Strong linear relationships were observed for peak power, with
mixed-effects regression slopes of 0.70 for sit-to-stand and 0.68 for sit-to-walk, although systematic biases of 172 (95% ClI
153-190) W and 191 (95% CI 168-215) W indicated that ear-derived and seventh cervical vertebra—derived power were not

interchangeable. Peak upward acceleration similarly showed systematic biases of 1.05 (95% CI 0.93-1.18) and 1.30 ms™ (95%
Cl 1.14-1.45) for sit-to-stand and sit-to-walk, respectively. Hesitation demonstrated comparatively small absolute error (root
mean squared error 0.04 and 0.03, respectively), whereas smoothness and other fluency outcomes showed greater disagreement
between measurement systems.

Conclusions: The ear-worn IMUs extracted abroad range of sit-to-stand and sit-to-walk outcome measures, although agreement
with the optical reference varied between measures. Tempora outcomes demonstrated the closest agreement, whereas kinematic,
power, and fluency measures showed varying degrees of systematic and proportional disagreement. These findings support the
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feasibility of using ear-worn IMUs for comprehensive functional movement assessment and provide a basis for subsequent
validation of the most robust outcomesin clinically relevant populations.

(J Med Internet Res 2026;28:€100936) doi: 10.2196/100936
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Introduction

Sit-to-stand and sit-to-walk movements are fundamental
activities of daily living that are crucia for functional
independence [1]. The average person performs around 60
sit-to-stand and sit-to-walk movements per day, despite these
being the most demanding functional tasks commonly performed
in day-to-day settings. These movements require sufficient
muscular strength, coordination, and the ability to balance, with
sit-to-walk additionally demanding fluent transition from
sit-to-stand to walking gait [2-4]. Sit-to-stand and sit-to-walk
performance therefore provides a rich and steady stream of
information about an individual’s health, and has already been
shown to identify fall risk [5-10], frailty [11-14], osteoarthritis
[15], fatigue [16], and rehabilitation progress after stroke
[17-19]. Popular clinical tests such as the
Five-Times-Sit-to-Stand [20], the Tinetti Balance Scale [21],
and the timed up-and-go (TUG) include sit-to-stand and
sit-to-walk movements, since they provide a convenient means
to assess functional movement capability [22]. However,
conventional clinical assessment frequently reduces these
complex movements to completion time or relies on subjective
clinician observation of movement quality, overlooking much
of the useful detail available from deeper quantitative analysis.

Many prior studies involving more detailed sit-to-stand and
sit-to-walk movement analysis have been instrumented with
force plates [6,14,18,23] and optical motion capture systems
[4,17,19,24-41]. While these methods provide detail ed kinematic
and kinetic data, they are largely restricted to specialist
laboratory environments and therefore are poorly suited to
repeated measurement in routine clinical practice or daily living
scenarios. To alleviate the requirement for specialist equipment,
asmall body of work has also explored analyzing sit-to-stand
using commercially available camera systems[8,15]; however,
these methods provide less information while still being
restricted by location and assembly time. To address these
limitations, other studies have devel oped methods that rely on
wearableinertial measurement units (IMUs)—small, integrated
packages containing an accel erometer and gyroscope that report
6-axis acceleration and angular velocity data. These data can
be used to derive temporal and kinematic metricsfor sit-to-stand
and sit-to-walk movements, providing information beyond a
simple stopwatch without the restrictive dependence on a
specialist motion capture laboratory.

Existing studies have analyzed sit-to-stand and sit-to-walk
movements using IMUs placed on the wrist [42], shank [43],
and thigh [7,44-48]. The most popular placement studied to
date is the trunk, which is desirable as it is anatomically most
representative of the body’s center of mass (CoM) trajectory,
and both movements are characterized by large trunk
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flexion-extension [1,5,9-13,16,49-61]. While trunk-mounted
sensors are biomechanically convenient, they require adedicated
wearable device to be placed there, imposing an unwanted
burden on the user. These approaches also introduce a large
opportunity for error dueto inaccurate placement by the wearer
[62]. As an alternative to existing IMU placement locations,
ear-level sensing provides a comparably unobtrusive means to
analyze sit-to-stand and sit-to-walk movements. The widespread
use of headphones, earbuds, and hearing aids (collectively
referred to as “earables’), many of which already incorporate
IMUs, provides the opportunity for the measurement to be
achieved through existing form factors, eliminating the need
for apatient to attach a dedicated sensor in a specific anatomical
location. This has already provided the basis for significant
investigation into gait analysis using ear- and head-worn sensors,
providing comparable and in some cases superior results to
other IMU-based methods [63-66].

The head undergoes translational motion during the sit-to-stand
and sit-to-walk movements, which early work has found to
correlate strongly with trunk movement [67], suggesting that
previoudy devel oped metrics based on trunk-derived data could
be applied to an ear-worn system. However, these metrics have
not previously been quantified using an ear-worn system or
velidated against areference measurement. Establishing whether
ear-derived measures capture valid temporal and kinematic
characteristics of these movements is therefore an important
step toward integrating sit-to-stand and sit-to-walk assessment
into ear-worn devices.

This study aimed to quantitatively validate the agreement
between sit-to-stand and sit-to-walk metrics derived from
ear-worn IMUs and an optical motion capture reference across
a range of movement characteristics. These included the time
to complete the total movement and each of its subphases,
kinematic measures such as power, peak acceleration, peak
velocity, and exploratory measures of movement fluency. In
tandem, a sensitivity analysis was performed using a subset of
participants with optical markers placed on top of the ear-worn
IMUSs to establish the extent to which disagreement with the
trunk-mounted optical reference could be attributed to
differencesin anatomical measurement location.

Methods

Ethical Consider ations

This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Cambridge
University Hospitals NHS Foundation Trust (23/EM/0145 and
September 2023) for studies involving humans.
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Participants

Participants were recruited via physica and electronic
advertisements around Cambridge Biomedical Campus and
through word-of-mouth. Exclusion criteriawere being younger
than 18 years of age and being unable to safely walk 10 m
unaided. A total of 65 participants were recruited, of whom
none were excluded due to not meeting the criteria, although 3
were subsequently excluded due to poor optical marker data
quality. Of the 62 participants analyzed, 16 had an underlying
condition that affected their movement. This included 8
participants with Parkinson disease, 3 participants who had
recent vestibular schwannoma surgery, 1 participant with benign
paroxysmal positional vertigo, 1 participant with Méniere
disease, and 3 participants with osteoarthritis. Additional
participant details are shown in Table 1.

Table 1. Summary of participant demographic information.

Fawden et d

In total, 395 movement trials were recorded. Following the
exclusion of 31 sit-to-stand trials and 28 sit-to-walk trials due
to poor optical marker data quality, sit-to-stand data were
available for 163 trials (59 participants) and sit-to-walk data
were available for 173 trials (61 participants). The disparity
between the number of participants analyzed for sit-to-stand
and sit-to-walk data was due to certain participants only
providing clean marker datafor either sit-to-walk or sit-to-stand.
In parallel with the main analyses, a subset of 13 participants
had optical markers placed on top of the ear-worn IMUs (though
one of these participants only recorded clean sit-to-walk data),
and data from these trials were used to conduct an
anatomi cal-location sensitivity analysis.

Known movement disorder

Characteristic Typically functioning
Sex (male/female), n 18/28

Age (years), median (IQR) 27 (24-39)

Weight (kg), median (IQR) 62 (56-73)

Height (m), median (IQR) 171 (165-180)

7/9
62 (52-75)
82 (66-89)
170 (164-178)

Instrumentation

All data were collected on an 8 m long wakway in the
Cambridge Clinical Movement Laboratory, using a standard
chair with armreststhat was placed in the center of the walkway.
Each participant wore a bespoke headset (known as the
“earable”) that housed two 6-axis LSM6DS0x IMUs placed
beside the left and right ears. The headset weighed 25 g,
including the band (dimensions 3 mm x 7 mm x 250 mm) and
IMU enclosures (5 mm x 19 mm x 27 mm), and was 3D printed
using Formlabs Tough 1500 resin (flexural strength 39.0 MPa).
ThelMUswerewired to an ESP32 Thing Plus board (SparkFun
Electronics), which collected the accelerometer and gyroscope
data from the ear-worn IMUs and an identical IMU placed at
the chest at 100 Hz vial2C protocol. The Thing Plus board and
chest IMU were held comfortably and securely in place by an
elasticated chest strap. The Thing Plus board was powered by
a 180 mAh lithium polymer battery and sent data to a laptop
viaWi-Fi to be processed offline.

Along with the IMUs, each participant had an optical marker
placed on the prominent spinous process of their seventh cervical
vertebra (C7), palpated at the base of the neck, while a subset
of 13 participants had additional markers placed on each IMU.

https://www.jmir.org/2026/1/€100936

The C7 placement was chosen as previous work by Chandler
et a [17] had found that the C7 marker remained reliably in
view throughout each sit-to-stand and sit-to-walk trial, while
the C7 data demonstrated a correlation of 0.95 with the CoM
datain a cohort of patients who had stroke. Tracking the CoM
directly requires several markers to remain visible throughout
the movement, which was difficult in the present study as some
markers were occluded when the participants were sitting or in
aflexed position. The datafrom this C7 marker were therefore
selected to act as an optical reference measurement to compare
with the earables, and a sensitivity analysiswas performed using
datafrom those participants with optical markersplaced directly
on the headset to separate IMU-vs-optical disagreement from
anatomical-location disagreement.

The optical markerswere captured by the optical motion capture
system (Vicon) with 12 infrared cameras, and 2 RGB (red,
green, and blue) cameras placed in front of and to the side of
the walkway, respectively. The IMUs and camera system were
triggered at the same time, and any small differences in start
time were corrected by maximizing the cross-correlation
between them. The placement of the IMUs and optical markers
isdemonstrated in Figure 1.
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Figurel. A model demonstrating the placement of the ear- and chest-worn IMUs and the placement of the optical markers on the C7 and headset. C7:

seventh cervical vertebra; IMU: inertial measurement unit.

Experimental Protocol

Each participant completed 3 sit-to-stand and sit-to-walk trials.
They began seated on the chair with both feet on the floor and
began the movement when verbally instructed. For the
sit-to-stand trials, the participant stood up from the chair and
remained standing at the end of the trial. From this position, a
separate recording was then made for the stand-to-sit movement,
which isnot discussed here. This processwas repeated 3 times.

The sit-to-walk trials were collected as part of a TUG tridl,
during which the participants were instructed to leave the chair,
walk up to and around a cone placed 3 m away, then return to
the chair and sit down. Participants were instructed to complete
the trial as quickly and as safely as possible. The sit-to-walk
trial was defined as the period from initiation of rising until the
first foot contact event, as defined by Chandler et a [17]. For
both sit-to-stand and sit-to-walk, the participants were instructed
not to use their arms to propel themselves from the chair but
could otherwise choose their own strategy.

Signal Processing Pipeline

IMU Preprocessing

The IMU data were collected at 100 Hz, then low-pass filtered
to 6 Hz using a second-order Butterworth filter. This cutoff
frequency was used by Chandler et al [17] in their study of
sit-to-stand and sit-to-walk movements, and was found to
produce good signal quality for both the optical and IMU data
without overly attenuating their key features.

IMU Stationary Calibration

The IMU coordinate frame was transformed to align with an
east-north-up frame. This corresponded with the optical system
frame while enabling direct comparison with previous work,
which defined the “rising” movement to be positive. To do this,
a stationary time preceding each trial was identified as atime
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period for which the absolute magnitude of the gyroscope was

below 0.05°s %, inasimilar approach to Tateokaet al [49]. Then,
the roll axis of coordinate frame of the IMU was aligned by
transforming the accelerometer readings to match the

gravitational vector (ie, to read 0 ms?), which matched the
plane of the sit-to-stand and sit-to-walk movements.

After an initial orientation of the sensor was estimated using
the accelerometer data, the sensor fusion agorithm introduced
by Mahony et al [68] was applied to determine the orientation
of the sensor throughout the movement. The algorithm and
parameters (k;=0.01 and ki=0.001) were selected following a
systematic comparison with other algorithms. The gravitational
component was then subtracted from the acceleration signal to
produce the linear acceleration of the IMU.

Applying the assumption that forward velocity was O during
the stationary period, the pitch estimate was tuned using the
dataacquired during the stationary period to minimize the mean
forward linear acceleration. This mitigated drift artifacts
appearing in the velocity signal calculated in the next stage of
the pipeline.

IMU Velocity Calculation

The forward and upward velocities were caculated via
numerical integration of the linear acceleration signals. This
was achieved using the cumulative trapezoid (cumtrapz())
function from the SciPy library. For the sit-to-stand trials, an
additional step was taken to subtract any drift in velocity over
the course of the movement, asit was known that the participant
began and ended with approximately 0 velocity [5]. Drift was
estimated to act as a straight line from 0 at movement onset to
the residual velocity at the end of the signal. This estimated
drift was subtracted sample-by-sample from the integrated
velocity signal, thereby constraining the corrected velocity to
0 at both the beginning and end of the analyzed interval. The
processis demonstrated for an example trial in Figure 2.
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Figure?2. Linear drift correction applied to an upward velocity signal collected during an example sit-to-stand trial . Drift was modeled as acting linearly
throughout the movement and was removed by applying the constraint that each movement began and ended with O velocity.
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Optical Preprocessing

The optical marker trajectories were collected at 100 Hz from
the Vicon optical motion capture system, then filtered to 6 Hz
using asecond-order Butterworth filter, matching the IMU data.
Each marker trgjectory was differentiated and divided by the
sampletimeto produce avelocity signal. Thiswasthen repeated
to produce linear acceleration.

