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Abstract
Proper self-administration of eye drops is essential for glaucoma management, yet
many older adults struggle with technique, leading to missed doses, wasted medication,
and bottle-tip contamination. We developed a bottle-mounted inertial sensing
approach to quantify the motion of eye-drop instillation using three-dimensional
stability metrics that extend beyond conventional planar measures. Eighty-eight
healthy older adults (mean age 74.7±6.0 years) completed 18 instillation trials across
standing, sitting, and supine postures, yielding 1,699 attempts. Motion data from a
bottle-mounted sensor were used to define the instillation period and compute
movement magnitude, directional, and trajectory-dispersion metrics, as well as bottle
tilt and instillation duration. Directional metrics were calculated in four reference
frames: bottle-fixed, world-vertical, principal component analysis-based, and
velocity-defined. Associations of posture and reference frame with stability metrics
were evaluated using generalized estimating equations, and posture-stratified logistic
models tested associations between stability metrics and three instillation outcomes:
drop reaching the eye, bottle-tip contamination, and single-versus multiple-drop
dispensing. All reference-frame-dependent metrics differed across frames, indicating
that axis definition materially affects directional and planar stability measures.
Associations with instillation outcomes were posture-specific. Predictors of successful
drop delivery were concentrated in the supine posture, where greater movement
magnitude and dispersion were associated with lower odds of success. Multiple-drop
dispensing was consistently associated with longer instillation duration across all
postures and with greater total excursion in sitting and standing. In upright postures,
greater bottle tilt was associated with a lower risk of bottle-tip contamination. These
findings support the use of three-dimensional bottle-motion metrics for objective
monitoring of eye-drop technique and highlight the importance of consistent
reference-frame definition when interpreting directional stability features.
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Introduction 1

Glaucoma is a degenerative optic nerve disease that predominantly affects older adults 2

and can lead to irreversible blindness if left untreated [1]. Medicated eye drops are the 3

primary treatment; however, their efficacy depends on proper self-administration. 4

Many patients experience difficulty with correct instillation techniques, leading to 5

inadequate drug absorption, medication waste, and potential increased periocular side 6

effects, and eye drop bottle contamination [2–7]. Although previous research indicates 7

that targeted patient education and training significantly improve eye drop 8

instillation [8–11], no widely adopted standardized systems exist for training or 9

objectively monitoring patient technique [12,13]. Traditional evaluations of eye drop 10

instillation technique rely on observational methods, considering factors such as the 11

number of drops dispensed, whether the drops successfully enter the eye, and whether 12

the bottle tip comes into contact with the eye or nearby skin [12,14–16]. These 13

outcomes are essential for judging performance, but they are coarse, discrete 14

summaries of the task and can depend on rater judgment and viewing conditions. 15

Recent studies have used inertial measurement units (IMUs) to measure upper-limb 16

movements and fine motor skills, including pediatric hand coordination and task 17

performance in neurorehabilitation settings [17,18]. IMUs provide a low-cost, 18

quantitative method for capturing movement data that can be used to quantify 19

features important for assessing motor control and task steadiness. IMUs and other 20

instrumented smart bottles have been employed to monitor real-world medication use. 21

For example, Tabuchi et al. [19] developed a cloud-connected eye drop bottle sensor 22

that detected instillation events and transmitted data to an AI-driven system for 23

adherence monitoring. However, this method depends on the bottle reaching a fully 24

inverted position to register an event, which may limit its ability to detect instillation 25

attempts performed with different bottle orientations or techniques.Nishimura et 26

al. [20] employed a deep learning model trained on IMU data from a sensor attached 27

to the eye drop bottle to identify instillation events and their durations. Nonetheless, 28

this approach also faces the limitation of requiring the user to position the bottle in a 29

desired manner. Additionally, Payne et al. [21] introduced an eye drop bottle-mounted 30

sensing system that combines IMU-based motion tracking with capacitive liquid-level 31

sensing, enabling healthcare providers to monitor adherence and dosing behaviors 32

remotely. However, these tools mainly focus on monitoring instillation events rather 33

than analyzing instillation quality or the stability of bottle motion during instillation. 34

In this study, we aim to investigate the relationship between eye drop instillation 35

success and bottle stability during instillation. However, no studies have quantified 36

three-dimensional (3-D) bottle stability or systematically examined its association 37

with instillation outcomes across postures using inertial measurement units (IMUs). 38

We utilize IMUs to objectively measure the motion (linear acceleration and angular 39

velocity) of eyedrop bottles while participants instill eye drops in three postures 40

(standing, sitting, and supine). Because the calculation of stability metrics is sensitive 41

to the reference frame in which bottle motion is resolved, we compare the sensitivity of 42

bottle stability metrics across four reference frames (a bottle-fixed frame, a frame 43

defined by principal components analysis, a velocity-defined frame, and an inertial 44

frame). We hypothesize that (1) stability metrics are sensitive to reference frame 45

choice, (2) posture influences bottle stability, and (3) bottle stability is significantly 46

related to instillation success. By establishing an objective method to quantify bottle 47

stability during instillation and evaluating its relationship with instillation success, we 48

aim to provide actionable insights to inform teaching eye drop instillation techniques 49

or inform alternative approaches to glaucoma management among those with 50
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Materials and methods 51

Participant Recruitment 52

We recruited healthy older adults from communities local to the University of 53

Michigan from January 24, 2024 through April 25, 2024. We used the University of 54

Michigan participant recruitment registry umhealthyresearch.org for recruitment, and 55

we placed advertisements for study participation at local clinics, geriatric centers, and 56

senior centers. Exclusion criteria included current prescription eye drop use, cognitive 57

impairments such as dementia, known allergies to artificial tears, recent changes in 58

vision, persistent eye irritation lasting more than 72 hours, and age >65 or <100 years. 59

The study was conducted in accordance with the ethical standards of the Institutional 60

Review Board and followed the tenets of the Declaration of Helsinki. All participants 61

provided written informed consent, and confidentiality was strictly maintained 62

throughout the study. This study was approved by the University of Michigan IRB 63

(HUM00162357). 64

Instrumentation 65

The study used a single IMU (Movella DOT; Movella, Enschede, The Netherlands) 66

secured to the base of a bottle of artificial tears (Refresh Tears, 15mL; AbbVie Inc., 67

North Chicago, Illinois, U.S.A.) using a custom 3D-printed TPU (thermoplastic 68

polyurethane) fitting, as shown in Fig 1. The IMU accurately captures linear 69

acceleration (±16 g), angular velocity (±2000°/s), and magnetic field data (±8 70

Gauss) [22]. Orientation estimates are provided by Movella’s Kalman filter core 71

algorithm (XKFCore) [23,24]. The IMU captured data at a sampling rate of 120 Hz. 72

