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Fig. 1: ACE-F enables users to complete contact-rich tasks with force feedback in both simulator and real-world settings. It
excels at mopping, stacking, and dragging in simulation, and at mopping, stacking, and blind insertion tasks in real-world

scenarios.

Abstract—Teleoperation systems are essential for efficiently
collecting diverse and high-quality robot demonstration data,
especially for complex, contact-rich tasks. However, current
teleoperation platforms typically lack integrated force feedback,
cross-embodiment generalization, and portable, user-friendly
designs, limiting their practical deployment. To address these
limitations, we introduce ACE-F, a cross embodiment foldable
teleoperation system with integrated force feedback. Our ap-
proach leverages inverse kinematics combined with a carefully
designed human-robot interface (HRI), enabling users to capture
precise and high-quality demonstrations effortlessly. We further
propose a generalized soft-controller pipeline integrating PD
control and inverse dynamics to ensure robot safety and precise

motion control across diverse robotic embodiments. Critically,
to achieve cross-embodiment generalization of force feedback
without additional sensors, we innovatively interpret end-effector
positional deviations as virtual force signals, which enhance data
collection and enable applications in imitation learning. Exten-
sive teleoperation experiments confirm that ACE-F significantly
simplifies the control of various robot embodiments, making
dexterous manipulation tasks as intuitive as operating a computer
mouse.

I. INTRODUCTION

Teleoperation systems have shown great potential for col-
lecting high-quality, diverse demonstration data for complex,



contact-rich robotic tasks. However, existing platforms sufféeedback entirely, relying solely on position or joint com-
from three main limitations: (1) lack of integrated forcamands with no haptic cues [51, 145,116,] 46]. Traditional
feedback—either providing no haptic cues or relying oforce-feedback teleoperation implementations therefore de-
expensive, hard-to-integrate force/torque (FT) sensor$ [3&nd on external FT sensors mounted on the secondary device,
34]; (2) poor cross-embodiment generalization—joint-copyingnposing hardware and calibration burdens][12, 1] 5, 31].
schemes must be redesigned for each new robot morpholadstual force feedback schemes approximate contact forces
[33, [19]; and (3) bulky, non-portable hardware that hinderda kinematic or impedance models, but cannot fully capture
rapid deployment in real-world scenarigs [50] 19]. true interaction dynamics_[2]. Some teleoperation systems
To address these challenges, we propd&&-F, a cross- have also attempted to convey force information through non-
embodiment foldable teleoperation system with integratddptic channels—e.g., visual overlays on the video stream,
force feedback. First, ACE-F infers real-time 3-DoF externaudio alerts, or controller vibration cues—but these indirect
forces by monitoring end-effector (EE) trajectory deviationsnodalities often lack intuitiveness and can increase operator
no additional sensors required, and applies active gravity agegnitive load [[13]. To overcome these limitations, ACE-
friction compensation on the leader and follower arms fto infers real-time 3-DoF end-effector forces from trajectory
deliver smooth, intuitive haptic cue§ [22,134]. Second, waeviations and applies gravity and friction compensation on the
combine inverse kinematics (IK)-based leader-arm contf@iimary arm—providing suf ciently accurate force cues for
with glove-based hand tracking to build a universal retargetinily-life teleoperation tasks without any additional sensors.
algorithm that adapts to diverse robot platforms; a magneticCross-Embodiment Teleoperation.Mapping human mo-
guick-swap interface further enables future integration of tatiens to robots with differing kinematic structures is necessary
tile gloves [46,[25/49]. Finally, our soft-controller pipelinefor proper teleoperation [33]. Direct joint-copying approaches
fuses proportional-derivative (PD) control with custom inverseuild a small primary arm or mobile controller that mirrors
dynamics (ID), ensuring stability, responsiveness, and saféig target robot's kinematics, providing intuitive, low-latency
across embodiments, and allowing rapid deployment via minamapping, but require rebuilding the hardware for each new
tuning of URDF parameter§ [46]. robot [51,[45] 15[ 5, 31, 47]. In contrast, IK-based Cartesian
These innovations raise a critical questidiow can we control naturally generalizes across embodiments, allowing a
obtain accurate hand poses and end-effector positions at |I@igle primary interface to drive robots of varied morphologies
cost to enable dexterous manipulation across a wide rangeWithout any hardware changes [39, 50 46, (24,/38/ 18, B, 23].
robot platforms? IK-driven teleoperation systems typically use four main in-
The answer lies in combining cross-platform primary-arri¢rfaces to obtain wrist and hand pose: motion-capture de-
control based on IK and ID with a lightweight, foldablevices [44,[14, 41[ 30,18], cameras [39], VR equipnient[17,
human-robot interface. Our ACE-F system not only achievds24,[11,09, 27 32], or exoskeleton hardwarel [50, (46, 6,
high-precision demonstrations but also maintains affordabill&g, [42,[21,[25]7]. The rst three approaches can capture
and portability. complete wrist and hand information to enable dexterous end-
In this paper, we describe the hardware design and softw&fEector control[[40, 4€. 36, 18, 39, 29, 28], but their interfaces
architecture of ACE-F, integrating real-time three-degree-dPake integrating force feedback dif cult. Exoskeleton-based
freedom (3-DoF) force estimation via EE trajectory deviglyStems offer a direct way to add force feedback, yet their
tion, active gravity and friction compensation on the lead&Ulky size and mechanical complexity signi cantly increase
arm, IK-driven Cartesian control with retargeting algorithmdorque requirements—raising motor costs and reducing wear-
and a PD+ID soft-controller pipeline. Extensive experimengility. By contrast, ACE-F combines a compact, foldable 3-
demonstrate two key advantages of ACE-F: (1) users cRQF primary arm with glove-based hand tracking to achieve
rapidly adapt and ef ciently, accurately perform cross-platforrRrecise, occlusion-free full-hand pose capture while minimiz-
teleoperation tasks under varying precision and workspaf§ device volume and torque demands—thereby lowering
requirements; and (2) at a relatively low cost, ACE-F signi motor performance requirements and overall system cost, and
cantly outperforms systems without force feedback in compl&gabling seamless integration of tactile gloves in the future.