For matting Signals for Comparison

The datafrom theleft and right ear-worn IMUs were combined
by taking the mean—this was considered to be valid as the
movement primarily took placein the sagittal plane with limited
axial rotation. In the handful of cases where the participants
looked at the person running the data collection (to the side)
before straightening their head and performing the movement,
the averaged signal dtill effectively represented the trajectory
of the center of the head. The data from the optical markers
placed on the ear were also combined by taking the mean,
allowing for direct comparison between the IMU and optical
data during the sensitivity analysis.

When analyzing the sit-to-walk trias, the optical data were
cropped to end at the time when the participant’s first step
contact was observed using the RGB cameras. Two copies of
the IMU data were kept—one uncropped, which was used to
identify the estimated end point of the movement (ie, first step
contact) based on the IMU data alone, and another that was
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RenderX

cropped to the time of first step contact observed by the camera
(ie, that used by the optical data) to enable the metrics derived
fromthe IMU and optical datato be compared directly without
the additional errors introduced by differences in the ending.
The calculation of these metricsis described in the next section.

Definition of M ovement Phases

Overview

While the definition of phases varies greatly in existing work,
we chose to use the definitions defined by Kerr et a [24] and
extended to sit-to-stand by Chandler et a [17], as they used
features that were simple to extract from IMU data alone. The
phases areillustrated in Figure 3 and were defined as follows.
Regarding the flexion-momentum, after initiating the movement,
the participant flexes their trunk forward to position the CoM
and generate theinitia (predominantly forward) momentum to
rise. Regarding the extension, the trunk and lower limb joints
extend, propelling the CoM upward. Regarding the unloading,
after reaching peak upward velocity, the body continues to
extend upward. For sit-to-stand, this constitutes CoM
deceleration until the participant reaches afully upright position.
For sit-to-walk, this phase constitutes the initiation of gait,
ending when the foot leaves the floor. (4) Regarding the
stabilization or stance, for sit-to-stand, the participant stands
upright until they have reached stable balance. For sit-to-walk,
the participant fully transitions to gait, with the phase ending
at initial contact of the swinging foot with the floor.
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Figure 3. The phases of the sit-to-stand and sit-to-walk movements. Phases 1 and 2 are common to both, though phases 3 and 4 differ as sit-to-walk

includes initiation of gait.
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Start

There is not currently a universal definition that determines
when sit-to-stand and sit-to-walk movements have started, and
proposed definitions vary depending on which sensing modality
was used. As IMUs produce raw acceleration data, and
acceleration can be easily derived from the optical marker
trajectory, it was decided in this study to define the start of both
movements via an acceleration threshold. The movement
commenceswith trunk flexion; hence, forward acceleration was

used, with the threshold determined empirically to be 0.2 ms™,
which matched the approximate start of the movement
determined by manua inspection of video (recorded in
synchronization with the optical motion capture system). To
avoid false positives caused by participants nodding their head
or shuffling in their seat, the condition was set that the following
20 samples (0.2 s) after crossing the threshold were al so above

0.2 ms?>.

Sit-to-Stand End

Similarly, the precise end point for sit-to-stand and sit-to-walk
movements is not universally defined. This study defined the
ending for the sit-to-stand movement as the first time after
movement initiation that the upward accel eration had performed
a positive 0 crossing (indicating that the participant was fully
upright) and the rolling SD of the absolute acceleration across

10 samples was | ess than 0.05 ms 2 when filtered to 2 Hz. The
latter condition was selected as swaying predominantly takes
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place below 1 Hz, so this mitigated the effects of any unrelated
head movements [69].

Sit-to-Walk End

For sit-to-walk, the end was defined astheinitial contact of the
swing foot, constituting thefirst step of gait. Chandler et a [17]
used the first step when calculating hesitation, a measure that
requires time normalization; hence the authors chose the first
step to allow direct comparison between our work and theirs.
Additionally, detecting initial contact events is more reliable
when using accelerometry compared to alternatives such as
detecting thefirst stancetoe-off [24,70]. Thetiming of theinitial
contact was defined as the first upward acceleration peak
following the positive 0 crossing that was greater than 1

ms“—this threshold was determined to differentiate between
simple head accelerations during the unloading phase and the
initial contact. Thiswas compared to the timing of thefirst step
identified manually using the camera data.

Phases 1-4

The key events used to segment the phases of the sit-to-stand
and sit-to-walk movements are shown in Table 2. The movement
phases used in this study were adapted from the definition by
Kerr et al [24] to be more suitable for use with theIMU signals,
namely by replacing peak upward force with peak upward
accel eration to define the start of phase 2 (extension) and another
local upward acceleration peak to define the end of sit-to-walk.
These events are labeled in Figure 4 [17,34], which shows data
obtained from the earables system during sit-to-stand and
sit-to-wak sampletrials.
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Asthe authorswere unable to determine areliable accel eration-
or vel ocity-based method for determining the moment at which
thefoot |eft the floor during the sit-to-walk trials, the unloading
and stance phaseswere not segmented. Thisremainsalimitation
of ear- and trunk-worn IMU-based methods, though future work
may explore analysis of the medio-lateral acceleration or
gyroscope roll signals, as medio-lateral force plate readings

Fawden et d

have been used to identify when the foot hasleft the floor [24].
Therefore, this work focused on the anaysis of the
flexion-momentum (phase 1) and extension (phase 2) phases
for both sit-to-stand and sit-to-walk, and the unloading (phase
3) and stabilization (phase 4) phases for the sit-to-stand task
only.

Table 2. The start and end definitions for the movement phases. “Initiation” and “end” correspond to the start and end definitions for the sit-to-stand
movement defined in the section Overview under Definition of Movement Phases. Phases 3 and 4 were only defined for the sit-to-stand movement.

Phase 1: flexion-momentum Phase 2: extension

Phase 3: unloading (STS?) Phase 4: Stabilization

(ST9

Start Initiation Peak upward acceleration Peak upward velocity See phase 3 end in this
table

End Peak upward acceleration Peak upward velocity First positive O crossing intheupward ~ End

acceleration signal after phase 2

83TS: sit-to-stand.

Figure4. Example signals obtained from the earables during asingle sit-to-stand (top) and sit-to-walk (bottom) movement. The shaded areas correspond
to each movement phase, while the green triangles correspond to key points relevant to hesitation calculation. The hesitation definition by Chandler et
al [17] was cal cul ated as the percentage time between the 2 upward green triangles (peak forward vel ocity and peak upward acceleration). The definition
by Malouin et al [34] for sit-to-walk was calculated as the percentage drop in forward velocity between the first green upward triangle (peak forward
velocity) and the green downward triangle (the “trough” in forward velocity).

A Hesitation start and end
Phase 1 (flexion-momentum)
Phase 2 (extension)

0.6 Phase 3 (unloading)

Phase 4 (stabilization)

Velocity (ms™1)

Acceleration (ms™2)

0.0 0.5

Hesitation start and end (Chandler)
Maximum forwards velocity drop (Malouin)
0.8 Phase 1 (flexion-momentum)

Phase 2 (extension)

0.64 Phases 3 and 4 (unloading and gait initiation)

Velocity (ms™1)

Acceleration (ms™2)

100

Time (s)

---- Forward velocity —— Upward velocity

Forward acceleration —— Upward acceleration

Outcome Metrics

Movement and Phase Durations

Thedurations of the total movement and movement phaseswere
calculated from the processed signals using the events detailed
in Table 2 and Figure 4. Specifically, total duration was defined
as the time interval between movement start and movement
end, whilethe durations of phases 1-4 corresponded to thetime
interval between the start and end events detailed for each phase.
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Power, Acceleration, and Velocity
For each trial, power was estimated by the calculation:

Power = mxaxv (1)

where m was the mass of the participant, a was the upward
acceleration, and v was the upward velocity calculated as
described in the Signal Preprocessing Pipeline section. Note
that power refers to whole-body power as opposed to an
individual body segment.
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A regression analysis was performed on the peak and mean
power reported by the earables against those calculated from
the C7 marker trajectory. The strength of the linear relationship
was determined using a linear mixed-effects regression with
the C7-derived values as the dependent variabl e, the ear-derived
values as the fixed effect, and the participant as a random
intercept to handle repeated trials. The fixed-effect slope was
used to evaluate the adjustment factor required to correct the
readings from the ear to those of the optical reference. This
process was repeated for peak and mean upward vel ocities and
accelerations.

Fluency

Movement quality is an important component when assessing
how a movement has been performed, and several metrics have
been developed to characterize this during sit-to-stand and
sit-to-walk movements. We performed an exploratory analysis
for 2 movement fluency metrics: hesitation and smoothness.

Hesitation seeks to describe the maintenance of forward
momentum throughout the sit-to-walk movement, and thisidea
was extended to the sit-to-stand movement by Chandler et a
[17] to enable comparison across the 2 movements. Meanwhile,
smoothness describes the continuity of amovement considered
independently of itsamplitude and duration [71]. Thisis perhaps
best encapsulated by its antonym—jerkiness—and, in fact, many
smoothness metrics such as those used by Kerr et al [32] and
Balasubramanian et a [71] are functions of the movement
signa’sjerk.

Hesitation

Hesitation scores were calculated using data from both the
earables and the C7 marker, following the modified definition
by Chandler et a [17] to allow direct comparison between the
sit-to-stand and sit-to-walk movements. This was done by
identifying the peak upward acceleration and peak forward
velocity from the signalsusing SciPy’s argrelextrema() function,
then calculating the time between them as a percentage of the
overal movement duration. The timing of peak upward
acceleration and peak forward velocity are shown as the green
upward triangles on Figure 4.

Additionally, it was decided to implement the hesitation
definition by Malouin et a [34] (the percentage drop in forward
velocity) for the sit-to-walk movement, as this captured the
concept of forward momentum conservation that underpinsthe
transition fromrising to gait. In Figure 4, peak forward velocity
is indicated as a green upward triangle (as this was common
with the definition by Chandler et al [17]) and the drop in
forward velocity is indicated by a green downward triangle.

Smoothness

Smoothness was defined using 2 metrics. first, by counting the
number of inflection pointsin the forward jerk signal, as used
by Chandler et a [17] and Kerr et a [32], and second, using the
log dimensionless jerk (LDLJ) metric. First introduced by
Balasubramanian et a [71], LDLJ avoids large jumps in
smoothness for movementsthat include few submovements, as
is the case for sit-to-stand and sit-to-walk in individuas with
good movement function. While standard LDLJ takes the
velocity signal as input, we used the IMU-specific version
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(LDLJA) introduced by Melendez-Calderon et a [72], which
takes acceleration as input, thereby avoiding issues caused by
integrating the accel erometer signal. The calculation of LDLJ-A
is shown in equation 2.

2 _In (f;‘tl Ij) @)

peak

A(%)

o _ _ 1
e f \|x(r)||§ dt; year £ max|[E(E)|,, ¢ € i, t;%(t) 2 £(t) — P
ty 2 1

f "0t (3)
t,

where isthe raw acceleration signal from the accelerometer, is
the mean-subtracted acceleration, is the maximum absolute
acceleration, and isthe jerk integral term.

Statistical Analysis

Scalar Agreement and Linear Mixed-Effects Models
Analysis

Comparison statisticswere cal culated for the difference between
the ear-worn IMUs and the C7 marker, incorporating all
processed trials. To account for the fact that multipletrialswere
collected per participant, a linear mixed-effects model was
implemented with the participant set as the random intercept.

This was applied to all reported metrics and was calculated
using the following equation:

dij = o +u; + €5 (4)

where B, isthe population-level systematic bias, “~V % jsthe

participant-specific random intercept, and €~V (0,0 isthe
residual intraparticipant error.

For each of the outcome metrics, the following comparison
statistics were calculated between the ear-worn IMUs and the
C7 marker.

Bias
The bias was calculated as the observed fixed intercept, Bo of
the linear mixed-effects model.

95% Limits of Agreement

The 95% limits of agreement were calculated from the linear
mixed-effects model using the following equation:

LoA = By + 1.96,/62 + a2 (5)

where G represents the observed interparti cipant variance and
¢ represents the observed intraparticipant variance.

Root Mean Squared Error

The root mean squared error was calculated using participant
weighting to ensure that a given participant contributing more
trials was not given more weight. The equation for this was:

RMSE = J%ZL (2L, dij) (6)
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where N isthe number of participants, n; isthe number of trials
contributed by a particular participant, and d; is the paired
difference calculated between the IMU and optical marker for
agiventrial.