Experimental Protocol 73

Data collections were conducted in a controlled lab environment to ensure consistent 74

testing conditions. Participants completed a total of 18 eye drop instillation trials, 75

which varied by posture (standing, sitting, or supine) and eye (left or right); each 76

posture/eye combination was repeated three times (3 postures x 2 eyes x 3 trials = 18 77

total trials). The order of postures was randomized for each participant. Participants 78

were allowed to choose their preferred hand for instillation in each trial. To aid our 79

evaluation of eye drop instillations, we distinguished between instillation trials and 80

attempts. We defined a trial as the time between when the participant was instructed 81

to instill a drop into their eye and when they indicated that they felt they had 82

successfully instilled a drop. We defined an attempt as the time between when the 83

participant brought the bottle to their eye and tipped it to dispense a drop, and when 84

the participant turned the bottle upright and/or moved it away from the eye. In this 85

definition, one trial may include multiple attempts, as the participant may need 86

several attempts to instill an eye drop successfully. Each trial was video recorded to 87

determine eye drop instillation success. Two reviewers examined each video to count 88

the number of drops dispensed, determine whether a drop entered the eye, and check 89

whether the participant contaminated the bottle by touching the tip to any other 90

surface (e.g., the ocular surface, eyelashes, or skin) for each instillation attempt. When 91

reviewers disagreed on their video assessments, a third reviewer adjudicated to 92

establish a gold-standard result. Study data were collected and managed using the 93

Research Electronic Data Capture (REDCap) tool hosted at the University of 94

Michigan. Data from each attempt to instill eye drops were recorded in REDCap. 95
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Fig 1. Eyedrop Instillation. Illustration of an eyedrop instillation showing the
inertial measurement unit (IMU) mounted at the bottom of the eye drop bottle, with
its local, sensor-fixed, coordinate frame. The axes represent the sensor’s orientation
relative to the bottle, with the Z-axis aligned with the longitudinal axis of the bottle.

Instillation Period 96

The raw IMU data were processed using a Zero Velocity Update (ZUPT) algorithm, 97

which effectively corrects linear velocity and position drift in inertial navigation 98

systems [25,26]. Specifically, the ZUPT algorithm first uses the calculated orientation 99

to resolve the measured linear acceleration into an inertial reference frame. Once the 100

measured linear acceleration is expressed in an inertial frame, the gravitational 101

component can be subtracted, yielding the free acceleration (the sensor’s acceleration 102

in an inertial frame). Starting from an initial condition of known zero velocity, defined 103

as periods when the bottle was stationary on a table, we integrated this acceleration 104

forward in time until the velocity again reached zero, either during instillation or when 105

the bottle was returned to rest on the table. Zero velocity points were identified using 106

thresholds of less than 1 m/s² for linear acceleration magnitude and 10 degrees/s for 107

angular velocity magnitude. Drift caused by sensor integration was then quantified 108

and removed, assuming linear drift from accelerometer bias. The instillation period 109

was defined as the interval during which the bottle’s linear velocity magnitude fell 110

below 5% of its peak velocity, as previously established in reaching and pointing 111

studies [27,28]. The instillation period for an example attempt is illustrated in Fig 2. 112

Instillation Stability Metrics 113

The stability of the bottle during the instillation period was quantified using metrics 114

similar to those used in postural sway analysis [29], as detailed in Table 1. 115
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Fig 2. Instillation Period. Graphic showing the timeline of an eye drop instillation.
Top: Bottle linear velocity magnitude [m/s] versus time. Bottom: Bottle tilt [degrees]
versus time, where 0° indicates an upright bottle and 180° indicates a fully inverted
bottle.

Importantly, whereas postural stability is often summarized using planar (2D) 116

descriptors, we extend these sway-based measures to full three-dimensional (3D) bottle 117

motion. This 3D formulation is central to our approach because bottle handling during 118

instillation is not constrained to a single anatomical or laboratory plane; out-of-plane 119

motion can occur and would be underestimated or missed by a purely 2D analysis. 120

Accordingly, our primary stability descriptors were computed as 3D measures from the 121

IMU free-acceleration signal (linear acceleration with the gravitational component 122

removed). To facilitate interpretation and enable direct comparison with conventional 123

planar/axial summaries, we also report component-wise versions of each metric: along 124

the principal axis (Z) and within the orthogonal plane (XY), defined in each reference 125

frame used for calculations. To quantify bottle stability, we computed summary 126

measures of movement magnitude, excursion, smoothness, and dispersion. Movement 127

magnitude was captured using the mean free-acceleration magnitude (MACC) and the 128

root-mean-square free-acceleration magnitude (RACC), which reflect the overall 129

intensity of bottle motion during an instillation attempt. Spatial excursion of the 130

bottle’s free-acceleration trajectory was quantified using total excursion (TOTEX), 131

defined as the cumulative path length of the free-acceleration vector over the attempt, 132

with larger values indicating greater overall variability. Movement smoothness was 133

quantified using mean jerk magnitude (MJERK), where jerk is the time derivative of 134

free acceleration, and higher values indicate more abrupt, less smooth handling. 135

Timing was captured using Duration, defined as the length of the instillation attempt 136

interval. In addition, we calculated the maximum free acceleration (amax) and the 137

mean frequency of acceleration signals (MFREQ). Dispersion of the acceleration 138

trajectory was characterized using geometric properties, including the 95% confidence 139
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circle and ellipse areas (AREACC and AREACE), the 95% confidence sphere and 140

ellipsoid volumes (VOLUMECS and VOLUMECE), and the acceleration trajectory 141

area per unit time (AREASW). Finally, we quantified the mean tilt of the bottle 142

relative to vertical by converting IMU quaternions into direction cosine matrices and 143

computing the tilt angle with respect to the vertical axis of the inertial frame. The 144

computed stability metrics for each participant are provided in S3 Dataset. 145

Table 1. Description and components of instillation stability metrics used to quantify
bottle motion during instillation. Each metric characterizes different aspects of bottle stability
using the free acceleration data (measured sensor linear acceleration with the gravity component
removed). Metrics are computed in three dimensions (3D), within an orthogonal plane (XY), or along
the principal axis (Z), depending on the context. Tilt and duration are derived from orientation and
temporal data, respectively.

