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Figure 1: Participants run on a treadmill equipped with smart insoles that simulate di�erent terrains: asphalt, grass, and
sand, through vibration and pneumatic feedback. Real-time heart rate and cadence data are analyzed to understand energy
expenditure under varying terrain simulation.

Abstract
Simulating terrains to enhance immersion in virtual environments
can improve user experience and may also bene�t rehabilitation.
In this paper, we present a method to physically simulate terrain
with a hybrid-actuation insole prototype based on pneumatic and
vibrotactile feedback. We utilize six coin cells vibration motors and
3D-printed pneumatic valve system that can in�ate and de�ate air
pressure chambers in the midsole. We ran an exploratory lab study
on a treadmill to understand how simulated terrains, including
asphalt, grass, and sand is perceived by the user. Our study demon-
strates that participants perceived the simulated terrains as distinct
and convincing, with the sand terrain, in particular, being rated as
the most realistic among the conditions tested.
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1 Introduction
Using feet in HCI is not a new trend. With Extended Reality, re-
search shows novel interaction concepts that extend to feet and
toes [24]. In Virtual Reality (VR), ongoing research mainly aims
to enhance immersion by better integrating physical and virtual
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Figure 2: We further developed the prototype PNEUSHOE [12]. (a) Top view of the insole showing the mounted coin-cell
vibration motors. (b) Bottom view of the insole, illustrating the pneumatic valves (in blue) and the printed circuit board (in
green) housing all electronics and the integrated battery. (c) The insole placed within a modi�ed shoe, replacing the original
sole to form the complete footwear prototype.

elements [35]. While current VR systems o�er advanced visual and
auditory feedback, tactile interaction at the feet still remains rela-
tively underexplored. This underutilization is notable given that the
foot has a higher density of sensory cells than the human face [18],
providing a sensitive platform for haptic interaction. Despite this po-
tential, foot-based wearable interfaces are not yet common [1], with
commercial products largely constrained to specialized applications
such as running performance analysis or gaming [14, 22, 38, 39].

To enhance the sense of presence in virtual environments, one
central challenge to simulate terrains the user is running on. Previ-
ous investigations have focused on delivering frictional feedback,
vibrotactile cues [17, 36, 40], or replicating speci�c conditions like
icy or muddy surfaces [7, 23]. However, many existing approaches
rely on tethered, cumbersome equipment that can restrict move-
ment and reduce the overall level of immersion.

This work takes an initial step toward addressing these lim-
itations by introducing a VR shoe prototype that integrates vi-
brotactile and pneumatic feedback when running on a treadmill.
Multiple terrains are simulated, ranging from hard to soft surfaces.
An exploratory user study assesses the perceived realism of these
simulations, providing preliminary insights that may guide future
development of more integrated, human-centric cyber-physical hu-
man systems (CPHS) for foot-based haptic feedback. In accordance
to Wobbrock and Kientz [50], this research embodies an empirical
contribution.

2 Related Work
For several decades, research in human-computer interaction (HCI)
and cyber-physical & human systems (CPHS) investigates foot in-
terfaces as a means of providing haptic feedback and capturing user
input. Still, this remains an active area of research, with ongoing
exploration of novel foot augmentation interfaces [31].

2.1 Sensing
Academic e�orts have explored various sensing modalities to cap-
ture locomotion characteristics and environmental interactions. For

instance, inertial measurement units (IMUs) have been used to ana-
lyze gait and movement [15, 19], while in particular force sensing
resistor (FSR) pressure sensors help monitor ground contact and
force distribution [9, 10]. Also Capacitive Sensing (CapSense) was
utilized to detect walking styles [13] and �oor types [20]. Other
sensor technologies, such as temperature and humidity monitoring
[25, 30] or strain gauges [5] have broadened the range of measur-
able foot-related parameters. Regarding plantar pressure, the most
common sensor type is resistive, following Castro et al. [3]. The
current state-of-the-art in multimodal sensing today typically relies
on neural networks [4, 33, 48, 52].