Proportional Bias

Proportional bias between the IMU and optical measurements
was tested by fitting a second random intercept mixed-effects
model with the following equation:

dij = Bo + Bymy + Ui + 0
where ™~~~ was the mean of each paired IMU and optical
measurement. The sign and magnitude of the observed

proportional bias coefficient, £ models the presence of any
proportional bias between the IMU and optical measurements.

A hypothesistest was conducted with the null hypothesis Bi=0
to determine whether significant proportional biaswas observed.

Smallest Detectable Difference
The smallest detectable difference was estimated from the

intraparticipant variance as °%?’ to describe the smallest
difference that can be statistically detected from the data.

Supporting and Sensitivity Analyses

Ear IMU-C7 Marker Anatomical-L ocation Analysis

Although the present work focuses on analyzing the sit-to-stand
and sit-to-walk movements using ear-worn IMUs, the main
optical reference used in this study was placed on the C7. This
introduced anatomical-location disagreement alongside
IMU-vs-optical disagreement. To characterize these effects,
agreement metricswere cal cul ated between the IMU and optical
time-seriessignalsrecorded for each movement. Bias, root mean
squared error (RM SE), and Pearson product-moment correlation

https://www.jmir.org/2026/1/€100936

Fawden et d

coefficients were calculated between the IMU and C7 marker
data for velocity and acceleration in the forward and upward
directions. For the subset of 13 participantswith optical markers
placed directly on the headset, the agreement between the
ear-worn IMUs and the headset markers was calculated in the
same way. This enabled a threefold comparison: ear-worn
markers vs C7 marker, ear-worn IMUs vs ear-worn markers,
and ear-worn IMUs vs C7 marker, which allowed the effects
of anatomical location and IMU-vs-optical disagreementsto be
isolated.

Failed Event Detections

While analyzing the phase durations, it became apparent that
the first step of the sit-to-walk movement was misdetected by
the IMUsfor sometrials. Thisisan important event asit defines
the end of the movement, and indeed sit-to-walk’s clinical
relevance comes from capturing the transition from rising to
gait initiation. To quantify the effect of these misidentified steps
on the other outcome metrics, the metrics were cal culated both
including and excluding the failed detections, and the differences
were compared.

Results

Phase Dur ations

The outcome metrics related to overall duration and durations
of phases calculated using the C7 dataand the earables data are
shown in Table 3. The mean overall durationswere comparable
between both systems, with amean bias of 0.09 (SD 0.12) sfor
sit-to-stand and 0.06 (SD 0.17) s for sit-to-wak (Figure 5).
M ean biases were low across the phases, though as phase 4 was
much shorter than the other, its trial-level error was relatively
larger. Figure 6 demonstrates that most trials lay within the
limits of agreement for both sit-to-stand and sit-to-walk overall
duration.
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Table 3. Summary of outcome metrics calculated from the overall and phase durations for sit-to-stand and sit-to-walk.

Fawden et d

Activity anddure-  Earable, 72 Bias(95%  Lower 95% Upper 95% RMSES Proportional bias sppd
tion (s) mean Cl) LOAb (95% CI) LoA (95% ClI)
(S0)  (sp)
B (95% CI) Holm P
value
Sit-to-stand
Overall 1.62 153 0.09(0.07to -0.14(-0.17to 032(027to  0.15 0.06 (-0.02to 81 0.28
(026) (025 011 -0.10) 0.37) 0.13)
Phase 1 0.72 0.69 0.03(0.02to -0.08(-0.10to 0.15(0.12to  0.07 -0.05(-0.13t0 .83 0.15
(012) (0120 004 -0.07) 0.17) 0.03)
Phase 2 0.25 0.23 0.02(0.01to —0.07(-0.09t0 0.10(0.09to  0.05 0.01 (-0.08to .99 0.12
(0.08) (0.07) 0.02 -0.06) 0.12) 0.10)
Phase 3 0.58 0.54 0.04(0.03to —0.17(-0.23to 0.25(0.19t0  0.11 0.03 (-0.09to .99 0.29
(013) (014  0.06) -0.11) 0.31) 0.14)
Phase 4 0.07 0.07 000(-0.01 -0.16(-0.18to 0.17(0.14to  0.08 0.22 (0.04to .09 0.22
(0.07)  (0.06) 100.02 -0.13) 0.19) 0.39)
Sit-to-walk
Overall 144 139 0.06(0.02to -0.28(-0.32to 0.39(0.27to  0.18 0.13(0.04to .02 0.29
(032 (0300 0.10) -0.21) 0.50) 0.21)
Phase 1 0.68 0.65 0.02(0.02to -0.08(-0.12to 0.13(0.09t0  0.06 0.07 (0.00to 13 0.13
(013) (0120 0.04) -0.05) 0.18) 0.14)
Phase 2 0.20 0.19 0.01(0.00to -0.10(-0.15t0 0.12(0.06t0  0.06 0.19 (0.06 to .02 0.13
(0.07) (0.07) 0.02 -0.04) 0.17) 0.32)
Phase 3¢ 0.57 0.55 002(-001 -031(-0.35t0 0.35(0.23t0  0.17 0.24(0.11to .002 031
(021) (0200 t00.06) -0.24) 0.45) 0.36)

8C7: seventh cervical vertebra.

BLoA: limits of agreement.

°RMSE: root mean squared error.

d4SDD: smallest detectable difference.

®The data reported for sit-to-walk phase 3 includes phases 3 and 4 combined.
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Figure5. Participant and data availability flow throughout this study and analysis. N denotes the number of participants and n denotes the number of

trials. IMU: inertial measurement unit.
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Figure 6. Comparison of total trial duration calculated by the earables and C7 marker data for sit-to-stand and sit-to-walk. The data points marked in
purple for sit-to-walk indicate cases where the algorithm missed the first step. C7: seventh cervical vertebra; IMU: inertial measurement unit; LoA:

limits of agreement.
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Influence of Failed Event Detection

Inspecting Figure 6, there is a cluster of overestimates in the
region of 0.5 s for sit-to-walk, indicated by the purple dots.
These overestimates were due to the IMU system missing the
first step (verified by observing the video from the RGB camera)
and instead detecting the second step, which happened in 19 of
the 173 processed trials (ie, in 11% of cases) across 11
participants. Additionally, there was a single large outlier
affecting sit-to-walk in phases 1 and 2 caused by
misidentification of the peak upward acceleration event.

Figure 7 demonstrates the mechanism by which these failed
event detections (ie, failure to detect the first step) took place.
In these cases, the IMU did not register a strong upward
acceleration signal magnitude, which is widely used to detect

https://www.jmir.org/2026/1/€100936
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initial contact events during walking. The failed detections
occurredintrialswhere the participant compl eted the movement
swiftly, such that their first footstep took place while they were
still rising, and the second footstep was more prominent. Where
peak upward accel eration was misidentified, there were 2 large
upward accelerations registered during the extension phase of
the trial, for which the IMU picked out the first peak and the
C7 the second, though these peaks were similar in magnitude.
This occurred when the participant hesitated or swayed during
therising part of the movement.

A sensitivity analysis was conducted by excluding the 19 trials
with failed first step detection. Excluding these trials greatly
improved the agreement for outcome metrics reported for overall
duration and phase 3 duration. The RMSE for total duration
decreased from 0.18 t0 0.09 s, and the bias decreased from 0.06
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s down to 0.01 s. Meanwhile, the width of the 95% limits of
agreement decreased from 0.67 to 0.31 s, and the proportional

bias (F1 ) dropped from 0.13 to 0.01. For phase 3 duration, the
RMSE dropped from 0.17 to 0.08 s, and the 95% limits of

Fawden et d

agreement narrowed from 0.66 to 0.28 s, and the bias flipped
from 0.02 to —0.03 s. The other outcome metrics remained
essentially unchanged, which reflected the fact that they did not
depend on precise identification of the movement ending.

Figure 7. Failure cases observed when identifying phases of the sit-to-walk movement. The left image shows misidentification of peak acceleration,
the key transition event between phases 1 and 2, while the right image shows the misidentification of the first step by the IMU, whereinstead the second
step has been picked up. C7: seventh cervical vertebra; IMU: inertial measurement unit.
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Power, Acceleration, and Velocity

The outcome metricsrel ated to power, accel eration, and vel ocity
calculated using the C7 data and the earables dataare shownin
Table 4.

The fitted slopes for C7 against ear-worn IMUs were of 0.70
for sit-to-stand and 0.68 for sit-to-walk, indicating that a given
changein calculated C7 power corresponded to aproportionally
larger change in calculated ear-worn IMU power. This is
illustrated by the blue and orange best-fit linesin Figure 8.

Figure 9 showsequivalent plotsfor the peak upward acceleration
and velocity recorded by the ear-worn IMUs plotted against

https://www.jmir.org/2026/1/€100936
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those recorded from the C7 marker. These reflect the strong
linear relationship between the 2 measurements. However, the
values reported from the ear-worn IMUs were systematically
higher with significant proportional bias, meaning the optical
reference measure could not be directly replicated by the
ear-worn system without correction. The peak upward
accelerations and velocities tended to be dightly higher for
sit-to-wak vs sit-to-stand, with the highest peak upward
acceleration recorded as 11.17 vs 8.71 ms ™ and peak upward

velocity recorded as 1.53 vs 1.31 ms™. While the linear scale
factor was similar for sit-to-stand and sit-to-walk for peak
upward acceleration (0.73 and 0.74, respectively), it was dightly
higher for sit-to-stand for peak upward velocity (0.73 vs 0.65).
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Table4. Summary of outcome metrics calculated from the power, upward acceleration, and upward velocity data for sit-to-stand and sit-to-walk.

Activity and out-  Earable, c72 Bias Lower 95% Upper 95%  Rp\sg¢  Proportional bias sppd
come mean (SD)  mean (95% LoAP (95% LoA (95%Cl)
s D oo
B (95% CI) Holm P value
Sit-to-stand
Peak power 643 (213) 471(162) 172 16 (-5t040) 328(285to 189 0.29 (0.24t00.35) <.001 91.81
(W) (153 to 362)
190)
Mean power 237 (75) 187(75) 50(38 —61(-8lto 162(133to 75 -0.04 (-0.20to .99 103.75
(W) to63) -39) 191) 0.11)
Peak upward  3.85(1.20) 2.80 1.05 -0.04(-0.22 213(1.83t0 1.18 0.20 (0.13t00.28) <.001 0.83
acceleration (0.95) (0.93to t00.15) 2.45)
(mS—Z) 1.18)
Mean upward 0.27 (0.05) 0.18 0.08 -0.02(-0.05 0.19(0.16t0 0.10 0.77 (0.62t0 0.93) <.001 0.07
velocity (0.03) (0.07to to0.00) 0.21)
(ms'l) 0.09)
Peak upward  0.86 (0.18) 0.65 021 0.05(0.02to 0.36(0.33t0  0.22 0.21(0.14t00.28) <.001 0.10
velocity (0.15) (0.19t0 0.09) 0.39)
(ms—l) 0.22)
Sit-to-walk
Peak power 777(278) 586(218) 191 —27 (-62to0 410 (361to 221 0.28 (0.21t00.35) <.001 208.93
(W) (168to  7) 453)
215)
Mean power 301 (99) 275(96) 27(16 -87(-104to 140(113to 64 0.00 (-0.11to .98 118.31
(W) to39) -68) 168) 0.12)
Peak upward  5.25(1.85) 3.96 1.30 -0.19(-043 2.78(2.37to 1.49 0.21(0.15t00.28) <.001 1.40
acceleration (1.44) (1.14t0 to0.07) 3.18)
(ms—z) 1.45)
Mean upward 0.22 (0.06) 0.18 0.04 -0.09(-0.12 0.17(0.14t0 0.08 0.95(0.79t01.11) <.001 0.12
velocity (0.05) (0.03to to-0.06) 0.21)
(ms—l) 0.06)
Peak upward  0.96 (0.21) 0.77 0.20 -0.01(-0.05 040(0.35t0 0.22 0.22(0.13t100.31) <.001 021
velocity (0.18) (0.17to to0.04) 0.45)
(ms‘l) 0.22)

8C7: seventh cervical vertebra.

BLoA: limits of agreement.