Stability Metric
Acronym Description [units] Components

MACC Mean acceleration
[
m/s2

]
3D, XY, Z

RACC Root mean square of acceleration
[
m/s2

]
3D, XY, Z

TOTEX Total excursions of acceleration
[
m/s2

]
3D, XY, Z

MJERK Mean sway jerk
[
m/s3

]
3D, XY, Z

AREACC 95% confidence circle area
[
(m/s2)2

]
XY

AREACE 95% confidence ellipse area
[
(m/s2)2

]
XY

VOLUMECS 95% confidence sphere volume
[
(m/s2)3

]
3D

VOLUMECE 95% confidence ellipsoid volume
[
(m/s2)3

]
3D

AREASW Area of the acceleration trajectory per unit of time
[
m2/s5

]
XY

MFREQ Mean frequency [rad/s] 3D
amax Maximum acceleration

[
m/s2

]
3D, XY, Z

Tilt Mean bottle tilt relative to world vertical [degrees] NA
Duration Instillation duration [s] NA

In contrast to postural stability, in which the center of pressure of the body on the 146

ground is constrained to a horizontal plane, the motion of a bottle is unconstrained, 147

and therefore stability can be assessed in three-dimensional space. Because the 148

bottle’s movement during instillation is not equivalent in all directions, instillation 149

stability metrics will be sensitive to the choice of reference frame. 150

Coordinate Frames 151

To analyze how different reference frames impact metrics of bottle stability during eye 152

drop instillation, we evaluated four reference frames, as shown in Fig 3. Reference 153

frame choice affects stability measures calculated in the XY plane (planar stability) 154

and along the Z axis (axial stability). 155

The bottle-fixed frame uses the IMU’s built-in reference frame, which is aligned 156

with the sensor-fixed coordinate frame. The local Z-axis (aligned with the bottle’s 157

length) serves as the primary reference direction. We selected this reference frame 158

because it requires no mathematical transformation of the sensor data into a new 159

reference frame. The principal component analysis (PCA) frame provides a custom 160

coordinate frame based on the measured linear acceleration. We analyze the 161

acceleration data to find the three directions in which motion varies the most. The 162

first two principal components define the plane of most movement (XY-plane), and the 163

third (Z-axis) captures the direction of least motion. This frame is beneficial when 164

movement does not align with traditional axes; it adapts to the data. The velocity 165

vector frame is built from the direction of the linear bottle velocity just before the 166
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Fig 3. Illustration of the four coordinate frames used to analyze bottle
motion during eye drop instillation. Each panel displays a representation of the
bottle’s linear acceleration cloud (orange points with 95% confidence interval ellipsoid)
and principal axes (X: blue, Y: pink, Z: orange) aligned with a different coordinate
frames: Bottle (sensor’s local axes), PCA (data-driven axes defined by applying
principal component analysis to bottle linear acceleration during the instillation
period), Velocity (Z-axis aligned with the bottle’s approach direction toward the eye),
and Vertical (aligned with gravity, also known as an inertial frame).

instillation period, when the bottle is approaching the face. We calculate the average 167

direction of the velocity vector and use it to define the Z-axis. The X-axis is defined 168

by projecting a vertical vector onto a plane perpendicular to the linear velocity vector. 169

The Y-axis is calculated so that the three axes form a right-handed frame. The details 170

on the calculation can be found in S1 File. In the vertical frame, we resolve the 171

measured linear acceleration and angular velocity into components in an inertial 172

reference frame, with the positive Z-axis pointing straight up (toward the ceiling) in 173

line with gravity. This reference frame allows us to distinguish between vertical 174

motion (up and down) and horizontal motion. 175
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Statistics 176

All statistical analyses were performed in R (version 4.5.2, including geepack [30] and 177

emmeans [31] packages; R Foundation for Statistical Computing, Vienna, Austria) [32]. 178

Stability metrics were categorized into two groups: 1) reference frame independent 179

(MACC, RACC, TOTEX, MJERK, VOLUMECE, VOLUMECS, MFREQ, amax, Tilt, 180

Duration) and 2) reference frame dependent (MACCXY, MACCZ, RACCXY, RACCZ, 181

TOTEXXY, TOTEXZ, MJERKXY, MJERKZ, AREACC, AREACE, AREASW, 182

amaxXY, amaxZ). First, to assess the effects of the reference frame on bottle stability, 183

reference frame-dependent bottle stability metrics were modeled as continuous 184

outcomes using linear generalized estimating equation (GEE) models (identity link) 185

with the reference frames as a categorical predictor. GEE models were used to account 186

for the dependency of repeated trials within a participant. Overall reference-frame 187

effects were evaluated using Wald tests, and pairwise differences between reference 188

frames were obtained from estimated marginal means with pairwise contrasts. 189

Marginal means provide the estimated baseline of each metric within posture, 190

complementing pairwise contrasts by indicating the direction and relative ordering of 191

postures. Reference frame-independent bottle stability metrics were excluded from 192

this analysis because they are invariant to reference rotations by definition. Second, to 193

evaluate associations between posture (Supine, Sitting, Standing) and bottle stability, 194

separate linear GEE models were fit for each stability metric within each reference 195

frame. Wald tests assessed overall posture effects, and pairwise posture contrasts were 196

obtained from estimated marginal means. Separate models were fitted for each 197

stability metric and each frame, and robust standard errors (SEs) were obtained for 198

inference. Estimates and 95% confidence intervals (CIs) for posture were reported. 199

Lastly, we assessed associations between eye drop instillation success outcomes (drops 200

got in the eye [yes vs no], number of drops [one vs multiple drops], and bottle tip 201

contamination [yes vs no]) and bottle stability metrics using GEE with a logit link 202

(logistic regression) and an exchangeable working correlation structure to account for 203

multiple eye drop instillation from the same participant. Separate models were fitted 204

for each bottle stability metric, and models were stratified by posture and reference 205

frame. Model results are reported as odds ratios (ORs) with 95% CIs. All stability 206

predictors were z-standardized (mean 0, standard deviation 1) within posture; thus, 207

linear model estimates or logistic model ORs reflect the change per one standard 208

deviation increase in the predictor. To control the family-wise error rate across the 209

many metric tests, p-values were adjusted within each outcome family using Holm’s 210

method; adjusted p-values < 0.05 were considered statistically significant. Because our 211

goal in this study was to characterize associations between bottle-handling stability 212

and instillation outcomes, rather than to develop a predictive model, we report (i) 213

associations that remained statistically significant after controlling for multiple 214

comparisons and (ii) nominal (uncorrected) associations (p<0.05) that did not remain 215

significant after correction. We present these nominal findings explicitly as exploratory 216

to show the broader pattern of potential relationships across metrics and postures and 217

to support hypothesis generation for future confirmatory studies. 218

Results 219

A total of 88 participants were enrolled in the study, with an average age of 74.7±6.0 220

years (range 65-87), and 37.5% were male (n=33/88). Participants completed 1699 221

attempts (range 18-32 per participant) across the three postures (34.3% sitting, 33.3% 222

standing, 32.4% supine). Across all attempts, 88.07% successfully had a drop instilled 223

into the eye, 72.1% had only a single drop dispensed (2.0% dispensed no drops and 224
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23.8%dispensed >1 drop), and in 59.95% of attempts, the bottle was not contaminated 225

by touching the eye, eyelashes, or skin. Descriptive statistics for all bottle stability 226

metrics computed in the bottle reference frame are summarized in S2 File Table 1. 227

Reference frame differences in stability metrics 228

All frame-dependent stability metrics differed significantly by reference frame (all 229

p<0.0001). Pairwise contrasts showed consistent, directional shifts. Relative to the 230

Bottle frame, the PCA frame produced lower XY metrics (MACCXY: -0.29, RACCXY: 231