2.2 Actuation
In contrast, fewer studies focus on actuators that provide haptic
feedback. Vibrotactile displays, employing vibration motors, repre-
sent a common approach and have been used to deliver various cues,
including directional guidance, textures, and alerts [8, 11, 19, 21,
29, 34, 44, 49, 51]. Beyond vibrotactile solutions, researchers have
explored actuators such as shape-memory alloys, air chambers, and
friction-modulation mechanisms to recreate sensations associated
with uneven or dynamically changing terrains [28, 45–47, 54]. For
example, Strohmeier et al. [35] demonstrated that foot-based actua-
tors can simulate material properties like compliance and elasticity,
enhancing immersion in VR and AR. Similarly, "Gilded Gait" [37]
employed vibrotactile feedback in insoles to convey various ground
textures, suggesting that subtle haptic cues at the feet can alter how
users perceive and interact with their environment.

2.3 Terrain Simulation
So far, friction-based terrain simulations have garnered attention
[6]. Kato et al. [17] replicated forward motion using frictional feed-
back, outperforming vibratory cues, while others examined icy or
muddy conditions [7], variable-friction devices [23], and friction-
shifting prototypes like bARefoot [36] and FrictShoes [40]. Beyond
friction, audio-haptic integration [27, 41], insights into tactile-foot
perception [43], electrotactile stimulation [42], shape-changing
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�oors [16], and foot-based tactons [2] have further enriched the
realism of virtual walking experiences.

3 Prototype
While advancements in research highlight the promise of foot-based
haptics, many existing systems rely on external power sources or
are bulky and tethered. Such constraints can limit naturalmovement
and detract from the intended immersive experience. By focusing
on untethered, battery-powered solutions that integrate multiple
feedback modalities, current research aims to overcome these hur-
dles and foster more naturalistic interactions [41]. Ultimately, these
e�orts align with the broader vision of Cyber-Physical Human
Systems (CPHS) [26, 53], which place humans at the center.

Recently, we advanced a previous prototype that is wireless, not
cumbersome and o�ering real-time sensing and actuation [12]. Our
latest iteration can be seen in Figure 2. The insole features two
air pressure chambers that are 11mm thick, including 10mm thick
valves, which are strong enough to maintain pressure while walk-
ing. To save space and weight, a compressor was omitted, and the
user is utilized to generate pressure. The chambers have di�erent
sizes, allowing pressure to be stored upon strong impacts and then
distributed as needed. The air pressure sensors are designed to
withstand the impact of a 100kg person jumping, yet they can also
measure �ner pressure changes. The top layer, facing the user’s sole
features a layer with six coin-cell vibration motors. To drive the
valves and vibration motors, the system employs a MOSFET power
stage. Speci�cally, the SSM3K7002KFU, LF MOSFET is chosen for
its capacity to handle continuous currents of up to 400 mA and
peak pulses as high as 1.2 A.

The additional electronics are housed on a dedicated PCB to save
space and are the same size as the battery. The battery is expected
to last approximately 6 hours. An ESP32 microcontroller was used,
which can be controlled via Wi-Fi and streams the measurement
data, recorded at 100Hz, to the cloud database In�uxDB. The mea-
surements of pressure, both in the chambers and the movement
from the accelerometer and gyroscope, as well as the internal state,
can be analyzed later and are also streamed to a web interface on
the device itself if needed.

4 Evaluation
We pose the following research question "RQMain: How can we
simulate di�erent terrains in a virtual environment?"

Since simulating terrain with changing cushioning in combi-
nation with vibration is yet to be researched, we designed an ex-
ploratory study to construct validity and to create empirical validity.
We designed four hypotheses to address our research question.

4.1 Hypotheses
H1: The participants can be tricked to think they are on a di�er-

ent surface.
H2: The simulation of varied surfaces is e�ective due to the foot’s

reduced sensitivity and the visual stimulus from the video
enhances the perceived illusion.

H3: The di�erent surfaces have an signi�cant impact on heart
rate.

H4: The di�erent surfaces have an signi�cant impact on cadence.

a b

Figure 3: a) The participant is looking down to his feet while
running - the yellow arrow points to the direction of their
gaze. b) The participant looking straight aheadwhile running
- the purple arrow points in the direction of his gaze.