°RMSE: root mean squared error.
dSDD: smallest detectable difference.
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Figure 8. Peak power recorded by the optical marker (y-axis) compared to the ear-worn IMUs (x-axis). C7: seventh cervica vertebra; IMU: inertial
measurement unit.
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Figure 9. Peak upward accelerations (left) and velocities (right) recorded by the optical marker (y-axis) compared to the ear-worn IMUs (x-axis). C7:
seventh cervical vertebra; IMU: inertial measurement unit.
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Exploratory Analysis of Fluency Metrics
The outcome metrics from the exploratory analysis of fluency
are shown in Table 5.
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Table 5. Outcome metrics calculated for the movement fluency measures.
Activity and out- Earable, cr2 Bias(95%  Lower95%  Upper95% pRgpse¢  Proportional bias sppd
come mean (SD)  mean Cl) LoAP (95% LoA (95%
(SD) cl) &)
3 (95% CI) Holm P val-
ue
Sit-to-stand
Hesitation 0.12(0.03) 0.10 0.02(0.02to -0.03(-0.04 0.07(0.06t0 0.04 -0.28(-041 <.001 0.07
(0.03) 0.03) t0-0.02) 0.09) t0-0.15)
Smoothness 14.61 2410 950 -21.33 2.33(040t0 11.25 -0.64 (-0.77 <.001 10.39
(3.62) (7.30) (-10.83t0  (-24.23to 3.98) to —-0.50)
-8.18) -18.48)
Sit-to-walk
LDLJA® -4.84 -5.21 0.37(0.31to -0.30(-0.56 1.05(0.69to 0.50 -0.73(-0.86 <.001 0.69
(0.23) (0.34) 045 to —0.05) 1.44) to—-0.59)
Hesitation 0.12(0.04) 0.10 0.02(0.02to -0.03(-0.04 0.07(0.05to 0.03 0.10(0.00to .13 0.06
(0.03) 0.03 t0-0.02) 0.10) 0.19)
Smoothness 13.81 2050 —6.65(-7.72 -16.79 3.50(2.19t0 8.42 -0.55(-0.66 <.001 10.32
(411 (7.16) to-5.62) (-19.03 to 4.66) t0 -0.44)
—14.35)
LDLJA -5.00 -5.99 099(091to 0.14(0.02to 1.84(1.64to 1.08 -0.86 (-1.02 <.001 1.02
(0.27) (0.40) 1.07) 0.27) 2.05) t0-0.70)
Forwardveloci- 15.40 3153 -16.45 —-106.35 73.45(40.80 47.72 155(142t0 <.001 127.14
ty reduction (36.71) (22.99) (-2352to (-144.30to t0 100.97) 1.68)
-10.71) —64.74)

8C7: seventh cervical vertebra.

BLoA: limits of agreement.

°RMSE: root mean squared error.

dSDD: smallest detectable difference.

€L DLJ-A: log dimensionless jerk—accel eration.

Hesitation

The hesitation scores cal cul ated using the method described by
Chandler et a [17] showed arelatively small mean bias between
the ear-worn IMUs and the optical reference for both sit-to-stand
and sit-to-walk (mean bias 0.02, SD 0.03, and RM SE=0.04 and
RMSE=0.03, respectively). However, observing the
Bland-Altman plotsin Figure 10, it is apparent that the largest
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RenderX

differences occurred at low values, particularly for sit-to-stand,
whereas the difference remained within the limits of agreement
even for the large outlier values. This suggests there was a
ceiling effect for low values of hesitation.

Conversely, the percentage drop in forward vel ocity was greatly
underestimated by the earables, reporting amean bias of —16.45
(SD 45.9) and large limits of agreement (—106.35 to 73.45).
Thisisillustrated in Figure 11.
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Figure 10. Comparison of hesitation values calculated using data from the earables and the C7 marker for sit-to-stand and sit-to-walk. Hesitation was
defined as the difference in time between peak forward velocity and peak upward acceleration for both data sources. C7: seventh cervica vertebra;

IMU: inertial measurement unit; LoA: limits of agreement.
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Smoothness

The smoothness scores shown in Table 5 indicate the rel atively
poorer agreement between the LDLJA calculated using the
earables and the C7 marker (biases of 0.37 and 0.99 and RMSE
of 0.50 and 1.08 for sit-to-stand and sit-to-walk, respectively)
when compared to simple inflection counting.

Sensitivity Testing

Table 6 shows the results of the time-series-based
anatomi cal-location analysis performed using the datafrom the
ear-worn IMUs, C7 optical marker, and markers placed on top
of the ear-worn IMUs. For all comparisons, the measurement

and reference data agreed closely, reporting correlation
coefficientsranging from 0.91 to 0.99 and small RM SE values.
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For several outcomes, particularly sit-to-wak upward
accel eration and upward vel ocity, agreement was closer between
the ear-worn IMU and ear-level optical markers than between
the ear-worn IMU and C7 optical marker. Thisis demonstrated
by the higher correlation scores for forward and upward
acceleration during sit-to-walk (r=0.98 vs r=0.94, bias=0.05

ms 2 vsbias=—0.08 ms2; and r=0.99 vsr=0.92, bias=0.03 ms >
vsbias=0.11 ms™2, respectively) and for upward velocity (r=0.99

vsr=0.91, bias=0.02 ms™ vsbias=0.01 ms™). However, forward
velocity showed relatively stronger agreement between the ear-
and C7-optical marker signals compared to the ear-IMU and

ear-level optical markers (r=0.99 vs r=0.95, RM SE=0.06 ms™
VS RMSE=0.15ms™).
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Table 6. Time-series agreement between ear-worn IMUS?, c® optical reference, and markers placed on top of the IMUs.

Fawden et d

Signal and comparison Mean r (95% CI) RMSE® Mean bias (95% CI)
ST STWE SIS  STW STS STW
Forward accel eration
Ear IMU vs C7 0.96 (0.95-0.97)  0.95(0.94-095) 035 056 0.00 (-0.02 t0 0.01) -0.10 (-0.13t0 -0.07)
Ear IMU vs optical ear 0.97 (0.91-0.99) 0.98(0.98-0.99) 051 0.29 0.00 (-0.01 to 0.02) —0.05 (-0.08 to —0.02)
Optical ear vsC7 0.94(0.89-0.97)  0.94(0.92-096) 0.68 0.56 0.00 (-0.01 t0 0.00) -0.04 (-0.06 t0 —0.02)
Upward acceleration
Ear IMU vs C7 0.94(0.93-095)  0.94(0.92-095) 044 0.74 0.05 (0.04 to 0.06) 0.10 (0.08t0 0.12)
Ear IMU vs optical ear 0.96 (0.91-0.99) 0.99(0.99-0.99) 0.75 0.31 0.03 (0.01 to 0.04) 0.03 (0.01t0 0.04)
Optical ear vsC7 0.91(0.86-0.95)  0.93(0.91-0.95) 104 081 0.00 (-0.00 to 0.00) 0.08 (0.05t0 0.11)
Forward velocity
Ear IMU vs C7 0.97(0.96-0.98)  0.92(0.90-093) 01 0.8 -0.04(-0.07t0-0.02)  —0.06 (-0.08 to —0.04)
Ear IMU vs optical ear 0.98 (0.96-0.99) 0.95(0.93-0.97) 0.07 0.15 —0.02 (-0.06 to 0.01) —0.04 (-0.08 to —0.01)
Optical ear vsC7 0.98(0.95-099)  0.99(0.98-0.99) 006 0.06 -0.01(-0.01t0-0.00)  0.01 (0.01t00.02)
Upward velocity
Ear IMU vs C7 0.92(0.90-093)  0.93(0.92-094) 013 0.4 0.08 (0.06 to 0.09) 0.03 (0.02 t0 0.05)
Ear IMU vsoptical ear 0.97(0.93-099)  0.99(0.99-1.00) 0.08  0.05 0.04 (0.02 to 0.07) 0.02 (0.01 t0 0.04)
Optical ear vsC7 0.91(0.87-093) 0.91(0.88-094) 011 0.5 0.00 (0.00 to 0.01) -0.02 (-0.03 to -0.01)

3 MU: inertial measurement unit.
bC7: seventh cervical vertebra
°RMSE: root mean squared error.
d3TS: sit-to-stand.

°STW: sit-to-walk.

Discussion

Principal Findings

This study aimed to evaluate whether ear-worn IMUs can
accurately quantify temporal and kinematic metrics of
sit-to-stand and sit-to-walk movements when compared to a
reference optical motion capture system. Acrosstheinvestigated
metrics, the ear-worn system generally agreed closely with the
optical reference; however, this was not universal, and further
research is required, particularly for the movement fluency
metrics.

The overall and phase durations cal culated using the ear-worn
IMUs generally agreed with those calculated using the optical
reference, exhibiting small systematic biases and especialy
close agreement for phases 1 and 2 of both movements. While
sit-to-stand showed no evidence of proportiona bias, this was
not the case for sit-to-walk, largely due to a small but notable
number of trials missing thefirst step (indicating the end of the
movement). In contrast, the acceleration, velocity, and power
metrics were systematically greater when measured from the
ear-worn IMUs vs the optical reference, especially when
considering peak measurements. The conducted sensitivity
analysis suggested that for these measures, much of the disparity
arose from the different anatomical measurement location as
opposed to sensor-derived measurement error, and the estimated

https://www.jmir.org/2026/1/€100936

proportionality constants suggested that a given increase at the
optical reference corresponded to a dlightly larger though
consistent increase when measured at ear level.

The exploratory analyses of movement fluency demonstrated
more mixed agreement across metrics. Hesitation demonstrated
small average bias for the ear-worn IMUs vs the optical
reference, though some proportional biaswas measured for both
movements. Conversely, the alternative forward velocity
reduction definition of hesitation found notably poor agreement
between the 2 systems, indicating that it could not be reliably
implemented by the ear-worn IMUs using the proposed
processing method. Lastly, the smoothness metrics suffered
from substantial systematic and proportional bias, and require
further investigation to determine whether they could be suitably
measured using ear-worn IMUSs.

Discussion of Findings

Overall Movement and Phase Durations

The finding that the ear-derived overall movement and phase
durations agree closaly with the optical referenceislogical given
the nature of these measures. While the other measures rely
heavily on the exact composition of the recorded signal—for
instance, the maximum recorded acceleration value or the
precise count of inflections measured across the whole
signal—duration simply requires the system to identify when
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a particular biomechanical event occurs. The original
segmentations proposed by Kerr et a [24] and Schenkman et
al [38] aregrounded in clear kinematic features and indeed were
adapted specifically to suit measurement by an IMU-based
system (namely, replacing peak upward force with peak upward
acceleration to define the start of phase 2 [extension] and the
end of sit-to-walk). By ensuring the phases were divided by
events that left prominent landmarksin the IMU signals, these
measures were inherently more robust to subtle variations
between the signals from the ear-worn IMUs and the optical
reference.

A notable exception wastheinability of the IMU-based system
to reliably detect foot-off events from the recorded data. This
unfortunately prevented the system from identifying the
durations of phases 3 and 4 in the sit-to-walk movement and
presents a significant limitation, as this marks the transition
point between rising and initiation of gait. While some previous
studies have identified this transition using a threshold in the
medio-lateral ground reaction force, others have struggled to
identify this, and it is therefore not widely used in a clinical
setting [24,73]. The present work was similarly unable to
consistently identify acorresponding medio-lateral acceleration
or roll movement at the ear level.

Otherwise, the primary failure cases arose from missed detection
of the first step of the sit-to-walk movement, which affected
11% (19/173) of trias. Although the upward accel eration peak,
which defined thefirst step, wastypically prominent acrossthe
trials, this was obscured in cases when participants were not
fully upright upon taking this step. While this constitutes a
weaknessin the system, it isexpected that thismovement pattern
would be less common in populations with more significantly
impaired movement, asthey would usually exhibit alonger and
less fluent transition between rising and initiation of gait. A
handful of similar discrete failure cases occurred when
identifying the peak upward accel eration defining the transition
from phases 2 to 3in the sit-to-stand movement; however, these
were far less common—this is reflected in the comparatively
low bias in the durations measured for phases 1 and 2.

The sensitivity analysis performed by excluding trials with
failed first step detections reduced the mean bias to within a
single sample (0.01, SD 0.08 s) with greatly reduced limits of
agreement. This further supports the use of ear-worn IMUs to
quantify the duration of both movements and their constituent
phases. However, future work should reinforce the reliability
of key event detection and investigate instrumenting the
sit-to-walk movement with strict placement of the feet on a
force plate to investigate whether a relationship between the
ear-level and force plate—reported medio-lateral signals exists,
or develop other more reliable methods based on IMU-specific
features.

Accderation, Velacity, and Power

Unlike the duration metrics, the acceleration and velocity
measures relied explicitly on the magnitude of the signal
reported by the IMU. The peak upward accel eration and velocity
values recorded by the ear-worn IMUs were systematically
greater than those measured at the optical reference and
demonstrated significant positive proportional bias. Therefore,
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the values reported by the ear-worn IMUs could not directly
replace those reported by the optical reference without the
application of a scaling factor.

Direct comparison between the ear-worn IMUs and optical
reference was made difficult both due to the difference in
sensing modality and anatomical placement. ThelMUsdirectly
measured acceleration and then integrated this to calculate
velocity, whereas the optical reference directly measured
displacement and required consecutive differentiations to
calculate velocity and accel eration; in addition, the IMUs were
placed on the head while the optical reference was placed on
the C7, meaning some disagreement inevitably arose from
differences in their respective trgectories. The
anatomical-location analysis found markedly high agreement
between theIMUs and ear-level markersfor upward acceleration
(r=0.96-0.99; RM SE=0.31-0.75 ms 2) and vel ocity (r=0.97-0.99;
RM SE=0.05-0.08 ms1). Thisagreement was particul arly strong
for sit-to-walk, for which the ear-worn IMU and ear-level optical
marker showed lower RMSE than the ear-worn IMU and C7
marker for upward acceleration (0.31 vs 0.74 ms 2) and upward
velocity (0.05 vs 0.14 ms?). This suggests that much of the
disagreement between the ear-worn IMUs and C7 optical
reference could be attributed to measurement location rather
than modality.