-0.33, TOTEXXY: -0.18, MJERKXY: -0.28, AREACC: -0.27, AREACE: -0.22, 232

AREASW: -0.23, amaxXY: -0.19; all p<0.0001) and higher Z metrics (MACCZ: +0.34, 233

RACCZ: +0.37, TOTEXZ: +0.25, MJERKZ: +0.37, amaxZ: +0.21; all p<0.0001). In 234

contrast, the Velocity frame tended to have the opposite effect relative to Bottle, such 235

that the Velocity frame produced higher XY metrics (MACCXY: +0.20; RACCXY: 236

+0.18; TOTEXXY: +0.06,; MJERKXY: +0.10; AREACC: +0.12; AREACE: +0.20; 237

AREASW: +0.14; amaxXY: +0.25; all p�0.0002) and lower Z metrics(MACCZ: -0.25; 238

RACCZ: -0.25; TOTEXZ: -0.09; MJERKZ: -0.15; amaxZ: -0.32; all p�0.0013). The 239

largest differences were typically between Velocity and PCA, with substantial 240

separation in both the XY and Z components. Relative to the PCA frame, the Velocity 241

frame had higher XY metrics (MACCXY: +0.50, RACCXY: +0.51, TOTEXXY: +0.25, 242

MJERKXY: +0.38, AREACC: +0.39, AREACE: +0.42, AREASW: +0.38, amaxXY: 243

+0.44; all p<0.0001) and lower Z metrics (MACCZ: -0.59, RACCZ: -0.61, TOTEXZ: 244

-0.34, MJERKZ: -0.52, amaxZ: -0.53; all p<0.0001). Differences between Vertical and 245

Bottle frames were generally smaller and metric-specific. Relative to the Bottle frame, 246

the Vertical frame tended to have higher XY metrics and lower Z metrics; several were 247

significant (MACCXY: +0.13; RACCXY: +0.11; AREACE: +0.10; AREASW: +0.06; 248

amaxXY: +0.18; MACCZ: -0.13; RACCZ: -0.13amaxZ: -0.19; all p�0.0334), whereas 249

others were not (TOTEXXY: +0.02; TOTEXZ: -0.03; MJERKXY: +0.04; MJERKZ: 250

-0.05; AREACC: +0.05; all p>0.05). Detailed results are provided in S2 File Table 2. 251

Posture differences in stability metrics 252

For frame-independent metrics, significant differences in stability metrics by posture 253

effects were observed for MACC (p=0.0002), RACC (p=0.0300), and Tilt (p<0.0001), 254

while MFREQ showed borderline evidence of posture dependence (p=0.0597). 255

Specifically, marginal means (standardized scale) indicated that standing had higher 256

acceleration magnitudes than the other postures (MACC: supine -0.11, sitting -0.04, 257

standing 0.13; RACC: supine -0.07, sitting -0.04, standing 0.11). Pairwise contrasts 258

confirmed that MACC was higher in standing than in supine (estimate = +0.24, 259

p<0.0001) and in standing than in sitting (+0.17, p=0.0007), and RACC was higher 260

in standing than in supine (+0.17, p=0.0051) and in standing than in sitting (+0.15, 261

p=0.0034). Tilt showed the strongest posture separation, with marginal means 262

indicating substantially higher tilt in supine (0.59) than in sitting (-0.24) or standing 263

(-0.30); pairwise contrasts showed sitting was lower than supine (estimate=-0.83, 264

p<0.0001)and standing was lower than supine ( -0.89, p<0.0001), while sitting and 265

standing did not differ (standing-sitting = -0.06, p=0.3618). MFREQ marginal means 266

were lower in standing (-0.10) than in supine (0.09) and sitting (0.06), consistent with 267

standing being lower than supine (-0.19, p=0.0086) and lower than sitting (-0.16, 268

p=0.0062). No overall posture effects were observed for TOTEX, VOLUMECE, 269

VOLUMECS, amax, or Duration (all overall p�0.118). Detailed results are provided in 270

S2 File Table 3. For frame-dependent metrics, posture effects were mostly evident in 271

acceleration component measures, particularly the XY components. In the Bottle 272

frame, marginal means again showed higher acceleration components in standing (e.g., 273

May 26, 2026 9/21



MACCXY: supine -0.11, sitting -0.03, standing 0.14; RACCXY: supine -0.07, sitting 274

-0.04, standing 0.11), and MACCXY differed by posture (overall p=0.0002) with 275

standing higher than supine (+0.25, p<0.0001) and higher than sitting (+0.16, 276

p=0.0009). Similar standing–supine differences were observed for MACCZ (supine 277

-0.09, sitting -0.04, standing 0.12; overall p=0.0219; +0.20, p=0.0009) and RACCXY 278

(overall p=0.0359; +0.18, p=0.0029). In the PCA frame, marginal means showed the 279

same ordering (e.g., MACCXY: supine -0.09, sitting -0.04, standing 0.13; MACCZ: 280

supine -0.12, sitting -0.03, standing 0.13), and significant differences in standing 281

relative to supine posture were evident for MACCXY (overall p=0.0025; estimate = 282

+0.21, p=0.0002), MACCZ (overall p=0.0002; +0.24, p<0.0001), and RACCXY 283

(overall p=0.0285; +0.17, p=0.0069), with standing also higher than sitting for 284

MACCXY (+0.17, p=0.0006) and RACCXY (+0.15, p=0.0020). Detailed results are 285

provided in S2 File Table 4. In the Velocity and Vertical frames, marginal means 286

highlighted larger posture separation for some component metrics. For example, 287

MACCXY marginal means were lowest in supine (Velocity -0.22; Vertical -0.22) and 288

highest in standing (Velocity 0.17; Vertical 0.18), consistent with significant overall 289

posture effects (both p<0.0001) and standing–supine contrasts (Velocity +0.39, 290

p<0.0001; Vertical +0.40, p<0.0001). Z-component patterns were also reflected in 291

marginal means in these frames (e.g., Velocity amaxZ: supine 0.27, sitting -0.18, 292

standing -0.07; Vertical amaxZ: supine 0.26, sitting -0.14, standing -0.10; both overall 293

p<0.0001). In contrast, excursion metrics (TOTEXXY and TOTEXZ) showed limited 294

posture dependence across frames (both overall p � 0.1218), with marginal means near 295

zero and small posture separation. Detailed results are provided in S2 File Table 3 and 296

S2 File Table 4. 297

Eye Drop Instillation and Stability Metrics Independent of 298

Reference Frame 299

Eye drop administered in the eye (Yes vs No) 300

In the supine posture, higher MACC (OR = 0.57, adjusted p=0.0001), RACC (OR = 301

