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Figure 1: Evaluation of 3D locomotion control using fingertip force input in this study. Participants used the fingertip force
input system YUBI (left) to control 4DoF movement by the magnitude and direction of forces applied with their thumbs, and
performed a task of passing through tunnels (right) displayed in a 3D space from a first-person perspective. In this study, we
compared five different input mapping strategies to clarify optimal design guidelines for force input devices.

Abstract

Achieving intuitive yet precise 3D locomotion remains a challenge
in Human Computer Interaction; joystick-based control requires ex-
tensive training, while body-motion interfaces suffer from fatigue
and spatial constraints. Fingertip force input offers a promising
alternative by combining minimal physical displacement with high-
dimensional control, yet optimal strategies for mapping force to
3D movement remain unexplored. This study systematically evalu-
ates five mapping strategies for 4DoF locomotion (3 translational
axes + yaw) to establish design guidelines for force-based inter-
faces. Through a tunnel-passing experiment comparing a standard
gamepad against four force-input mappings, we demonstrate that
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directly replicating standard joystick mappings on force devices
significantly degrades performance due to inherent cross-axis inter-
ference. In contrast, our proposed “wheel-like” redundant mapping,
which integrates 6DoF force inputs from both thumbs, achieved
performance parity with gamepads while yielding superior ratings
for intuitiveness and embodiment. These findings provide a critical
design implication: effective force input interfaces should not emu-
late displacement-based controls but instead leverage redundancy
and real-world metaphors to balance precision, intuitiveness, and
physical demand.
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1 Introduction

The ability to freely navigate through 3D space is becoming increas-
ingly critical for diverse applications, including VR locomotion,
drone teleoperation, and remote robot control. In particular, 3D lo-
comotion control for drones is in high demand across fields such as
aerial photography, agriculture, and construction [3]. Given their
mechanical structure, drones primarily operate with 4DoF (for-
ward/backward, left/right, up/down, and yaw rotation), making
the design of effective 4DoF control interfaces a pivotal research
subject.

Currently, joystick-based control using remote control (RC) trans-
mitters or game controllers is the mainstream standard. The “Mode
2” configuration, assigning vertical movement and yaw to the left
stick, and horizontal translation to the right, has become the de
facto standard. However, because a standard joystick provides only
2DoF, designers are forced to distribute the 4DoF movement across
two separate sticks. This results in arbitrary mappings where in-
put directions often conflict with output movement directions. For
example, the same physical action of tilting a stick “forward” pro-
duces different outputs depending on the hand used: the left stick
triggers an ascent (vertical), while the right stick triggers forward
translation (horizontal). This misalignment between input and out-
put spaces forces users to maintain separate mental models for
each hand, significantly increasing cognitive load and necessitating
extensive training to master complex multi-axis maneuvers.

To mitigate these high proficiency requirements, alternative
interfaces leveraging body movements have been proposed to en-
hance intuitiveness. Methods using hand and upper body ges-
tures [1, 12, 15, 17-21, 23, 25, 27], foot movements [26], or gaze
and head tracking [2, 7, 8, 10, 28] allow users to directly map their
intended direction to corresponding body movements (e.g., lean-
ing forward to move forward). While intuitive, these approaches
face practical limitations: tracking large body movements requires
significant physical space and induces fatigue during extended use.
Furthermore, sensor-based tracking can introduce latency and accu-
racy issues that degrade precise control. This landscape underscores
the need for an interface that balances the intuitiveness of body
motion with the practicality of stationary controllers.

Fingertip force input interfaces (e.g., YUBI [11]) have emerged
as a promising approach to address these challenges. Unlike joy-
sticks that rely on physical displacement (2DoF), force input can
sense 3-axis force components (3DoF) per finger without requiring
movement. This characteristic offers two key advantages: (1) higher
input dimensionality, which allows multiple movement axes to be
consolidated onto a single finger, potentially reducing the cognitive
load of coordinating two hands; and (2) minimal physical displace-
ment, which mitigates the fatigue and spatial constraints associated
with body motion. However, the optimal strategy for mapping these
multi-dimensional force inputs to 3D locomotion remains unclear.
It is unknown whether traditional joystick mappings can be directly
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transferred to isometric force input, or if entirely new mapping
metaphors are required to fully leverage the device’s capabilities.

To address this gap, this study systematically evaluates input
mapping strategies for 4DoF locomotion using the fingertip force
input system. We compared five conditions: a standard gamepad
(Mode 2) and four force-based mapping strategies, including direct
joystick emulation and novel metaphorical mappings. Twenty par-
ticipants performed a tunnel-passing task, and assessed objective
performance (time, accuracy, collision), subjective experience (SSQ,
VEQ, NASA-TLX) and qualitative data through semi-structured
interviews. Our work contributes the first empirical evidence that
directly porting joystick mappings to force input degrades perfor-
mance due to cross-axis interference. Conversely, we demonstrate
that a “wheel-like” redundant mapping, integrating bimanual 6DoF
inputs, achieves performance comparable to gamepads while sig-
nificantly enhancing intuitiveness and embodiment. These findings
provide critical design guidelines for future force-based 3D loco-
motion interfaces.

