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Figure 1: The conceptual graphical representation of the system that provides force feedback measured from the teleoperation 
workspace to the remote worker. The interaction force between the remote environment and the robot is transformed into 
EMS signals based on the user’s real-time motion capture through biomechanical simulation and delivered to the user. 

Abstract 
This paper introduces TelePulse, a system integrating biomechani-
cal simulation with electrical muscle stimulation (EMS) to provide 
precise haptic feedback for robot teleoperation tasks in virtual re-
ality (VR). TelePulse has two components: a physical simulation 
part that calculates joint torques based on real-time force data from 
remote manipulators, and an electrical stimulation part that con-
verts these torques into muscle stimulation. Two experiments were 
conducted to evaluate the system. The first experiment assessed 
the accuracy of EMS generated through biomechanical simulations 
by comparing it with electromyography (EMG) data during force-
directed tasks, while the second experiment evaluated the impact of 
TelePulse on teleoperation performance during sanding and drilling 
tasks. The results suggest that TelePulse provided more accurate 
stimulation across all arm muscles, thereby enhancing task perfor-
mance and user experience in the teleoperation environment. In 
this paper, we discuss the effect of TelePulse on teleoperation, its 
limitations, and areas for future improvement. 
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1 Introduction 
Teleoperation, the remote manual control of robots by human op-
erators, is a technology applicable in various fields that require 
precise and safe human intervention. Despite significant advance-
ments in autonomous robotic systems, teleoperation remains a pri-
mary method in complex and unpredictable environments such as 
surgery [84, 85, 108], space exploration [74, 104], disaster response 
[77, 90], and deep-sea exploration [11, 120]. Teleoperation lever-
ages the operator’s cognitive abilities to achieve high reliability in 
such challenging settings. However, it also imposes a considerable 
burden on the operator, who needs to interpret and execute tasks 
through a cumbersome interface. This challenge can be understood 
as the "gulf of execution and evaluation," [83] which represents 
the gap between the high-level objectives of the robotic system 
(e.g., surgical procedures or exploration) and the low-level input 
mechanisms available to the operator (e.g., joystick commands and 
monitor-based feedback) [113]. The difficulties posed by this gulf 
have been categorized into three issues: 1) confusion about which 
commands will achieve the given goal, 2) uncertainty about the 
impact of their commands on the system, and 3) potential phys-
ical dangers surrounding the robot system while it is executing 
commands [113]. Therefore, to address these challenges, current 
teleoperation research focuses on bridging the gulf between the 
operator and the remote system, aiming to improve user experience 
and task performance. 

https://creativecommons.org/licenses/by-nc-sa/4.0
https://creativecommons.org/licenses/by-nc-sa/4.0
https://creativecommons.org/licenses/by-nc-sa/4.0
https://doi.org/10.1145/3706598.3713767
https://doi.org/10.1145/3706598.3713767


TelePulse: Enhancing the Teleoperation Experience through Biomechanical Simulation-Based EMS CHI ’25, April 26–May 01, 2025, Yokohama, Japan 

Recently, to address robot control challenges and enhance clarity 
in the execution and evaluation phases of human-robot interac-
tion, researchers have been developing teleoperation systems that 
integrate virtual reality (VR) and haptic feedback technologies. 
The combination of VR and haptic feedback provides a immer-
sive and realistic experience, enabling operators to receive tactile 
and force feedback in virtual environments, which enhances situ-
ational awareness and facilitates the execution of complex tasks 
[35, 45, 112]. Initially, haptic feedback in teleoperation was imple-
mented using grounded mechanical devices [23, 95, 100], where 
robot manipulators were anchored to surfaces such as desks or 
the ground. These setups synchronized forces between the remote 
robot and its environment through identical [110] or scaled-down 
robotic models [2, 18]. Such systems have the advantage of pro-
viding users with sufficient and actual force feedback, but they 
are limited by their complexity, mobility, and high costs, thereby 
weakening the advantages of teleoperation, which allows tasks to 
be performed regardless of time and location. To overcome these 
limitations, recent research has focused on wearable haptic devices 
that offer greater mobility and cost-effectiveness. Wearable devices 
commonly utilize technologies such as vibration motors [9, 56], 
small actuators [1, 17], and electrotactile stimulation [88, 89] to 
provide tactile feedback. Wearable devices have addressed the pre-
vious limitations of grounded devices, enabling a more flexible and 
lightweight haptic teleoperation system; however, the small form 
factor of these devices confines the feedback to the skin’s surface, 
limiting their ability to generate the realistic and actual force feed-
back required for delicate teleoperation tasks. In an effort to bridge 
the gap between grounded and wearable systems, some studies 
have explored exoskeleton-based wearable devices [8, 43]. While 
these exoskeletons can deliver actual force as haptic feedback, they 
present a technical trade-off: to provide actual and sufficient force, 
the inclusion of powerful actuators and batteries is necessary, which 
increases their weight, thereby reducing user mobility. 

In light of these challenges, we propose a haptic feedback system, 
named TelePulse, which combines biomechanical simulations with 
electrical muscle stimulation (EMS) to deliver realistic force feed-
back in a lightweight, wearable format suitable for teleoperation 
tasks. EMS induces muscle contractions through electrical stimu-
lation, mimicking the natural process by which humans generate 
force. Distinct from traditional haptic devices, EMS does not rely 
on external actuators, enabling the simulation of large forces with 
relatively low power consumption and a compact size. However, 
EMS operates on individual muscles, requiring the stimulation of 
multiple muscles with varying intensities to accurately provide 
the forces resulting from interactions between the robot and the 
environment. In particular, determining the intensity, timing, and 
which muscles to stimulate with EMS requires real-time calcula-
tions based on the user’s posture, forces from the remote robot, 
and the user’s specific biomechanical characteristics, such as body 
length, joint movements, and weight. To address these challenges, 
TelePulse integrates biomechanical simulation, primarily used in 
the rehabilitation field, into a real-time VR environment, enabling it 
to calculate and deliver precise stimulation to the remote operator. 

The TelePulse system proposed in this paper is divided into two 
main components: 1) the physical simulation component (PhySim) 
and 2) the electrical stimulation component (EleStim). The PhySim 

component is responsible for calculating the magnitude and direc-
tion of the forces that need to be provided to the user based on the 
kinematic data and force-torque (F-T) sensor data from the remote 
robotic manipulator. It then performs biomechanical simulations 
that consider user-specific characteristics such as posture, body 
length, joint movements, and weight, to compute the target torque 
for each joint in real-time. The EleStim component receives the 
target torque data from the PhySim component and converts it into 
EMS intensities that are personalized for the individual user. This 
enables the system to deliver the required force feedback as haptic 
sensations in real-time, providing a more immersive and accurate 
teleoperation experience, thereby improving task performance and 
user experience in teleoperation. 

This paper discusses the development, implementation, and val-
idation of the TelePulse system, and presents the results of two 
experiments conducted to assess its effectiveness. The first experi-
ment focused on evaluating the accuracy of EMS intensities calcu-
lated through TelePulse’s biomechanical simulations by comparing 
them with actual muscle activations measured via electromyogra-
phy (EMG) sensors in an environment where forces were applied in 
various directions. The second experiment examined the system’s 
ability to enhance task performance and user experience in actual 
teleoperation scenarios by conducting a live-user study. To pro-
vide a realistic working environment with various types of forces, 
we designed two different tasks: a sanding task with continuous 
force feedback and a drilling task with impulse force feedback. In 
these experimental environments, we compared TelePulse with two 
conditions: EMS without biomechanical simulation and an electro-
tactile condition commonly used in existing wearable haptic sys-
tems, allowing us to clearly identify the advantages of integrating 
biomechanical simulations within the TelePulse EMS system. The 
experiments demonstrate the potential of combining biomechanical 
simulations with EMS to improve the precision and effectiveness of 
haptic feedback in teleoperation environments, thereby enhancing 
task performance and overall user experience. This study addresses 
the following research questions: 

• How accurately can TelePulse replicate natural muscle ac-
tivations using biomechanical simulations and EMS during 
force-directed teleoperation tasks? 

• Can TelePulse enhance user experience and task perfor-
mance in teleoperation through biomechanical simulation 
based EMS? 

• What are the limitations of using biomechanical simulations 
and EMS for haptic feedback in teleoperation, and how can 
these limitations be mitigated? 

2 Background 

2.1 Teleoperation Haptic System 
Previous research on teleoperation haptic systems is broadly classi-
fied into grounded mechanical devices and body-attached devices. 
Grounded mechanical devices focus on delivering reliable force 
feedback for teleoperated tasks. Early work by Ueberle et al. [110] 
introduced a hyper-redundant haptic interface with 10 degrees of 
freedom (DOF) joints, demonstrating dexterity while maintaining 
precise force feedback for tool manipulation. This study highlights 
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how grounded mechanical devices inherently excel in tasks requir-
ing fine force rendering and singularity resolution. Subsequently, 
commercial haptic devices have emerged, offering scalable solu-
tions for various applications. Ajoudani et al. [2] employed the 
Novint Falcon [40] to adapt robot impedance in real-time using po-
sition and stiffness references from the operator’s arm. In both the 
medical and industrial domains, grounded mechanical devices have 
enabled the delivery of complex force feedback. Ze Cui et al. [18] 
used the Phantom Premium [28] for robotic surgery, achieving fine 
control over delicate tasks. González et al. [29] applied the Phantom 
Omni [27] for surface treatments, allowing precise force control 
in industrial environments. These studies highlight the capacity 
of grounded haptic systems to support tasks involving detailed 
and multi-dimensional force interactions. However, despite these 
advances, grounded mechanical devices face inherent limitations. 
Their large size and need for a stable base restrict operator mo-
bility and workspace flexibility, confining users to predetermined 
workstations [23, 95, 100]. This constraint impacts the fundamental 
advantage of teleoperation—the ability to work independently of 
location—as operators remain confined to fixed setups. 

To overcome these limitations, recent body-attached devices 
are primarily developed with an emphasis on portability and di-
rect interaction with the user’s arms. These systems successfully 
improve the mobility and wearability of haptic teleoperation sys-
tems by integrating various tactile feedback mechanisms, such 
as electrotactile feedback [88, 89, 103] and vibrotactile feedback 
[16, 26, 87, 118]. First, in studies using electrotactile feedback, Pa-
mungkas et al. [88] utilized electrical stimulation in a teleoperated 
robotic arm to deliver tactile feedback, enhancing task precision in 
obstacle avoidance. Shahu et al. [103] further demonstrated its ef-
fectiveness in improving user performance beyond visual feedback 
alone. Second, vibrotactile feedback systems, Won et al. [118] de-
veloped a wireless vibration display device to replicate 3-DOF force 
feedback in a teleoperation system. Huang et al. [34] introduced 
AeroHaptix, a wearable system designed for UAV teleoperation 
that delivers directional vibrotactile feedback to enhance spatial 
awareness. Moreover, vibrotactile feedback has also been used for 
small-scale tactile perception. For example, Becker et al. [6] em-
ployed vibration signals linked to visuotactile sensors on a robot’s 
end-effector, improving the perception of contact forces. Trinita-
tova and Tsetserukou [109] developed the vDeltaGlove, combining 
palm and fingertip feedback to deliver multimodal tactile sensations. 
These recent advancements illustrate significant progress in body-
attached haptic devices, enhancing portability and providing more 
intuitive haptic feedback. Nevertheless, a limitation remains: the 
inability to replicate the magnitude and direction of actual forces 
experienced during interactions. By only providing surface-level 
haptic cues, these devices struggle to simulate large-scale force 
feedback applied to the entire arm. 