0.62, adjusted p=0.0001), MJERK (OR = 0.59, adjusted p=0.0098), VOLUMECE 302

(OR = 0.83, adjusted p=0.0131), and VOLUMECS (OR = 0.83, adjusted p<0.0001) 303

measures were associated with lower odds of successfully administering a drop into the 304

eye (S2 File Table 5). For example, a one–standard–deviation increase in MACC 305

corresponded to a 43% decreased odds of administering the drop into the eye. A 306

nominal association was also observed for Tilt, such that larger tilt was associated with 307

increased odds of the drop being administered into the eye (OR = 1.36, unadjusted 308

p=0.0249). In the sitting posture, higher Tilt was associated with largely greater odds 309

of successfully administering the drop in the eye (OR = 2.08, adjusted p=0.0074). A 310

nominal association was observed for VOLUMECE, such that larger values were 311

associated with decreased odds of successful instillation into the eye (OR = 0.71, 312

unadjusted p=0.0051). In the standing posture, no frame-independent predictors of 313

success remained significant after p-value adjustment for multiple comparisons. 314

However, nominal associations included increased VOLUMECE (OR = 0.77, 315

unadjusted p=0.0114), VOLUMECS (OR = 0.78, unadjusted p=0.0302), and amax 316

(OR = 0.78, unadjusted p=0.0478) associated with decreased odds of administering a 317

drop into the eye, whereas increased Tilt (OR = 1.52, unadjusted p=0.0185) was 318

associated with increased odds. Detailed results are provided in S2 File Table 5. 319
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Number of drops (1 drop vs multiple drops [� 2]) 320

Longer Duration was consistently associated with decreased odds of dispensing exactly 321

one drop in all postures (supine OR = 0.49, adjusted p<0.0001; sitting OR = 0.50, 322

adjusted p=0.0001; standing OR = 0.36, adjusted p<0.0001) (S2 File Table 6). For 323

example, a one–standard deviation increase in Duration while in the standing posture 324

corresponded to 64% lower odds of dispensing exactly one drop. Higher TOTEX was 325

also associated with lower odds of dispensing exactly one drop while sitting (OR = 326

0.61, adjusted p=0.0489) or standing (OR = 0.46, adjusted p=0.0009) (S2 File Table 327

6). In the supine posture, TOTEX showed a nominal association (OR = 0.62, 328

unadjusted p=0.0051). Detailed results are provided in S2 File Table 6. 329

Bottle tip contamination (No vs Yes) 330

In the sitting posture, higher Tilt was associated with a higher odds of no 331

contamination (OR = 1.89, adjusted p = 0.0002). Higher MACC (OR = 0.63, 332

adjusted p=0.0387), RACC (OR = 0.66, adjusted p=0.0421), and VOLUMECS (OR = 333

0.55, adjusted p=0.0225) were each associated with a lower odds of no contamination 334

(i.e., greater contamination risk). Additional nominal associations while sitting 335

included increased MJERK (OR = 0.66, p=0.0084), VOLUMECE (OR = 0.57, 336

p=0.0034), and amax (OR = 0.83, p=0.0137) associated with decreased odds of 337

contamination. In the standing posture, greater Tilt was associated with a higher 338

odds of no contamination (OR = 1.79; adjusted p < 0.0001). Nominal associations 339

included increased RACC (OR = 0.79, p=0.0465), MJERK (OR = 0.77, p=0.0291), 340

and amax (OR = 0.82, p=0.0202) associated with decreased odds of contamination. In 341

the supine posture, no bottle stability metrics remained significant after adjusting 342

p-values for multiple comparisons. However, nominal associations included increased 343

RACC (OR = 0.84, adjusted p=0.0430) associated with decreased odds of 344

contamination and increased MFREQ (OR = 1.27, adjusted p=0.0100) associated 345

with increased odds of contamination. Detailed results are provided in S2 File Table 7. 346

Eye Drop Instillation and Stability Metrics Dependent on 347

Reference Frame 348

Eye drop administered in the eye (Yes vs No) 349

In the supine posture, higher MACCXY was associated with lower odds of successfully 350

administering a drop in the eye across all frames (Bottle OR = 0.59, adjusted 351

p=0.0002; PCA OR = 0.66, adjusted p=0.0238; Velocity OR = 0.58, adjusted 352

p=0.0001; Vertical OR = 0.56, adjusted p<0.0001). Detailed results are provided in 353

S2 File Table 8. Additional dispersion-based metrics were also significant in the supine 354

posture, particularly in the Bottle, Velocity, and Vertical frames, such that increased 355

AREACC (Bottle OR = 0.74, adjusted p=0.0201; Velocity OR = 0.73, adjusted 356

p=0.0057; Vertical OR = 0.71, adjusted p=0.0051), AREACE (Bottle OR = 0.75, 357

adjusted p=0.0099; Velocity OR = 0.76, adjusted p=0.0131; Vertical OR = 0.72, 358

adjusted p=0.0002), and AREASW (Bottle OR = 0.74, adjusted p=0.0007; Velocity 359

OR = 0.74, adjusted p=0.0002; Vertical OR = 0.71, adjusted p=0.0002) were all 360

similarly associated with decreased odds of administering a drop in the eye. Increases 361

in several acceleration component metrics were also significantly associated with 362

reduced odds of successfully getting a drop in the eye, including RACCXY (Bottle OR 363

= 0.62, adjusted p=0.0024; Velocity OR = 0.62, adjusted p=0.0013; Vertical OR = 364

0.60, adjusted p=0.0005) and RACCZ (Bottle OR = 0.68, adjusted p=0.0148; PCA 365

OR = 0.60, adjusted p<0.0001; Velocity OR = 0.67, adjusted p=0.0091). Jerk metrics 366

were partly robust, such that increased MJERKXY (Velocity OR = 0.60, adjusted 367
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p=0.0169; Vertical OR = 0.59, adjusted p=0.0333) and MJERKZ (PCA OR = 0.54, 368

adjusted p=0.0065) were associated with decreased odds of getting a drop in the eye. 369

Several additional stability metrics were nominally associated with getting a drop 370

successfully in the eye for the supine posture, including MACCZ (Bottle OR = 0.62, 371

unadjusted p=0.0005; Vertical OR = 0.68, unadjusted p=0.0076), RACCXY (PCA OR 372

= 0.70, unadjusted p=0.0010), RACCZ (Vertical OR = 0.74, p=0.0034), MJERKXY 373

(Bottle OR = 0.62, unadjusted p=0.0006; PCA OR = 0.69, unadjusted p=0.0154), 374

MJERKZ (Bottle OR = 0.61, unadjusted p=0.0019; Velocity OR = 0.63, unadjusted 375

p=0.0055; Vertical OR = 0.70, unadjusted p=0.0197), AREACC (PCA OR = 0.85, 376

unadjusted p=0.0289), and AREACC (PCA OR = 0.83, unadjusted p=0.0050). All 377

these associations showed that increases in these stability metrics (less stable) were 378

associated with decreased odds of administering a drop into the eye. In sitting or 379

standing postures, no frame-dependent stability metrics were significantly associated 380

with successfully instilling a drop into the eye after adjusting p-values for multiple 381

comparisons. However, multiple nominal associations were observed, primarily 382

involving Z-components and dispersion metrics. When sitting, increased MACCZ 383

(Velocity OR = 0.80, unadjusted p=0.0171; Vertical OR = 0.69, unadjusted p=0.0192), 384