2 Related Work

The design of 3D locomotion interfaces requires balancing phys-
ical constraints with control fidelity. Existing approaches can be
broadly categorized based on the physiological nature of the muscu-
lar contraction involved: isotonic and isometric interaction. Isotonic
interfaces rely on physical displacement, where users move a limb
or a device through space (Motion-based). In contrast, isometric
interfaces capture the force exerted against a rigid surface without
significant physical movement (Force-based). In this section, we re-
view these two paradigms and discuss how force-based interaction,
particularly when applied to fingertips, offers unique advantages
for high-dimensional locomotion.

2.1 Joystick-Based and Body Motion-Based
Interfaces

The most widely used method for 3D locomotion control is joystick
operation using game controllers or RC transmitters. While the
standard “Mode 2” mapping provides precise control, it forces users
to decompose 4DoF movement into two separate 2DoF inputs. This
misalignment between input actions and output movements creates
a high cognitive load and necessitates extensive training to master.

To overcome this lack of intuitiveness, numerous interfaces lever-
aging body movements have been proposed. These methods utilize
the “natural mapping” of body parts, such as hand and upper body
movements [1, 12, 15, 17, 19-21, 23, 25, 27], foot movements [26],
and head movements [2, 7, 8, 10, 28]. For instance, Miehlbradt et
al. [18] demonstrated that input mappings based on spontaneous
upper-body movements (Body-Machine Interface) significantly re-
duced learning time compared to joysticks. Similarly, head-based
controls like HeadJoystick [8] and others [2] have shown that in-
volving vestibular-aligned movements can enhance sensorimotor
congruence, leading to reduced motion sickness and increased pres-
ence.

However, these body motion-based methods face inherent practi-
cal constraints. First, reliance on camera-based tracking (e.g., Kinect)
often introduces sensor latency or occlusion issues that degrade pre-
cision [18]. Second, the requirement for large physical movements
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limits practicality in confined spaces and induces physical fatigue
during extended use [8]. Third, specific modalities like gaze control
can conflict with visual observation tasks [18]. These limitations
highlight the need for an interface that retains the intuitiveness of
body motion while maintaining the compactness and practicality
of traditional controllers.

2.2 Force Input System

Research into force-based interaction extends beyond simple button
presses to capturing user intention directly from muscular exertion.
Whole-body systems like “Motion-less VR” [13] utilize torque from
restrained limbs to align proprioceptive effort with virtual motion.
In contrast, “Tsumori” control [22] focuses on inferring intended
actions from discrete force patterns. Recent work on “Motionless
Movement” [5] further highlights the potential of using subtle,
continuous force input for interaction. Multi-dimensional fingertip
force input interfaces [9, 11] offer a compelling approach to making
these benefits widely accessible. By consolidating multiple DoFs
into single fingertips with minimal physical displacement, they
allow for fatigue-free, space-efficient operation (similar to joysticks)
while enabling intuitive, multi-axis control (similar to body motion).

Despite these hardware advantages, the optimal input mapping
strategy for force-based 3D locomotion remains an open question.
Crucially, force input devices differ fundamentally from joysticks:
joystick input is displacement-based, where users move the stick
by changing finger joint angles, making it relatively easy to isolate
input along individual axes. In contrast, force input is isometric
and requires exerting force without physical displacement, mak-
ing independent axis control inherently more difficult. Indeed, Li
et al. [16] demonstrated that when operating an isometric device,
unintended force components arise in non-target directions, con-
firming cross-axis interference as a fundamental characteristic of
isometric input. Despite this challenge, isometric input has shown
promise for locomotion control: Cooper et al. [4] found that an iso-
metric joystick achieved superior turning performance compared
to a position-sensing joystick in powered wheelchair driving. These
findings suggest that isometric force input has potential for loco-
motion control, but simply applying standard joystick mappings
(e.g., Mode 2) may be ineffective due to cross-axis interference. It
remains unclear whether force input should mimic established joy-
stick conventions or adopt entirely new metaphors to leverage its
high dimensionality.

This study bridges this gap by systematically evaluating mapping
strategies for 4DoF locomotion using fingertip force input. We
hypothesize that to maximize the potential of force input, mappings
must account for its unique physical properties, specifically by
utilizing redundancy to mitigate cross-talk. By comparing standard
joystick emulation (Mode 2) against novel strategies like a “wheel-
based” mapping, we aim to establish design guidelines for the next
generation of 3D locomotion interfaces.

3 Method

The objective of the experiment is to investigate the suitable map-
ping of controller input and output motion, which could achieve
relatively fast and accurate manipulation with intuitiveness. There-
fore, the research question is “what is the optimal input mapping
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strategy and design guideline that leverages the characteristics of
fingertip force input devices to balance precision and intuitiveness
in 4DoF 3D locomotion?”

3.1 System Design

3.1.1  Physics-based Player Control. All player movement was gov-
erned by a unified physics simulation implemented in Unity. The
player was represented as a rigid body with a spherical collider
(radius 0.001 m), a mass of 1.0 kg, and an inertia tensor uniformly
set to 1.0. Pitch and roll rotations were constrained to maintain an
upright posture, while yaw rotation was permitted.

