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Fig. 1. An overview of our ETHD prototype implementing the TrueForce method (right) and three repre-
sentative physical interaction tasks (left). Sequential frames are shown for each task. (a) The user interacts
with a stationary virtual ball by tapping, poking, or pushing it; the virtual ball responds in real time based
on the user’s input, with the ETHD-held ball serving as the physical proxy. (b) The user holds and pushes
one charged virtual ball while experiencing simulated electromagnetic forces, causing the second ball to
be repelled. (c) The user intercepts and bounces back a moving virtual ball upon contact, demonstrating
TrueForce’s ability to safely handle dynamic object interactions

To enhance learning and training, VR haptic devices must provide safe and physically accurate feedback that
helps users build intuitions about force and motion. We present TrueForce, a method for rendering force
feedback by capturing user input and reconfiguring a compliant mechanism in real time to align perceived
with expected forces. We implemented TrueForce in a grounded Encountered-Type Haptic Display (ETHD)
and demonstrated its versatility through three representative physics scenarios: pushing a stationary object,
experiencing electrostatic repulsion, and bouncing a moving object. A user study with 29 participants showed
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that users adapted to new interaction pro les within 2 3 trials, and that rendered forces remained within
perceptual thresholds except in the heaviest and most dynamic conditions. These results suggest that users
can rapidly adapt to the system's force-motion mappings, providing the consistent sensorimotor feedback
necessary for building physical intuitions when interacting with moving virtual objects.
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1 Introduction

Virtual reality (VR) immerses users into synthetic 3D environments, replacing their real-world sur-
roundings with computer-generated objects and scehé&/hile VR is widely used in entertainment

to create captivating experiences, it also holds signi cant potential in education by providing im-
mersive learning environments [Popescu et 2023]. In physics education, for example, traditional
methods, such as memorizing formulas, viewing static images, or watching videos, often lack the
realism needed for students to make meaningful connections to real world phenomena [Popescu
et al 2023]. Unlike these traditional teaching methods, VR headsets can provide students with
realistic 3D simulations of physics phenomena at low cost, safely, and anywhere [Freina and Ott
2015].

The rendering of physical processes on consumer-level VR headsets is relatively straightforward.
However, using visualization alone, students and trainees often struggle to connect virtual expe-
riences with real-world phenomena [Rutten et.&012]. For instance, when a 3D environment
displays a 0.5 kg ball and a 5 kg ball moving with the same speed, learners may not grasp the
magnitude of the momentum di erence between the two balls. What is needed is the incorporation
of tangible physical responses, similar to those experienced in a physics lab, allowing students to
directly perceive physical properties such as mass, texture, and shape.

Wearable devices, such as gloesan simulate surface properties but cannot provide the strong
resistance required for object collisions. A di erent solution, which this paper focuses on, involves
grounded Encountered-Type Haptic Displays (ETHDs). These devices use mechanical actuators to
align physical objects with their virtual counterparts, enabling the provision of strong resistance
forces [Mercado et al. 2021].

Grounded Encountered-Type Haptic Displays (ETHDs) have been extensively studied for sim-
ulating stationary objects [Mortezapoor et.8&023; Suzuki et aP020], but their application to
moving virtual objects presents signi cant safety and interaction challenges. To simulate moving
objects, the ETHD must continuously reposition itself to maintain alignment with the virtual object,
increasing the risk of unintended collisions with the user's hand [Mercado e2@P2]. Although
various strategies have been proposed to mitigate such risks, such as warning the user [Mercado
et al 2022], a more desirable solution is one that allows users to safely and directly interact with
moving virtual and physical objects.

Existing grounded ETHDs, such as robotic arms with integrated force/torque sensing (e.g.,
Universal Robots URZX), can deliver strong and precise forces. However, most existing ETHDs
focus on rigid contact rendering and proxy alignment, and typically do not dynamically adjust
compliance or force pro les during user interaction. This rigidity makes them e ective for static or

Lhttps://iwww.oculus.com/
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prede ned contacts, but less suitable for safe, compliant engagement with moving virtual objects
or virtual objects like balls, levers, or soft surfaces within VR simulations intended for education.
Additionally, the mechanical inertia and scale of industrial robots introduce safety concerns for
direct hand-interaction, limiting their suitability for broad deployment in classroom learning
environments [Slater 2009].