RACCZ (Velocity OR = 0.81, unadjusted p=0.0308; Vertical OR = 0.70, unadjusted 385

p=0.0242), TOTEXZ (Velocity OR = 0.77, unadjusted p=0.0382), AREACC (Bottle 386

OR = 0.71, unadjusted p=0.0038; PCA OR = 0.76, unadjusted p=0.0209), AREACC 387

(Bottle OR = 0.73, unadjusted p=0.0027; PCA OR = 0.72, unadjusted p=0.0006; 388

Velocity OR = 0.67, unadjusted p=0.0044), and AREASW (Bottle OR = 0.78, 389

unadjusted p=0.0483; PCA OR = 0.75, unadjusted p=0.0042) were all associated with 390

reduced odds of instilling a drop into the eye. When standing, some similar nominal 391

associations were found for MACCZ (Vertical OR = 0.73, unadjusted p=0.0161), 392

RACCZ (Vertical OR = 0.73, unadjusted p=0.0150, ), AREACC (PCA OR = 0.77, 393

unadjusted p=0.0350), and AREASW (PCA OR = 0.77, unadjusted p=0.0315), but 394

nominal associations with amaxXY were additionally observed (Bottle OR = 0.80, 395

unadjusted p=0.0381; Velocity OR = 0.75, unadjusted p=0.0283). 396

Number of drops (1 drop vs multiple drops [�2]) 397

In the standing posture, higher TOTEXXY was associated with lower odds of 398

dispensing one drop across all frames (Bottle OR = 0.50, adjusted p=0.0128; PCA OR 399

= 0.48, adjusted p=0.0084; Velocity OR = 0.49, adjusted p=0.0150; Vertical OR = 400

0.45, adjusted p=0.0021). Higher TOTEXZ was similarly associated with lower odds 401

of dispensing one drop across all frames (Bottle OR = 0.44, adjusted p=0.0076; PCA 402

OR = 0.47, adjusted p=0.0039; Velocity OR = 0.46, adjusted p=0.0015; Vertical OR 403

= 0.50, adjusted p=0.0180). Detailed results are provided in S2 File Table 9. In the 404

sitting posture, frame-specific associations that remained significant after adjustment 405

for multiple comparisons included TOTEXZ in the Bottle frame (OR = 0.57, adjusted 406

p=0.0434) and TOTEXXY in the Vertical frame (OR = 0.59, adjusted p=0.0295). 407

Additional nominal associations included TOTEXXY in Bottle (OR = 0.65, 408

unadjusted p=0.0061), PCA (OR = 0.62, unadjusted p=0.0004), and Velocity (OR = 409

0.61, unadjusted p=0.0030), and TOTEXZ in PCA (OR = 0.62, unadjusted p=0.0057) 410

and Velocity (OR = 0.66, unadjusted p=0.0009). In the supine posture, no stability 411

metrics were significantly associated with dispensing one drop after adjustment for 412

multiple comparisons. However, nominal associations were observed for excursion 413

metrics, including TOTEXXY in the Vertical frame (OR = 0.63, unadjusted p=0.0054) 414

and TOTEXZ in multiple frames (Bottle OR = 0.58, unadjusted p=0.0007; PCA OR 415

= 0.63, unadjusted p=0.0020; Velocity OR = 0.62, unadjusted p=0.0020; Vertical OR 416

= 0.62, unadjusted p=0.0059). 417
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Bottle tip contamination (No vs Yes) 418

Frame-dependent stability metrics were not associated with bottle tip contamination 419

after adjusting for multiple comparisons across posture–frame combinations. However, 420

multiple nominal associations were observed, all indicating that increases in the given 421

stability metrics (lower stability) were associated with reduced odds of keeping the 422

bottle contamination-free. Detailed results are provided in S2 File Table 10. 423

Specifically, in the supine posture, nominal associations included MACCZ (Bottle OR 424

= 0.81, unadjusted p=0.0344; Velocity OR = 0.77, unadjusted p=0.0096), RACCZ 425

(Bottle OR = 0.83, unadjusted p=0.0256; Velocity OR = 0.81, unadjusted p=0.0204), 426

and amaxZ (Bottle OR = 0.87, adjusted p=0.0464; Velocity OR = 0.86, unadjusted 427

p=0.0492). In the sitting posture, nominal associations were observed across all 428

frames for MACCXY (Bottle OR = 0.64, unadjusted p=0.0028; PCA OR = 0.67, 429

unadjusted p=0.0044; Velocity OR = 0.66, unadjusted p=0.0026; Vertical OR = 0.65, 430

unadjusted p=0.0015) and RACCXY (Bottle OR = 0.66, unadjusted p=0.0033; PCA 431

OR = 0.68, unadjusted p=0.0053; Velocity OR = 0.68, unadjusted p=0.0036; Vertical 432

OR = 0.66, unadjusted p=0.0013). Nominal associations were also observed for 433

Z-components (MACCZ: Bottle OR = 0.69, unadjusted p=0.0041; PCA OR = 0.65, 434

unadjusted p=0.0019; Velocity OR = 0.79, unadjusted p=0.0239; Vertical OR = 0.73, 435

unadjusted p=0.0150) and (RACCZ: Bottle OR = 0.71, unadjusted p=0.0032; PCA 436

OR = 0.68, unadjusted p=0.0021; Velocity OR = 0.79, unadjusted p=0.0203; Vertical 437

OR = 0.77, unadjusted p=0.0238). Further nominal associations were observed for 438

MJERKXY (ORs 0.66–0.68 across frames; unadjusted p=0.0080–0.0122), MJERKZ 439

(ORs 0.70–0.72 across frames; unadjusted p=0.0109–0.0290), and dispersion metrics 440

including AREACC (Bottle OR = 0.60, unadjusted p=0.0015; PCA OR = 0.66, 441

unadjusted p=0.0022; Velocity OR = 0.64, unadjusted p=0.0022; Vertical OR = 0.62, 442

unadjusted p=0.0003), AREACC (ORs 0.63–0.67; unadjusted p=0.0013–0.0064), and 443

AREASW (ORs 0.62–0.63; unadjusted p=0.0021–0.0066). Nominal associations were 444

also observed for amaxXY (ORs 0.78–0.81; unadjusted p=0.0028–0.0133) and amaxZ 445

(Bottle OR = 0.86, unadjusted p=0.0373). In the standing posture, nominal 446

associations included MACCXY (Velocity OR = 0.78, unadjusted p=0.0269), MACCZ 447