4.2 Apparatus
The equipment needed in the study includes a treadmill, a projection
screen with a projector, a heart rate monitor (chest strap, model
COOSPO H808S), RBG & IR cameras as well as our insole prototype,
as depicted in Figure 2. The study setup is depicted in Figure 3.

4.3 Procedure and Task
First, each participant will run on the treadmill for 2 minutes with
the actuator which is deactivated. The virtual running video is not
played during this period.

Next, in front of the projection screen that plays virtual running
videos, participants equipped with the actuator insoles run on the
treadmill for 2 minutes in each of the following simulated terrains
and answer online questions about the simulated terrains they have
just experienced directly after.

Through theweb interface, which controlles our insole prototype,
we can set certain values, such as the target pressure, or direct
control of valves and vibration in response to speci�c events such
as pressure spikes or changes. We created 3 terrain simulations
("pro�les"):

• For asphalt, the pressure is set to a high value of 3800, with
vibrations at nearly full power (PWM of 244) for 50 ms upon
ground impact.

• For grass, the pressure is set to a moderate value of 3000 and
then equalized by the rest of the time. This creates a shift be-
tween the front and back chambers, allowing the participant
to sink into the shoe where more force is applied. The vibra-
tion is set to a PWM of 55 whenever the pressure in the front
or back increases by more than 60 above a smoothed baseline
value: baselineH = baselineH * 0.990 + sensorValueH

* 0.010.
• For sand, the pressure is slightly lower at 2800, while the
vibration is stronger, with a PWM value of 70.

These values were determined in an empirical manner by the
authors.

Finally, each participant needs to ful�ll an online questionnaire
about their experience (see Appendix), perceived similarity to real
environments, and the e�ect of using the insoles.
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4.4 Participants
We recruited 8 participants, which were males, aged between 21
and 22, college students. They are all healthy and have various
running experiences.

4.5 Data Gathering
During each run, use the camera to continuously record running
motion of the participants from their sideways. A heart rate monitor
worn by participants collects real-time heart rate data, which is sent
to a smartphone app for automatic analysis and chart generation.
Recording real-time heart rate allows us to compare average heart
rate changes across di�erent simulated terrains. According to the
literature, elevated heart rates correlate with higher calorie burn
and energy expenditure, which can vary by terrain. For instance,
running on sand, barefoot or with shoes, requires more energy than
running on grass. By comparing each participant’s heart rate across
terrains, we can estimate relative energy expenditure and evaluate
how closely the simulated terrains match real-world conditions.

4.6 Qualitative data collection
After completing all experimental conditions, we provide each par-
ticipant with an online questionnaire to gather qualitative data on
their experience, perceived similarity to real environments, and the
e�ect of using the insoles. The questionnaire can be seen in the
Appendix.

5 Results
5.1 Questionnaire Data
As seen in the appendix, the questionnaire consists of two parts. The
�rst part includes nine questions, answered during three 3-minute
breaks, each following a treadmill session on one of the simulated
terrains. In this section, we will show the most interesting analyses.

0

1

2
3

4
5

very similar slightly similar similar not similar

Asphalt Gras Sand

Figure 4: The diagram shows the distribution of answer to the
question "How similar is the asphalt (grass/sand) simulated
by the insole to the one in real life?".

5.1.1 Subjective similarity of terrains. As seen in Figure 4, the re-
sults vary slightly:

• For asphalt, 1 participant found the simulated asphalt terrain
very similar, 2 participants found it similar, 5 participants
found it slightly similar, and no participants found it not
similar.

• For grass, none of the participants found the simulated grass
terrain very similar, 4 participants found it similar, 3 partici-
pants found it slightly similar, and 1 participant found it not
similar.

• For sand, 1 participant found the simulated sand terrain very
similar, 4 participants found it similar, 3 participants found
it slightly similar, and none of the participants found it not
similar.

0
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5
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Asphalt Gras Sand

very much much moderate little very little

Figure 5: This diagram shows the distribution of answer to
the question "Howmuch do you strain your lowermuscles and
ankle joints when running on simulated asphalt/grass/sand?".