To address these challenges, we present TrueForce, a method designed to extend existing
grounded haptic devices, such as robotic arms, to better support soft, dynamic physical replicas
of moving virtual objects. TrueForce integrates a compliant spring-based mechanism with real-
time force adjustment, enabling the physical rendering of soft-contact interactions that adaptively
match virtual object properties. Our current implementation focuses on 1D motion and single-axis
force rendering. This design choice isolates key physical variables for the learner but introduces a
hardware-imposed constraint on the 3D expressive potential of VR. While the method is conceptu-
ally extensible to 3D, this prototype serves as a foundational study in how a compliant mechanism
can align perceived and expected forces within a constrained interaction space. By incorporating
TrueForce, traditional grounded ETHDs, such as robot affrsan be transformed to deliver more
natural, safe, and e ective interactions, making them suitable not only for static object simulation
but also for dynamic, force-based VR experiences.

To demonstrate its versatility and e ectiveness, we conducted a within-subject user study
(N = 29) comprising three experiments. The rst experiment validated the physical interaction
behavior when pushing away a stationary virtual ball (Fig. 1a). The second experiment examined
the simulation of electromagnetic forces between two charged virtual balls (Fig. 1b). The third
experiment evaluated the interaction dynamics when bouncing back a moving virtual ball (Fig. 1c).

The key contributions of this work are:

TrueForce, a compliant method for aligning expected and perceived forces during direct
hand interaction with virtual objects.

Design and Assembly of a grounded ETHD prototype that implements the TrueForce
method to support soft, dynamic interactions in VR.

A three-experiment user study (N = 29) demonstrating the system's ability to safely render
diverse force pro les, with participants successfully adapting to the novel compliant hardware.

2 Related Work

Delivering realistic physical sensations in VR has long been a research goal. Two major approaches
have emerged: (1) wearable and handheld haptic devices that provide on-body feedback (Sec. 2.1),
and (2) Encountered-Type Haptic Displays (ETHDs) that present external physical proxies aligned
with virtual content (Sec. 2.2). Our work builds upon these strategies but speci cally addresses the
challenge of enabling safe, compliant, real-time interaction with moving virtual objects,

which prior ETHDs and grounded robots do not fully solve.

2.1 Wearable and Handheld Haptic Devices

Wearable devices enable users to experience various tactile properties directly on their bodies.
Techniques include simulating temperature [Mazursky et2024], texture [Shen et a2023], and
shape through muscle stimulation [Lopes et 2D15]. Devices like Springlets [Hamdan et 2019]
and ArmDeformation [Lin et al2024] apply skin-stretch to enhance realism, while electrotactile
gloves [Tanaka et al. 2023] provide additional tactile cues.

Handheld props further improve immersion by dynamically simulating object properties [Zhou
and Popescu 2023]. Shifty [Zenner and Kriiger 2017] shifts internal weight distribution to simulate

“https://www.universal-robots.com/products/ur20/
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changing mass centers, and MobileGravity [Kalus e&l24] adjusts object weight dynamically in
mobile VR settings.

While these devices excel at representing textures, local deformations, and lightweight object
cues, they cannot reproduce external blocking or sustained resistance against the environment,
such as stopping a rolling ball.

2.2 Encountered-Type Haptic Displays (ETHDS)

ETHDs physically align external proxies with virtual content, enabling users to touch virtual objects
without continuously wearing or holding devices [Mercado et 2021]. Ungrounded ETHDs, such
as drone-based systems [Chen et20124; Herdel et a022; Huppert et aR021], provide unmatched
spatial exibility but are constrained by payload capacity, stability, and battery life, which limits
their ability to deliver strong or sustained forces.

Grounded ETHDs, including robotic arms and mobile robot platforms, can provide large, stable
resistive forces with high positional accuracy [Zhou and Popescu 2025]. Robotic arms o er six
degrees of freedom and can simulate a variety of tactile experiences by swapping end-e ectors [Kim
et al 2020; Mercado et 22019; Posselt et.£017]. Mobile platforms extend the reach of grounded
robots either through tracks [Dai et al. 2022] or mobile bases [Mortezapoor et al. 2023].

However, most existing ETHDs focus on rigid contact rendering and proxy alignment.

They typically do not dynamically adjust compliance or force pro les during user interaction. This
rigidity makes them e ective for static or prede ned contacts, but less suitable for safe, compliant
engagement with moving virtual objects.

2.3 Grounded Haptic Interfaces with Force Feedback

Through stylus-held interactions, grounded haptic interfaces such as the PHANToM [Massie et al
1994; Silva et aR009] enable users to feel virtual textures, surfaces, and localized forces with
high delity. However, they are not designed to act as dynamic physical proxies representing the
full-body motion of virtual objects, and cannot easily support interactions with moving content
across larger spatial areas.