Comparison with existing studies provides further evidence that
anatomical location influences the magnitude of measured
acceleration. The peak upward accelerations for sit-to-stand
were similar to those recorded at the ear level by Cristiano et

al [67] (approximately 4 ms from their ear-worn IMU) and

dlightly lower than Hellec et al [74] (4.65 ms™ from their smart
glasses system), though this lies within one SD. Other studies
have observed peak upward accelerations of 3.8 (IQR 2.94-4.73)

ms 2 from achest-worn IMU [5], 2.95+1.04 ms™ from an IMU

wornonthe L3 vertebra[12], and approximately 2.2 ms™ using
aCoM calculated using an optical system [27], which reinforce
our finding that placing the IMU at the ear overestimates the
acceleration of the CoM. Extrapolation of the linear relationship
found between the values recorded in the present study at the
head and the C7 marker to those placed lower on the trunk
would result in a comparable estimate; however, further work
should seek to quantify this, particularly as the coefficient was
different for sit-to-stand and sit-to-walk, which may be due to
intraparticipant differences in movement strategy for these 2
activities.

Similarly, the peak velocities reported by the ear-worn IMUs
demonstrated a strong linear relationship with those measured
by the C7 marker and were comparable to existing work that

reported peak upward velocities between 0.6 and 0.8 ms™
[12,27,57]. However, the mean vel ocities were lower than those
reported by other work [5,47], potentially due to the relatively
low seat height used in this study, which has been shown to
result in lower mean vertical velocities during sit-to-stand [30].

The greater pesk upward accelerations and velocities for
sit-to-walk compared to sit-to-stand were potentially caused by
the increased need to generate momentum to initiate walking,
as suggested by Kerr et a [24], though this may have been
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purely a result of the greater emphasis placed on the fast
completion of the exercise. To the best of the authors
knowledge, there are no normative values available to compare
with for the sit-to-walk movement, as prior work has focused
more on phase timings and relative horizontal velocities.

As the power measures are derived directly from combining
acceleration and velocity measures, it follows that a similar
relationship was found. The relative sparsity and wide variety
of definitions of power metrics make it difficult to compare the
values obtained in this study with existing work, especialy as
this has focused on older participant cohorts. Zhang et al [13]
recorded similar peak powers of 763.1 (SD 315.2) W from an
accelerometer worn in a pendant form factor during in-clinic
sit-to-stand tests. While this represents the closest form factor
to the earables out of existing works, the authors used the
normalized 3-axisacceleration in their power calculation, which
would result in an overestimate compared to our method.
Regterschot et al [57] also recorded comparable power values
of 645.3 (SD 187.3) W during “fast” sit-to-stand movements
with an IMU placed at the hip. However, Atrsaei et a [5]
recorded substantially lower peak power values of 189.7 W
from a chest-worn IMU for a similar cohort of 458 nonfalling
older adults during a Five-Times sit-to-stand test, which would
appear to contradict ours and other work. Given that the
velocitiesrecorded in their work werein fact greater thanin the

present work (1.12, IQR 0.95-1.27 ms™) while reporting similar

accelerations (3.8, IQR 2.94-4.73 ms™), thisis likely dueto a
difference in the power calculation performed.

Overdll, it seems that the acceleration, velocity, and power
metrics measured by the ear-worn system would be feasible,
though they require vastly more data captured at the ear level
from typically functioning and movement-impaired popul ations
to determine suitable clinically useful thresholds.

Movement Fluency

The movement fluency metrics were calculated to explore
whether measures of movement quality as opposed to temporal
and kinematic measures alone could be calculated from the
ear-worn IMUs. The 4 measures calculated in thiswork capture
different, though complementary, aspects of movement quality,
meaning in turn that their validity varied when compared with
the optical reference.

Hesitation captures the temporal separation between
biomechanically significant forward and upward movement
events, providing ameansto objectively describe the transition
of forward momentum into vertical displacement. Given that
this calculation relies on identifying prominent extrema in the
acceleration and velocity signals, which is analogous to the
phase identification discussed earlier, it followed that the
agreement between the ear-worn IMUs and optical reference
was comparatively closer for hesitation than the other fluency
measures. Mean bias was only 0.02 (SD 0.03) for both
sit-to-stand and sit-to-walk movements, with RMSEs of 0.04
and 0.03. Significant proportional bias was observed for
sit-to-stand (3=—0.28, 95% CI —0.41 to —0.15; P<.001) but not
sit-to-walk (B=0.10, 95% CI 0.00 to 0.19; P=.130). The
sit-to-stand rel ationship appeared to reflect greater disagreement
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at lower hesitation values, potentially indicating a ceiling effect
that affected lower movement durations (and therefore faster
transitions). The existing work that has included hesitation has
done so with more highly impaired popul ations—in the case of
Chandler et a [17], these were those who had endured a stroke
within thelast 3-42 days, and for Edwards et al [75], prosthetic
patients. In these cases, the participants took longer to perform
the movements and did so with moreinherent variability, which
allowed meaningful conclusionsto be drawn from the hesitation
metric. Future work should therefore seek to apply the hesitation
calculation method used with the ear-worn IMUs to these
populations to confirm that the system can effectively capture
this difference in their movement.

The aternative hesitation measure—percentage drop in forward
velocity during the sit-to-walk movement—demonstrated
markedly lower agreement with the optical reference,
encapsulated by a mean bias of —16.45 (SD 45.9) percentage
points (95% CI —23.52 to —10.71), RM SE of 47.72 percentage
points, and wide 95% limits of agreement from—106.35 to 73.45
percentage points. The anatomical-location sensitivity analysis
found very strong agreement between the ear-level optical
markersand C7 marker for forward vel ocity (mean r=0.99, 95%
Cl 0.98 to 0.99; RMSE=0.06 m/s; mean bias=0.01 m/s, 95%
Cl 0.01to 0.02), whereas agreement between the ear-worn IMU
and ear-level optical marker was lower (mean r=0.95, 95% ClI
0.93 to 0.97; RMSE=0.15 m/s; mean bias=—0.04 m/s, 95% ClI
—0.08 to —0.01). Contrary to the upward acceleration and
velocity measures, this suggested that the disagreement arose
primarily dueto IMU measurement error rather than anatomical
separation between the ear and C7 locations. This is likely
explained by errorsintroduced during integration of theforward
acceleration signal, which could not be mitigated vialinear drift
correction as the movement did not end in a stationary pose.

The relatively low RMSE between the earables and the C7
marker for the number of inflections in the jerk signals
ostensibly contradicted the relatively high RMSE for LDLJ-A.
This could have been due to a ceiling effect, as the number of
peaks recorded was generally much lower and less varied than
in the work by Chandler et a [17], suggesting generally
smoother movement. This would be expected given the higher
functional ability of the participant group in our study. However,
given that the calculation of jerk requires 3 successive
differentiations of the marker traectory vs only a single
differentiation of the IMU signal, it is questionable whether the
marker data act as a suitable reference measurement. This is
especialy true given the high prevalence of artifacts in optical
marker data and the susceptibility of LDLJ metrics to noise
[71,76]. Indeed, Brasiliano et a [77] recently found similarly
poor correlation scoreswhen comparing L DL Jmetrics between
atrunk-worn IMU and an optical motion capture system during
gait.

The results of this study remain inconclusive regarding the
accuracy of measured movement smoothness during sit-to-stand
and sit-to-walk with earables. Smoothness provides a
guantitative measure of movement fluency, which is not
reflected in other metricsbut isreadily interpretableto ahuman
observer; however, the absolute scores have been shown to be
heavily task-specific [17,32,71]. To thisend, future work should
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seek to quantify movement smoothness during sit-to-stand and
sit-to-walk using an IMU-based system while performing the
transitions with different levels of fluidity to both confirm the
discriminatory power of the smoothness metric and to provide
normative values that can be compared in future studies.

Implications for Clinical Assessment

Whilethe present work isfocused on validating metrics derived
from ear-worn IMUs against an optical reference, this alone
does not imply clinical utility. Sit-to-stand and sit-to-walk
movements are included in multiple clinical tests with arange
of outcome metrics: the Five-Times-Sit-to-Stand and the TUG
rely on total duration, while the Amputee Mobility Predictor,
Tinetti Balance Scale, and Freezing of Gait Questionnaire
explicitly require the assessment of hesitation during sit-to-stand
[20,21,78-80]. However, these teststypically provide subjective
guidance for clinicians as opposed to quantitative thresholds,
meaning thereis no widespread consensus regarding acceptable
clinical thresholds for determining functional impairment or
fallsrisk.

The outcome metrics reported in this study included smallest
detectable difference (SDD), which represents the minimum
magnitude of change that must be exceeded to confidently
distinguish it from expected intraparticipant measure variability.
For overall movement duration, the SDDs were 0.28 s for
sit-to-stand and 0.29 s for sit-to-walk movements, suggesting
that any clinically meaningful differenceswould need to exceed
afew tenths of a second to be detectable by the ear-worn system.
To provide context, existing work has estimated clinically
meaningful changes in Five-Times-Sit-to-Stand to be between
0.72 and 3.0 s in a heterogeneous cohort of patients who had
stroke [81]. While not directly comparable with a single
sit-to-stand movement, this suggests that clinicaly relevant
changes may exceed the measurement variability found in the
present study. In contrast, the smoothness and percentage
reductionin forward vel ocity measures had large SDDs of 10.32
and 134.84 for sit-to-walk, suggesting that even if a minimum
clinically meaningful difference had already been determined
for these movements, the present implementation would
potentially not be sufficiently sensitive to detect this over
measurement noise without refinement.

Achieving satisfactory measurement accuracy and repeatability
using ear-worn IMUs could provide potential for longitudinal
guantitative movement assessment in neurological or otherwise
movement-impaired populations. Existing work has sought to
use gait and movement features derived from wearabl e sensors
as digital biomarkers, notably for the detection of Parkinson
disease, which is characterized partly by its distinctive impact
on the patient’s movement quality [82]. The widespread use of
ear-worn devices, many aready containing IMUs, means that
the measures described in the present work could be readily
adopted into existing form factors that individuals may already
be wearing. This would allow the broader collection of data
required to establish normative and condition-specific clinical
thresholds for the more feasible measures discussed in the
present work, which could be reliably replicated between
ear-worn devices.
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Limitations

This study has several limitations. A key limitation is the
difference in anatomical location between the ear-worn IMUs
and the C7-placed optical marker, which made it difficult to
isolate whether disagreement was caused by sensor measurement
error as opposed to anatomical-location differences. While the
sensitivity analyses attempted to address this, they were only
conducted on asmall subset of participants, meaning that these
were indicative rather than a definitive validation.

Another key limitation relates to the algorithm design for
caculating the outcome metrics. Severa important
features—notably movement start or end, phasetransitions, and
filter parameters—were calculated using empirically defined
thresholds and search windows. Although the participant group
contained some individuals with underlying movement
conditions, there wasinsufficient variation to determine whether
the same settings would transfer to those with substantially
differing movement patterns. Indeed, a select few failure cases
were isolated and discussed in the Results section, suggesting
that some additional robustness measures should be added and
tested before clinical application. Similarly, an inherent
drawback of using IMUs to measure velocity-based metricsis
the need to integrate acceleration signals, which introduces a
high susceptibility to drift. While assuming stationary start and
end poses for sit-to-stand largely mitigated these issues, this
may not be valid when analyzing daily living scenarios as
opposed to controlled clinical tests, and indeed this was not
possible at al for the sit-to-walk movements.

A final mgjor limitation to note isthe relative lack of clinically
meaningful thresholds for some of the outcome metrics—most
evidently for power and the movement fluency metrics. Thisis
further compounded by the lack of consensus on the definition
of each movement phase and methodology for calculating
power. Without this information, it was difficult to draw
conclusions about the clinical acceptability of any observed
measurement errors between the ear-worn IMUs and the optical
reference. Future work should focus on collecting measurement
data from normative and specific movement-impaired
populations to establish suitable clinical thresholds, which in
turn will enable the adoption of ear-level and other IMU-based
analysis approachesinto clinical practice.

Conclusions

Thisstudy demonstratesthefeasibility of deriving abroad range
of sit-to-stand and sit-to-walk measures from ear-worn IMUs.
Movement and phase durations generally demonstrated small
systematic differences compared with the optical reference,
though occasional misidentification of key temporal features
produced substantial trial-level errors. Acceleration, velocity,
and power outcomes demonstrated magnitude-dependent
disagreement, though it was possible to quantify a
proportionality constant to map agiven changein the reference
measurement to the change in ear-worn measurement. A small
anatomical-location sensitivity analysis demonstrated that some
differences between the ear-worn IMUs and C7 reference
reflected biomechanical differencesin motion between the head
and upper trunk rather than sensing modality alone. Of the
exploratory fluency measures, hesitation showed relatively small
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mean differences, whereas smoothness and forward velocity
reduction demonstrated greater disagreement and require further
methodological devel opment.