In summary, while grounded mechanical devices offer actual 
force feedback and precise interaction with objects in remote en-
vironments, their large size and need for a stable base restrict the 
user’s mobility and limit the range of motion during teleoperation. 
Conversely, body-attached devices enhance portability and allow 
for greater freedom of movement. However, these devices face 
challenges in replicating large-scale forces or actual torque feed-
back, limiting their ability to provide immersive haptic sensations. 

This technical trade-off between the precision of grounded devices 
and the mobility of body-attached systems is a major challenge in 
current research for designing effective teleoperation. 

2.2 EMS Haptic System 
EMS technology generates signals that stimulate muscle contrac-
tions by placing electrode pads near specific muscles, mimicking 
bioelectrical signals. This technique has been extensively studied in 
HCI research for its capability to deliver haptic feedback in virtual 
environments using small and lightweight devices without using 
external actuators [21, 42, 51, 54, 68, 70, 71, 111]. EMS offers the ad-
vantage of simulating realistic tactile feedback without the need for 
bulky physical devices. For example, in VR applications where users 
interact with heavy objects or encounter resistance, EMS can suc-
cessfully stimulate the muscles responsible for counteracting these 
forces, simulating the sensation of lifting or pushing. Studies have 
shown that EMS can effectively simulate the sensation of interact-
ing with virtual objects like walls, heavy boxes, or sliders, allowing 
users to feel the weight and resistance of objects [39, 51, 70, 71], 
and can also replicate physical impacts, such as collisions, by com-
bining muscle stimulation with tactile cues [39, 68]. This feedback 
can be adjusted to ensure consistent perception of virtual elements, 
enabling users to experience force or impact feedback with greater 
immersion. 

Although EMS has demonstrated its potential to deliver actual 
force with low power consumption and lightweight form without 
the need for external actuators, its application in teleoperation 
scenarios remains underexplored. The TelePulse system addresses 
these challenges by optimizing the location and intensity of muscle 
stimulation in real-time, considering the complex muscle and joint 
structures of the user’s arm. Using biomechanical algorithms, the 
system simulates external forces and their interaction with the 
user’s joints, providing realistic force feedback in teleoperation. 

2.3 Biomechanical Simulation 
Biomechanical simulations have been extensively applied in reha-
bilitation, especially for evaluating upper-limb functionality and 
assisting in the design of robotic assistive devices [4, 19, 30, 82, 101]. 
For example, in a study by Ayodele et al. [4], biomechanical simula-
tions were used to simulate the interaction between a human arm 
and a rehabilitation robot, employing a dynamic arm model with 
11 DOF. Similarly, Saputra et al. [101] developed a real-time control 
system for musculoskeletal models of the upper limb, demonstrat-
ing the efficacy of using biomechanical simulations in controlling 
wearable exoskeletons and robotic systems for arm rehabilitation. 

Furthermore, these upper-limb biomechanical simulations have 
been integrated with VR environments, proving effective in improv-
ing motor recovery through immersive and motivational exercise 
experiences [7, 14]. Powell et al. [93, 94] integrated biomechanical 
simulation with a VR environment to accurately predict shoulder 
joint angles and forces during VR rehabilitation exercises, improv-
ing remote rehabilitation by providing therapists with real-time 
data on patient movements. Guo et al. [31] proposed a system for 
upper-limb force tracking within a digital twin VR environment us-
ing biomechanical simulations, offering dynamic, immersive scenar-
ios tailored to the user’s progress and improving exercise recovery 
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through personalized feedback. These studies on the integration 
of biomechanical simulation and VR systems demonstrated that 
the motion of the real upper limb drove the virtual upper limb 
in real-time, dynamically measuring force and ensuring accurate 
muscle force analysis while enabling a non-invasive method. 

Recently, extending beyond the application of biomechanical 
simulation in VR rehabilitation, several studies have been con-
ducted to utilize it for providing realistic haptic sensations. Notably, 
research by Hwang et al. applied biomechanical simulations to 
lower-limb VR interactions, refining the realism of haptic feedback 
forces [39]. Their system, ErgoPulse, integrated biomechanical mod-
els to compute joint torques, converting them into EMS parameters 
designed to simulate forces such as water currents or the impact 
of kicking a soccer ball. The system ensured consistent force deliv-
ery that matched the user’s biomechanical capabilities, reducing 
discrepancies in perceived force and enhancing overall task real-
ism. Previous researches applying biomechanical simulations in 
VR has shown that these simulations can effectively replicate the 
kinematic properties of real users within a virtual space. In this 
study, we expanded on this approach by utilizing the biomechani-
cal simulation to facilitate real-time interactions between a user’s 
virtual twin in the virtual space and a robotic actuator in the real 
world, which possesses differing spatial and kinematic properties. 
In particular, these studies utilized OpenSim [19], an open-source 
biomechanics simulator, for biomechanical simulation, which is 
widely used to model upper-limb musculoskeletal structures, assess 
motor functions, and develop rehabilitation strategies. This enables 
a more immersive and realistic haptic experience by simulating arm 
motion and joint forces, utilizing the OpenSim platform to provide 
accurate feedback for teleoperation tasks. Therefore, to perform 
the biomechanical simulation for the TelePulse system proposed in 
this study, we utilized the OpenSim dynamic upper arm model. 

3 Implementation 

3.1 System Overview 
The overall structure of the TelePulse system builds upon the struc-
ture of ErgoPulse by Hwang et al. [39]. While ErgoPulse focused 
on the forces acting on a virtual avatar synchronized with the real 
user, TelePulse accounts for interactions with a real-world robotic 
manipulator. Consequently, an interface for additional interactions 
between the user and the environment has been incorporated, as 
shown on the left side of Fig. 2. The teleoperation interface between 
the user and the environment is facilitated by a controller and a VR 
head-mounted display (HMD), as depicted on the left side of Fig. 2. 
Initially, the user sets the tool center point of the manipulator using 
the controller. The joint coordinates required for the manipulator 
to reach this target position are then calculated through inverse 
kinematics and communicated to the robot via TCP protocol. Simul-
taneously, the workspace, including the manipulator, is converted 
into a point cloud using the Intel RealSense D435i, and this data is 
presented to the user in VR through the Unity engine. 

The proposed EMS haptic system consists of two key compo-
nents: 1) the PhySim component and 2) the EleStim component. 
The PhySim component begins by acquiring upper body motion 
capture data from the Meta Quest 3 Movement Software Development 
Kit [75]. This motion capture is achieved through inside-out body 

tracking, using video data from the Meta Quest 3 VR headset’s ex-
ternal cameras—a pair of 4 Mpx RGB cameras and four 400 × 400 px 
IR cameras. The positional data for each joint, obtained through 
motion capture, is converted into joint coordinates using inverse 
kinematics. Using these coordinates, the system performs two sepa-
rate inverse dynamics calculations. The first model (Model 1 in Fig. 
2) computes joint torques without incorporating external forces, 
while the second model (Model 2 in Fig. 2) includes these external 
forces in its calculations. The difference between the joint torques 
derived from the two models indicates the torque magnitude that 
the EMS system must replicate. 

To apply external forces in the simulation, we implemented two 
features—coordinate transformations and force scaling—tailored 
for teleoperation scenarios. First, in teleoperation, the coordinate 
frames of the forces and torques measured from the robotic manipu-
lator differ from those of the user’s hand and controller. To address 
this, we performed quaternion-based coordinate transformations to 
align the measured external forces with the biomechanical simula-
tion. Detailed information about this process is provided in Section 
3.4. Second, in teleoperation, the scale of force feedback resulting 
from interactions between the robotic manipulator and the envi-
ronment may not align with the force scale achievable by the user 
using their own arm. For instance, teleoperation scenarios might 
include tasks such as clearing heavy building debris in construction 
sites or rescue operations, where forces exceed human capabilities, 
or performing delicate procedures like microsurgery on tiny blood 
vessels, where forces are below human perception thresholds. To 
address this, the external forces were adjusted to match the user’s 
preferences through relative scaling after the coordinate transfor-
mation. However, in the experiments conducted for this study, we 
limited the force to 30 N due to the manipulator’s safety limits, 
which fall within the average force range humans can typically 
exert during tasks. Consequently, despite being informed about 
this feature, all participants chose not to use the relative scaling 
function. 

Next, the EleStim component of TelePulse determines the EMS 
intensity to generate the required torque calculated by the PhySim 
component. The characteristics and intensity of the EMS stimulus 
depend on the user’s muscle properties and the placement of elec-
trodes [22, 91]. Therefore, EMS strength must be individualized for 
each muscle, and electrode placement must be accurately mapped 
using anatomical landmarks to avoid unintended muscle activation. 
To tailor the EMS intensity, we establish the torque-intensity rela-
tionship for each user’s muscles, as detailed in Section 3.2. The EMS 
stimulus, determined by this relationship, is subsequently trans-
mitted to the user’s arm muscles via a remotely controlled EMS 
device, allowing the user to experience the forces resulting from 
interactions between the remote manipulator and the environment. 

3.2 Personalization Process of EMS 
This section introduces the personalization process for TelePulse. 
As mentioned earlier, achieving accurate biomechanical simulations 
and EMS requires a personalization process tailored to individual 
characteristics, such as height, weight, bone length, and muscu-
loskeletal properties. This personalization process is divided into 
two main stages: 1) geometrical calibration of the biomechanical 
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Figure 2: Overview of the TelePulse system. The diagram on the left illustrates the components of the user and environment, 
showing the data exchanged between them. The components of the biomechanical simulation are enlarged and highlighted on 
the right. The PhySim part on the right calculates joint torques, while the EleStim part adjusts EMS intensity for real-time 
muscle feedback. 

simulation based on the user’s body measurements, and 2) EMS 
calibration to determine the relationship between torque and stim-
ulation intensity. 

Figure 3: (a) Inter-joint distances of the participant for geo-
metrical calibration, (b) EMS intensity to joint torque fitting. 

First, during the geometrical calibration stage, we measured the 
distances between each joint for each participant, as illustrated 
in Fig. 3 (a). These measurements were used to perform a body 
retargeting process within the motion capture system, allowing for 
accurate simulation of the user’s biomechanics. The total body mass 
of each participant was measured using a scale, and the weights of 
individual body segments (upper arm, lower arm, and hand) were 
estimated using the Dempster biomechanical model [20]. These data 
were then applied to the biomechanical simulation to create an 
individualized model for each user. 