5.1.2 Subjective strain of terrains. Looking at Figure 5, the results
can be interpreted as follows:

• For asphalt, none of the participants felt they strained their
lower muscles and ankle joints "very much" or "much" when
running on the simulated asphalt. However, 7 participants
reported a moderate strain, and a single participant reported
a little strain of their lower muscles and ankle joints.

• For grass, none of the participants felt they used their lower
muscles and ankle joints "very much" when running on the
simulated grass. Three participants reported "much" strain,
3 participants reported a moderate strain, and 2 participants
reported a little strain of their lower muscles and ankle joints.

• For sand, none of the participants felt they strained their
lower muscles and ankle joints "very much" when running
on the simulated sand. Three participants reported much
strain, 5 participants reported a moderate strain, and none of
the participants reported a little or very little strain of their
lower muscles and ankle joints.

In the second part of the questionnaire, the test subjects were
asked to rank the strain of di�erent terrains ( "Please rank the strain
of lower leg muscles and ankle joints in the three simulated terrains
from largest to smallest.")

"$E4A0;;'0C8=6 =

Õ=
8=1 (�A4@D4=2~ ⇥,486⌘C)

(0<?;4(8I4

For comparison, a Friedman rank test was conducted j2 (2) = 1.0
where U = 0.05: 5.99 and showing the rejection of signi�cance.
There is no statistically signi�cant di�erence in the perceived strain
on lower leg muscles and ankle joints across the three simulated
terrains: asphalt (M=2.13), sand (M=2.13), and grass (M=1.75).
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5.1.3 Realism of terrains. The distribution of answered is shown
in Table 1.

Table 1: The table shows the answers to the questions "Which
of the terrains simulated by this insole do you think is the
most (or least) similar to the real one?"

Asphalt Grass Sand

Most realistic 1 1 6
Least realistic 0 6 2

The results can be explained as follows:
• For the most realistic terrain, 1 participant selected asphalt,
1 participant selected grass and 6 participants selected sand.

• For the least realistic similar terrain, no one selected asphalt,
6 participants selected grass and 2 participants selected sand.

It’s clear even without statistical testing that Sand is overwhelm-
ingly rated as most realistic, while Grass is most often rated as least
realistic. A Chi-Square test of independence revealed a signi�cant
di�erence in perceived realism across terrains, j2 (2,# = 16) = 6.58,
? < .05.

5.1.4 Improvement of Running Experience. In our 10th and 11th
question, aims to understand to what extent the system has im-
proved treadmill running experience. Only 3 of 8 participants agree
that our 4D running system improves their experience compared
to their usual treadmill workout experience, while rest of them
disagree.

Our qualitative data underpinned our obvious �nding from the
video recordings of the users. We found that almost all participants
looked down to their feet at some point while running. To quantify
that:

• 1 person has never looked underfoot while 1 person looks at
their feet almost the whole time.

• 1 person is in a state of looking at the screen or looking at his
feet and switching at any time, and the switching interval is
irregular.

• 1 person looks at his feet every 5 seconds on average and the
remaining 4 participants looked at their feet for an average
of 10-15 seconds.

A binomial test showed no signi�cant di�erence from chance in
perceived experience improvement, ? = .73, with only 3 out of 8
users reporting a better experience.

5.2 Sensor Data
5.2.1 Overall performance di�erences by heart rate and cadence.
The �rst statistical analysis examines the e�ect di�erences on the
terrains based on varying heart rate and cadence (see Table 2). The
results of the ANOVA are presented in Tables 3 and 4.

As indicated in Table 3, there was no statistically signi�cant
di�erence in heart rate across the di�erent terrains, as evidenced
by the high p-value (p = 0.46). Similarly, the ANOVA results for
cadence, shown in Table 4, also indicated no signi�cant di�erences
between terrains (p = 0.7). These �ndings suggest that terrain type
does not signi�cantly in�uence heart rate or cadence under the
conditions tested.

Table 2: This table shows the average real-time heart rate
(unit: bpm) measured by the heart rate belt for 8 partici-
pants while running on three simulated terrains, includ-
ing a control condition. Further it shows the cadence (Unit:
steps/minute).