contact-rich tasks. I1l. SYSTEM DESIGN

Hardware Design.The ACE-F system, illustrated in Fig. 6,
is a robotic manipulator designed for precise 3-DoF force
Force Feedback Teleoperation.Force feedback has be-feedback. It features three independent joints: a base joint for
come a widely recognized enabler for contact-rich teleopdoundational rotation and two perpendicular elbow joints for
ation, allowing operators to perceive interaction forces amdmpact and robust force rendering.
improve manipulation performancé [36,113,1 10]. Although The manipulator employs DYNAMIXEL XM430-W350-T
many commercial robot arms incorporate built-in 6-DoF Fimotors with U2D2 controllers, ensuring precise and responsive
sensors, their high cost and integration complexity malkeint control. At its endpoint, a passive quick-release spherical
them impractical for general deployment [37]. Furthermorggint supports interchangeable end-effectors via a 3D-printed
the majority of low-cost teleoperation systems forgo forckall-and-socket design embedded with neodymium magnets.

II. RELATED WORK



Fig. 2: Overview of the ACE-F systerheft: Annotated view of the ACE-F arm showing the base joint (1 DoF), perpendicular
elbow joints (2 DoF), and the magnetic spherical joint for interchangeable end-effeRigtd: Three representative end-
effector con gurations are enabled by the spherical joint, using a bare setup, gripper attachment, or wearable glove.

An integrated elastic safety lock mechanism prevents uniobject slippage, or resistance perceptible to the operator.

tended detachment during operation. This design not only preserves the exibility of the original
We validated three end-effector con gurations: ACE system, such as the ability to adapt to different workspace
Bare Con guration : General-purpose setup for forcescales through simple geometric transformations—but also
feedback. offers key advantages in force feedback implementation. By
Gripper Con guration : Designed for controlling single- reducing the degrees of freedom on the primary arm to 3-
arm robots with grippers. DoF, ACE-F simpli es both mechanical design and real-time

Glove Con guration: Tailored for humanoid platforms torque control. This reduction makes it signi cantly easier
equipped with dexterous hands. to implement reliable and low-latency force feedback, as the

This modular design signi cantly enhances the systemsystem only needs to estimate and render 3D translational
exibility and adaptability for diverse real-world applications. forces rather than full 6D wrenches. At the same time,

End-Effector Control and Feedback. One of the core the combination of glove-based orientation tracking and IK-
challenges in teleoperation is achieving full 6-DoF contrdiased position mapping ensures that the user can still de ne
(position and orientation) of the robot end-effector usingrbitrary 6-DoF in-hand poses within the workspace. Together,
compact and low-DoF input devices. A 3-DoF arm alon&€se properties enable intuitive and high- delity teleoperation
cannot simultaneously de ne both the position and orientati@¢ross diverse robotic platforms while maintaining portability,
of the end-effector in space. To address this limitation, ACEJPW cost, and modular expandability.
decouples position and orientation control: the foldable 3-DoF Augmented Inverse Kinematics Solver.Unlike conven-
primary arm is used to determine the end-effector's Cartesiiinal IK solvers that purely minimize end-effector position
position, while a glove-based tracking module captures tR&d orientation errors, we propose an augmented IK approach
wrist and nger orientation in real time. By combining thesdailored to the unique teleoperation challenges of the Franka
two streams, ACE-F reconstructs a complete 6-DoF in-hagfm. Our solver introduces two additional “tasks” to improve
pose of the operator, which can then be retargeted to the rotiehustness and avoid singularities:

This hybrid control design not only preserves portability First, we compute the projection angle of the end-effector
and affordability but also enables platform-agnostic retarggtato the base plane and match it to the rst joint angle of the
ing. The system uses inverse kinematics (IK) to convert ttiebot. This ensures a natural alignment between the operator's
desired position from the primary arm and the orientationtended direction and the robot's base rotation.
from the glove into robot-speci ¢ end-effector commands. As Second, to prevent the Franka elbow from bending outward
a result, users can de ne both position and rotation of thwehen the end effector approaches the base, an action that can
end-effector naturally within the workspace, enabling seamldsad to kinematic singularities, we introduce a soft constraint
teleoperation across robots with different kinematic structures the fourth joint. Speci cally, we assign it a higher target

Additionally, ACE-F incorporates virtual force feedbackvalue in the verticalZ) axis, encouraging a posture that avoids
by interpreting trajectory deviations between the commandedch con gurations.
and actual end-effector positions as 3-DoF force signals.These task-level modi cations enhance the solver's reliabil-
These inferred forces are rendered on the primary arm vig and stability, allowing intuitive and continuous teleopera-
active torque control with gravity and friction compensatiortjon even near the robot's kinematic limits.
providing intuitive haptic cues without requiring external sen- Force Feedback Calculation.Instead of relying on the
sors. This sensorless feedback loop improves the precismmventional Jacobian-based wrench-to-torque mapping for
of manipulation and makes contact events such as collisiof@ce feedback calculation, we adopt a simpler, yet more



Fig. 3: Using a single ACE-F arm, we can control the Franka robot in simulated and real-world environments. When using
two ACE-F arms, we can control a bimanual robot, such as the Unitree G1 in simulation.

robust approach to maintain system stability. Speci cally?lgorithm 1 Force Feedback—Enhanced Teleoperation Loop
we compute the deviation between the secondary arm end-: repeat

effector's target and actual positions: 2:  Primary Arm: Compute targeeeqget based on oper-
ator's 3-DoF arm pose and glove orientation
ee= target  current 3:  Primary Arm: Solve inverse kinematics (IK) falfarget

of the secondary arm

This deviation, ee, serves as the core indicator of the 4  Primary Arm: Senddjarget to secondary arm
feedback force magnitude. Traditional wrench-to-torque map5: ~ Seécondary Arm: Send current joint positiongcurrent t0
pings can be highly sensitive to transient forces, where even  primary
short-duration impulses result in substantial torque spike§: ~Secondary Arm: Receiveqtarger and start moving to-
that destabilize the primary arm. To circumvent this issue, ~ ward it
we introduce a virtual target pose for the primary arm. By7:  Primary Arm: Compute current secondamecyrent
scaling ee and applying it to the primary arm's current end- using forward kinematics (FK) fromjcurrent
effector pose, the primary arm naturally “tries” to align with 8  Primary Arm: Compute deviation ee = eeget
the secondary's pose via force feedback. Since the operator's  €€current
hand rmly grips the end-effector, this alignment manifests as®: ~ Primary Arm: Compute force feedback factor:
tangible forces rather than signi cant positional displacements, S U o2
thereby avoiding large oscillations. Factor= k—eek2

To further prevent destabilizing effects at high 1+ KV cartesiak
speeds—where ee may inate due to dynamic motion
rather than contact—we modulate the feedback magnitude B?/'
the secondary's Cartesian velocity:

Primary Arm: Update virtual target pose and
impedance gainK,, Ky using the force feedback
factor
S — 11: until task complete

k eek?

1+ I(Vcartesiallﬂ2

Force Feedback Facter

This ensures that the feedback force remains negligible dur- V. EXPERIMENTS

ing smooth or low-speed motions, only becoming signi canf- EXperiment Design.

during actual contact interactions. Additionally, we apply this ACE-F was evaluated according to its performance control-
feedback factor not only to generate the virtual target poleg a Franka Emika Panda robot arm in both virtual and real-
but also to adaptively modulate the primary arm's impedaneerld experiments, and a Unitree G1 robot was controlled in
gains K, andKy), implementing stable and intuitive hapticsimulation to demonstrate ACE-F's cross-platform capabilities.
feedback across tasks. We aimed to answer the following questions through these
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