2.4 Safe Interaction with ETHDs

Ensuring safe interaction when ETHDs move dynamically in shared spaces has been a longstanding
concern. Prior strategies include distancing the device when idle [Mortezapoor 208B], providing

visual or auditory warnings [Mercado et a2020, 2022], and predicting potential collision zones to
adapt robot trajectories [Bouzbib and Bailly 2022]. While e ective for collision avoidance, these
approaches focus on preventing contact rather than supporting direct, compliant engagement
during interaction.

2.5 Summary and Positioning of Our Work

Prior grounded ETHDs and haptic interfaces have demonstrated strong resistive feedback, but
mainly emphasize rigid, static interactions or handheld ne-motor control. Existing safety strategies
likewise prioritize avoidance over natural contact. In contrast, TrueForce augments grounded
devices with passive compliance and real-time force adjustment, enabling perceptually aligned,
physically realistic interactions with moving virtual objects. This contribution addresses a gap in
prior ETHD research by supporting dynamic tasks where users directly experience forces through
compliant contact.
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Fig. 2. Overview of the TrueForce system, showing the first and second assemblies.

Fig. 4. Component #5 of the first assembly: The
ratchet and pawl mechanism used to lock the spring

Fig. 3. First assembly detall, illustrating the compli- assembly in place.

ant spring mechanism and force sensing structure.

3 TrueForce: Method and System Design
3.1 Overview and Motivation

We designed and implemented a two-assembly haptic system based on the TrueForce method. The
rst assembly (Sec. 3.2) uses a spring-loaded mechanism to simulate mass-dependent resistance,
while the second assembly (Sec. 3.3) enables positional control for aligning the device with virtual
objects. The system supports both stationary and moving virtual objects. An overview of the
hardware system is shown in Fig. 2.

3.2 First Assembly: So -Contact and Force Sensing

The rst assembly of our system (Fig. 3) is responsible for enabling compliant physical interaction
and measuring user-applied forces. Its main components and functions are:
Force Sensor Group (#2): A linear load cell mounted on a sliding gantry (#3) measures the
user's applied force. The user pushes against a high-density foam ball (#9) attached to the
gantry.
Spring and Guide Assembly (#4): A spring located between the load cell and a xed
guide (#7) allows for controlled compression during interaction. The spring smooths force
transmission, mitigating sudden impacts and enabling soft-contact behavior, inspired by
automotive shock-absorbing systems.
Spring-Compression Stepper Motor (#6): A Nema 17 stepper motor drives a lead screw
to adjust the pre-compression of the spring independently of user input. By modifying the
initial spring compression, the system can simulate varying resistance pro les depending on
the mass or inertia of the virtual object.
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Fig. 5. Close-up of the belt-driven connection be-
tween the first and second assemblies. Two belt
gantries support and move the first assembly along
the rail.

Fig. 6. Overview of the second assembly. The linear
rail is rigidly secured by two desk clamps. One end
holds the stepper motors driving the belt system,
while the other end houses the calibration controller
mount and pulleys.

Ratchet and Pawl Mechanism (#5 in Fig. 4): A servo-actuated ratchet locks the spring com-
pression dynamically during interaction transitions. This prevents the object from rebounding
after contact is released, ensuring consistency between visual and physical feedback.

3.3 Second Assembly: Repositioning Mechanism

The second assembly dynamically repositions the rst assembly along a horizontal linear rail to
align with moving virtual objects. Its main components and functions are:

Belt-Driven Gantries (Fig. 5b): Two belt-connected gantries are mounted to the ends of
the rst assembly. These gantries ride along a rigid linear rail clamped to the work surface.
Coordinated stepper motor control allows the entire rst assembly (and thus the foam proxy)
to translate smoothly across the plane.

Dual Stepper Motor Drive (Fig. 6b): Two NEMA stepper motors are mounted at one end
of the rail to drive the belts. The opposite end contains passive pulleys and a xed mount for
a VR controller used in calibration.

Real-Time Position Tracking: The position of the foam ball proxy (#9) is computed using
encoder readings and force sensor data:

load cell
— 0 ... .0
%o = Ynitial R 190 st assembly, current % (st assembly, initial N

where: is the spring constant. This equation accounts for gantry displacement and spring
compression, enabling accurate real-time physical-to-virtual alignment.