Player movement was calculated by applying forces and torques
to the player rigidbody in each frame. Three translational axes
(forward/backward, left/right, up/down) were mapped to world-
oriented force vectors based on the player’s facing direction, and
yaw rotation was mapped to torque around the vertical axis. Upper
limits were imposed to maintain consistent motion characteristics
across conditions: maximum velocity 6.0 m/s, maximum angular
velocity 1.0 rad/s, maximum force 6.0 N, and maximum torque 1.0
N-m.

All control inputs were normalized to the range [0, 1] prior to
conversion into physical quantities. Translational commands were
multiplied by a translational gain of 6.0, and rotational commands
by a torque gain of 1.0, values determined through pilot testing to
yield comfortable motion speeds.

3.1.2  Input Devices. We compared five input conditions: four force-
based input configurations using the YUBI system and one joystick-
based condition described below. For force-based input condition,
we used the fingertip force input system YUBI [11], which consists
of spherical fingertip devices equipped with seven load cells (20
kg max., 80 Hz). YUBI can acquire 14-DoF force input from both
thumbs and index fingers (3-DoF each) and little fingers (1-DoF). In
this study, only the 6-DoF from both thumbs were used to standard-
ize the modality across conditions and enable direct comparison
with joystick operation. YUBI measures both the magnitude and
direction of applied fingertip forces without requiring physical
displacement.

GamePad operation was included as a conventional baseline. We
use Sony PlayStation DualSense controller! for the GamePad condi-
tion. The required fingertip force for full tilt in the gamepad joystick
(approximately 1.4 N) was obtained from the device datasheet and
used for normalization, ensuring that equivalent physical effort
results in equivalent movement between force input and gamepad
condtions.

3.2 Apparatus

The experimental system was implemented using Unity 2022.3.8f1

on a desktop PC (CPU: Intel Core i7-13980HX, GPU: NVIDIA GeForce
RTX 4080, RAM: 32 GB). The display monitor was an 23.6-inch LCD

display (resolution 1920x1080, refresh rate 60 Hz), positioned ap-
proximately 60 cm from participants.

!https://www.playstation.com/en-us/accessories/dualsense-wireless-controller/
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3.3 Conditions

This experiment was conducted as a within-participants design.
The independent variable was operation condition (5 levels).

To clarify the optimal input mapping strategy for 3D locomo-
tion control using fingertip force input, we established five opera-
tion conditions based on the following design principles. First, we
adopted conventional joystick operation (gamepad Mode 2) as a
comparison baseline. Next, we designed four conditions for force
input operation. First, we set up a condition that reproduces map-
ping similar to Mode 2 for direct comparison with joystick. Second,
we established two conditions that separate roles between left and
right hands to examine the effect of yaw operation assignment (left
hand vs. right hand) on operability. Third, we set up a condition us-
ing a wheel metaphor to verify the effectiveness of a more intuitive
operation model.

The five operation conditions are as follows:

(1) GP-M2 (GamePad Mode 2): Adopts Mode 2, standard for
drone operation. Left stick controls vertical movement and
left/right yaw rotation, right stick controls forward/backward
movement and left/right translational movement (Figure 2-
1).

(2) YB-M2 (YUBI Mode 2): Mapping similar to GP-M2. Left
thumb controls vertical movement and left/right yaw rota-
tion, right thumb controls forward/backward movement and
left/right translational movement. Each axis is controlled by
force input in the corresponding direction (Figure 2-2).

(3) YB-RY (YUBI Right-Yaw): Left thumb controls left/right
translational movement, right thumb controls vertical move-
ment, left/right yaw rotation, and forward/backward move-
ment (Figure 2-3).

(4) YB-LY (YUBI Left-Yaw): Left thumb controls left/right yaw
rotation, right thumb controls forward/backward movement,
vertical movement, and left/right translational movement
(Figure 2-4).

(5) YB-W (YUBI Wheel): Mimics wheel motion. Unlike the
other conditions that use 4DoF input, YB-W uses all 6DoF
(3DoF per thumb) to control 4DoF locomotion. Each thumb’s
forward/backward force corresponds to the driving force of
each wheel; forward motion is the average of both inputs,
yaw rotation is the difference (left minus right). Vertical and
lateral movements are controlled by the average of upward
and lateral forces from both thumbs, respectively (Figure 2-
5).

The presentation order of operation conditions was counterbal-

anced using Latin square design.

3.4 Task

The experimental task was a reaching task to pass through cylindri-
cal tunnels arranged in 3D space. This task was designed to evaluate
participants’ ability to accurately control translational movement
to reach the tunnel positions and to perform yaw rotation to align
with the tunnel orientations. The player operated by participants
was placed at the origin (coordinates (0, 0, 0)) at the start of each
trial, beginning facing forward (+Z axis direction). Tunnels were
arranged at two height levels (upper layer at 10m, lower layer at
-10m), with three horizontal directions at each level (0°, +45°, -45°
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Figure 2: Input mappings for the five operation conditions. (1)
GP-M2, (2) YB-M2, (3) YB-RY, (4) YB-LY, (5) YB-W. F: forward,
B: backward, L: left, R: right, U: up, D: down, TL: turn-Left,
TR: turn-Right.