Second, since the relationship between EMS intensity and joint 
torque varies according to individual musculoskeletal characteris-
tics, we calibrated each participant’s muscles using a sigmoid-based 
torque-intensity graph fitting method used in rehabilitation and 
haptics fields [5, 12, 39, 57, 64, 65]. The EMS system used for hap-
tic feedback applies stimuli within a range defined by the motor 
threshold (𝐼𝑀𝑇 ), the minimum stimulus intensity required to induce 
muscle contraction, and the pain threshold (𝐼𝑃𝑇 ), the maximum in-
tensity that does not cause discomfort. The effective stimulation 
range lies within the acceleration region of the sigmoid-shaped 
torque-intensity curve [5, 12, 57, 65], where the relationship be-
tween torque (𝑇 ) and stimulus intensity (𝐼 ) is expressed as an ex-
ponential function (Fig. 3 (b)) with fitting parameters 𝑎 and 𝑏, as 
shown in Eqn. 1: 

𝑇 (𝐼 ) = 𝑎𝑒 𝑏𝐼 (𝐼𝑀𝑇 ≤ 𝐼 ≤ 𝐼𝑃𝑇 ) (1) 

In this experiment, we conducted simulations on six muscles: 
biceps brachii (Biceps), triceps brachii (Triceps), extensor carpi radi-
alis longus (ECRL), extensor carpi ulnaris (ECU), flexor carpi radialis 
(FCR), and flexor carpi ulnaris (FCU) (Fig. 4). To measure 𝐼𝑀𝑇 and 
𝐼𝑃𝑇 for each of these muscles, electrodes were attached to the par-
ticipants, and the stimulus intensity was incrementally increased. 
Based on the participants’ responses, the range of stimulation used 
in the experiment was determined (from minimum 𝐼𝑀𝑇 to maxi-
mum 𝐼𝑃𝑇 ). Once the stimulation range was set, we used a custom 
calibration device to obtain the torque-intensity relationship curve 
for each of the participant’s six muscles, as shown in Fig. 5. This 
device consists of load cells positioned to measure forces generated 
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Figure 4: Enumerated muscles utilized in biomechanical sim-
ulation model. Six muscles are labeled: biceps brachii (Bi-
ceps), triceps brachii (Triceps), extensor carpi radialis longus 
(ECRL), extensor carpi ulnaris (ECU), flexor carpi radialis 
(FCR), and flexor carpi ulnaris (FCU). 

Figure 5: Calibration device for determining torque-intensity 
relationships. (a) Setup for biceps and triceps using load cells 
above and below the forearm. (b) Setup for ECRL, ECU, FCR, 
and FCU muscles using load cells in four directions with a 
handle. 

by specific muscle groups. To ensure reliable calibration, we devel-
oped the device based on a load cell-based torque measurement 
device utilized in prior studies. Drawing on devices from earlier 
research that measured the torque-intensity graph for upper-body 
muscles [12, 57, 64, 67], we designed the device to firmly secure 
the user’s muscles with bands and locking blocks, ensuring that 
torque generated by muscle contractions is not misinterpreted as 
unintended movements. In Fig. 5 (a), the calibration device is con-
figured to measure the torque of the biceps and triceps, with load 
cells positioned above and below the forearm. For the remaining 
four muscles (ECRL, ECU, FCR, and FCU), Fig. 5 (b) illustrates a 
setup where the load cells are arranged to measure forces in the up, 
down, left, and right directions while the wrist is fixed. A handle 
is attached to the participant’s hand to ensure stable positioning 
during the calibration process. To establish the torque-intensity 
relationship within this range, the interval between 𝐼𝑀𝑇 and 𝐼𝑃𝑇 
was divided into seven segments, and the torque generated at each 
intensity level was measured three times using a load cell to ensure 
accuracy. The average torque values were then fitted to Eqn. 1, 
resulting in personalized torque-intensity curves for each of the 
six muscles, such as the one shown in Fig. 3 (b). This process al-
lowed us to develop a personalized biomechanical model for each 
participant, ultimately enabling the calculation of joint torques and 
the corresponding EMS intensities required to replicate the forces 
experienced during teleoperation. 

Through this comprehensive process, we created six distinct 
torque-intensity graphs for each participant. These relationships 
are then utilized by our system to determine the EMS intensity 
required to generate the appropriate joint torques in real-time, 
ensuring accurate haptic feedback during teleoperation. 

3.3 Biomechanical Simulation Implementation 
To perform biomechanical simulation tailored to individual users, 
our system constructs a personalized body model by incorporating 
details such as the length, weight, and relative position of each 
body segment, obtained through geometrical calibration. However, 
despite this process, the personalized model is still missing essential 
information for accurate simulation, such as the degrees of freedom, 
movement dynamics, range of motion, and the relative positions of 
joints and bones. Therefore, we utilized the MoBL-ARMS Dynamic 
Upper Limb model [73, 102] from the open-source software OpenSim 
[19] to gather detailed information on joint properties and the 
connections between body segments. 

This customized body model is then integrated into our system, 
where it undergoes real-time inverse dynamics calculations us-
ing the Nvidia PhysX engine, a physics-based simulation platform 
within the Unity environment. By combining joint coordinate data 
obtained from real-time motion capture and inverse kinematics, 
the system considers gravitational forces and, when applicable (as 
in model 2 of Fig. 2), incorporates external forces measured by the 
F-T sensor attached to the Universal Robots UR10e robot. These 
components work together to calculate the torque applied to the 
user’s joints in real-time, determining the specific torque that EMS 
needs to provide for each joint based on the current conditions. 

3.4 Coordinate Transformation for Simulation 
In teleoperation scenarios, the TelePulse system transmits the forces 
and torques experienced by the remote robotic manipulator to the 
user’s arm. In contrast to other EMS systems that operate within 
a single coordinate frame, TelePulse requires a coordinate trans-
formation process because the manipulator and the user exist in 
different coordinate systems. 

We define three coordinate systems to facilitate this transfor-
mation: The Manipulator Coordinate System (𝐶𝑚), attached 
to the robotic manipulator’s end-effector where the force-torque 
sensor measurements F𝑚 and T𝑚 are obtained. The World Co-
ordinate System (𝐶𝑤 ), serving as the global reference frame in 
which both the manipulator and the user’s arm are represented. The 
User Coordinate System (𝐶𝑢 ), attached to the user’s hand in the 
biomechanical simulation. To transform forces and torques from 
𝐶𝑚 to 𝐶𝑢 , the relative rotation between these coordinate systems 
is computed directly using quaternions. Quaternions are selected 
for this transformation due to their computational efficiency and 
ability to avoid gimbal lock, which are particularly advantageous 
for real-time haptic feedback in teleoperation scenarios. Let q𝑚→𝑤 
and q𝑢→𝑤 be the unit quaternions representing the orientations of 
the manipulator’s end-effector and the user’s hand in the world co-
ordinate system 𝐶𝑤 . The quaternion representing the rotation from 
the manipulator’s coordinate system 𝐶𝑚 to the user’s coordinate 
system 𝐶𝑢 is then obtained by: 
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q𝑚→𝑢 = q𝑚→𝑤 ⊗ q∗ 
𝑢→𝑤 (2) 

where ⊗ denotes quaternion multiplication and q∗ is the conju-
gate of quaternion q. 

A unit quaternion q = [𝑞𝑤 , 𝑞𝑥 , 𝑞𝑦 , 𝑞𝑧 ] can be represented in 
terms of an axis-angle rotation, where v = [𝑣𝑥 , 𝑣 𝑦 , 𝑣𝑧 ] is the unit 
vector representing the axis of rotation and 𝜃 is the angle of rotation: 

q = [cos(𝜃 /2), 𝑣𝑥 sin(𝜃 /2), 𝑣 𝑦 sin(𝜃 /2), 𝑣𝑧 sin(𝜃 /2)] (3) 

Using the quaternion q𝑚→𝑢 , we transform the force F𝑚 and 
torque T𝑚 measured in 𝐶𝑚 into 𝐶𝑢 : 

F𝑢 = |F𝑚 | (q𝑚→𝑢 ⊗ F̂𝑚 ⊗ q∗ 
𝑚→𝑢 ) (4) 

T𝑢 = |T𝑚 | (q𝑚→𝑢 ⊗ T̂𝑚 ⊗ q∗ 
𝑚→𝑢 ) (5) 

where ˆ F𝑚 and ˆ T𝑚 are the unit vectors of F𝑚 and T𝑚 respectively, 
treated as pure quaternions (quaternions with zero scalar part) 
during these operations. This approach allows for efficient rotation 
of the vectors while preserving their magnitudes, ensuring accurate 
transformation of both direction and magnitude of the force and 
torque from the manipulator’s coordinate system to the user’s 
coordinate system. These transformed forces and torques F𝑢 and 
T𝑢 are now expressed in the user’s coordinate system and can be 
directly applied to the biomechanical model of the user’s arm. 

3.5 EMS Hardware Implementation 

Figure 6: (a) The EMS device implemented in this study, worn 
around the participant’s waist. (b) Electrodes attached to 
specific arm muscles for delivering remote EMS stimulation 
during the experiment. 

In this study, we developed a hardware system to remotely de-
liver the computed EMS intensity to the operator, as shown in 
Fig. 6. The EMS signals were generated using the TENS 7000 de-
vice, a medical-grade unit capable of delivering up to 100 mA of 
EMS. To ensure user safety, the signal generation module from 
the TENS 7000 device was used without any modifications. The 
control and adjustment of EMS intensity were implemented using 
an Arduino Nano 33 IoT microprocessor board and an AD5252 dig-
ital potentiometer, based on methodologies from previous studies 
[68, 69, 91]. Electrodes were attached to six muscles, as shown in 
Fig. 6 (b). To control the EMS intensity, we incorporated a digital 

potentiometer, allowing adjustments in 255 discrete steps, as illus-
trated in Fig. 6 (a). This potentiometer is remotely controlled via 
Wi-Fi using WebSocket communication with a computer. To ensure 
system safety, the stimulation and control modules are electrically 
isolated. Additionally, a master switch, within easy reach of the 
participant, allows them to shut down all devices simultaneously at 
any time if they wish to stop. Based on previous research indicating 
that a signal frequency above 50 Hz is required to induce muscle 
contractions in participants [41, 55], we used a 100 Hz stimulation 
signal with this device. The system’s overall delay was assessed 
using the Unity Profiler, with the total end-to-end delay measured 
at approximately 45 ms. This delay includes motion capture (≈ 15 
ms), physical simulation (≈ 10 ms), Wi-Fi communication with the 
EMS device (≈ 5 ms), and muscle contraction latency (≈ 15 ms). 

4 Experiment 1: Comparative Analysis of EMS 
Intensity and EMG Data in Force-Directed 
Tasks (E1) 

The TelePulse system interprets the dynamics of a rigid body through 
biomechanical simulation, calculating the torque at each joint to 
provide force feedback to the arm via EMS. To assess the accuracy 
of the EMS intensities derived from biomechanical simulations, 
we compared the predicted muscle activation patterns with actual 
activations measured via EMG sensors. This comparison focused 
on how closely the simulated EMS-induced activations matched 
the muscle responses recorded during specific force-directed tasks 
in a teleoperation scenario. 

4.1 Evaluation Setup 

Figure 7: Experimental setup for the force-directed task. 
(a) The handle attached to the robotic arm’s end tool, la-
beled with force directions: Up/Down, Forward/Backward, 
and Right/Left. (b) A participant wearing Oculus Quest 3 for 
motion capture and Gforce PRO EMG armbands (upper & 
lower) for monitoring muscle activity. 