Asphalt Grass Sand Control Cond.
bpm / steps bpm / steps bpm / steps bpm / steps

P1 115 / 161 108 / 152 121 / 155 106 / 153
P2 112 / 146 106 / 144 109 / 140 110 / 142
P3 116 / 161 120 / 156 122 / 154 121 / 158
P4 126 / 159 128 / 154 128 / 152 126 / 154
P5 127 / 138 126 / 132 129 / 135 125 / 133
P6 142 / 160 143 / 155 146 / 157 128 / 158
P7 129 / 163 125 / 150 130 / 145 127 / 152
P8 137 / 184 130 / 177 144 / 185 117 / 169

5.2.2 Pairwise di�erences by heart rate. In the second analysis,
we aimed to determine whether there were statistically signi�cant
di�erences between pairs of terrains, and whether these di�erences
could be attributed to real e�ects rather than random variation. To
evaluate this, we conducted paired t-tests.

The results of the t-tests are presented below, including the
corresponding p-values.

We can see from the table that the p-values obtained for all
sand-related groups are all lower than 0.05, which means that there
is a signi�cant di�erence between running on sand and running
on other terrains. Combining the speci�c values in Table 2, we
found that, except for one participant, the rest of the participants
running on the simulated sand had higher heart rates than the other
two simulated terrains as well as the control group, so it can be
concluded that the average heart rate of running on the simulated
sand was higher than that in the other two simulated terrains as
well as the control group.

Based on literature, such as by Sassi et al. [32], we know that
the energy cost of running on sand is signi�cantly higher than that
of running on grass. What’s more, running on natural ’o�-road’
terrain demands higher energy costs than running on the road (like

Table 3: Results of the ANOVA repeated measures for heart
rate.

Source of Variation Sum of Squares df F-value p-value

Between Terrains 317.84375 3 0.893705 0.456596
Residual 3319.37500 28

Table 4: Results of the ANOVA repeated measures for ca-
dence.

Source of Variation Sum of Squares df F-value p-value

Between Terrains 248.125 3 0.481587 0.697723
Residual 4808.750 28
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asphalt). In addition, average heart rate over time correlates with
energy expenditure, the higher the heart rate, the higher the energy
expenditure. Summing up these research �ndings, we can conclude
that the average heart rate running on sand is greater than that
of other terrains (including grass and asphalt). In summary, our
results coincident with the �ndings of the literature review.

5.2.3 Correlation to the questionnaire results. Comparing our sen-
sor data to the questionnaire data also reveals some �ndings. For
instance, the distribution of answers to the 8th and 9th questions in
the questionnaire supports the above results and possible explana-
tions for the unexpected results. From Table 1, we can see that sand
and grass received the highest number of votes with 6 votes each,
making them the most and least similar terrain that participants
considered, respectively. Although a very small number of individ-
ual votes are distributed in other positions, re�ecting individual
di�erences, 75% of the votes undoubtedly re�ect credibility.

However, the results reveal a more nuanced picture. In the �rst
part of the questionnaire (see Table 4), participants evaluated the
similarity of each simulated terrain during short rest periods imme-
diately following their exposure to that speci�c terrain. In contrast,
the second part of the questionnaire was completed after all experi-
mental procedures had concluded, requiring participants to make
retrospective judgments.

Interestingly, when comparing the two sets of responses, we
observe a shift in perception: asphalt, which was not initially rated
as the least similar terrain, is later perceived as the least realistic,
replacing grass in that position. This change highlights the po-
tential in�uence of temporal context and memory on subjective
evaluations.

Another method to look at the data, particularly the realism
ratings, is to transform the results into a quantitative 4-point ordinal
scale (see Table 5).

Table 5: We divided the degree into four equal quartiles from
0 to 100%, and assigned them to four options in turn. We set
"not similar" to 0, and then go up in turn, respectively n/3,
2n/3, n, (n>0). The values shown are obtained according to
the weighting method. The higher score, the more similar.

Asphalt Sand Grass

Score 10n/3 14n/3 11n/3

In result, sand received scores the highest similarity score, sug-
gesting participants found it to be the most realistic simulation
overall. Grass comes next, and Asphalt scored lowest, meaning it
was perceived as the least similar.