Figure 3: Tunnel layout. Left: tunnel arrangement as seen

from first-person perspective, Right: tunnel arrangement as
seen from above.

from the forward direction), resulting in six spatial positions. Each
tunnel had an inner diameter of 2m, outer diameter of 2.2m, and
length of 3m, with its entrance center positioned at a horizontal dis-
tance of 20m from the origin. Additionally, tunnels at each position
were rotated by 45° around their axis, creating three orientation
variations per position, for a total of 18 tunnel types (2 heights x 3
directions x 3 rotations). The tunnel layout is shown in Figure. 3.

In each trial, participants were presented with one target tun-
nel. Before starting the task, participants were instructed to pass
through the tunnel as quickly as possible and to operate so as to
pass through the tunnel center. They were also instructed to move
parallel to the tunnel to avoid collisions as much as possible. Tun-
nels had a set entry direction, with the entrance colored red. A
centerline was drawn in the tunnel center, serving as a guide for
passing through the middle. A reticle was drawn in the screen
center, making it easy to grasp the center of the screen.

Each trial proceeded as follows: (1) When the participant relaxes
both hands’ force below a predefined force threshold from the
calibrated zero-point and this state continues for 1 second, the
target appears, (2) The participant continues operating until passing
through the tunnel or reaching the time limit (15 seconds), (3) After
trial completion, the next trial begins.

A success sound was played when passing through the tunnel,
and a failure sound was played when exceeding the time limit. If
colliding with the tunnel, the screen flashed red and a warning
sound was played.

While relaxing force, the magnitude of force input was visually
displayed so that participants could confirm their input.

Additionally, a green gauge gradually filled while force was kept
below the threshold, the target appeared when it filled for 1 second.
Participants were thus instructed not to apply force until the green
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gauge filled. Furthermore, a red gauge showing remaining time for
each trial was displayed on screen, decreasing as time elapsed.

One set consisted of 18 trials, with 18 types of tunnels presented
in random order. Two sets were performed for each operation con-
dition, with calibration performed between sets.

3.5 Participants

There were 20 experimental participants (11 males, 9 females, mean
age 23.5 years (SD = 7.7), 18 right-handed, 2 left-handed). None
of the experimental participants had experience operating drones.
Sample size was set at 20, a multiple of 5, considering statistical
power and control of order effects through Latin square design. All
experimental participants had no prior knowledge of the experi-
mental content. Participants were paid an Amazon gift certificate
worth approximately $13 USD as compensation after experiment
completion. The experiment duration was approximately 90 min-
utes.

3.6 Procedure

This study was approved by the research ethics committee of the
authors’ university. Experimental participants first received an
explanation of the experiment’s purpose and procedure, and written
consent to participate was obtained. They then responded to a
questionnaire on basic information and the Simulator Sickness
Questionnaire (SSQ) [14] to evaluate pre-experiment sickness.

Next, experimental participants received detailed explanations
of the force input system overview and experimental tasks. Then,
according to one of the five operation conditions, they wore the
force input device or held the controller. When wearing the force
input device, they tightened it to the extent that thumbs would
not slip out and confirmed they could push and pull forward and
backward. With assistance from an experimenter, they confirmed
operation methods and experientially understood input-output
correspondence relationships.

After calibration was performed, the task was started. Two sets
(36 trials total) were performed for one operation condition. Cali-
bration was performed between each set to correct input drift.

After tasks for one operation condition were completed, ex-
perimental participants removed the device and responded to SSQ,
Agency items from the Virtual Embodiment Questionnaire (VEQ) [24],
and the localized version of NASA Task Load Index (NASA-TLX) [6].

This procedure was repeated for all five operation conditions.
Participants were allowed to take breaks at any time during the
experiment as needed.

After experiments for all operation conditions were completed,
experimental participants underwent semi-structured interviews.
After completing compensation procedures, the experiment was
concluded.

3.7 Measurements

In this study, we collected behavioral logs as objective measures
and questionnaires and interview data as subjective measures.

3.7.1 Behavioral Logs. The following data were recorded as logs
for each frame: participant ID, operation condition, set number, trial
number, target tunnel ID, experiment state, player position (x, y, z
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coordinates), player rotation angle around y-axis, player velocity (3-
axis components and magnitude), collision state with tunnel, input
values (for GP-M2, left and right stick input values for 2 axes each;
for force input conditions, left and right thumb force input values
for 3 axes each), and force applied to the player (3-axis components
and magnitude). At trial completion, completion time, distance from
tunnel center, passing angle, passing speed, incident angle, etc. were
recorded separately. From these data, we calculated measures such
as completion time, passing position accuracy, average velocity,
maximum velocity, and collision count for each trial.

3.7.2  Subjective Measures. SSQ was conducted before the experi-
ment and after each operation condition to evaluate the degree of
simulator sickness. NASA-TLX was conducted after each operation
condition, evaluating six items—Mental Demand, Physical Demand,
Temporal Demand, Performance, Effort, and Frustration—on a 7-
point Likert scale. We used Agency items from VEQ to evaluate the
sense of embodiment for operation.

3.7.3 Semi-structured Interview. After experiencing all operation
conditions, semi-structured interviews were conducted. The final
interview questions were as follows:

e Which operation method felt most intuitive? Why?

e Which operation method was easiest to operate? Why?

e Which operation method felt most difficult? Why?

e Did you have any strategy when heading toward targets?