To assess the correlation between the EMG data and the simu-
lated EMS intensities, we designed a force-directed task. Participants 
were instructed to grasp the handle of the robotic arm’s end tool, 
which was equipped with an F-T sensor, and perform a series of 
pushing tasks in six directions: up, down, left, right, forward, and 
backward (Fig. 7 (a)). The participants performed these tasks while 
standing on a platform positioned 30 cm from the end tool. Each 
participant wore two OYmotion Gforce PRO EMG armbands – one 
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on the lower arm and one on the upper arm (Fig. 7 (b)) – to record 
real-time EMG data from six muscle groups: biceps, triceps, ECRL, 
ECU, FCR, and FCU. In addition, upper body motion capture data 
were collected using the Oculus Quest 3 headset. The force and 
motion data collected during these tasks were subsequently used 
to estimate the EMS intensities required to induce the observed 
interaction forces. 

To determine how accurately TelePulse’s biomechanical simu-
lation calculates EMS, we implemented two haptic systems and 
compared the EMS data calculated by each system to the actual 
EMG data from users. We compared the EMS intensities calcu-
lated through the biomechanical simulations method (labeled as 
TelePulse) and the method without biomechanical simulations, 
which simply adjusts the stimulus intensity proportionally to the 
force magnitude (labeled as NonBioSim), by assessing their simi-
larity to the actual EMG data. This comparison specifically aimed to 
evaluate the effectiveness of biomechanical simulation in improv-
ing muscle activation accuracy across the six force directions. First, 
under the TelePulse condition, we used biomechanical simulations 
to calculate the EMS intensity required to generate the observed 
forces. The force applied by each participant, as recorded by the 
F-T sensor, along with the upper body motion capture data, was 
input into the simulations. Each participant completed the person-
alization process described in Section 3.2 prior to performing the 
EMS intensity calculations. Second, under the NonBioSim condi-
tion, we employed a conventional method without biomechanical 
simulation, where the EMS intensity was proportionally mapped to 
the maximum force of the robotic arm (45 N) and the participant’s 
pain threshold (𝐼𝑃𝑇 ). The intensity was directly scaled to the F-T 
sensor readings, as done in previous upper limb haptic feedback 
studies [88, 89]. 

Procedure. Participants were equipped with OYmotion Gforce 
PRO EMG armbands on both the lower and upper arm of their dom-
inant side, along with an Oculus Quest 3 headset. They received 
a brief introduction on how to use the equipment before the ex-
periment began. In the VR environment, participants could view 
the skeletal form of their arm as they grasped the robotic arm’s 
end tool and performed pushing tasks in six directions: up, down, 
left, right, forward, and backward. For each direction, participants 
were instructed to push and hold the handle for 5 seconds after a 2-
second preparation period, then release. This process was repeated 
three times per direction, totaling 18 trials (6 directions × 3 trials). 
Participants were instructed to maintain a stable posture, using 
only their arm muscles to exert force during the pushes. Before 
the experiment, participants were given approximately 2 minutes 
of practice time. Eight participants (age range: 22–25 years, M = 
24.13, SD = 1.25, 5 males, 3 females) participated in the study, and 
all experiments were approved by the Institutional Review Board. 

4.2 Results and Discussion 
4.2.1 EMG Signal Processing. In E1, we aimed to assess the similar-
ity between the EMS signals generated by TelePulse and NonBioSim 
in comparison to the actual EMG signals. To measure the similar-
ity between EMS and EMG, we first analyzed the EMG signals, as 
shown in Fig. 8. Following the EMG signal analysis methods used 
in previous studies [3, 33, 78], we post-processed the EMG signals 

in three steps. Initially, we rectified the EMG signal by inverting the 
raw data with respect to the offset to calculate the rectified EMG 
signal (Fig. 8—Rectified EMG Signal). Next, we removed noise from 
the EMG signal using a low-pass filter (Fig. 8—Noise Filtered EMG 
Signal). We then performed linear envelope extraction after identi-
fying the extrema from the noise-filtered signal, which smoothed 
the EMG signal into a refined curve (Fig. 8—Linear Enveloped EMG 
Signal). Through this process, we transformed the initially noisy 
EMG data into a corrected signal that could be directly compared 
with the EMS signal. 

4.2.2 Similarity Between EMG and EMS. To calculate the similar-
ity between the EMG and EMS signals, we first normalized both 
the EMG and EMS signals to align their scales. Additionally, we 
synchronized all signals along the time axis so that the EMS signals 
would rise simultaneously with the EMG as the muscles became 
activated. The processed TelePulse EMS signal, NonBioSim EMS 
signal, and EMG signal for each muscle are shown in Fig. 9. We mea-
sured the similarity between the EMG and EMS signals by applying 
the mean squared error (MSE) to assess the distance between them. 
For all conditions, the absolute values of skewness and kurtosis did 
not exceed 3.0 and 10.0, respectively, indicating that normality was 
satisfied [53]. We then applied the Student’s t-test to examine the 
significance of the MSE values between TelePulse and NonBioSim. 
The detailed results of the statistical analyses and significance tests 
are presented in Table. 2 in Appendix A. 

Precision of TelePulse Within the Muscles: The significance test on 
the EMS-EMG distance between TelePulse and NonBioSim revealed 
that the EMS signal from TelePulse had a significantly shorter dis-
tance to the EMG compared to NonBioSim (𝑝 < .001***), demonstrat-
ing greater similarity to the activation of the actual user muscles. 
The results are shown in Fig. 10 (a). From these findings, we con-
firmed that TelePulse can provide stimulation with higher accuracy 
than NonBioSim. To further analyze this significance, we compared 
the EMS signals from TelePulse and NonBioSim with the EMG for 
each muscle, including the biceps, triceps, ECRL, ECU, FCR, and 
FCU. The results showed that TelePulse generated EMS signals 
closer to the EMG across all arm muscles, confirming that it can 
deliver muscle stimulation more closely aligned with real muscle 
activations. 

Precision of TelePulse for Rendering Force Directions: The signifi-
cance test indicated that, overall, TelePulse generated EMS signals 
that exhibited a smaller distance to the EMG signals produced when 
the user applied force in all six directions, compared to NonBioSim 
(𝑝 < .001***). The results are shown in Fig. 10 (b). The results 
revealed that TelePulse produced EMS signals closer to the EMG 
signal patterns across all directions, suggesting that incorporating 
biomechanical simulation for precise muscle activation calculation 
brings superior results in rendering virtual force on the participant’s 
arm in all six spatial directions. 

4.2.3 Discussion: Advantages of Incorporating Personalization and 
Biomechanical Simulation. The results of E1 revealed that TelePulse 
provides more accurate control over muscle activation and more 
precisely calculates the muscle stimulation required for simulating 
force directions compared to the conventional method of propor-
tionally delivering EMS intensity based on the force measured by 
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Figure 8: Processing stages of the EMG signal used for comparison with EMS signals. The four panels show (from left to right) 
the original EMG signal, the rectified EMG signal, the noise-filtered EMG signal, and the linear enveloped EMG signal. 

Figure 9: Comparison of EMS signals generated by TelePulse and NonBioSim with the corresponding EMG signals across six 
muscles: biceps, triceps, ECRL, ECU, FCR, and FCU. 

Figure 10: Distance between EMS and EMG signals. (a) Error between EMS and EMG signals across different muscles. (b) 
Error between EMS and EMG signals across different force directions. TelePulse consistently shows lower error compared to 
NonBioSim, indicating higher precision in muscle stimulation and force direction rendering. Significance levels: *p < .05, **p < 
.01, ***p < .001. 
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the F-T sensor. There are two primary factors for the enhanced 
performance of TelePulse: 

Accurate Simulation of Muscle Characteristics: TelePulse deter-
mines EMS intensity by considering the unique muscle characteris-
tics of each participant. The system is optimized through a person-
alization process that estimates the joint torque of the arm based on 
EMS intensity specific to each individual. The conventional method 
(NonBioSim), which omits personalization of the torque generated 
by each muscle in response to stimulation, calculates EMS inten-
sity solely from the force measured by the F-T sensor, using linear 
interpolation between minimum and maximum EMS intensities. 
In contrast, TelePulse estimates the required EMS intensity by ac-
counting for the user’s muscle characteristics, allowing for a more 
precise simulation of muscle stimulation. 

Torque Calculation through Biomechanical Simulation: TelePulse 
incorporates biomechanical simulation to estimate the required 
torque for each joint based on the user’s pose and the forces applied 
to the robotic manipulator. This allows TelePulse to selectively 
stimulate only the necessary muscles for the given force directions. 
In contrast, NonBioSim, which does not incorporate biomechanical 
simulation and lacks information about the operator’s biomechani-
cal properties, cannot differentiate which muscles to activate. This 
difference is particularly evident in Fig. 9, where the activation 
graphs for the biceps and triceps are shown. According to the EMG 
analysis, the participant primarily activates the biceps in response 
to external force on the arm, while the triceps remain inactive. 
TelePulse correctly calculates that the biceps should be more acti-
vated, minimizing stimulation to the triceps. Without these consid-
erations, NonBioSim applies EMS equally to both biceps and triceps 
because it lacks information about the user’s pose (e.g., whether 
the arm is extended, flexed, or raised). This discrepancy demon-
strates the reasons TelePulse achieves better performance by using 
biomechanical simulation to calculate EMS signals. 

5 Experiment 2: Live-User Study - Examining 
TelePulse System’s Effect on Teleoperation 
Tasks (E2) 

5.1 Evaluation Setup 
In E1, we validated the accuracy of the EMS intensity calculated 
by the TelePulse system’s personalization and biomechanical simu-
lation. This section details the evaluation of the TelePulse system 
across two teleoperation tasks: the Sanding Task and the Drilling 
Task, to examine the following two aspects: 1) how effectively it 
improved task performance by providing virtual forces during tele-
operation, and 2) how much it enhanced user presence during the 
teleoperation tasks. 

Task Setup and Comparison Conditions. In this study, we catego-
rized the forces acting on a user’s arm during teleoperation into 
two main types: continuous force and impulse force. Continuous 
forces involve sustained pressure on the arm over a prolonged pe-
riod, such as when pressing a board with the robotic arm during 
a sanding task or when holding and moving an object with con-
stant weight. In these scenarios, the user’s arm continuously moves 
while the haptic feedback adjusts in real-time to provide sustained 

force feedback through controlled EMS intensities and targeted 
muscles. Conversely, impulse forces are short-duration forces that 
are applied and removed quickly, such as when hammering a nail 
or drilling through a material. In these cases, the intensity and 
targeted muscles of the stimulation are determined based on the 
user’s posture, joint angular velocity, and angular acceleration at 
that moment. 

Based on these classifications, we designed two separate tele-
operation tasks to observe whether TelePulse could improve task 
performance in teleoperation and how user experience would differ. 
The first teleoperation task, the "Sanding Task," was designed to 
assess the system’s ability to provide continuous force feedback 
while sanding a large wooden board. The second teleoperation task, 
the "Drilling Task," was created to evaluate the system’s capability 
to provide impulse force feedback during the drilling of multiple 
wooden boards. 