These findings provide a methodological basis to derive
guantitative summary measures of sit-to-stand and sit-to-walk
movements using ear-worn IMUs. The results identify which
measures appear sufficiently robust to warrant subseguent
clinical investigation and where further improvements in event
detection and signal processing arerequired. I ntegration of these

Fawden et d

methods into existing ear-worn form factors could ultimately
facilitate unobtrusive, repeated assessment of functiona
movement outside specialized motion-analysis environments,
mirroring the advances made in ear-worn gait analysis. Future
work should therefore evaluate the reliability, responsiveness,
and clinical validity of the most promising outcomes in older
and movement-impaired populations, including the
establishment of normative and clinically meaningful thresholds,
with the long-term aim of evaluating their utility for assessing
functional impairment and fall risk.

Acknowledgments

Generative Al (ChatGPT, OpenAl) was used to suggest language improvements for clarity while reformatting this paper.

Funding

This research was supported by the NIHR Cambridge Biomedical Research Centre (NIHR203312 and BRC-1215-20014). The
views expressed are those of the authors and not necessarily those of the National Institute for Health and Care Research or the
Department of Health and Socia Care. It was also supported by the Méniére's Society, the Wellcome Trust Accessto Expertise,
and the MRC Confidencein Concept grants. TFwasfunded by Sensors CDT (P/W017091/1) and an EPSRC Postdoctoral Pathway
Fellowship (G132372). I VR wasfunded by the Rosetrees Trust Enterprise Fellowship (EF20201100099), RNID FHexigrant (F112),

Cambridge NeuroWorks, and the Evelyn Trust.

Data Availability

The datasets presented in this paper are not readily available because the data are part of an ongoing study. Requests to access

the datasets should be directed to TF.

Authors Contributions

Conceptualization: TF, AE, IVR, TS, MB
Datacuration: TF, AE, TS

Formal analysis: TF

Funding acquisition: TS, MB
Investigation: TF, AE, TS, MB
Methodology: TF, AE, IVR, TS, MB
Project administration: IVR, HD, TS, MB
Resources: IVR, HD, TS

Software: TF

Supervision: TS, MB

Validation: TF, AE

Visualization: TF

Writing - original draft preparation: TF
Writing - review and editing: TF, AE, IVR, TS, MB

All authors have read and agreed to the published version of this paper.

Conflictsof Interest
None declared.

References

1.  KerK, WhiteJ, Barr D, Mollan R. Standardization and definitions of the sit-stand-sit movement cycle. Gait Posture.

1994;2(3):182-190. [doi: 10.1016/0966-6362(94)90006-X]

2. Bohannon RW. Daily sit-to-stands performed by adults: a systematic review. J Phys Ther Sci. 2015;27(3):939-942. [doi:

10.1589/jpts.27.939]

3. Ddl PM, Kerr A. Frequency of the sit to stand task: an observational study of free-living adults. Appl Ergon.
2010;41(1):58-61. [FREE Full text] [doi: 10.1016/j.apergo.2009.04.005] [Medline: 19450792]

4.  Riley PO, Schenkman ML, Mann RW, Hodge W. Mechanics of a constrained chair-rise. J Biomech. 1991;24(1):77-85.

[doi: 10.1016/0021-9290(91)90328-K] [Medline: 2026635]

https://www.jmir.org/2026/1/€100936

JMed Internet Res 2026 | vol. 28 | €100936 | p. 21
(page number not for citation purposes)


http://dx.doi.org/10.1016/0966-6362(94)90006-x
http://dx.doi.org/10.1589/jpts.27.939
https://strathprints.strath.ac.uk/39273/
http://dx.doi.org/10.1016/j.apergo.2009.04.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19450792&dopt=Abstract
http://dx.doi.org/10.1016/0021-9290(91)90328-k
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2026635&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Fawden et &

5.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Atrsael A, Paraschiv-lonescu A, Krief H, Henchoz Y, Santos-Eggimann B, BiilaC, et a. Instrumented 5-time sit-to-stand
test: parameters predicting serious falls beyond the duration of the test. Gerontology. 2022;68(5):587-600. [doi:
10.1159/000518389] [Medline: 34535599]

Cheng YY, Wei SH, Chen PY, Tsai M, Cheng I, Liu D, et a. Can sit-to-stand lower l[imb muscle power predict fall status?
Gait Posture. 2014;40(3):403-407. [doi: 10.1016/j.gaitpost.2014.05.064] [Medline: 24974126]

Doheny EP, Walsh C, Foran T, Greene BR, Fan CW, Cunningham C, et a. Falls classification using tri-axial accelerometers
during the five-times-sit-to-stand test. Gait Posture. 2013;38(4):1021-1025. [doi: 10.1016/j.gaitpost.2013.05.013] [Medline:
23791781]

Ejupi A, Brodie M, Gschwind Y J, Lord SR, Zagler WL, Delbaere K. Kinect-based five-times-sit-to-stand test for clinical
and in-home assessment of fall risk in older people. Gerontology. 2015;62(1):118-124. [doi: 10.1159/000381804] [Medline:
26021781]

Najafi B, Aminian K, Loew F, Blanc Y, Robert P. Measurement of stand-sit and sit-stand transitions using a miniature
gyroscope and its application in fall risk evaluation in the elderly. IEEE Trans Biomed Eng. 2002;49(8):843-851. [doi:
10.1109/tbme.2002.800763]

Weiss A, Herman T, Plotnik M, Brozgol M, Giladi N, Hausdorff J. An instrumented timed up and go: the added val ue of
an accelerometer for identifying fall risk in idiopathic fallers. Physiol Meas. 2011;32(12):2003. [doi:
10.1088/0967-3334/32/12/009] [Medline: 22094550]

Galan-Mercant A, Cuesta-Vargas Al. Differences in trunk accelerometry between frail and nonfrail elderly personsin
sit-to-stand and stand-to-sit transitions based on a mobile inertial sensor. IMIR mHealth uHealth. 2013;1(2):e21. [FREE
Full text] [doi: 10.2196/mhealth.2710] [Medline: 25098977]

Millor N, Lecumberri P, Gomez M, Martinez A, Martinikorena J, Rodriguez-Manas L, et al. Gait velocity and chair
sit-stand-sit performance improves current frailty-status identification. IEEE Trans Neural Syst Rehabil Eng.
2017;25(11):2018-2025. [doi: 10.1109/tnsre.2017.2699124]

Zhang W, Regterschot GRH, Geraedts H, BaldusH, ZijlstraW. Chair rise peak power in daily life measured with a pendant
sensor associates with mobility, limitation in activities, and frailty in old people. IEEE J Biomed Health Inf.
2017;21(1):211-217. [doi: 10.1109/jbhi.2015.2501828]

Lindemann U, Claus H, Stuber M, Augat P, Muche R, Nikolaus T, et al. Measuring power during the sit-to-stand transfer.
Eur J Appl Physiol. 2003;89(5):466-470. [doi: 10.1007/s00421-003-0837-z] [Medline: 12712354]

Boswell MA, Kidziriski £, Hicks JL, Uhlrich SD, Falisse A, Delp SL. Smartphone videos of the sit-to-stand test predict
osteoarthritis and health outcomes in a nationwide study. NPJ Digit Med. Mar 04, 2023;6(1):32. [doi:
10.1038/s41746-023-00775-1] [Medline: 36871119]

Romijnders R, Atrsaei A, Rehman RZU, Strehlow L, Massoud J, Hinchliffe C, et al. Association of real life postural
transitions kinematics with fatigue in neurodegenerative and immune diseases. NPJ Digit Med. Jan 06, 2025;8(1):12. [doi:
10.1038/s41746-024-01386-0] [Medline: 39762451]

Chandler EA, Stone T, Pomeroy VM, Clark AB, Kerr A, Rowe B, et al. Investigating the rel ationships between three
important functional tasks early after stroke: movement characteristics of sit-to-stand, sit-to-walk, and walking. Front
Neurol. 2021;12:660383. [FREE Full text] [doi: 10.3389/fneur.2021.660383] [Medline: 34054703]

Cheng PT, Liaw MY, Wong MK, Tang FT, Lee MY, Lin PS. The sit-to-stand movement in stroke patients and its correlation
with falling. Arch Phys Med Rehabil. 1998;79(9):1043-1046. [doi: 10.1016/s0003-9993(98)90168-x] [Medline: 9749681]
De Sousa Silva PF, Quintino LF, Franco J, Rodrigues-de-Paula F, Albuquerque de Aradjo P, Faria CDCDM. Trunk
kinematics related to generation and transfer of the trunk flexor momentum are associated with sit-to-stand performance
in chronic stroke survivors. NeuroRehabilitation. 2017;40(1):57-67. [doi: 10.3233/nre-161390]

Whitney SL, Wrisley DM, Marchetti GF, Gee MA, Redfern MS, Furman JM. Clinical measurement of sit-to-stand
performance in people with balance disorders: validity of datafor the five-times-sit-to-stand test. Phys Ther.
2005;85(10):1034-1045. [doi: 10.1093/ptj/85.10.1034]

Tinetti ME. Performance - oriented assessment of mobility problemsin elderly patients. JAm Geriatr Soc.
1986;34(2):119-126. [doi: 10.1111/j.1532-5415.1986.tb05480.X]

Mathias S, Nayak US, Isaacs B. Balance in elderly patients: the "get-up and go" test. Arch Phys Med Rehabil.
1986;67(6):387-389. [Medline: 3487300]

Piano L, Geri T, Testa M. Raising and stabilization phase of the sit-to-stand movement better discriminate healthy elderly
adults from young subjects: a pilot cross-sectional study. Arch Physiother. 2020;10(1):7. [FREE Full text] [doi:
10.1186/s40945-020-00078-8] [Medline: 32318274]

Kerr A, Durward B, Kerr KM. Defining phasesfor the sit-to-walk movement. Clin Biomech (Bristol). 2004;19(4):385-390.
[doi: 10.1016/].clinbiomech.2003.12.012] [Medline: 15109759]

Kralj A, Jaeger RJ, Munih M. Analysis of standing up and sitting down in humans: definitions and normative data
presentation. J Biomech. 1990;23(11):1123-1138. [doi: 10.1016/0021-9290(90)90005-n] [Medline: 2277047]

Bochicchio G, Ferrari L, Bottari A, Lucertini F, Cavedon V, Milanese C, et a. Loaded 5 sit-to-stand test to determine the
force—velocity relationship in older adults: avalidation study. Appl Sci. 2023;13(13):7837. [doi: 10.3390/app13137837]

https://www.jmir.org/2026/1/e100936 JMed Internet Res 2026 | vol. 28 | €100936 | p. 22

(page number not for citation purposes)


http://dx.doi.org/10.1159/000518389
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34535599&dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2014.05.064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24974126&dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2013.05.013
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23791781&dopt=Abstract
http://dx.doi.org/10.1159/000381804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26021781&dopt=Abstract
http://dx.doi.org/10.1109/tbme.2002.800763
http://dx.doi.org/10.1088/0967-3334/32/12/009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22094550&dopt=Abstract
https://mhealth.jmir.org/2013/2/e21/
https://mhealth.jmir.org/2013/2/e21/
http://dx.doi.org/10.2196/mhealth.2710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25098977&dopt=Abstract
http://dx.doi.org/10.1109/tnsre.2017.2699124
http://dx.doi.org/10.1109/jbhi.2015.2501828
http://dx.doi.org/10.1007/s00421-003-0837-z
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12712354&dopt=Abstract
http://dx.doi.org/10.1038/s41746-023-00775-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36871119&dopt=Abstract
http://dx.doi.org/10.1038/s41746-024-01386-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=39762451&dopt=Abstract
https://europepmc.org/abstract/MED/34054703
http://dx.doi.org/10.3389/fneur.2021.660383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34054703&dopt=Abstract
http://dx.doi.org/10.1016/s0003-9993(98)90168-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9749681&dopt=Abstract
http://dx.doi.org/10.3233/nre-161390
http://dx.doi.org/10.1093/ptj/85.10.1034
http://dx.doi.org/10.1111/j.1532-5415.1986.tb05480.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=3487300&dopt=Abstract
https://archivesphysiotherapy.biomedcentral.com/articles/10.1186/s40945-020-00078-8
http://dx.doi.org/10.1186/s40945-020-00078-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32318274&dopt=Abstract
http://dx.doi.org/10.1016/j.clinbiomech.2003.12.012
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15109759&dopt=Abstract
http://dx.doi.org/10.1016/0021-9290(90)90005-n
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2277047&dopt=Abstract
http://dx.doi.org/10.3390/app13137837
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Fawden et &

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49,

Fujimoto M, Chou LS. Dynamic balance control during sit-to-stand movement: an examination with the center of mass
acceleration. J Biomech. 2012;45(3):543-548. [doi: 10.1016/j.jbiomech.2011.11.037] [Medline: 22169151]

Galli M, Crivellini M, Sibella F, Montesano A, Bertocco P, Parisio C. Sit-to-stand movement analysis in obese subjects.
Int J Obes. 2000;24(11):1488-1492. [doi: 10.1038/5).ij0.0801409] [Medline: 11126346]