¢ Did you experience any difficulties or confusion during op-
eration?

4 Results
4.1 Tunnel Pass Count

We counted the number of tunnels each participant successfully
passed through in each operation condition. Thirty-six trials (2 sets
x 18 tunnels) were performed for each operation condition, and tri-
als that passed through tunnels within the time limit were counted
as successes. Wilcoxon signed-rank tests with Shaffer correction
revealed: GP-M2 (M = 20.70, SD = 10.12) > YB-M2 (M = 4.35, SD =
5.63, p < .001), YB-W (M = 21.35, SD = 11.26) > YB-M2 (p < .001),
YB-LY (M = 14.10, SD = 11.60) > YB-M2 (p = .003), YB-RY (M =
15.25, SD = 11.03) > YB-M2 (p = .010), GP-M2 > YB-LY (p = .048),
YB-W > YB-RY (p = .018). Results are shown in Figure 4.

4.2 Task Completion Time

For trials with successful tunnel passage, we measured time from
trial start (target appearance) to tunnel passage and calculated mean
completion time for each participant in each operation condition.
Shapiro-Wilk test results confirmed normality for all conditions (all
p > .05). Paired t-tests with Shaffer correction revealed: GP-M2 (M
=11.24, SD = 1.23) > YB-W (M = 9.75, SD = 1.29, 1(18) = 4.19, p =
.006, d = 0.96), YB-RY (M = 10.88, SD = 1.56) > YB-W (#(17) = 3.09,
p =.040, d = 0.73). Results are shown in Figure 5.

4.3 Jerk Integral

To evaluate movement smoothness, we calculated integrated jerk
magnitude (time derivative of acceleration) during trials. For trials
with successful tunnel passage, we calculated mean jerk integral
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Tunnel Pass Count

GP-M2 YB-M2 YB-RY YB-LY YB-W

Figure 4: Tunnel pass count for each operation condition.
Shows violin plots and box plots, as well as trajectories for
each participant. Pairs with significant differences are shown
with lines and asterisks (*: p < .05, **: p < .01, ***: p <.001).

Task Completion Time (s)
s =

GP-M2 YB-M2 YB-RY YB-LY YB-W

Figure 5: Task completion time for each operation condition.
Shows violin plots and box plots, as well as trajectories for
each participant. Pairs with significant differences are shown
with lines and asterisks (*: p < .05, **: p < .01).

for each participant in each operation condition. Shapiro-Wilk test
results rejected normality for GP-M2 (W = 0.87, p = .011) and YB-
M2 (W =0.86, p = .008), so we used non-parametric tests. Wilcoxon
signed-rank tests with Shaffer correction revealed: YB-M2 (M =
4578.70, SD = 1195.08) > YB-W (M = 3442.00, SD = 1318.17, p <
.001), GP-M2 (M = 4283.27, SD = 1164.81) > YB-W (p < .001), YB-M2
> YB-LY (M = 4001.14, SD = 1249.83, p = .002), YB-RY (M = 4129.93,
SD = 1338.26) > YB-W (p = .029), YB-LY > YB-W (p = .029). Results
are shown in Figure 6.

4.4 SSQ (Simulator Sickness Questionnaire)

We used SSQ to evaluate the degree of simulator sickness before
the experiment and after all operation conditions. We analyzed
changes in Total Severity score before and after the experiment.
Pre-experiment Total Severity score was M = 5.42 (SD = 6.81), post-
experiment was M = 8.60 (SD = 14.16). Shapiro-Wilk test on the
difference (post-experiment - pre-experiment) rejected normality
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Figure 6: Jerk integral for each operation condition. Shows
violin plots and box plots, as well as trajectories for each
participant.
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Figure 7: SSQ Total Severity scores before and after the experi-
ment. Shows violin plots and box plots, as well as trajectories
for each participant.

(W =0.83, p =.003). Wilcoxon signed-rank test showed no signifi-
cant difference before and after the experiment, V = 44, p = 373, r
= 0.20. Results are shown in Figure 7.

4.5 VEQ (Virtual Embodiment Questionnaire)

We used Agency items from the Virtual Embodiment Questionnaire
(VEQ) [24] to evaluate the sense of embodiment for operation in
each operation condition. We calculated mean scores for each par-
ticipant in each operation condition. Shapiro-Wilk test confirmed
normality for all conditions (all p > .05). Paired t-tests with Shaffer
correction revealed: YB-M2 (M = 2.84, SD = 1.19) < YB-W (M = 5.05,
SD =133, 1(19) = -6.78, p < .001, d = -1.52), GP-M2 (M = 4.88, SD =
1.21) > YB-M2 (£(19) = 6.15, p < .001, d = 1.38), YB-M2 < YB-LY (M
=4.20, SD = 1.37, #(19) = -4.31, p = .002, d = -0.96), YB-M2 < YB-RY
(M = 4.44, SD = 1.44, t(19) = -4.17, p = .003, d = -0.93). Results are
shown in Figure 8.