In our study, participants were introduced to four distinct hap-
tic stimulation conditions. The first condition, labeled Baseline, 
was a control condition in which participants did not receive any 
haptic stimulation. To exclude variations in user experience due to 
wearing the device and to maintain the calibrated EMS electrode po-
sitions, the participants wore the equipment, but no stimulation was 
provided. In the second condition, labeled NonBioSim, EMS was 
applied without incorporating biomechanical simulation calcula-
tions. Instead, the stimulation intensity was mapped proportionally 
to the maximum force the robotic arm could exert (30 N) and the 
participant’s pain threshold (𝐼𝑃𝑇 ), with the stimulus intensity in-
creasing proportionally to the F-T sensor readings. We included the 
NonBioSim condition to test the role of biomechanical simulation 
in force feedback, using EMS intensity scaled solely by measured 
force without biomechanical modeling. This allowed us to inves-
tigate the impact of incorporating biomechanical simulation by 
comparing TelePulse’s simulation-based EMS approach to an EMS 
method that simply scaled stimulation intensity in direct proportion 
to the measured force, without considering user posture or biome-
chanical details. The third condition, labeled TelePulse, applied 
haptic force feedback via EMS based on biomechanical simulation 
calculations. The fourth condition, labeled ElecTac, provided tac-
tile sensations without inducing muscle contractions by adjusting 
the electrical stimulation frequency to 20 Hz, following Pamungkas 
et al.’s study [89]. In contrast, as explained in Section 3.5, the EMS 
conditions used a 100 Hz frequency to ensure muscle contractions, 
which typically occur at EMS frequencies above 50 Hz [41, 55]. 
Identical to Pamungkas et al.’s study [89], this condition did not 
involve biomechanical simulations and used a stimulus intensity 
proportional to the F-T sensor values. The ElecTac condition was 
chosen to compare TelePulse’s EMS-based force simulation with 
a commonly used electrotactile approach that does not produce 
muscle contractions, providing only surface-level tactile cues. By 
comparing these conditions, we assessed whether TelePulse could 
enhance task performance during teleoperation and improve the 
user’s experience. 

User Presence and Experience Evaluation Setup. We used the Witmer-
Singer presence questionnaire [116] to assess the user’s level of 
presence across different environments and conditions. This ques-
tionnaire comprises a total of 32 items and employs a 7-point Likert 
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scale to collect responses from participants. For a detailed under-
standing of our survey and assessment criteria, we have included 
the full set of questionnaire items used in our experiment in Appen-
dix B. The questionnaire categorizes the user’s sense of presence 
into four factors as follows: 

• Control Factor: This factor assesses the user’s capability to 
interact with and manage elements within the virtual envi-
ronment. It examines the level of immediate responsiveness 
of the environment to the user’s actions and the extent of 
control that the user perceives. A greater sense of control 
can amplify the user’s feeling of presence. 

• Sensory Factor: This factor evaluates the sensory informa-
tion provided by the virtual environment in terms of quality 
and consistency, including the level of engagement provided 
by the visual, auditory, and tactile experiences. The more 
convincing and encompassing these sensory inputs are, the 
more present a user is likely to feel. 

• Distraction Factor: This factor evaluates the degree to 
which distractions disrupt the user’s experience within the 
virtual environment. Distractions may impede the user’s 
immersion and diminish their sense of presence. These dis-
tractions include external factors, such as noise from the 
physical environment, as well as internal factors, such as 
discomfort or awareness of the equipment being used. 

• Realism Factor: This factor assesses the extent to which the 
virtual environment appears realistic to the user. It reflects 
how closely the environment mirrors real-world experiences 
and behaviors. The more realistic the environment, the more 
likely the user is to feel immersed in it. 

Furthermore, we conducted open-ended interviews to investi-
gate the detailed user experiences. The structure of the interview 
questions is as follows: 

• How did the haptic feedback provided by TelePulse affect 
your experience of performing the teleoperation task? 

• How closely did the haptic feedback from TelePulse resemble 
a real-life experience? 

• Which elements of the teleoperation task did you find partic-
ularly immersive? Or were there any elements that prevented 
immersion? 

All participants were recruited under the same participant con-
ditions as in E1, and the study was conducted with a total of eight 
participants (age range: 22 – 25 years, M = 24.13, SD = 1.25, 5 males, 
3 females). Among these participants, three had no prior experi-
ence with EMS, while nine had experience using EMS in physical 
therapy devices. However, none of the participants had previously 
used EMS for haptic stimulation. All experimental conditions were 
randomized using a Latin-square design. Before the experiment 
began, all participants completed the personalization process out-
lined in Section 3.2 and were instructed to take sufficient breaks 
between experiments. To ensure the validity of EMS personaliza-
tion, participants maintained the same electrode placement for the 
personalization process and the entirety of E2. The study received 
approval from the Institutional Review Board. 

5.2 Teleoperation Task 1: Sanding Task 

Figure 11: Experimental setup for the sanding task. (a) 
Robotic arm equipped with a sander model made of sponge 
and 3D-printed materials. (b) The wooden board with a pre-
defined spiral sanding path, marked with the start and end 
points of the path. 

Figure 12: Teleoperation sanding task overview. (a) The tele-
operator using a VR controller to guide the robotic arm 
and VR view displaying real-time point cloud data and pre-
captured scene. (b) Operation zone showing the robotic arm 
with a sander and depth camera setup. 

5.2.1 Task Setup and Procedure. The first teleoperation task in-
volved remotely controlling a robotic arm equipped with a sander 
to evenly sand a wooden board. In this task, participants used a 
VR controller to move the robotic arm’s end-effector, which was 
synchronized with the controller’s position, to follow a predefined 
spiral path on the wooden board (Fig. 11 (b)). Within the VR en-
vironment, participants could observe the teleoperation zone in 
real-time through a point cloud representation generated by a depth 
camera (Fig. 12 (b)), allowing them to monitor the movement of the 
robotic arm and the sanding process. For the static background, a 
pre-captured 3D reconstructed operation zone was used to enhance 
realism (Fig. 12 (a)). For safety reasons, a sander model made of 
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sponge and 3D-printed materials was used in the experiment (Fig. 
11 (a)). 

During the sanding task, participants received continuous force 
feedback corresponding to the force applied during sanding. The 
intensity and direction of this force feedback varied depending 
on factors such as the depth of the sander’s pressure, the friction 
generated along the sanding path, and the robot manipulator’s pos-
ture and position. In all conditions, before the experiment began, 
participants completed a 2-minute practice session to familiarize 
themselves with the reference sanding force (15 N). In the main 
experiment, participants were instructed to maintain this reference 
force while following the spiral path. To prevent safety hazards and 
potential damage to the robot, a warning message was displayed if 
the force applied to the robotic arm’s end-effector exceeded 30 N, 
ensuring that the force remained below this threshold. The sand-
ing task was performed twice under each condition, resulting in a 
total of 8 trials (4 conditions × 2 trials). The experiment followed a 
within-subject design, and the order of conditions was counterbal-
anced across participants. During the experiment, data including 
the participants’ upper body motion capture, the position of the 
robotic arm’s end-effector, and the force applied to the robotic arm 
were collected in real-time for subsequent analysis. 

5.2.2 Results of the Sanding Task. 

Teleoperation Task Performance Results: We measured task per-
formance in the continuous force application task by asking partici-
pants to sand a wooden board along a predetermined path, with the 
pressure data along the path displayed as a heatmap in Fig. 13. We 
analyzed how consistently participants maintained the reference 
force while sanding by calculating the Mean Absolute Error (MAE) 
between the reference force and the recorded vertical force, which 
is shown in Fig. 14. In this figure, the x-axis represents each experi-
mental condition, while the y-axis denotes the MAE between the 
reference force and the recorded vertical force. For all conditions, 
the absolute values of skewness and kurtosis did not exceed 3.0 
and 10.0, respectively; therefore, normality was satisfied [53]. We 
conducted a one-way repeated measures ANOVA (RM ANOVA) to 
analyze the impact of TelePulse on the consistency of force appli-
cation, and detailed results can be found in Table. 3 in Appendix 
A. For all force application measures, the assumption of sphericity 
was tested using Mauchly’s test. If sphericity was not satisfied, we 
used the Greenhouse-Geisser correction for degrees of freedom. 
For pairwise comparisons, we conducted a post-hoc test using the 
Bonferroni correction. 

The experimental results showed that under the TelePulse con-
dition, participants were able to maintain the reference force with 
significantly less error compared to all other conditions. In contrast, 
the NonBioSim and ElecTac conditions recorded less error than the 
Baseline, but the differences were not statistically significant. This 
suggests that biomechanical simulation played a major role in en-
hancing task performance in the continuous force application task. 
TelePulse, which allowed participants to perceive both the direction 
and magnitude of the force from the remote robotic manipulator, 
enabled them to distinguish between the vertical force needed for 
sanding and the horizontal force needed for path progression. How-
ever, in the NonBioSim and ElecTac conditions, participants could 
only perceive the magnitude of the force without distinguishing 

between the different directional forces, making it more challenging 
to maintain the vertical force consistently with the reference. 

TelePulse’s influence on user presence: The results from the Witmer-
Singer presence questionnaire for the sanding task are shown in 
Fig. 15. The x-axis represents the overall presence score and the 
four subscales of presence, while the y-axis denotes the presence 
score normalized on a 7-point Likert scale with a standard deviation. 
For all conditions, the absolute values of skewness and kurtosis 
did not exceed 3.0 and 10.0, respectively; therefore, normality was 
satisfied [53]. We conducted a one-way RM ANOVA to analyze 
the impact of TelePulse on each element of presence, and detailed 
results can be found in Table. 3 in Appendix A. For all presence 
subscales, the assumption of sphericity was tested using Mauchly’s 
test. If sphericity was not satisfied, we used the Greenhouse-Geisser 
correction for degrees of freedom. For pairwise comparisons, we 
conducted a post-hoc test using the Bonferroni correction. 

In the task requiring continuous force application while sand-
ing a wooden board, the TelePulse condition recorded the highest 
presence, followed by ElecTac, NonBioSim, and Baseline. All stimuli, 
when compared to the Baseline, did not significantly increase user 
distraction (Distraction factor) and led to higher levels of immersion 
through sensory stimulation (Sensory factor). Specifically, the Elec-
Tac and TelePulse conditions produced higher presence due to more 
realistic stimuli (Realism factor), and in the case of TelePulse, biome-
chanical simulation provided participants with more immediate 
and higher control compared to the NonBioSim condition (Control 
factor). This indicates that TelePulse’s biomechanical simulation of-
fered users greater control in the continuous force application task 
and provided a similar or even higher level of realism and sensory 
alignment compared to traditional electrotactile stimulation. 

5.3 Teleoperation Task 2: Drilling Task 
5.3.1 Task Setup and Procedure. The second teleoperation task 
involved remotely controlling a robotic arm equipped with a drill 
to perform a drilling operation on wooden boards. In this task, the 
remote operator used a VR controller to move the robotic arm’s 
end-effector, synchronized with the controller’s position, to drill 
through exactly two of the three stacked wooden boards. The dis-
tance between the first and third boards was set to 3 cm, while 
the middle board was randomly positioned either 1 cm or 2 cm 
away from the first board (Fig. 16 (b)). This random placement was 
intended to prevent participants from estimating and learning the 
location of the second board, thereby ensuring that they relied on 
haptic feedback to detect the contact and breakthrough moments. 
By designing the task to minimize learning effects and emphasize 
haptic sensations, we aimed to allow the results of the experiment 
to be more influenced by the haptic feedback provided by each 
system. Since our primary goal was to understand the differences 
in user experience resulting from the haptic feedback of the three 
systems (Electac, NonBioSim, TelePulse), and these systems provided 
feedback conveying the force information of drilling through a 
wooden board in different ways, we aimed for a comparison fo-
cused on haptic input. The drill attached to the end-effector of the 
robotic arm could be triggered by a servo motor (Fig. 16 (a)), which 
was activated by pressing the trigger button on the VR controller 
(Fig. 17 (a)). 