In addition to perceived realism, we assessed another metric: the
degree of calf muscle and ankle joint engagement. Similar to the
previous question, this was asked in both the �rst and second parts
of the questionnaire. As shown in Table 5, during the �rst part, 7
out of 8 participants rated asphalt as “moderate,” while sand elicited
the highest levels of muscular engagement, followed by grass.

However, the distribution of responses shifted in the second part.
In Question 7, sand and asphalt received the highest combined

Table 6: This table presents the p-values obtained by longi-
tudinally comparing each two sets of data in Table 2 about
bpm. We take the �rst three digits after the decimal point
and round up. (A represents asphalt, G represents grass, S
represents sand and CC represents control condition.)

A vs. G A vs. S G vs. S A vs. CC G vs. CC S vs. CC
p 0.185 0.032 0.022 0.100 0.228 0.046

scores, while grass was rated lowest. This suggests that, upon re-
�ection, participants perceived both sand and asphalt as requiring
more muscular e�ort, while grass was perceived as less demanding.

6 Discussion
In this study, we aimed to simulate di�erent terrains on a treadmill
with a smart insole prototype, thus enhancing the realism and pos-
sibly running experience in VR environments. The results from our
exploratory study presents a mixed but insightful picture regarding
the e�cacy of our prototype and method. Below, we discuss the
�ndings in relation to our initial hypotheses, the limitations of our
study, and potential future directions.

6.1 Summary of Findings
6.1.1 Perceived Similarity of Simulated Terrains. The questionnaire
responses indicate that participants generally perceived the sim-
ulated terrains as somewhat realistic, with sand being the most
convincingly simulated terrain. This is consistent with our hypoth-
esis H1, suggesting that participants can be tricked into believing
they are running on di�erent surfaces. However, the variability
in responses also highlights areas where the simulation could be
improved. For instance, the simulated grass terrain was less con-
vincing, as indicated by several participants who found it only
slightly similar or not similar to real grass.

6.1.2 Muscle and Joint Engagement. Participants reported varying
levels of muscle and joint engagement across di�erent terrains.
The simulated sand terrain required the most muscle and joint en-
gagement, which aligns with real-world expectations. This �nding
partially supports our hypothesis H2, which posited that visual
stimuli combined with foot feedback would enhance the perceived
realism. However, the asphalt simulation, expected to be similar
to a treadmill surface, did not signi�cantly alter the engagement
levels, suggesting that the prototype may need further re�nement
for smoother surfaces.

6.1.3 Heart Rate and Cadence Analysis. Our analyses revealed no
signi�cant di�erences in heart rate or cadence across the simulated
terrains, except for sand, which consistently showed higher heart
rates. This aligns with literature indicating that running on sand re-
quires more energy and thus results in a higher heart rate. However,
the lack of signi�cant di�erences for other terrains suggests that
either the current prototype might not provide su�ciently distinct
feedback to di�erentiate between other terrains, or other terrains
may not evoke higher physical e�ort.
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6.2 Answering Hypotheses
H1: Our study supports this hypothesis, as participants were

often convinced they were on di�erent terrains, particularly
with the sand simulation.

H2: The hypothesis is partially supported. Participantswho looked
at their feet rated the realism lower than those who looked
less at their feet.

H3: This hypothesis may be partly supported, as there were was
a signi�cant di�erences in heart rate when running on sim-
ulated sand.

H4: This hypothesis is rejected, as the cadence did not show sig-
ni�cant variation between di�erent simulated terrains.

6.3 Limitations and Future Work
6.3.1 External Validity. In this paper, we evidenced initial validity
with a limited sample size of eight young male college students. In
this scope, we gathered valuable insights to guide further develop-
ment. Future studies involving a larger and more diverse sample
size and di�erent contexts will be essential to validate robustness
and ecological validity of our �ndings and thus enhancing their
generalizability.

6.3.2 Limited Hardware. The study also identi�ed opportunities
to improve the prototype, particularly in enhancing the feedback
mechanism to increase realism and distinctiveness of terrains such
as grass and asphalt. This may involve re�ning the hardware or
changing the type of feedback mechanisms, such as incorporating
di�erent actuators to deliver higher-�delity haptic cues.