Hanke TA, Pai Y C, Rogers MW. Reliability of measurements of body center-of-mass momentum during sit-to-stand in
healthy adults. Phys Ther. 1995;75(2):105-113. [doi: 10.1093/ptj/75.2.105] [Medline: 7846131]

Honda K, Sekiguchi Y, Sasaki A, Shimazaki S, Suzuki R, Suzuki T, et al. Effects of seat height on whole-body movement
and lower limb muscle power during sit-to-stand movementsin young and older individuals. J Biomech. 2021;129:110813.
[doi: 10.1016/j.jbiomech.2021.110813] [Medline: 34666246]

Kerr A, Rafferty D, Kerr KM, Durward B. Timing phases of the sit-to-walk movement: validity of aclinical test. Gait
Posture. 2007;26(1):11-16. [doi: 10.1016/j.gaitpost.2006.07.004] [Medline: 16908153]

Kerr A, Pomeroy VP, Rowe PJ, Dall P, Rafferty D. Measuring movement fluency during the sit-to-walk task. Gait Posture.
2013;37(4):598-602. [FREE Full text] [doi: 10.1016/j.gaitpost.2012.09.026] [Medline: 23122898]

Magnan A, McFadyen BJ, St-Vincent G. Madification of the sit-to-stand task with the addition of gait initiation. Gait
Posture. 1996;4(3):232-241. [doi: 10.1016/0966-6362(95)01048-3]

Malouin F, McFadyen B, Dion L, Richards CL. A fluidity scale for evaluating the motor strategy of the rise-to-walk task
after stroke. Clin Rehabil. 2003;17(6):674-684. [doi: 10.1191/0269215503cr6630a] [Medline: 12971713]

Mazza C, Stanhope SJ, Taviani A, Cappozzo A. Biomechanic modeling of sit-to-stand to upright posture for mobility
assessment of personswith chronic stroke. Arch Phys Med Rehabil. 2006;87(5):635-641. [doi: 10.1016/j.apmr.2005.12.037]
[Medline: 16635625]

Roebroeck ME, Doorenbosch CAM, Harlaar J, Jacobs R, Lankhorst GJ. Biomechanics and muscular activity during
sit-to-stand transfer. Clin Biomech (Bristol). 1994;9(4):235-244. [doi: 10.1016/0268-0033(94)90004-3] [Medline: 23916233]
Scarborough DM, McGibbon CA, Krebs DE. Chair rise strategiesin older adultswith functional limitations. J Rehabil Res
Dev. 2007;44(1):33-42. [doi: 10.1682/jrrd.2005.08.0134] [Medline: 17551856]

Schenkman M, Berger RA, Riley PO, Mann RW, Hodge WA. Whole-body movements during rising to standing from
sitting. Phys Ther. 1990;70(10):638-648. [doi: 10.1093/ptj/70.10.638] [Medline: 2217543]

Schenkman M, Hughes MA, Samsa G, Studenski S. The relative importance of strength and balance in chair rise by
functionally impaired older individuals. JAm Geriatr Soc. 1996;44(12):1441-1446. [doi: 10.1111/].1532-5415.1996.tb04068.X]
Shimamura T, Ishikawa H, Fujii H, Katoh H. Smoothness evaluation indices during sit-to-stand-to-sit motionsin healthy
older females and after hip fracture using an accelerometer: a pilot study. Geriatrics (Basel). 2023;8(5):98. [FREE Full
text] [doi: 10.3390/geriatrics8050098] [Medline: 37887971]

Weiner DK, Long R, Hughes MA, Chandler J, Studenski S. When older adults face the chair-rise challenge. A study of
chair height availability and height-modified chair-rise performance in the elderly. JAm Geriatr Soc. 1993;41(1):6-10.
[doi: 10.1111/j.1532-5415.1993.tb05939.x] [Medline: 8418126]

Agbohessou KG, Sahuguede S, Lacroix J, Hamdan F, Conchon E, Dumas Y, et al. Validity of estimated results from a
wearable device for the tests time up and go and sit to stand in young adults and in people with chronic diseases. Sensors
(Basel). 2023;23(12):5742. [FREE Full text] [doi: 10.3390/s23125742] [Medline: 37420906]

Wairagkar M, Villeneuve E, King R, Janko B, Burnett M, Agarwal V, et al. A novel approach for modelling and classifying
sit-to-stand kinematics using inertial sensors. PLoS One. 2022;17(10):e0264126. [FREE Full text] [doi:

10.1371/journal .pone.0264126] [Medline: 36256622]

Pickford CG, Findlow AH, Kerr A, Banger M, Clarke-Cornwell AM, Hollands KL, et al. Quantifying sit-to-stand and
stand-to-sit transitions in free-living environments using the activPAL thigh-worn activity monitor. Gait Posture.
2019;73:140-146. [FREE Full text] [doi: 10.1016/j.gaitpost.2019.07.126] [Medline: 31325738]

Loppdnen A, Karavirta L, Portegijs E, Koivunen K, Rantanen T, Finni T, et al. Day-to-day variability and year-to-year
reproducibility of accel erometer-measured free-living sit-to-stand transitions volume and intensity among community-dwelling
older adults. Sensors (Basel). 2021;21(18):6068. [FREE Full text] [doi: 10.3390/s21186068] [Medline: 34577275]
Witchel HJ, Oberndorfer C, Needham R, Healy A, Westling CEI, Guppy JH, et a. Thigh-derived inertial sensor metrics
to assess the sit-to-stand and stand-to-sit transitionsin the timed up and go (TUG) task for quantifying mobility impairment
in multiple sclerosis. Front Neurol. 2018;9:684. [FREE Full text] [doi: 10.3389/fneur.2018.00684] [Medline: 30271371]
Bochicchio G, Ferrari L, Bottari A, Lucertini F, Scarton A, Pogliaghi S. Temporal, kinematic and kinetic variables derived
from awearable 3D inertial sensor to estimate muscle power during the 5 sit to stand test in older individuals: a validation
study. Sensors (Basel). 2023;23(10):4802. [FREE Full text] [doi: 10.3390/s23104802] [Medline: 37430715]

Janssen WGM, Bussmann JBJ, Horemans HLD, Stam HJ. Validity of accelerometry in assessing the duration of the
sit-to-stand movement. Med Biol Eng Comput. 2008;46(9):879-887. [doi: 10.1007/s11517-008-0366-3] [Medline: 18626677]
Tateoka K, Tsuji T, Shoji T, Tokunaga S, Okura T. Relationship between acceleration in a sit-to-stand movement and
physical function in older adults. Geriatrics (Basel). 2023;8(6):123. [FREE Full text] [doi: 10.3390/geriatrics3060123]
[Medline: 38132494]

https://www.jmir.org/2026/1/€100936 JMed Internet Res 2026 | vol. 28 | €100936 | p. 23

(page number not for citation purposes)


http://dx.doi.org/10.1016/j.jbiomech.2011.11.037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22169151&dopt=Abstract
http://dx.doi.org/10.1038/sj.ijo.0801409
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11126346&dopt=Abstract
http://dx.doi.org/10.1093/ptj/75.2.105
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7846131&dopt=Abstract
http://dx.doi.org/10.1016/j.jbiomech.2021.110813
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34666246&dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2006.07.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16908153&dopt=Abstract
https://strathprints.strath.ac.uk/41852/
http://dx.doi.org/10.1016/j.gaitpost.2012.09.026
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23122898&dopt=Abstract
http://dx.doi.org/10.1016/0966-6362(95)01048-3
http://dx.doi.org/10.1191/0269215503cr663oa
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12971713&dopt=Abstract
http://dx.doi.org/10.1016/j.apmr.2005.12.037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16635625&dopt=Abstract
http://dx.doi.org/10.1016/0268-0033(94)90004-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23916233&dopt=Abstract
http://dx.doi.org/10.1682/jrrd.2005.08.0134
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17551856&dopt=Abstract
http://dx.doi.org/10.1093/ptj/70.10.638
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2217543&dopt=Abstract
http://dx.doi.org/10.1111/j.1532-5415.1996.tb04068.x
https://www.mdpi.com/resolver?pii=geriatrics8050098
https://www.mdpi.com/resolver?pii=geriatrics8050098
http://dx.doi.org/10.3390/geriatrics8050098
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37887971&dopt=Abstract
http://dx.doi.org/10.1111/j.1532-5415.1993.tb05939.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8418126&dopt=Abstract
https://www.mdpi.com/resolver?pii=s23125742
http://dx.doi.org/10.3390/s23125742
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37420906&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0264126
http://dx.doi.org/10.1371/journal.pone.0264126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36256622&dopt=Abstract
https://eprints.gla.ac.uk/191794
http://dx.doi.org/10.1016/j.gaitpost.2019.07.126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31325738&dopt=Abstract
https://www.mdpi.com/resolver?pii=s21186068
http://dx.doi.org/10.3390/s21186068
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34577275&dopt=Abstract
https://europepmc.org/abstract/MED/30271371
http://dx.doi.org/10.3389/fneur.2018.00684
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30271371&dopt=Abstract
https://www.mdpi.com/resolver?pii=s23104802
http://dx.doi.org/10.3390/s23104802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37430715&dopt=Abstract
http://dx.doi.org/10.1007/s11517-008-0366-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18626677&dopt=Abstract
https://www.mdpi.com/resolver?pii=geriatrics8060123
http://dx.doi.org/10.3390/geriatrics8060123
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=38132494&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Fawden et &

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

Van Lummel RC, Ainsworth E, Lindemann U, ZijlstraW, Chiari L, Van Campen P, et a. Automated approach for quantifying

the repeated sit-to-stand using one body fixed sensor in young and older adults. Gait Posture. May 2013;38(1):153-156.

[FREE Full text] [doi: 10.1016/j.gaitpost.2012.10.008] [Medline; 23195854]

Klenk J, BaA, SczukaKS, Daub U, Lindemann U. Assessment of thigh angular velocity by an activity monitor to describe

sit-to-stand performance. Sensors (Basel). 2022;22(4):1405. [FREE Full text] [doi: 10.3390/s22041405] [Medline: 35214307]

Soangra R, Lockhart TE. A comparative study for performance evaluation of sit-to-stand task with body worn sensor and

existing laboratory methods. Biomed Sci Instrum. 2012;48:407-414. [FREE Full text] [Medline: 22846313]

Ganea R, Paraschiv-lonescu A, Bila C, Rochat S, Aminian K. Multi-parametric evaluation of sit-to-stand and stand-to-sit

transitionsin elderly people. Med Eng Phys. 2011;33(9):1086-1093. [doi: 10.1016/j.medengphy.2011.04.015] [Medline:

21601505]

Ganea R, Paraschiv-lonescu A, Aminian K. Detection and classification of postural transitions in real-world conditions.

|EEE Trans Neural Syst Rehabil Eng. 2012;20(5):688-696. [doi: 10.1109/tnsre.2012.2202691]

Pham MH, Warmerdam E, Elshehabi M, Schlenstedt C, Bergeest L, Heller M, et al. Validation of alower back

"wearable"-based sit-to-stand and stand-to-sit algorithm for patientswith Parkinson's disease and older adultsin ahome-like

environment. Front Neurol. 2018;9:652. [FREE Full text] [doi: 10.3389/fneur.2018.00652] [Medline: 30158894]

Pinto C, Schuch CP, Balbinot G, Salazar AP, Hennig EM, Kleiner AFR, et al. Movement smoothness during a functional

mohility task in subjects with Parkinson's disease and freezing of gait - an analysis using inertial measurement units. J

Neuroeng Rehabil. 2019;16(1):110. [FREE Full text] [doi: 10.1186/s12984-019-0579-8] [Medline: 31488184]

Regterschot GRH, Folkersma M, Zhang W, Baldus H, Stevens M, Zijlstra W. Sensitivity of sensor-based sit-to-stand peak

power to the effects of training leg strength, leg power and balance in older adults. Gait Posture. 2014;39(1):303-307.

[FREE Full text] [doi: 10.1016/j.gaitpost.2013.07.122] [Medline: 23973356]

Regterschot GRH, Zhang W, BaldusH, Stevens M, ZijlstraW. Accuracy and concurrent validity of a sensor-based analysis

of sit-to-stand movementsin older adults. Gait Posture. 2016;45:198-203. [doi: 10.1016/j.gaitpost.2016.02.004] [Medline:

26979906]

Tosi J, Summa S, Taffoni F. Feature extraction in sit-to-stand task using M-IMU sensors and evaluatiton in Parkinson's

disease. 2018. Presented at: MeMeA |EEE International Symposium on Medical Measurements and Applications, Proceedings;

August 16, 2018; Messing, Italy. [doi: 10.1109/memea.2018.8438737]

Zijlstra W, Bisseling RW, Schlumbohm S, Baldus H. A body-fixed-sensor-based analysis of power during sit-to-stand

movements. Gait Posture. 2010;31(2):272-278. [doi: 10.1016/j.gaitpost.2009.11.003]

Zijlstra A, Mancini M, Lindemann U, Chiari L, ZijlstraW. Sit-stand and stand-sit transitions in older adults and patients

with Parkinson's disease: event detection based on motion sensors versus force plates. J Neuroeng Rehabil. 2012;9(1):75.