VR-Aligned Calibration (Fig. 6a): A one-time calibration is performed using a VR controller
mounted on the second assembly. This step maps the device's physical workspace to the
virtual environment for consistent proxy alignment.

Force-Based Adjustment: During interaction, the second assembly modulates the proxy's
position based on force discrepancies. If the virtual target foggis greater than the measured
forcek , the rst assembly is advanced forward to increase spring compressiof. kf 5¢

it retracts slightly to relieve pressure. This dynamic adjustment preserves the illusion of
continuous, compliant contact with virtual objects.

The control loop minimizes the di erence between measured and target force by adjusting
spring compression and proxy position in real time. A 0.5 N compliance threshold is used to trigger
adjustments, ensuring sensitivity without overreacting to noise [Jones 2003].
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3.4 Safety Mechanisms

TrueForce integrates several passive and active safety features:
Compliant Spring Contact: The primary mechanism for absorbing sti impacts.
Ratchet Locking: Locks the spring to prevent rebound and maintain physical-virtual align-
ment.
Force Monitoring and Limiting: Caps excessive user-applied forces through real-time
feedback control.

These safety mechanisms enable TrueForce to support direct physical interaction even during
dynamic object motion, rather than relying solely on collision avoidance strategies.

3.5 System Characterization

We characterized the TrueForce system to evaluate its operational capabilities. These speci cations
were derived from our target educational scenario: simulating safe, desktop-scale hand interactions
with lightweight objects (e.g., 100 600 g masses) moving at moderate indoor speeds.
Maximum Renderable Force: 14 N at the contact point. This limit is su cient to simulate
the peak inertial resistance of a 600 g object accelerating rapidly from rest, or a strong elec-
trostatic repulsion, while remaining safely within human comfort thresholds for unexpected
impacts.
Maximum Linear Speed: 0.25 m/s along the rail. This accommodates the deliberate, ex-
ploratory hand movements typical in educational VR tasks.
Force Sensing Resolution: 0.01 N.
End-to-End Response Delay: 10 ms from force sensing to actuation. This fast control loop
ensures force updates occur well below human haptic perception thresholds for soft contact.
E ective Workspace: 0.5 m horizontal range.
Backlash: Less than 0.1 mm in the second assembly.

4 User Study
4.1 Overview and Goals

We conducted a within-subject user study to evaluate TrueForce's ability to support physically
realistic and safe interactions with virtual objects. The study was approved by the Institutional
Review Board of our university and involved three types of interaction tasks: (1) pushing a stationary
virtual ball, (2) experiencing simulated electromagnetic repulsion between two charged balls, and
(3) bouncing back a moving ball.

Our goals were to assess whether TrueForce enables users to accurately perceive di erent force
pro les, to adapt to both static and dynamic virtual objects, and to maintain safe and comfortable
interactions across a variety of physical scenarios.

4.2 Participants

Twenty-nine participants (age range 19 28 years) were recruited from the university community.
All participants had normal or corrected-to-normal vision, and reported no motor impairments.
Each session lasted approximately 15 minutes.

4.3 Apparatus and Setup

Participants wore a Meta Quest 3 headset for visual immersion and interacted physically with the
TrueForce ETHD device, which was positioned on a desk in front of them. The VR environment
displayed virtual objects aligned with the TrueForce device's physical proxy. During the experiments,
participants used their dominant hand to interact directly with the physical foam ball carried by
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Fig. 8. (a) Real-world foam balls used in Experiment
Fig. 7. Reference illustrations shown during exper-1 perceptual comparison, taped to equalize rolling
iments. Participants aimed to stop the ball at the friction. (b) Full experimental setup, including the
white line, with example outcomes at di erent devi- TrueForce device, chair, and participant starting po-
ations. sition.

the device. To eliminate auditory cues from the device mechanisms, although not visible in the
demonstration video, participants wore noise-canceling earbuds and listened to ambient music
throughout the session.

All haptic interactions in our study were restricted to the horizontal plane to isolate inertial
and repulsive forces from gravity. Because humans typically estimate an object's mass by lifting it
vertically against gravity, the absence of this vertical weight as a perceptual baseline may have
in uenced their mass judgments. Future studies should investigate how substituting horizontal
inertia for vertical weight a ects mass perception in VR.

4.4 Procedure

Each participant completed three experiments in xed order: pushing a stationary ball, repelling a
charged ball, and bouncing back a moving ball. Within each experiment, participants performed a
series of trials under di erent force or mass conditions.