6.3.3 �alitative assessment and the nature of a lab study. Questionnaire-
based feedback has advantages and limitations. In our case, it proved
reliable for evaluating perceived realism. However, early in the ex-
periment, some participants orally reported di�culty perceiving
the simulated asphalt terrain, likely due to its similarity with the
treadmill surface and the absence of a comparative reference. By the
end of the session, after experiencing all terrain types, participants
were better able to make informed assessments. These �ndings
highlight the importance of timing and context in subjective eval-
uations and point toward methodological re�nements for future
usability studies, including moving from a lab study to a �eld study.

7 Conclusion
In this paper we utilized a smart insole prototype with a hybrid-
feedback insole prototype based on pneumatic and vibrotactile feed-
back. We conducted an empirical evaluation to understand a new
methodology to enrich the locomotion experience VR environments
by simulating various terrains. The initial outcomes, especially in
replicating sandy surfaces, are encouraging, and addressing the
identi�ed limitations will enable meaningful re�nements. Strength-
ening the prototype and implementing these improvements will
help create a more immersive and authentic VR experience, ulti-
mately broadening the scope of this technology’s applications.
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Appendix
The following questionnaires were deployed:

(1) State your Age, height, weight and shoe size.
(2) Whether the experimental shoes were the right size.

• larger
• right size
• smaller

(3) Whether the experimental shoes were comfortable.
• comfortable
• generally comfortable
• not comfortable

(4) Does the heel of the shoe often fall o�.
• always
• sometimes
• never

(5) Whether the prototype �ts the foot during running.
• Does not �t, the bottom of the foot often hanging
• General �t, occasional overhang on the bottom of the foot
• Fit, no overhang on the bottom of the foot

(6) Whether the sensation of vibration is obvious.
• very obvious
• comparatively obvious
• generally obvious
• less obvious
• Very insigni�cant

(7) Whether the feeling of cushioning is obvious.
• very obvious
• comparatively obvious
• generally obvious
• less obvious
• Very insigni�cant

(8) Whether you feel scared during the process of running
blindfolded.
• very scared
• general scared
• not scared

(9) Whether you feel less able to balance (or have an un-
stable center of gravity) while running blindfolded.
• always
• sometimes
• never

(10) Other suggestions for smart insoles.
QUESTIONNAIRE 2:
(1) How similar is the grass simulated by the insole to the

one in real life?
• Very similar
• Similar
• Slightly similar
• Not similar

(2) Howmuch do you strain your lowermuscles and ankle
joints when running on simulated grass?
• Very much
• Much
• moderate
• Little
• Very little

(3) How similar is the sand simulated by the insole to the
one in real life?
• Very similar
• Similar
• Slightly similar
• Not similar

(4) Howmuch do you strain your lowermuscles and ankle
joints when running on simulated sand?
• Very much
• Much
• moderate
• Little
• Very little

(5) How similar is the asphalt simulated by the insole to
the one in real life?
• Very similar
• Similar
• Slightly similar
• Not similar

(6) Howmuch do you strain your lowermuscles and ankle
joints when running on simulated asphalt?
• Very much
• Much
• moderate
• Little
• Very little

(7) Please rank the strain of lower leg muscles and ankle
joints in the three simulated terrains from largest to
smallest.
• Asphalt, sand, grass
• Asphalt, grass, sand
• Grass, sand, asphalt
• Grass, asphalt, sand
• Sand, grass, asphalt
• Sand, asphalt, grass

(8) Which of the terrains simulated by this insole do you
think is the most similar to the real one?
• Sand
• Forest trail/Grass
• Asphalt

(9) Which of the terrains simulated by this insole do you
think is the least similar to the real one?
• Sand
• Forest trail/Grass
• Asphalt

(10) Did this 4D running system improve your experience
compared to your usual treadmill workout at home?
If the answer is "Yes", to what extent it has improved?
• Yes
– Signi�cantly
– Substantially
– Moderately
– Slightly

• No
(11) Based on insole or VR application, brie�y explain the

shortcomings of this 4D running system and their cor-
responding measures that might improve the system.
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