CHI ’25, April 26–May 01, 2025, Yokohama, Japan Seokhyun Hwang, et al. 

Figure 13: Heatmap visualization of the average sanding force applied across different positions on the board by eight participants 
(P1–P8) under four different conditions: Baseline, NonBioSim, TelePulse, and ElecTac. 

Figure 14: Mean Absolute Error (MAE) of sanding force across 
four conditions: Baseline, NonBioSim, TelePulse, and ElecTac. 
The y-axis represents the error in sanding force (N), calcu-
lated as the MAE relative to the reference force of 15 N. Sig-
nificance levels are indicated: *p < .05. 

During the drilling task, the remote operator experienced mo-
mentary impulse force feedback when the drill contacted the wooden 
boards and when it broke through them. The intensity and direc-
tion of this force feedback varied depending on factors such as the 

direction and speed of the drill’s contact with the boards, and the 
posture and position of the robotic manipulator. Before starting 
the main experiment, participants completed a 2-minute practice 
session to familiarize themselves with the drilling task. The drilling 
task was performed twice under each condition, resulting in a to-
tal of 8 trials (4 conditions × 2 trials). The experiment followed a 
within-subject design, and the order of conditions was counterbal-
anced across participants. During the experiment, data including 
the participants’ upper body motion capture, the position of the 
robotic arm’s end-effector, and the force applied to the robotic arm 
were collected in real-time for subsequent analysis. 

5.3.2 Results of the Drilling Task. 

Teleoperation Task Performance Results: The task performance 
of applying impulse force to drill through only two out of three 
wooden boards showed the results depicted in the Fig. 18. The 
results were recorded as follows: 1 for cases where the drill com-
pletely penetrated the board, creating a hole; 0.5 for cases where 
the drill made contact with the board, causing scratches or dents 
but not fully penetrating it; and 0 for cases where the drill did 
not touch the board at all. To determine the accuracy with which 
participants performed the remote task on average, we compared 
the interquartile range (IQR) between the 25th and 75th percentiles. 
The results showed that TelePulse, ElecTac, Baseline, and NonBioSim 
exhibited progressively wider IQRs. These findings confirmed that 
TelePulse supported remote operators in drilling through only two 
wooden boards with greater accuracy and less variance compared 
to other conditions. Furthermore, it was confirmed that electro-
tactile feedback, widely used in previous studies, also improved 
task accuracy compared to the baseline. On the other hand, EMS 
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Figure 15: Results from Witmer-Singer presence question-
naire for "Sanding Task". The x-axis displays the five presence 
factors, comparing scores based on the Baseline, NonBioSim, 
TelePulse and ElecTac conditions. The y-axis represents par-
ticipants’ responses, which have been normalized on a 7-
point Likert scale. Significance levels are indicated: *p < .05, 
**p < .01, ***p < .001. 

stimulation without biomechanical simulation reduced task accu-
racy compared to when no stimulation was applied. This implies 
that accurate biomechanical simulation played a major role in en-
hancing the remote task support capabilities of TelePulse, and that 
without precise simulation, remote task performance may actually 
be hindered. 

TelePulse’s influence on user presence: The results from the Witmer-
Singer presence questionnaire for the drilling task are shown in Fig. 
19. The x-axis represents the overall presence score and the four 
subscales of presence, while the y-axis denotes the presence score 
normalized on a 7-point Likert scale with a standard deviation. For 
all conditions, the absolute values of skewness and kurtosis did not 
exceed 3.0 and 10.0, respectively; therefore, normality was satisfied 
[53]. We conducted a one-way RM ANOVA to analyze the impact of 

Figure 16: Experimental setup for the drilling task. (a) 
Robotic arm equipped with an electric drill and servo mo-
tor for triggering. (b) Adjustable slots holding three wooden 
boards in place, with the middle board moveable to vary the 
drilling depth. 

Figure 17: Overview of the teleoperation drilling task. (a) 
The teleoperator uses a VR controller to control the robotic 
arm, activating the drill via the trigger and VR view shows 
real-time point cloud data and a pre-captured scene of the 
environment. (b) The operation zone setup, with the robotic 
arm equipped with a drill, monitored by a depth camera. 

TelePulse on each element of presence in the drilling task; detailed 
results can be found in Table. 4 in Appendix A. For all presence 
subscales, the assumption of sphericity was tested using Mauchly’s 
test. If sphericity was not satisfied, we used the Greenhouse-Geisser 
correction for degrees of freedom. For pairwise comparisons, we 
conducted a post-hoc test using the Bonferroni correction. 

In the drilling task, which requires the application of strong 
impulsive force, it was observed that participants experienced sig-
nificantly higher total presence under the TelePulse condition com-
pared to all other conditions. All stimuli, when compared to the 
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Figure 18: Box plot and violin plot displaying the number of 
boards penetrated in the drilling task across four conditions: 
Baseline, NonBioSim, TelePulse, and ElecTac. The y-axis rep-
resents the number of boards penetrated, with a target value 
of 2 boards indicated by the dashed horizontal line. 

baseline, did not cause significant additional distraction, confirm-
ing that the stimuli did not lead to increased attentional dispersion. 
TelePulse demonstrated higher levels of immediate responsiveness 
(Control factor), enhanced immersion through quality sensory stim-
ulation (Sensory factor), and allowed for a more realistic virtual 
environment experience without causing additional distractions 
(Distraction factor) compared to all other conditions. Meanwhile, 
the electrotactile stimulation provided a higher sensory match than 
the baseline but was less effective compared to other conditions in 
terms of the sense of system control and realism compared to other 
conditions. Lastly, the EMS stimulation without biomechanical sim-
ulation induced a higher sensory match and greater realism but was 
less effective than TelePulse in terms of immediate responsiveness 
and the resulting sense of control over the system. 

5.4 Discussion: Analysis of the Interview 
In this study, we evaluated task performance and user experience 
in two teleoperation environments: continuous force tasks and 
impulsive force tasks. In both environments, TelePulse provided 
users with higher task performance and a greater sense of presence 
compared to other conditions. To gain deeper insights into user 
experience, we conducted interviews for each condition (Table. 1). 

Across both tasks, users reported that the TelePulse condition 
allowed them to clearly perceive both the direction and magnitude 
of the force (P1-8). They were able to distinctly recognize when the 
force changed during the remotely operated robotic manipulator’s 
interaction with the work environment, the application of force, 
and throughout task execution. Additionally, users noted that the 
biomechanical simulation of TelePulse, which stimulates only the 

Figure 19: Results from Witmer-Singer presence question-
naire for "Drilling Task". The x-axis displays the five presence 
factors, comparing scores based on the Baseline, NonBioSim, 
TelePulse and ElecTac conditions. The y-axis represents par-
ticipants’ responses, which have been normalized on a 7-
point Likert scale. Significance levels are indicated: *p < .05, 
**p < .01, ***p < .001. 

appropriate muscles, provided more realistic and predictable force 
feedback compared to other conditions (P2, P5-7). This alignment 
of haptic feedback with visual information was said to positively in-
fluence the sense of presence in the teleoperation environment, and 
these results were consistent with teleoperation studies that pro-
vided haptic stimuli combined with visual information [114]. Fur-
thermore, P8 mentioned that they could feel the inertia of the equip-
ment held by the robotic manipulator, as well as the resulting load. 
This allowed them to choose manipulation methods that reduced 
the load on the robot, thereby increasing the degree of freedom 
in task execution, demonstrating the effectiveness of TelePulse’s 
biomechanical simulation. 

Compared to the NonBioSim condition, users indicated that 
TelePulse selectively actuated only the necessary muscles in the 
arm, thereby avoiding the sensation of stiffness and enabling for 
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Table 1: Interview responses from participants who experienced the TelePulse system. Responses for each task are categorized 
as positive or negative. 

Positive Feedback Negative Feedback 

Sanding 

I could really tell when the force was getting stronger or weaker, 
and I could also feel the direction it was coming from during 
the sanding task. (P1-8) 

I noticed a slight delay compared to other systems. (P6) 

When the sander touched the board, the force felt much more 
realistic compared to other systems. (P2, P5-7) 

There was so much information, like the force intensity and 
direction, that sometimes it made sanding harder. (P6-7) 

It was nice that only the necessary muscles were stimulated. 
It didn’t make my arm feel stiff, so I wasn’t distracted by the 
haptics while sanding. (P2, P5, P7) 

Like in NonBioSim, I still felt that tingling sensation, which was 
a bit uncomfortable. (P1, P6) 

Compared to ElecTac, the detailed force feedback helped judge 
the sander’s progress in real-time. (P2-5) 

I thought the force feedback wasn’t as realistic as with Non-
BioSim, which gave stronger stimulation. (P8) 

Drilling 

I could clearly feel the strength and direction of the drill’s impact 
when it hit the wood. (P1-8) 

There was a small delay compared to the other conditions. (P6) 

I actually felt the inertia of the drill and the load it created. (P8) That tingling sensation, like in NonBioSim, was still a bit un-
comfortable. (P1, P6) 

With TelePulse, I didn’t have the problem of all my muscles 
being activated like with NonBioSim, which made the drilling 
task a lot smoother. (P7) 

I think NonBioSim did a better job of making the drilling feel 
more realistic, especially when it came to the strong impacts 
on my arm. (P3, P8) 

With the ElecTac, it felt more like a vibration, and I couldn’t 
tell if the sensation was from the drill’s vibration or the force 
feedback. But with TelePulse, I didn’t have that confusion. (P2-3, 
P5) 

more delicate manipulations by preventing unintended muscle ac-
tuation (P2, P5, P7). P7 reported that the overall muscle actuation 
in the NonBioSim condition made task performance challenging, 
an issue they did not encounter with TelePulse. When compared 
to electrotactile stimulation, users stated that TelePulse provided a 
clearer perception of force, which conveyed more information about 
the task environment (P2-5). Specifically, participants mentioned 
that electrotactile stimulation felt more like a vibration, making it 
difficult to distinguish whether the sensation was due to equipment 
vibration or a haptic cue representing force magnitude (P2-3, P5). 

In addition to these positive responses, the interviews also re-
vealed areas for improvement in TelePulse. Some users reported a 
slight delay in TelePulse compared to other conditions (P6), sug-
gesting that the computation time required for biomechanical sim-
ulation could negatively impact the experience. This delay could 
potentially be mitigated through algorithm optimization and in-
creased computing power. Additionally, due to the wide range of 
information provided by TelePulse, some users found it challenging 
to concentrate on the task (P6-7). This issue could be addressed by 
selectively limiting the amount of information provided based on 
user preferences (e.g., simplifying visual information or filtering 
the direction and magnitude of force feedback). Furthermore, both 
TelePulse and NonBioSim EMS stimulation were reported to cause 
tingling sensations due to the electrical stimulation, which some 
participants found uncomfortable (P1, 6). This is a common limita-
tion of EMS haptic systems but could be alleviated by adjustments 
in stimulation settings or exploring alternative methods, such as 

magnetic muscle stimulation [107], which may reduce tingling 
sensations. 