At the start of each experiment, participants were given a brief training session to familiarize
themselves with the task and system behavior. Trials were grouped by conditions, and condi-
tions were presented in randomized order where applicable. Short breaks were provided between
experiments to minimize fatigue.

4.5 Experiment 1: Pushing a Stationary Ball

4.5.1 Purpose and Hypothesis. This experiment evaluated TrueForce's ability to render realistic
inertial feedback for static objects with varying masses. We hypothesized that participants would
perceive these di erences and adjust their input to stop the virtual object near a visible target.
Although the virtual balls were visually identical prior to interaction, users could rely on both the
haptic resistance experienced during the push and the resulting visual kinematics (e.g., how far the
ball rolled) to adapt their strategy across trials.

4.5.2 Task Design and Conditions. Participants' task was to push the ball toward a white line
placed at a xed distance (50, 60, or 70 cm) along a virtual wooden surface. The goal was to stop
the ball as close as possible to the line. No numerical feedback was provided; users learned through
repeated interaction.

Proc. ACM Comput. Graph. Interact. Tech., Vol. 9, No. 1, Article 1. Publication date: May 2026.
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Fig. 7 shows sample outcomes at di erent distance errors. A perfect stop places the ball on the
line (a), while overshooting or undershooting is visualized as deviations of £5cm (b), £10cm (c),
and +20cm (d).

Three ball masses were tested: 100 g, 3509, and 600g. The balls were visually identical and
presented in randomized blocks. Each block included 15 trials (5 per line distance), totaling 45
experimental trials. An initial training block with a 250 g ball allowed participants to explore the
task.

To support training and post-condition comparisons, four physical balls were prepared with
matching sizes but di erent masses: 100 g, 25049, 3509, and 600 g. The 250 g ball was used in the
training block, while the other three were randomized during the experiment. All balls were equal
in size (7 cm diameter), and their centers of gravity were centered. Tape was applied uniformly
across all balls to normalize rolling friction. Fig. 8 shows the four balls and the experimental setup.

4.5.3 Interaction Procedure. Each trial began with the device aligning the rst assembly to the
virtual ball's starting location. The system unlocked the pawl, compressed the spring to simulate
static friction, and tared the load cell. Participants were instructed to begin with their hand near
their body and use a poke, push, or gentle tap to move the ball. Once the applied force exceeded
static friction, the virtual ball detached and rolled. TrueForce dynamically adjusted its spring
compression in real time to maintain appropriate resistance. The pawl re-engaged once the ball
detached to prevent rebound. Fig. 9aillustrates this sequence across real-world (a, c, e, g) and virtual
views (b, d, f, h).

4.5.4 Modeling and Feedback Rendering. Force feedback was computed based on real-time mea
surements and physical simulation. The measured fdicavas captured by the load cell, while the
target force was computed from estimated hand acceleration and rolling resistance:

5:: <0 hand} N A<6
Acceleration was estimated from position samples using a central di erence method:

% %> % %1

hand _ @C2 GC
0= e @

To update the virtual ball's state, we derived velocity and position using:
: 2
120)rev 0 newo CZ
6

)

%IEW - %JTEV . Eprev C , (3)

4.5.5 Results and Data Analysis.

Force Feedback Fidelity. Fig. 9b compares the computed targeifdrased on hand acceleration,
with the measured forc& from the load cells, for three ball masses. For the 100 g and 350 g balls,
the measured force successfully reaches the peak of the expected curve. However, there is a
noticeable initial lag (e.g., & =0 for the 350 g conditionk:is signi cantly higher than & ). This
gap occurs because the motor requires a brief window ( 50 100 ms) to physically compress the
spring from its resting state to match the sudden onset of the target force. Once this initial inertia
is overcome, the system provides compliant and reactive physical resistance. However, for the
600 g condition, the system underperforms: although the simulation demands a peak target force
(%) of 14 N, the measured forc&() only reaches approximately 11 N. This gap occurs because
the ETHD's maximum movement speedZ8<<B) restricts how quickly the spring can compress

Proc. ACM Comput. Graph. Interact. Tech., Vol. 9, No. 1, Article 1. Publication date: May 2026.



1:10 Yugi Zhou and Voicu Popescu

(a) Trial flow in Experiment 1: (a b) contact; (c d) (b) Comparison of target forcgand measured force
force application; (e f) detachment; (g h) ball rolls % . The gap widens at higher masses due to speed
to stop. constraints.

(c) Distance to target across 60 trials. Each marker represents the mean error across all 29 participants for a
given line distance within that trial group, with whiskers indicating 1 standard deviation. Trial Group 1
represents the initial 250 g training block. Error decreases as participants adapt to the haptic feedback.