(Bottle OR = 0.75, unadjusted p=0.0204), RACCXY (Velocity OR = 0.78, unadjusted 448

p=0.0211), RACCZ (Bottle OR = 0.75, unadjusted p=0.0177; Vertical OR = 0.79, 449

unadjusted p=0.0368), MJERKXY (Velocity OR = 0.79, unadjusted p=0.0225), 450

MJERKZ (Bottle OR = 0.72, unadjusted p=0.0076; PCA OR = 0.72, unadjusted 451

p=0.0032; Vertical OR = 0.76, unadjusted p=0.0329), AREACC (Velocity OR = 0.80, 452

unadjusted p=0.0253), AREASW (Velocity OR = 0.80, unadjusted p=0.0369), and 453

peak acceleration metrics amaxXY (Bottle OR = 0.81, unadjusted p=0.0141; Velocity 454

OR = 0.83, unadjusted p=0.0289; Vertical OR = 0.81, unadjusted p=0.0239) and 455

amaxZ (Bottle OR = 0.82, unadjusted p=0.0405; PCA OR = 0.84, unadjusted 456

p=0.0381). 457

Fig 4 summarizes all statistically significant associations (adjusted p < 0.05) 458

between standardized stability metrics, and each eye drop instillation outcome across 459

postures and reference frames. Tilt effects are reported in S2 File tables but are not 460

plotted here because their larger ORs require a different x-axis range. 461

Discussion 462

This study first evaluated the influence of posture and reference frame on the stability 463

metrics derived from an eye-drop bottle-mounted IMU during eye-drop instillation. 464

Subsequently, the relationship between these stability metrics and three clinically 465

relevant outcomes for eye drop instillation success was assessed: (1) whether a drop 466
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Fig 4. Significant associations between bottle stability metrics and eye
drop instillation outcomes. Forest plots show odds ratios (points) and 95%
confidence intervals (lines) for eye drop instillation outcomes from GEE logistic
regression models relating a 1-SD increase in each stability metric. Results are
stratified by posture (background shading) and, for frame-dependent metrics, by
reference frame (symbols/colors: Bottle, PCA, Velocity, Vertical). Panels summarize
the significant predictors of successfully administering a drop into the eye (versus not),
for dispensing a single drop (versus �2 drops), and not contaminating the bottle-tip (vs
touching the bottle tip to the eye, lashes, or skin). Only associations remaining
significant after adjustment for multiple comparisons are displayed.

reached the eye, (2) whether a single drop was dispensed, and (3) whether the bottle 467

tip remained uncontaminated. An operational definition of an instillation attempt was 468

provided using bottle kinematics, specifically the interval during which the bottle’s 469

linear-velocity magnitude fell below 5% of its peak value. Two consistent patterns 470

emerged: posture produced broad shifts in stability and orientation metrics, indicating 471

that the biomechanical demands of the task differ substantially across supine, sitting, 472

and standing positions; and metrics that preserve directional structure (XY/Z 473

components, planar geometry measures, and directional maxima) were strongly 474

affected by reference frame definition, emphasizing that component-level 475

interpretations depend on axis specification. As the objective was to characterize 476

associations rather than to develop a predictive model, both associations that 477

remained significant after multiple-comparison adjustment and nominal (uncorrected) 478

associations (p<0.05) are reported as exploratory findings to inform future 479

confirmatory research. 480
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Reference-frame effects and posture effects on stability metrics 481

The definition of the reference frame materially changed the values of all 482

frame-dependent stability metrics. In particular, PCA reorientation systematically 483

reduced XY components and increased Z components relative to the Bottle Frame, 484

while the Velocity Frame tended to produce the opposite pattern. The largest 485

differences were typically between Velocity and PCA Frames, indicating that 486

component magnitudes are not directly comparable across frames without careful 487

specification. These findings emphasize that studies reporting component-level metrics 488

must explicitly document reference definitions. Posture effects were also evident. For 489

frame-independent metrics, standing showed higher baseline acceleration magnitudes 490

(less stable), whereas supine showed substantially higher tilt. MFREQ showed a 491

corresponding shift toward lower values in standing (less stable). For frame-dependent 492

metrics, the same posture ordering was observed across multiple acceleration 493

components in each reference frame, whereas excursion components showed 494

comparatively small posture separation and non-significant overall posture differences. 495

Together, these results reinforce that posture establishes distinct baseline movement 496

and orientation states during instillation attempts, supporting posture-aware 497

interpretation of stability metrics and careful reporting of reference conventions 498

whenever directional features are used. 499

Instillation success 500

Associations between stability and instillation success were strongest in the supine 501

posture. For frame-independent metrics, greater overall movement magnitude and 502

dispersion (less stable) were robustly linked to lower odds of success, consistent with 503

the idea that supine instillation may be more sensitive to deviations in aim and bottle 504

control. For example, a one standard deviation increase in MACC in supine position 505

corresponded to a 43% decreased odds of successfully instilling a drop into the eye. 506

This quantitative relationship highlights a potential modifiable target for both 507

educators and device designers: training interventions or feedback strategies could be 508

developed with the direct goal of helping users reduce their instillation MACC by one 509

standard deviation, thereby aiming to meaningfully improve their odds of success. For 510

frame-dependent metrics, the supine posture again dominated, and importantly, 511

several effects were stable across reference frames. The clearest example was 512

MACCXY, which showed very similar odds ratios across all frames. This cross-frame 513

consistency suggests that planar instability during supine instillation, as captured by 514

MACCXY, is not an artifact of a particular reference choice and could therefore also 515

be considered a practical, modifiable target. A similar pattern held for dispersion 516

metrics (AREACC, AREACE, and AREASW), supporting a coherent interpretation 517

that increased planar spread and instability are associated with reduced success in the 518

supine posture. By contrast, in sitting and standing, no frame-dependent predictors 519

remained significant after adjustment for multiple comparisons, though multiple 520

nominal associations appeared (e.g., Z-component and dispersion metrics), implying 521

that any relationships between directional instability and success in upright postures 522

are weaker, less consistent, or more confounded by factors not directly observed by 523

bottle kinematics (e.g., eye–bottle distance control, eyelid behavior, and squeeze 524

timing). When an association remains stable across frames with similar odds ratios, 525

we recommend using the Bottle-Frame version for reporting. This approach is the 526

easiest to compute and interpret because it relies solely on local axes, without 527

additional spatial transformations. Based on the current findings, the most justifiable 528

“core” stability indicators for supine success are MACC, RACC, MJERK, and 529

VOLUME, as they are independent of the frame. For frame-dependent metrics, 530
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specifically in the bottle frame, where effects were consistent in direction and largely 531

reliable across frames, we recommend MACCXY and the dispersion measures 532

(AREACC, AREACE, and AREASW). This recommendation does not imply PCA, 533

Velocity, and Vertical frames are invalid; rather, when the effect is not frame-specific, 534