4.6 NASA-TLX

We used the localized version of NASA-TLX to evaluate subjec-
tive workload in each operation condition. We compared the six
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Figure 8: Mean VEQ scores for each operation condition.
Shows violin plots and box plots, as well as trajectories for
each participant.
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Figure 9: NASA-TLX item scores for each operation condition.
Shows distributions for each operation condition for Mental
Demand, Physical Demand, Temporal Demand, Performance,
Effort, Frustration, and Weighted Workload.

items—Mental Demand, Physical Demand, Temporal Demand, Per-
formance, Effort, and Frustration—and weighted Weighted Work-
load across operation conditions. Shapiro-Wilk test rejected normal-
ity for multiple items, so we used non-parametric tests. Wilcoxon
signed-rank tests with Shaffer correction revealed the following sig-
nificant results: Mental Demand: YB-M2 > YB-W (p = .003), YB-M2
> YB-LY (p = .011), YB-M2 > YB-RY (p = .014); Physical Demand:
GP-M2 < YB-M2 (p = .003), GP-M2 < YB-RY (p = .004), GP-M2 <
YB-LY (p = .006), GP-M2 < YB-W (p = .022); Performance: YB-M2 >
YB-RY (p = .018), YB-M2 > YB-W (p = .027); Effort: GP-M2 < YB-M2
(p = .040), YB-M2 > YB-W (p = .044); Frustration: YB-M2 > YB-W
(p = .004), GP-M2 < YB-M2 (p = .003), YB-M2 > YB-RY (p = .005);
Weighted Workload: GP-M2 < YB-M2 (p = .001), YB-M2 > YB-W
(p < .001), YB-M2 > YB-LY (p = .001), YB-M2 > YB-RY (p = .009).
Results are shown in Figure 9.
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4.7 Interview

Semi-structured interviews were conducted after experiencing all
operation conditions.

Regarding intuitiveness evaluation, 12 out of 20 participants se-
lected YB-W (followed by 4 for YB-LY, 3 for YB-RY, 1 for GP-M2).
Reasons for selecting YB-W included: “could do it without thinking
about the operation method” (P2), “wheel metaphor is intuitive” (P3,
P6, P16), “could do it without thinking” (P7, P10), “stable because
inputs from both hands are averaged” (P16, P21). Regarding ease
of operation, evaluations were divided: 8 for YB-W, 8 for GP-M2,
3 for YB-RY. Participants who selected GP-M2 emphasized device
familiarity and operation certainty, saying “can input what I in-
tended” (P3), “range of motion is clear” (P19), “controller was easier
to operate” (P12).

Seventeen participants selected YB-M2 as the most difficult op-
eration condition. Main reasons included: cross-axis interference
causing unintended yaw rotation due to vertical movement and
yaw rotation being on the same left hand (P6, P8, P11, P16), “trying
to ascend causes yaw rotation” (P6, P9, P16), cognitive confusion
such as “forward/backward and up/down get mixed up” (P10), and
difficulty performing forward/backward force input independently
as a force input device characteristic (P11, P12).

Regarding technical challenges with the force input system, mul-
tiple participants pointed out difficulty grasping force input mag-
nitude (P6, P13, P19, P20), unintended input when relaxed (P6,
P19, P20), and finger position displacement (P13, P17, P20). On the
other hand, regarding learning effects, statements suggesting im-
provement through proficiency included “difficult to learn but once
learned can be done unconsciously” (P5), “quite intuitive and easy
to use once accustomed” (P17).

5 Discussion

This study systematically compared and evaluated five operation
conditions (gamepad Mode 2 and four force input mappings) for
4DoF locomotion control using a fingertip force input system. Re-
sults from behavioral logs, subjective evaluations (SSQ, VEQ, NASA-
TLX), and semi-structured interviews using a tunnel passing task
revealed the following insights.

5.1 Input Mapping Design and Objective
Performance

Tunnel pass count results showed clear differences between oper-
ation conditions. GP-M2 and YB-W had high success rates, while
YB-M2 had the lowest success rate. This result indicates that map-
ping differences significantly affect task performance even with the
same 4DoF output.

Particularly noteworthy is that YB-M2 scored significantly lower
than all other force input conditions. This suggests that Mode 2
mapping, which is standard for drone operation, is insufficient for
fingertip force input devices without adaptation. In interviews, 17
participants rated YB-M2 as “most difficult,” repeatedly pointing
out cross-axis interference between vertical movement and yaw
rotation, and occurrence of unintended movements.

This YB-M2 problem is likely due to several critical differences
between force input and joystick input. First, there may be a mis-
match between users’ intuitive perception of input direction and
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the actual output mapping. Joysticks are physically constrained to
two-dimensional tilt, so users naturally accept that forward tilt cor-
responds to ascending. YUBL, however, can sense three-dimensional
force vectors including vertical forces, so users may implicitly ex-
pect that pushing upward would produce upward movement. The
horizontal-to-vertical mapping thus feels unintuitive for YUBI, as
it ignores the device’s structural capability for direct directional
input. Second, joysticks possess multiple mechanisms that suppress
unintended input, none of which were present in our force input
implementation. Joystick input is displacement-based, and propri-
oceptive feedback from finger joint movement makes it relatively
easy to isolate input along individual axes; force input is isomet-
ric, so force components inevitably arise in unintended directions.
Moreover, the axis directions that users perceive may not align with
the device’s actual coordinate axes—for instance, a user may believe
they are pushing straight down, but the device registers the force
as slightly off-axis, generating unintended input components. Com-
mercial joysticks also incorporate dead zones around the neutral
position and non-linear input curves that reduce sensitivity near
the center, absorbing small unintended deflections—even joysticks
can exhibit drift if the dead zone is set to zero. Without these mecha-
nisms, cross-axis force leakage, user-device axis misalignment, and
minor residual forces when attempting to relax were all directly
translated into movement commands. This is particularly prob-
lematic in YB-M2, where vertical movement and yaw rotation are
assigned to different axes of the same hand; interviews confirmed
that participants “cannot perform forward/backward movement
independently from left/right movement” (P12) and found it “dif-
ficult to perform only push-pull operations independently” (P11).
These differences explain why the same Mode 2 mapping yielded
drastically different task performance between GP-M2 and YB-M2.
However, these issues could be mitigated by introducing dead zones,
non-linear input curves, and per-user calibration of input-output di-
rection mappings. Notably, such engineering improvements are not
specific to YB-M2 but could benefit all force input conditions, po-
tentially elevating overall performance beyond what was observed
in the present study.