[FREE Full text] [doi: 10.1186/1743-0003-9-75] [Medline: 23039219]

Atrsaei A, Dadashi F, Hansen C, Warmerdam E, Mariani B, Maetzler W, et al. Postural transitions detection and

characterization in healthy and patient populations using a single waist sensor. J Neuroeng Rehabil. 2020;17(1):70. [FREE

Full text] [doi: 10.1186/s12984-020-00692-4] [Medline: 32493496]

Stuchbury-Wass J, Liu'Y, Butkow KJ. WalkEar: holistic gait monitoring using earables. 2025. Presented at: | EEE | nternational

Conference on Pervasive Computing and Communications (PerCom). 2025; March 17-21, 2025; Washington DC. [doi:

10.1109/percom64205.2025.00029]

Jarchi D, Wong C, Kwasnicki RM, Heller B, Tew GA, Yang GZ. Gait parameter estimation from a miniaturized ear-worn

sensor using singular spectrum analysis and longest common subsequence. | EEE Trans Biomed Eng. 2014;61(4):1261-1273.

[doi: 10.1109/tbme.2014.2299772]

Seifer AK, Dorschky E, Kiiderle A, Moradi H, Hannemann R, Eskofier BM. EarGait: estimation of temporal gait parameters

fromhearing aid integrated inertial sensors. Sensors (Basel). 2023;23(14):6565. [FREE Full text] [doi: 10.3390/s23146565]

[Medline: 37514858]

Fawden T, Roberts 1V, Goldin S, Sharma Y, Dunne H, Stone T, et a. Detection of gait events using ear-worn IMUs during

functional movement tasks. Sensors (Basel). 2025;25(12):3629. [EREE Full text] [doi: 10.3390/s25123629] [Medline:

40573516]

Cristiano A, Nazemzadeh P, Tettamanti A, Sanna A, Trojaniello D. Head acceleration patterns in postura transitions and

straight walking: a preliminary study. 2018. Presented at: Proceedings of the GNB2018; June 25-27, 2018; Milan, Italy.

URL: https.//www.researchgate.net/profile/Alessia-Cristiano-3/publication/326783334_Head acceleration_patterns
in_postural_transitions and straight walking_a preliminary_study/links/5b88f 2ee299bf 1d5a73344ff/Head-accel eration-

patterns-in-postural -transitions-and-straight-wal king-a-preliminary-study. pdf

Mahony R, Hamel T, Pflimlin IM. Nonlinear complementary filters on the special orthogonal group. IEEE Trans Autom

Control. 2008;53(5):1203-1218. [doi: 10.1109/tac.2008.923738]

Schumann T, Redfern MS, Furman JM, el-Jaroudi A, Chaparro LF. Time-frequency analysis of postural sway. J Biomech.

1995;28(5):603-607. [doi: 10.1016/0021-9290(94)00113-i] [Medline: 7775495]

Kang GE, Gross MM. Emotional influences on sit-to-walk in healthy young adults. Hum Mov Sci. 2015;40:341-351. [doi:

10.1016/j.humov.2015.01.009] [Medline: 25681657]

https://www.jmir.org/2026/1/e100936 JMed Internet Res 2026 | vol. 28 | €100936 | p. 24

(page number not for citation purposes)


https://linkinghub.elsevier.com/retrieve/pii/S0966-6362(12)00381-5
http://dx.doi.org/10.1016/j.gaitpost.2012.10.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23195854&dopt=Abstract
https://www.mdpi.com/resolver?pii=s22041405
http://dx.doi.org/10.3390/s22041405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35214307&dopt=Abstract
https://europepmc.org/abstract/MED/22846313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22846313&dopt=Abstract
http://dx.doi.org/10.1016/j.medengphy.2011.04.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21601505&dopt=Abstract
http://dx.doi.org/10.1109/tnsre.2012.2202691
https://europepmc.org/abstract/MED/30158894
http://dx.doi.org/10.3389/fneur.2018.00652
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30158894&dopt=Abstract
https://jneuroengrehab.biomedcentral.com/articles/10.1186/s12984-019-0579-8
http://dx.doi.org/10.1186/s12984-019-0579-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31488184&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0966-6362(13)00446-3
http://dx.doi.org/10.1016/j.gaitpost.2013.07.122
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23973356&dopt=Abstract
http://dx.doi.org/10.1016/j.gaitpost.2016.02.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26979906&dopt=Abstract
http://dx.doi.org/10.1109/memea.2018.8438737
http://dx.doi.org/10.1016/j.gaitpost.2009.11.003
https://jneuroengrehab.biomedcentral.com/articles/10.1186/1743-0003-9-75
http://dx.doi.org/10.1186/1743-0003-9-75
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23039219&dopt=Abstract
https://jneuroengrehab.biomedcentral.com/articles/10.1186/s12984-020-00692-4
https://jneuroengrehab.biomedcentral.com/articles/10.1186/s12984-020-00692-4
http://dx.doi.org/10.1186/s12984-020-00692-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32493496&dopt=Abstract
http://dx.doi.org/10.1109/percom64205.2025.00029
http://dx.doi.org/10.1109/tbme.2014.2299772
https://www.mdpi.com/resolver?pii=s23146565
http://dx.doi.org/10.3390/s23146565
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37514858&dopt=Abstract
https://www.mdpi.com/resolver?pii=s25123629
http://dx.doi.org/10.3390/s25123629
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40573516&dopt=Abstract
https://www.researchgate.net/profile/Alessia-Cristiano-3/publication/326783334_Head_acceleration_patterns_in_postural_transitions_and_straight_walking_a_preliminary_study/links/5b88f2ee299bf1d5a73344ff/Head-acceleration-patterns-in-postural-transitions-and-straight-walking-a-preliminary-study.pdf
https://www.researchgate.net/profile/Alessia-Cristiano-3/publication/326783334_Head_acceleration_patterns_in_postural_transitions_and_straight_walking_a_preliminary_study/links/5b88f2ee299bf1d5a73344ff/Head-acceleration-patterns-in-postural-transitions-and-straight-walking-a-preliminary-study.pdf
https://www.researchgate.net/profile/Alessia-Cristiano-3/publication/326783334_Head_acceleration_patterns_in_postural_transitions_and_straight_walking_a_preliminary_study/links/5b88f2ee299bf1d5a73344ff/Head-acceleration-patterns-in-postural-transitions-and-straight-walking-a-preliminary-study.pdf
http://dx.doi.org/10.1109/tac.2008.923738
http://dx.doi.org/10.1016/0021-9290(94)00113-i
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7775495&dopt=Abstract
http://dx.doi.org/10.1016/j.humov.2015.01.009
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25681657&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JOURNAL OF MEDICAL INTERNET RESEARCH Fawden et &

71.

72.

73.

74.

75.

76.

77.

78.
79.
80.
81.

82.

Balasubramanian S, Melendez-Calderon A, Roby-Brami A, Burdet E. On the analysis of movement smoothness. JNeuroeng
Rehabil. 2015;12:112. [FREE Full text] [doi: 10.1186/s12984-015-0090-9] [Medline: 26651329]

Melendez-Calderon A, Shirota C, Balasubramanian S. Estimating movement smoothness from inertial measurement units.
Front Bioeng Biotechnol. Jan 14, 2021;8:558771. [FREE Full text] [doi: 10.3389/fbioe.2020.558771] [Medline: 33520949]
Jones GD, James DC, Thacker M, Perry R, Green DA. Gait-initiation onset estimation during sit-to-walk: recommended
methods suitable for healthy individuals and ambulatory community-dwelling stroke survivors. PLoS One.
2019;14(5):e0217563. [FREE Full text] [doi: 10.1371/journal.pone.0217563] [Medline: 31141570]

Hellec J, Chorin F, Castagnetti A, Colson SS. Sit-to-stand movement evaluated using an inertial measurement unit embedded
insmart glasses-avalidation study. Sensors (Basel). 2020;20(18):5019. [FREE Full text] [doi: 10.3390/s20185019] [Medline:
32899618]

Edwards A, Fawden T, Roberts 1V, Bance M, Stone T. Quantifying movement fluency in amputeesin key functional tasks.
Physiol Meas. 2025;46(12):125007. [doi: 10.1088/1361-6579/ac06ee] [Medline: 40953605]

Skurowski P, Pawlyta M. Detection and classification of artifact distortionsin optical motion capture sequences. Sensors
(Basel). 2022;22(11):4076. [FREE Full text] [doi: 10.3390/s22114076] [Medline: 35684698]

Brasiliano P, Pavei G, Bergamini E. Smooth moves: comparing log dimensionless jerk metrics from body center of mass
trajectory and wearable sensor acceleration during walking. Sensors (Basel). 2025;25(4):1233. [FREE Full text] [doi:
10.3390/s25041233] [Medline: 40006462]

Gailey RS, Roach KE, Applegate EB. The amputee mobility predictor: an instrument to assess determinants of thelower-limb
amputee's ability to ambulate. Arch Phys Med Rehabil. 2002;83(5):613-627. [doi: 10.1053/apmr.2002.32309]

Giladi N, Tal J, Azulay T, Rascol O, Brooks DJ, Melamed E, et a. Validation of the freezing of gait questionnairein patients
with Parkinson's disease. Mov Disord. 2009;24(5):655-661. [doi: 10.1002/mds.21745] [Medline: 19127595]

Podsiadlo D, Richardson S. J Am Geriatr Soc. 1991;39(2):142-148. [doi: 10.1111/j.1532-5415.1991.tb01616.X]

Agustin RMS, Crisostomo MJ, Sdnchez-Martinez M P, Medina-Mirapeix F. Responsiveness and minimal clinically important
difference of the five times sit-to-stand test in patients with stroke. Int JEnviron Res Public Health. 2021;18(5):2314. [doi:
10.3390/ijerph18052314]

Trabassi D, Serrao M, Varrecchia T, Ranavolo A, Coppola G, De lcco R, et a. Machine learning approach to support the
detection of Parkinson’s disease in IMU-based gait analysis. Sensors. 2022;22(10):3700. [doi: 10.3390/s22103700]

Abbreviations

CoM: center of mass

C7: seventh cervical vertebra

IMU: inertial measurement unit

LDLJ: log dimensionless jerk

LDLJ-A: log dimensionless jerk—acceleration
RGB: red, green, and blue

RMSE: root mean squared error

SDD: smallest detectable difference

TUG: timed up-and-go

Edited by M Balcarras; submitted 10.May.2026; peer-reviewed by G Duthie, D Trabassi; comments to author 26.Jun.2026; revised
version received 29.Aug.2026; accepted 11.Sep.2026; published 13.0ct.2026

Please cite as:

Fawden T, Edwards A, Roberts IV, Dunne H, Sone T, Bance M

Ear-Worn Inertial Measurement of St-to-Sand and Sit-to-Walk Movements: Algorithm Development and Validation
J Med Internet Res 2026;28:€100936

URL: https://www.jmir.org/2026/1/€100936

doi: 10.2196/100936

PMID:

©Terry Fawden, Amy Edwards, lwan Vaughan Roberts, Henry Dunne, Thomas Stone, Manchar Bance. Originally published in
the Journal of Medical Internet Research (https://www.jmir.org), 13.0ct.2026. This is an open-access article distributed under
the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work, first published in the Journal of Medical Internet
Research (ISSN 1438-8871), is properly cited. The complete bibliographic information, a link to the origina publication on
https.//www.jmir.org/, as well as this copyright and license information must be included.

https://www.jmir.org/2026/1/€100936 JMed Internet Res 2026 | vol. 28 | €100936 | p. 25

(page number not for citation purposes)


https://jneuroengrehab.biomedcentral.com/articles/10.1186/s12984-015-0090-9
http://dx.doi.org/10.1186/s12984-015-0090-9
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26651329&dopt=Abstract
https://europepmc.org/abstract/MED/33520949
http://dx.doi.org/10.3389/fbioe.2020.558771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33520949&dopt=Abstract
https://dx.plos.org/10.1371/journal.pone.0217563
http://dx.doi.org/10.1371/journal.pone.0217563
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31141570&dopt=Abstract
https://www.mdpi.com/resolver?pii=s20185019
http://dx.doi.org/10.3390/s20185019
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32899618&dopt=Abstract
http://dx.doi.org/10.1088/1361-6579/ae06ee
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40953605&dopt=Abstract
https://www.mdpi.com/resolver?pii=s22114076
http://dx.doi.org/10.3390/s22114076
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35684698&dopt=Abstract
https://air.unimi.it/handle/2434/1157095
http://dx.doi.org/10.3390/s25041233
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=40006462&dopt=Abstract
http://dx.doi.org/10.1053/apmr.2002.32309
http://dx.doi.org/10.1002/mds.21745
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19127595&dopt=Abstract
http://dx.doi.org/10.1111/j.1532-5415.1991.tb01616.x
http://dx.doi.org/10.3390/ijerph18052314
http://dx.doi.org/10.3390/s22103700
https://www.jmir.org/2026/1/e100936
http://dx.doi.org/10.2196/100936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