Bottle-frame reporting maximizes simplicity and reproducibility. 535

Number of drops 536

Dispensing multiple drops was most consistently associated with time and, secondarily, 537

with excursion. Duration was a robust indicator across all postures. Total excursion 538

was also associated with multi-drop dispensing in sitting and standing, consistent with 539

longer or more unstable attempts contributing to extra drops. For frame-dependent 540

metrics, the strongest and most consistent findings were observed in standing, where 541

both TOTEXXY and TOTEXZ were significant after multiple comparison adjustment 542

across all reference frames, with very similar ORs. This is a key example in which the 543

association is not meaningfully dependent on the choice of references. In sitting, 544

excursion effects were more frame-specific, and in supine, only nominal excursion 545

associations were observed. Recommended metric and framework for practical 546

multi-drop risk assessment: primarily, use Duration, which applies across all postures. 547

Additionally, use TOTEX specifically for sitting and standing positions. Given that 548

TOTEXXY and TOTEXZ show consistent ORs across frames, we recommend using 549

the Bottle-frame versions for simplicity, noting that the effect is robust to frame choice 550

in the standing posture. 551

Bottle-tip contamination 552

Contamination was most strongly aligned with technique rather than with directional 553

stability. For frame-independent metrics, tilt was the most robust factor in upright 554

postures, with higher tilt associated with a lower odds of contamination in both sitting 555

and standing postures, consistent with the practical idea that a steeper bottle 556

orientation can facilitate drop delivery while keeping the tip farther from periocular 557

surfaces. When sitting, additional frame-independent stability and dispersion 558

measures (MACC, RACC, and VOLUMECS) were significantly associated with bottle 559

contamination after multiple comparison adjustment, suggesting that unstable 560

handling and spread may increase the risk of contact in that posture. 561

Frame-dependent metrics were not significantly associated with contamination after 562

adjustment for multiple-comparisons. Still, many nominal associations were observed 563

across frames, particularly in sitting (e.g., MACCXY and RACCXY were nominally 564

associated across all frames, with similar ORs). The extent of these nominal findings 565

is consistent with a possible relationship between directional instability and 566

contamination, but the lack of corrected significance indicates that these signals are 567

not yet strong enough to support firm inferences without additional confirmatory work. 568

The recommended metric for contamination is Tilt, which applies to both sitting and 569

standing positions. When sitting, the secondary metrics MACC, RACC, and 570

VOLUMECS remain reliable after adjustment. 571

Implications for wearable sensing and feedback design 572

Across eye drop instillation success outcomes, the results support a step-by-step 573

strategy for IMU-based evaluation, using frame-independent metrics as the default 574

because they are robust to reference conventions and provide consistent signals for 575

clinically relevant behaviors. Specifically, recommended metrics would be duration for 576

single-drop dispensing; MACC, RACC, MJERK, and VOLUME metrics for 577
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successfully instilling a drop into the eye while in the supine posture; and Tilt to 578

prevent contamination of the bottle in upright postures. Frame-dependent metrics 579

should be used selectively, focusing on cases where they offer clear benefits or 580

demonstrate consistency across frames. Two particularly useful examples are for the 581

outcome of successfully instilling a drop into the eye while in the supine position, 582

where planar instability or dispersion, such as MACCXY, showed consistent ORs 583

across all frames, validating its role as a posture-specific stability indicator. For 584

administering a single drop outcome while in the standing posture, the directional 585

excursion components (TOTEXXY and TOTEXZ) were significant across all frames 586

with similar ORs, confirming their reliability for this outcome/posture combination. 587

When the association between a metric and outcome is consistent across frames with 588

approximately similar ORs, we recommend reporting the Bottle-frame version of that 589

metric because it is the simplest implementation. Alternative frames (Vertical, 590

Velocity, PCA) remain useful when the application requires interpretability relative to 591

gravity, motion direction, or principal movement axes, but those benefits should be 592

weighed against added processing and potential sensitivity to estimation choices. 593

Limitations and future directions 594

This work is limited by reliance on bottle-mounted kinematics alone; some 595

determinants of performance (eye–bottle distance, head motion, eyelid aperture, and 596

squeeze timing and force) are not directly observed and may explain why several 597

associations were posture-specific and why many upright-posture findings were 598

nominal rather than robust after correction. Nominal patterns, especially the broad 599

set of frame-dependent contamination associations in sitting, should be treated as 600

hypothesis-generating. Future work should integrate multi-sensor context (e.g., head, 601

upper-limb kinematics, and squeeze force), confirm these associations in home settings 602

and clinical glaucoma populations, and test whether targeted feedback focused on tilt 603

and attempt duration can reduce multi-drop dispensing and contamination risk. 604

Conclusion 605

Bottle-mounted IMU data measuring stability showed specific associations with 606

posture and the success of eye drop instillation. The most consistent and strong 607

connections depended on posture: success in the supine position decreased as motion 608

magnitude and spread increased (less stable); dispensing a single drop was associated 609

with shorter attempt times and less movement (more stable) when in upright 610

positions; and less risk of bottle contamination in the upright position was closely 611

related to more bottle tilt. While some metrics based on direction and geometry were 612

highly affected by the choice of reference frame, several relationships remained stable 613

across different frames, suggesting they reflect real effects rather than measurement 614

artifacts. For practical reporting and system design, these results support a core 615

metric set that is both interpretable and implementation-friendly: frame-independent 616

metrics (Duration, MACC, RACC, MJERK, VOLUME measures, Tilt) should serve 617

as the default measures to assess eyedrop instillation success because they are robust 618

to reference conventions, while frame-dependent metrics should be used selectively 619

when they show cross-frame consistency. When effect sizes are similar across frames, 620

the Bottle-frame implementation is the most straightforward choice; in this study, 621

MACCXY provided a robust planar-stability marker for successfully instilling a drop 622

into the eye while in the supine position, and TOTEXXY and TOTEXZ provided 623

robust excursion markers for single-drop administration success. Together, these 624

findings provide a posture-aware foundation for standardized IMU-based assessment of 625
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eye drop technique and for designing targeted, objective feedback strategies. 626

Supporting information 627

S1 File. Velocity vector calculation. Supplementary methods describing the 628

construction of the velocity-defined coordinate frame, including preprocessing of bottle 629

velocity, identification of the pre-instillation approach interval, calculation of the mean 630

approach direction, projection of the vertical reference vector, and assembly of the 631

right-handed rotation matrix used to resolve bottle motion in the Velocity frame. 632

S2 File. Expanded results tables. Supplementary tables reporting descriptive 633

statistics for bottle stability metrics and complete generalized estimating equation 634

results for coordinate-frame effects, posture effects, and associations between stability 635

metrics and eye drop instillation outcomes, including estimates, odds ratios, 95% 636

confidence intervals, and Holm-adjusted p-values. 637

S3 Dataset. Computed stability metrics and analysis variables. 638

Comma-separated values file containing the computed bottle-motion stability metrics 639

and associated variables used in the analyses for each participant and instillation 640

attempt. 641
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