In contrast, YB-W showed high success rates with no signif-
icant difference from GP-M2, the shortest completion time, and
the smoothest movement (lowest jerk integral) among all condi-
tions. YB-W is designed to use forward/backward force input from
both hands integrally, controlling yaw rotation by the difference in
left/right inputs. This approach leverages the problem of left/right
component mixing in forward/backward force input, deliberately
incorporating it as intentional left/right differences for yaw rota-
tion control. Interviews yielded positive evaluations such as “stable
because inputs from both hands are averaged” (P16) and “easy to
stop yaw rotation because you just apply the same force with both
hands” (P8).

Regarding task completion time, YB-W showed the shortest com-
pletion time with significant differences from GP-M2 and YB-RY.
Jerk integral results also confirmed that YB-W showed significantly
lower values compared to all other conditions, achieving smoother
movement. This low jerk in YB-W may be partly attributed to the
averaging effect of bilateral input: because both hands contribute to
translational control, unintended force fluctuations from one hand
could be partially canceled by the other, potentially resulting in
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smoother acceleration profiles. Additionally, YB-W’s mapping may
reduce the need for abrupt corrective inputs caused by cross-axis
interference, which likely contributes to high jerk in YB-M2.

5.2 Subjective Workload and Embodiment

NASA-TLX results were consistent with objective performance re-
sults. YB-M2 showed significantly higher load than other conditions
in Mental Demand, Performance, Effort, Frustration, and Weighted
Workload. Cognitive confusion was also reported in interviews,
confirming that YB-M2 demands high cognitive load.

For Physical Demand, GP-M2 was significantly lower than all
force input conditions. This indicates that joystick operation is less
physically demanding than force input. Although we normalized
input gains so that 1.4N of force was equivalent to fully tilting
the joystick, force input consistently required higher physical ef-
fort. This discrepancy likely stems from a fundamental difference
in input constraints: joysticks have a clear physical limit—users
can feel when the stick reaches its maximum tilt, providing unam-
biguous feedback about maximum input. In contrast, force input
devices have no such physical limit; users cannot directly perceive
when they have reached the force threshold. This lack of physical
boundary may lead users to apply excessive force beyond what is
necessary, resulting in higher physical demand despite equivalent
input-output mappings.

For VEQ Agency items, YB-M2 showed significantly lower scores
than all other conditions, indicating participants felt less physical
control and sense of agency over operations in YB-M2. This sug-
gests that cross-axis interference and occurrence of unintended
movements in YB-M2 impaired the sense of embodiment for opera-
tion.

In interviews, 12 out of 20 participants rated YB-W as “most
intuitive” Participants cited reasons such as “wheel metaphor is
intuitive” (P3, P6, P16), “symmetrical so don’t need to think” (P12),
and “could do it without thinking” (P7, P10), suggesting that corre-
spondence with existing mental models (wheels, cars, karts, etc.)
contributed to intuitiveness.

5.3 Individual Differences in Ease of Operation
and Learning Effects

As reported in the interview results, evaluations of “ease of op-
eration” were divided between YB-W and GP-M2, indicating that
objective performance and subjective ease of operation do not
necessarily match. Participants who preferred GP-M2 emphasized
device familiarity and operation certainty, suggesting that existing
familiarity with game controllers remains important for some users.

Regarding force input learning effects, several participants sug-
gested that performance improves substantially after an initial
learning period, indicating the force input system has potential for
more intuitive and efficient operation with practice. Additionally,
we did not provide a learning phase for the force input system itself,
and with only 36 trials per operation condition, we may not have
adequately evaluated long-term learning effects.

5.4 Simulator Sickness

SSQ results showed no significant change in simulator sickness level
before and after the experiment. This indicates that severe simulator
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sickness did not occur in this experiment’s tasks and duration
(approximately 90 minutes). Using a standard display monitor may
have contributed to suppressing simulator sickness.