When compared to NonBioSim, some participants found TelePulse 
to be less realistic (P8). Specifically, this feedback was noted during 
the drilling task (P3, P8), where strong impacts were expected. Par-
ticipants reported that NonBioSim was more effective in conveying 
the sensation of strong impacts throughout the arm, which they 
felt more closely resembled the actual experience of using a drill. 
However, the results of the Witmer-Singer presence questionnaire 
indicated that TelePulse had the highest realism factor among all 
conditions. This suggests that the issue may be specific to certain 
participants and could potentially be addressed by fine-tuning the 
intensity of the stimuli. Lastly, when compared to electrotactile 
stimulation, some participants noted that the real force provided 
by TelePulse led to muscle fatigue, making it more challenging to 
control the manipulator in the desired direction (P3). We expect 
that this could also be resolved by personalizing the intensity of 
the TelePulse stimulation and adjusting the force scale based on 
the task or the performance of the robotic manipulator. 

6 Discussion 
RQ1: How accurately can TelePulse replicate natural muscle 
activations using biomechanical simulations and EMS during 
force-directed teleoperation tasks? 

TelePulse utilizes body tracking through the Meta Quest 3 to 
measure the user’s posture and calculate the muscle activation 
required in response to the virtual forces acting on that posture. 
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Our experiment results confirmed that the EMG patterns of each 
muscle changed depending on the direction of the applied force in 
all six directions; accordingly, TelePulse’s biomechanical simula-
tion selectively stimulated specific muscles based on posture and 
force direction. These findings are consistent with prior studies in 
the fields of rehabilitation and biomechanics [13, 96, 119]. Specifi-
cally, Flanders et al.’s report showed that wrist muscle activation 
varies based on arm position [25], and their subsequent research 
demonstrated that the phasic and tonic activation waveforms of 
arm muscles shift with dynamic arm movements [24]. Additionally, 
Roh et al.’s study revealed that the human nervous system employs 
a limited number of muscle synergies when exerting force, as seen 
in the synergy changes of four wrist muscle activation patterns 
[99]. In our experiment, the EMG patterns and TelePulse’s EMS 
patterns, which varied according to user movement, posture, and 
the direction of applied force, align with these previous studies, 
supporting the results of our experiment. 

In E1, we instructed participants to apply force in six different 
directions on the robotic arm. For each direction, we measured mus-
cle activation in six muscles using EMG data, allowing us to observe 
how arm muscles activated depending on the direction of the force. 
By comparing these EMG signals with EMS signals, we assessed the 
precision of the TelePulse system against NonBioSim. The results 
of E1 showed that the EMS signal patterns from TelePulse were 
consistently closer to the EMG patterns across all six directions 
compared to NonBioSim, demonstrating that TelePulse produced 
more precise EMS signals due to its ability to identify and stimulate 
the specific muscles required, based on the biomechanical simula-
tion. 

RQ2: Can TelePulse enhance user experience and task per-
formance in teleoperation through biomechanical simula-
tion based EMS? 

We conducted experiments in two distinct task environments 
— continuous force and impulsive force — to investigate whether 
TelePulse can enhance remote operators’ task performance and im-
prove user experience. In the continuous force task, which involved 
sanding, TelePulse supported users in maintaining the reference 
force throughout the task. In the impulsive force task, which in-
volved drilling, it allowed participants to precisely control the drill, 
ensuring it penetrated the desired number of wooden boards. These 
results demonstrated the superiority of TelePulse over the Non-
BioSim condition, where EMS stimulation was applied without 
biomechanical simulation, and over the widely used electrotactile 
stimulation, highlighting the utility of TelePulse. 

In terms of user presence with TelePulse, during the drilling 
task (impulsive force task), all factors—Control, Sensory, and Re-
alism—showed statistically significant improvements compared 
to the electrotactile system. However, in the sanding task (con-
tinuous force task), while TelePulse showed numerically superior 
results, these were not statistically significant. This indicates that 
TelePulse’s EMS stimulation may provide a more immersive expe-
rience in tasks involving impulsive force than continuous force, 
suggesting that the level of presence induced by TelePulse may 
vary depending on the type of force involved in the task. Addi-
tionally, this result aligns with previous studies using EMS in VR 

haptic systems. Lopes et al. reported that “repulsion,” which pro-
vides instantaneous force, can lead to a higher sense of presence 
than interactions with “hard & soft objects” in continuous force 
scenarios [72]. In their study, most users reported feeling their arms 
being pulled back rather than pushing against a hard wall, which 
negatively impacted the sense of presence. Although this phenom-
enon was not reported in our interviews, we acknowledge that 
the level of presence provided by TelePulse could differ depending 
on the task, and these results are consistent with prior research. 
This suggests that further research could be conducted to enhance 
presence in continuous force environments. 

However, TelePulse successfully improved users’ task perfor-
mance across all environments, demonstrating its effectiveness 
in supporting teleoperation. In particular, comparisons with the 
NonBioSim condition showed that TelePulse’s biomechanical sim-
ulation prevented muscle stiffness and unwanted actuation in un-
intended directions, leading to improved task performance, an in-
creased sense of presence, and reduced physical task load. Further-
more, compared to traditional electrotactile stimulation [88, 89, 103], 
TelePulse’s EMS-based force simulation provided richer informa-
tion about the environment, helped users distinguish the target 
forces through clear directional feedback, and enabled them to per-
ceive the robot’s load and limitations, thus increasing task flexibility. 

RQ3: What are the limitations of using biomechanical 
simulations and EMS for haptic feedback in teleoperation, 
and how can these limitations be mitigated? 

In this study, while TelePulse successfully enhanced task perfor-
mance and overall user experience, the interviews revealed areas 
for potential improvement. The interviews identified three main 
limitations of the current TelePulse system: 1) delays in the compu-
tational process, 2) decreased concentration due to high information 
load, and 3) tingling sensations caused by EMS. 

First, the computational delay could be mitigated through algo-
rithm optimization and increased computing power. Additionally, 
most participants did not report discomfort from the delay, and 
considering the high control factor score of the TelePulse system, 
it is likely that the alignment between haptic feedback and visual 
information helped compensate for the perceived delay, giving 
TelePulse an advantage in responsiveness. 

Second, TelePulse provides users with more information about 
the task environment by delivering both the magnitude and direc-
tion of force, which some users found overwhelming, making it 
difficult to concentrate. This phenomenon has been noted in Weber 
and Eichberger’s meta-analysis [114], which examined the effects 
of haptic feedback in teleoperation systems. They emphasized that 
during teleoperation tasks, processing sensory inputs unrelated 
to the task, often led to decreased task performance and dimin-
ished user focus [32, 81, 98]. Similarly, Lathan et al. [59] found that 
filtering unnecessary sensory information positively influenced 
teleoperation performance, indicating that performance can be op-
timized through this approach. Therefore, the TelePulse system 
could address this issue by filtering and delivering only the task-
relevant force information, ensuring that unnecessary force data 
is excluded. Furthermore, Ziegler et al. [121] demonstrated that 
external auditory and visual distractions significantly impair task 



TelePulse: Enhancing the Teleoperation Experience through Biomechanical Simulation-Based EMS CHI ’25, April 26–May 01, 2025, Yokohama, Japan 

performance in attention-demanding environments. Thus, creat-
ing an environment within the TelePulse system that minimizes 
external distractions (e.g., background noise or visual clutter) could 
further improve user focus during tasks. 

Lastly, the EMS stimulation in TelePulse caused tingling sensa-
tions for some users, a common issue with EMS haptic systems. 
This tingling occurs when electrical pulses pass through the elec-
trode and activate skin receptors before reaching muscle fibers, 
leading to an unpleasant "buzzing" sensation [50, 86, 92]. This issue 
is not unique to TelePulse but is common in EMS-based systems 
[107]. To address this, methods like using biocompatible EMS pads 
with improved skin adhesion for better signal transmission [60], 
or using magnetic muscle stimulation [107], which bypasses skin 
receptors and reduces tingling, could be explored. Incorporating 
these methods in future iterations of TelePulse could significantly 
enhance user comfort. 

7 Conclusion and Future Works 
In this paper, we introduced TelePulse, a haptic feedback system 
that combines biomechanical simulations with EMS to enhance 
teleoperation experiences in virtual reality. By leveraging real-time 
force data from remote manipulators, TelePulse translates these 
forces into EMS signals that stimulate user muscles, providing nat-
ural and precise force feedback. Our system was evaluated across 
a series of force-directed teleoperation tasks, demonstrating that 
the EMS signals generated by TelePulse closely matched EMG data, 
confirming the system’s high fidelity in replicating muscle activa-
tion and thereby delivering accurate force feedback. Subsequently, 
this increase in accuracy led to enhanced teleoperation task pre-
cision in live user experiments, with participants achieving a 22% 
reduction in MAE during continuous force tasks, such as sanding, 
and a 30% improvement in accuracy during impulse force tasks, 
such as drilling. Furthermore, the use of TelePulse increased user 
presence in teleoperation environments, reflecting the system’s 
ability to deliver more realistic force feedback. These findings high-
light the potential of biomechanical simulation-based EMS systems 
to transform teleoperation experiences by offering more natural 
and immersive haptic feedback. 

Based on this study, we aim to pursue the following research 
directions: The system proposed in this study was implemented by 
targeting only six muscles to ensure rapid computation and ease 
of electrode attachment. In future research, we intend to stimulate 
a wider variety of muscles in different locations, enabling higher 
degrees of freedom in movement and more nuanced force feedback. 
Specifically, we expect that by integrating a simulation system that 
includes shoulder and hand muscles, along with additional elec-
trode attachments, we can provide more realistic haptic feedback. 
Furthermore, we plan to expand the use of biomechanical simula-
tion beyond torque calculation by incorporating a computational 
muscle model [15, 58, 76] to calculate the activation levels of indi-
vidual muscles, accounting for voluntary muscle activation in the 
simulation. The force characteristics of human muscles can vary 
depending on factors such as muscle fiber and tendon length, con-
traction and relaxation speed, and fatigue levels [10, 66, 115, 117]. 
Therefore, future research will aim to improve the simulation per-
formance of TelePulse by integrating a computational muscle model 

that closely aligns with the actual characteristics of user muscles. 
Additionally, we anticipate that this computational muscle model 
will simplify the EMS personalization process. Currently, TelePulse 
requires the personalization of EMS parameters for each muscle, 
which takes approximately one hour per person. By integrating a 
realistic computational muscle model in future research, we expect 
to reduce the personalization time and enhance the practicality of 
the system. 

Moreover, the TelePulse framework could be applied not only to 
the serial manipulator used in this study but also to other robotic 
systems such as robot dogs, submarines, surgical robots, and mobile 
robots. Although we could not validate the force scaling function 
of external forces in this study based on participant responses, 
we anticipate that the scaling function will provide appropriate 
force feedback to users in various scenarios, especially in cases 
where the force magnitudes differ significantly from typical human 
scales. Furthermore, we anticipate that the unique advantages of 
our system—its lightweight design and mobility, combined with 
force feedback—will be especially beneficial when integrated with 
VR locomotion technologies such as redirected walking [52, 61, 
97], walking-in-place [48, 49, 80], and omnidirectional treadmills 
[105]. This combination is expected to provide benefits for mobile 
robots, enabling them to navigate freely and complete missions in 
unstructured environments. 