Fig. 9. Experiment 1 Summary: Interacting with a stationary virtual ball. (a) illustrates the interaction
sequence, while (b) and (c) present force-tracking fidelity and adaptation performance, respectively.

to match the user's rapid hand acceleration. While the hardware can statically sustain 14 N of
resistance, achieving this peak dynamically within a fraction of a second exceeds the current
actuator's bandwidth.

All three force pro les show a steep rise in the rst 50 75 ms, corresponding to users' initial
impulse to overcome static friction. In heavier conditions, sustained e ort leads to a plateau, whereas
lighter objects show a faster drop-o after acceleration. These patterns suggest the system can
render quick onset and inertial resistance for moderate weights, but becomes less responsive under
high-load conditions.

Adaptation Performance. Participants improved their performance across trials, learning to push
the virtual balls closer to the target without receiving numerical error feedback. Fig. 9c shows the
signed distance between the nal ball position and the white line across all 60 trials, regardless of
ball mass. The rst 15 trials (Trial Group 1) correspond to the 250 g training block. By the third trial,
most participants had reduced their error magnitude to within 20 cm of the line. This adaptation was
especially prominent during the training block with the 250 g ball, where signed error signi cantly
decreased between early and late trigPs£ 0°0075). In contrast, no signi cant learning trends were
observed across trials for the 100 g, 350 g, or 600 g condit®ns@05), suggesting that TrueForce
supported rapid and consistent sensorimotor calibration early in the study.

Mass Perception Accuracy. After completing the 15 interaction trials for a given mass condition,
each of the 29 participants provided one overall mass estimate (yielding 29 total responses per
condition). The results are shown in Tab. 1. All participants correctly identi ed the lightest and
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heaviest balls in at least one block, indicating strong perceptual separation at extremes. However,
confusion was more frequent between adjacent masses.

These results suggest that while TrueForce can support perceptual contrast between light and
heavy objects, ne-grained mass discrimination remains challenging likely due to both perceptual
thresholds and physical response latency [Jones 2003].

Table 1. Mass Perception Confusion Matrix. Values represent the percentage of particigart29) who
selected each physical ball a er interacting with the virtual mass condition.

Perceived Mass
(Selected Physical Ball)

Virtual Mass | 100g 350g 6009

100g|93.1% 6.9% 0.0%
3509 20.7% 69.0%  10.3%
600g| 0.0% 37.9% 62.1%

4.6 Experiment 2: Repulsive Interaction Between Charged Balls

4.6.1 Purpose and Hypothesis. This experiment evaluated TrueForce's ability to simulate distance-
dependent forces modeled after electrostatic repulsion. We hypothesized that participants would
adapt their movements to variations in charge strength, enabling accurate control over the stopping
position of the repelled object.

4.6.2 Task Design and Conditions. Participants interacted with two virtual balls of the same charge
polarity: a red held ball{ ) and a green free balll§). As participants moved toward 15, a
simulated Coulomb repulsion pushdd away. The goal was to stops as close as possible to a
white target line, placed at 30, 35, or 40 cm along the virtual surface.
We varied the interaction strength s =: ,@@ across three levels: 0.13, 0.18, and 0.23. These
levels governed the magnitude of the repulsive force:
_ 5

repulsive = ?
whereAis the distance betweebh andls. Higher values of 5 produced stronger forces at greater
distances, reducing the physical movement needed to displace 1

4.6.3 Interaction Procedure. Each trial began with TrueForce aligning the physical proxy with the
starting location ofl . The spring was precompressed to match the repulsive force at rest, based
on the initial A The system then unlocked the pawl, and participants were instructed to approach
and push 1 toward 15 using any comfortable hand motion.

As1 approacheds, participants felt increasing resistance. Once the repulsive force exceeded
the static friction thresholdls moved toward the target. Participants were asked to observe the
outcome and adjust their motion across repetitions.

Each 5 conditionincluded 15 trials (5 per line distance), and the order was partially randomized.
The rst block always used 5 = 0"18 for calibration; the remaining blocks used; = 0"13 and
0.23 in random order. An example trial ow is shown in Fig. 10a.

4.6.4 Modeling and Feedback Rendering. The force applied to the user was computed based on
the repulsive eld betweerl andls. The free ball's position and velocity were updated using
a fourth-order Runge-Kutta (RK4) integrator to ensure smooth trajectories. Frictioigowas
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