5.5 Challenges with Force Input Devices

This study also revealed operational challenges specific to force
input devices. Issues repeatedly pointed out in interviews include
difficulty grasping force input magnitude, unintended input when
relaxed, and finger position displacement. In joysticks, physical
displacement provides visual and tactile feedback, but force in-
put devices lack displacement, making it difficult to grasp input
magnitude. Furthermore, the absence of a physical limit in force
input (unlike joysticks that have a clear maximum tilt) makes it
difficult for users to determine when they have reached maximum
input, potentially leading to excessive force application. Addition-
ally, without dead zones or non-linear input curves that commercial
joysticks incorporate, even minor residual forces are registered as
input, making stable zero-point maintenance challenging. These
issues suggest the need for countermeasures such as adding visual
force feedback, providing clearer indicators of force thresholds,
introducing dead zones and non-linear input curves to improve
zero-point stability, per-user calibration of input-output direction
alignment, and improving attachment methods.

5.6 Implications for 3D Locomotion Interface
Design

The results of this study provide the following implications for
designing 3D locomotion control interfaces:

First, directly applying the standard joystick mapping (Mode
2) to force input devices without adaptation is insufficient. Input
mapping design must account for the mismatch between users’
intuitive input directions and the mapping’s expected directions,
as well as the lack of unintended input suppression mechanisms
such as dead zones and non-linear input curves that commercial
joysticks incorporate. However, incorporating these mechanisms
along with per-user calibration of input-output direction alignment
may mitigate these issues, leaving open the possibility that adapted
Mode 2-style mappings could perform better than observed in this
study.

Second, integrated control using real-world metaphors (YB-W)
can leverage the problem of cross-axis interference in force input
to realize effective operation interfaces. Using inputs from both
hands integrally enables stable and smooth control, and leveraging
mental models users already possess reduces learning costs and
improves operation intuitiveness and embodiment.

Third, force input devices require an initial learning period but
may exhibit high operability after proficiency. For practical ap-
plication, designing appropriate learning phases and tutorials is
important.

Finally, addressing technical challenges such as force input mag-
nitude feedback, zero-point maintenance, and ergonomics is essen-
tial for improving force input device practicality.

5.7 Limitations

This study has several limitations. First, we used a standard display
monitor rather than VR head-mounted displays, limiting immersion
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and depth perception. Additionally, no background or reference
points were set in the 3D virtual space, making it difficult to grasp
self-position when losing sight of tunnels. Future evaluation in
more immersive VR environments is needed to fully assess force
input advantages in 3D space.

Second, with only 36 trials per operation condition, evaluation of
long-term learning effects was insufficient. Interview suggestions
such as “difficult to learn but once learned can be done uncon-
sciously” (P5) indicate potential for improved performance with
extended practice. Additionally, while Latin square design was
used for counterbalancing, cross-condition learning effects (e.g.,
familiarity with physical simulation parameters) could not be fully
separated. However, consistent subjective evaluations across pre-
sentation orders—with 17/20 participants rating YB-M2 as “most
difficult” and 12/20 rating YB-W as “most intuitive”—suggest that
observed differences reflect genuine mapping characteristics rather
than order effects.

Third, YB-W utilizes 6DoF input (3DoF per thumb) to control
4DoF locomotion, whereas other conditions use only 4DoF input.
This redundancy is a key design feature that enables averaging
to mitigate cross-axis interference, but it also means that the per-
formance advantage of YB-W cannot be attributed solely to the
mapping strategy; the additional input dimensions may also con-
tribute. Future studies should isolate the effects of redundancy and
mapping design.

Finally, this study evaluated only one specific fingertip force
input device. Generalization to other force input devices (e.g., 3D
mouse, different form factors) requires further investigation. Addi-
tionally, participants’ existing familiarity with game controllers may
have advantaged GP-M2. Nevertheless, YB-W achieved comparable
success rates and shorter completion times despite participants’
first-time use of the force input device, demonstrating the potential
effectiveness of appropriate force input mappings.

6 Conclusion

This study compared five operation conditions for 4DoF locomo-
tion control in a 3D tunnel-passing task: gamepad Mode 2 and four
force input mappings. First, directly applying conventional joystick
mappings (Mode 2) to force input devices without adaptation is
insufficient. YB-M2 showed the lowest success rate and highest
workload, likely due to the mismatch between users’ intuitive input
directions and the mapping, and the absence of unintended input
suppression mechanisms such as dead zones and non-linear input
curves. These issues may be mitigated through per-user calibration
and appropriate input processing. Second, integrated control using
real-world metaphors (wheel-based mapping) can leverage force
input characteristics to realize effective interfaces. YB-W achieved
comparable success rates to GP-M2, the shortest completion time,
and highest intuitiveness ratings (12/20 participants). This demon-
strates that force input devices can achieve comparable task per-
formance to gamepads and high intuitiveness when paired with
appropriate mappings that leverage existing mental models and ac-
count for unique device characteristics such as the difficulty in axis
separation inherent to isometric input and the lack of automatic
centering. These insights contribute to designing 3D locomotion
interfaces for applications such as drone operation, VR navigation,
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and teleoperation. Moreover, because fingertip force input enables
compact, wearable control with minimal physical displacement,
it can further extend to assistive mobility control for users with
physical constraints, and VR locomotion where thumbs handle
movement while remaining fingers perform other interaction tasks.
Future work should evaluate long-term learning effects, VR en-
vironments, and more complex operational tasks, as well as the
impact of engineering refinements such as dead zones, non-linear
input curves, and per-user calibration of input-output direction
alignment on force input performance.
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