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Figure 1: Study setup of a participant walking on an instrumented treadmill wearing an orthosis with a prototyped smart insole,
including real-time plantar pressure visualization in virtual/mixed reality, full-body motion capture, and heart rate monitoring.

Abstract

Although orthotic footwear supports the rehabilitation of lower-
limb injuries, it often impairs natural gait control. Due to the lack of
additional feedback, patients are unaware of abnormal foot pressure
distributions, which can hinder recovery. Prior work has demon-
strated the potential of virtual and mixed reality (VR/MR) for gait
training with visual feedback. However, it remains unclear how
smart insole pressure feedback affects gait and user experience in
VR/MR. We conducted a within-subject study with 24 participants,
testing four visual feedback modalities across three virtual envi-
ronments during treadmill walking. Quantitative and qualitative
results showed that a virtual forest altered gait, increased engage-
ment, and reduced workload, while a pressure heatmap influenced
objective and subjective measures depending on the environment.
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We provide empirical insights on foot augmentation in immersive
settings and contribute design recommendations for future VR/MR
gait training applications.
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1 Introduction and Background

Orthopedic footwear, such as a controlled ankle motion boot, is
essential for stabilizing lower-limb injuries but substantially alters
gait, making walking harder to controlZ3 36. Patients often need
to adjust their gait or reduce plantar pressure, but without guid-
ance this is di cult, potentially slowing rehabilitation, prolonging
recovery, or causing persistent impairment&d. Critically, pa-
tients rarely receive direct feedback about pressure distribution or
gait within the orthosis, which limits self-correction. Conventional
treadmill training in laboratories relies on expert supervision or
provides only basic cues, often insu cient for gait adaptation, bal-
ance, and pressure contrdl]. Consequently, this expert-dependent
approach restricts patient-device interaction and access to relevant
gait information [35].

Therefore, visual and interactive feedback o ers potential, en-
abling users to actively adjust gait and increase independei@dg [

Resch et al.

modulation under controlled conditions, serving as a basis for future
virtual training developments.

In this paper, we present the results of an experimental user
study with 24 participants investigating gait adaptation WR/MR.
Our work extends previous ndings by focusing on gait-modifying
orthopedic footwear, which presents unique challenges for adap-
tation. We show how foot pressure augmentation interacts with
immersive contexts and how naturalistic and stationa¥? MR
settings with multiple feedback modalities a ect gait, physiologi-
cal responses, and user experience. Furthermore, we derive design
implications for future immersive gait training applications.

2 Method

We conducted a mixed-method experimental user study to investi-
gate the e ects of foot pressure visualization and environmental
factors on gait, heart rate, workload, and user engagement during

For example, sensorized footwear, such as pressure-sensitive insolestreadmill walking in VR'MR. To address this, the study followed

has been used in standard shoes to provide real-time feedback for
posture exercises using Center of PressuZeP feedback4, 5,13.
Building on their use in lower-limb exercises, pressure-sensing
insoles have been integrated as real-time input devices in virtual
reality (VR), supporting gait detection and locomotion, such as
perceiving ground surfaces while walking [32, 33]. These systems
show that visual foot augmentation can guide mobility, balance,
and foot placement while supporting task performance. Although
solutions for gait-modifying orthoses are lacking, implementing the
sensorized concept in interactive training could enable feedback-
driven gait adaptation, even when the device substantially alters
walking patterns.

In this context,VR and mixed reality MR) enhance this ap-
proach by embedding visual feedback into immersive training sce-
narios [7, 14, 24, 27. Compared to screen-based feedback, head-
mounted display HMD)-based/R provides a reliable tool for tread-
mill training [ 3§, enabling exible applications beyond stationary
labs and supporting gami ed training that can in uence motivation
and physiological response8,[6, 10, 20 37. While conventional
training is usually limited to laboratory settings, soméR studies
have used virtual replicas of the same room to improve comparabil-
ity and generalization 11]. However, immersive/R can increase
task-dependent cognitive loa®§, which should be managed to
preserve training bene ts. Beyond traditional laboratory setups,
naturalistic virtual environments have shown potential to support
stress recovery in other context8f], suggesting opportunities for
future gait training scenarios.

Despite these advances, most prior work has examined visual
feedback or environmental factors in other application domains
and typically relies on standardized footwear. It remains unclear
how immersive settings and visual pressure augmentation a ect
movement patterns, physiological responses, and user experience in
gait-modifying footwear. To address this gap, our research question
asks how smart insole feedback and immersive contexts in uence
objective gait measures, heart rate, and subjective workload and
engagement during treadmill walking. Therefore, we developed
a sensorized foot orthosis and conducted a study with healthy
participants to investigate the mechanisms of feedback-driven gait

a4 3within-subjects design with two independent variables:
Visualization (four levels:None HeatmapCoR Histogranm and
Environment (three levelsVRForestVRLah MRLab). Twelve
experimental conditions were counterbalanced using a balanced
Latin square to minimize order e ectsl] 30, with each condition
appearing equally often across 24 participants.

Quantitative measures included gait (spatial, temporal, and ki-
netic parameters) and heart rate, while subjective assessments cap-
tured workload and engagement. Semi-structured interviews pro-
vided qualitative insights, enabling deeper understanding to support
the guantitative ndings.