In future studies, we will compare our system with a wider range 
of wearable haptic devices, such as vibration motors [9, 44, 56] and 
skin stretch mechanisms [1, 17]. Through this comparison, we 
aim to analyze the advantages and disadvantages of biomechanical 
simulation-based EMS stimulation relative to various haptic devices. 
Furthermore, by integrating less-explored feedback modalities in 
teleoperation—including thermal perception [46, 47], vestibular 
feedback [36–38], and olfactory stimuli [62, 63]—we aim to uncover 
new possibilities for haptic feedback in teleoperation. 

We believe that this paper serves the following role in the EMS 
and teleoperation academic fields, align with recent trend in the 
academic community, where EMS is being explored from deeper 
perspectives to overcome technical challenges. For instance, Taka-
hashi et al. [106] examine wearability with their EMS-integrated 
smartwatch; Niijima et al.’s research on muscle synergies [79] in-
troduces subtle techniques for influencing motor movements via 
EMS; Tanaka et al.’s use of magnetic muscle stimulation [107] fo-
cuses on enhancing comfort; and Hwang et al.’s ErgoPulse [39] 
improves the precision of EMS stimulation in scenarios involv-
ing complex force applications. In line with these developments, 
TelePulse explored the potential for interactions between humans 
and non-human entities through EMS. By extending EMS applica-
tions beyond replicating forces from a user-matched virtual avatar 
in a virtual environment, TelePulse provides a system-level frame-
work and examines its ability to deliver forces originating from 
non-human entities in the real world. We hope this paper inspires 
broader adoption of EMS technology across diverse contexts by 
demonstrating its applicability in real-world environments beyond 
human-scale scenarios. 
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A Significance Test Results 

Table 2: Statistics and significance test results from E1 

Statistics Significance Statistics Significance 

Biceps Triceps 
TelePulse M = .387, SE = .140 t(7) = -3.518 TelePulse M = .333, SE = .144 t(7) = -3.911 
NonBioSim M = .858, SE = .012 p = .010* Baseline M = .936, SE = .031 p = .006** 
ECRL ECU 
TelePulse M = .291, SE = .092 t(7) = -5.485 TelePulse M = .214, SE = .028 t(7) = -13.759 
NonBioSim M = .836, SE = .140 p < .001*** NonBioSim M = .829, SE = .025 p < .001*** 
FCR FCU 
TelePulse M = .380, SE = .097 t(7) = -4.438 TelePulse M = .237, SE = .061 t(7) = -8.475 
NonBioSim M = .895, SE = .031 p = .003** NonBioSim M = .891, SE = .029 p < .001*** 
Overall 
TelePulse M = .307, SE = .032 t(7) = -16.110 
NonBioSim M = .873, SE = .021 p < .001*** 

Left Right 
TelePulse M = .329, SE = .044 t(7) = -9.350 TelePulse M = .331, SE = .023 t(7) = -14.763 
NonBioSim M = .872, SE = .018 p < .001*** NonBioSim M = .842, SE = .029 p < .001*** 
Up Down 
TelePulse M = .306, SE = .048 t(7) = -11.237 TelePulse M = .257, SE = .050 t(7) = -12.255 
NonBioSim M = .858, SE = .017 p < .001*** NonBioSim M = .881, SE = .025 p < .001*** 
Forward Backward 
TelePulse M = .339, SE = .042 t(7) = -11.104 TelePulse M = .280, SE = .031 t(7) = -24.285 
NonBioSim M = .907, SE = .048 p < .001*** NonBioSim M = .886, SE = .019 p < .001*** 
Overall 
TelePulse M = .317, SE = .011 t(7) = -37.727 
NonBioSim M = .874, SE = .014 p < .001*** 

Table 3: Significance test results of E2 sanding task 

RM ANOVA Post-hoc test 

Mean Absolute Error 
F (3, 21) = 5.257 Baseline-NonBioSim p = 1.000 Baseline-TelePulse p = .012* 
p = .007** Baseline-ElecTac p = 1.000 NonBioSim-TelePulse p = .021* 

NonBioSim-ElecTac p = 1.000 TelePulse-ElecTac p = .043* 

PQ - Total 
F (3, 21) = 6.110 Baseline-NonBioSim p = .399 Baseline-TelePulse p = .004** 
p = .004** Baseline-ElecTac p = .115 NonBioSim-TelePulse p = .033* 

NonBioSim-ElecTac p = .399 TelePulse-ElecTac p = .315 
PQ - Control 
F (3, 21) = 3.799 Baseline-NonBioSim p = .704 Baseline-TelePulse p = .162 
p = .025* Baseline-ElecTac p = .704 NonBioSim-TelePulse p = .023* 

NonBioSim-ElecTac p = .324 TelePulse-ElecTac p = .520 
PQ - Sensory 
F (3, 21) = 13.480 Baseline-NonBioSim p = .002** Baseline-TelePulse p < .001*** 
p < .001*** Baseline-ElecTac p < .001*** NonBioSim-TelePulse p = .246 

NonBioSim-ElecTac p = .629 TelePulse-ElecTac p = .392 
PQ - Distraction 
F (3, 21) = 3.966 Baseline-NonBioSim p = .064 Baseline-TelePulse p = .037* 
p = .022* Baseline-ElecTac p = .065 NonBioSim-TelePulse p = 1.000 

NonBioSim-ElecTac p = 1.000 TelePulse-ElecTac p = 1.000 
PQ - Realism 
F (3, 21) = 9.508 Baseline-NonBioSim p = .188 Baseline-TelePulse p < .001*** 
p < .001*** Baseline-ElecTac p = .031* NonBioSim-TelePulse p = .012* 

NonBioSim-ElecTac p = .248 TelePulse-ElecTac p = .107 
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Table 4: Significance test results of E2 drilling task. 

RM ANOVA Post-hoc test 

PQ - Total 
F (3, 21) = 14.321 Baseline-NonBioSim p = .006** Baseline-TelePulse p < .001** 
p < .001*** Baseline-ElecTac p = .070 NonBioSim-TelePulse p = .039* 

NonBioSim-ElacTac p = .169 TelePulse-ElecTac p = .002** 
PQ - Control 
F (3, 21) = 6.964 Baseline-NonBioSim p = .873 Baseline-TelePulse p = .002** 
p = .002** Baseline-ElecTac p = 1.000 NonBioSim-TelePulse p = .021* 

NonBioSim-ElacTac p = 1.000 TelePulse-ElecTac p = .009** 
PQ - Sensory 
F (3, 21) = 16.878 Baseline-NonBioSim p = .002** Baseline-TelePulse p < .001*** 
p < .001*** Baseline-ElecTac p = .017* NonBioSim-TelePulse p = .028* 

NonBioSim-ElacTac p = .228 TelePulse-ElecTac p = .003** 
PQ - Distraction 
F (3, 21) = 2.506 Baseline-NonBioSim p = .119 Baseline-TelePulse p = 1.000 
p = .087 Baseline-ElecTac p = 1.000 NonBioSim-TelePulse p = .212 

NonBioSim-ElacTac p = .345 TelePulse-ElecTac p = 1.000 
PQ - Realism 
F (3, 21) = 13.313 Baseline-NonBioSim p = .011* Baseline-TelePulse p < .001*** 
p < .001*** Baseline-ElecTac p = .100 NonBioSim-TelePulse p = .034* 

NonBioSim-ElacTac p = .204 TelePulse-ElecTac p = .003** 
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B Witmer-Singer Presence Questionnaire [116] 
(1) How much were you able to control events? 

NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(2) How responsive was the environment to actions that you initiated (or performed)? 
NOT RESPONSIVE MODERATELY RESPONSIVE COMPLETELY RESPONSIVE 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(3) How natural did your interactions with the environment seem? 
EXTREMELY ARTIFICIAL BORDERLINE COMPLETELY NATURAL 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(4) How completely were all of your senses engaged? 
NOT ENGAGED MODERATELY ENGAGED COMPLETELY ENGAGED 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(5) How much did the visual aspects of the environment involve you? 
NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(6) How much did the auditory aspects of the environment involve you? 
NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(7) How natural was the mechanism which controlled movement through the environment? 
EXTREMELY ARTIFICIAL BORDERLINE COMPLETELY NATURAL 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(8) How aware were you of events occurring in the real world around you? 
NOT AWARE AT ALL MILDLY AWARE VERY AWARE 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(9) How aware were you of your display and control devices? 
NOT AWARE AT ALL MILDLY AWARE VERY AWARE 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(10) How compelling was your sense of objects moving through space? 
NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(11) How inconsistent or disconnected was the information coming from your various senses? 
NOT AT ALL INCONSISTENT SOMEWHAT INCONSISTENT VERY INCONSISTENT 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(12) How much did your experiences in the virtual environment seem consistent with your real-world experiences? 
NOT CONSISTENT MODERATELY CONSISTENT VERY CONSISTENT 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(13) Were you able to anticipate what would happen next in response to the actions that you performed? 
NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(14) How completely were you able to actively survey or search the environment using vision? 
NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(15) How well could you identify sounds? 
NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(16) How well could you localize sounds? 
NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(17) How well could you actively survey or search the virtual environment using touch? 
NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(18) How compelling was your sense of moving around inside the virtual environment? 
NOT COMPELLING MODERATELY COMPELLING VERY COMPELLING 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 
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(19) How closely were you able to examine objects? 
NOT AT ALL PRETTY CLOSELY VERY CLOSELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(20) How well could you examine objects from multiple viewpoints? 
NOT AT ALL SOMEWHAT EXTENSIVELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(21) How well could you move or manipulate objects in the virtual environment? 
NOT AT ALL SOMEWHAT EXTENSIVELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(22) To what degree did you feel confused or disoriented at the beginning of breaks or at the end of the experimental session? 
NOT AT ALL MILDLY DISORIENTED VERY DISORIENTED 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(23) How involved were you in the virtual environment experience? 
NOT INVOLVED MILDLY INVOLVED COMPLETELY ENGROSSED 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(24) How distracting was the control mechanism? 
NOT AT ALL MILDLY DISTRACTING VERY DISTRACTING 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(25) How much delay did you experience between your actions and expected outcomes? 
NO DELAYS MODERATE DELAYS LONG DELAYS 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(26) How quickly did you adjust to the virtual environment experience? 
NOT AT ALL SLOWLY LESS THAN ONE MINUTE 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(27) How proficient in moving and interacting with the virtual environment did you feel at the end of the experience? 
NOT PROFICIENT REASONABLY PROFICIENT VERY PROFICIENT 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(28) How much did the visual display quality interfere or distract you from performing assigned tasks or required activities? 
NOT AT ALL INTERFERED SOMEWHAT PREVENTED PERFORMANCE 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(29) How much did the control devices interfere with the performance of assigned tasks or with other activities? 
NOT AT ALL INTERFERED SOMEWHAT INTERFERED GREATLY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(30) How well could you concentrate on the assigned tasks or required activities rather than on the mechanisms used to perform those tasks or activities? 
NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(31) Did you learn new techniques that enabled you to improve your performance? 
NO TECHNIQUES LEARNED LEARNED SOME TECHNIQUES LEARNED MANY TECHNIQUES 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 

(32) Were you involved in the experimental task to the extent that you lost track of time? 
NOT AT ALL SOMEWHAT COMPLETELY 
□ 1 □ 2 □ 3 □ 4 □ 5 □ 6 □ 7 
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