2.1 Stimuli

The stimuli for each condition are shown in Figure 2. TR&Forest
environment, developed in Unity using Asset Store assets, features
a straight forest path without audio to minimize distraction. Partici-
pant motion was matched to treadmill speed. TM®Labreplicates

the physical lab, with a virtual treadmill synchronized to the real
one. TheMR Labused Meta Quest 3 passthrough to show the real
lab with a virtual pressure-feedback canvas. Three visualizations of
plantar pressure were createti¢éatmapCoR andHistogram), see
Appendix A (Figure 4b). ThBlonecondition served as a baseline,
while the other three used data from 17 force sensing resistors (FSRs)
on the smart insole and were displayed at eye level for consistent
visibility. Heatmap: Based on prior work 15 26 39, we developed

a 2D plantar pressure heatmap using the prototype insole layout,
mapping 17 FSRs to colors with Google's Turbo colorm&g,[nor-
malized to body weightCoP: Following Elvitigala et al. 4, 5], a 1D
colored bar was developed with a moving line indicated averaged
pressure across forefoot, midfoot, and hindfoot zondistogram:

A 2D histogramwas developed to display cumulative pressure per
foot zone using 20 area-scaled bars, while a virtual orthosis visual-
ized real-time foot rotation.

2.2 Apparatus

The laboratory setup is shown in Figure 1. We developed a smart in-
sole, placed inside an ankle motion boot orthosis, following Resch
et al. 26, equipped with 17 FSR-400 sensors (5.6 mm diameter,
0.3 mm thick, 20 N range). A custom printed circuit board (PCB)
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Figure 2: Participant perspective (left) and experimenter view (right) of the visualizations and environments.

with an ESP32 microcontroller streamed sensor data via MQTT at
100 Hz. An image of the prototype system is shown in Appendix A
(Figure 4a). Virtual environments and visualizations were devel-
oped in Unity (v. 6000.0.46f1) using the Meta XR All-in-One SDK (v.
72.0.0)17. Two Mixamo avatars were used to ensure gender rep-
resentation: the male Passive Marker Man and the female Jody,
with textures adapted to the motion capture systeMd¢Cap suit.

A Meta Quest 3 with Elite Strap served as thiMD for VR and

MR. An OptiTrackMoCapsystem with tenPrime 13W cameras
captured skeleton data at 240 Hz (1282024 px). The system was
calibrated per OptiTrack speci cations (mean ray error 1.18 mm,
wand error 0.25 mm). The Baseline template with 41 markers
animated the virtual avatar in Motive software (v. 3.1.4). Heart rate
was recorded using a Polar OH1+ optical sensor, validated for mea-
suring physical activity P]. Gait data were recorded at 100 Hz on a
Zebris RehaWalk, FDM-THPL-S-2i, instrumented treadmill (3,120
capacitive sensors, 101089.5 cm) using Zebris DM software (v.
2.0.4). All applications ran on a Windows 10 Pro PC with AMD
Ryzen 5900X, GeForce RTX 3070, and 32 GB RAM.

2.3 Procedure and Tasks

The study was conducted under controlled laboratory conditions.
After providing informed consent, participants completed a ques-
tionnaire on demographics, gait conditions, aW@R/MR experience.
Following this, the pulse sensor was attached to the forearm and
veri ed for data transmission. Participants were then equipped
with the MoCapsuit and the sensorized orthosis, consistently worn
on the right foot, and markers were placed according to the tem-
plate. A T-pose was used to calibrate the skeleton. Participants
were positioned on the treadmill with safety equipment, received
the HMD, and the visualizations were aligned to eye level, avatar

height scaled, and pressure data normalized to body weight. They
were instructed to walk naturally while aiming to control their gait
based on the visual feedback, maintaining balanced weight distri-
bution and reducing localized pressure. Treadmill speed was set
to 1.5km/h. Five gait trials of ten seconds each were recorded per
condition, always starting with right-foot contact. After each con-
dition, participants completed NASA Raw Task Load IndBA LX)

and User Engagement Scale - Short FobbES-Sfquestionnaires

in VR [29, followed by a semi-structured interview for qualitative
feedback. This procedure was repeated for all conditions. After
the study, participants removed thdMD and tracking suit, were
debriefed, and provided post-study feedback.

2.4 Measures and Data Analysis

Spatial, temporal, and kinetic gait parameters were recorded us-
ing the instrumented Zebris treadmill, appropriate for clinical gait
analysis [LJ. Spatial and temporal metrics included step/cycle char-
acteristics, cadence, contact time, and stance/swing phases, while
kinetics comprised maximum plantar pressure for hind-, mid-, and
forefoot (all in cms, s, steps/min, N/cR). Heart rate served as a
secondary physiological control, re ecting general arousal during
treadmill walking, and was recorded continuously in beats per
minute (bpm) and aggregated per condition. Two subjective ques-
tionnaires were used after each condition. In this study, workload
referred to the cognitive demand of processing visual pressure
feedback while controlling gait, and was assessed with the NASA
RTLX[8], commonly used in HCI. Participants rated six subscales
per condition, and overall as well as subscale scores were analyzed.
User engagement was measured using the UES2§FJith scores
derived per subscale and overall. In a debrie ng session, partici-
pants rated preferred and least liked conditions and provided nal
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