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Fig. 1: We propose an actuator-constraint-aware teleoperation method for manipulators with coupled transmissions that
preserves the operator’s multi-DoF motion intent under gravitational loads and motor saturation, enabling continuous and
predictable behavior during constraint activation and recovery.

Abstract— Teleoperation enables intuitive control of remote
engineering robots for precision tasks. Existing direct joint-
mapping methods have two limitations: independent motor
saturation disrupts pitch–roll coordination in differential wrists,
while fixed mappings struggle with abrupt tracking changes
caused by gravitational loads and actuation constraints. We
propose an actuator-constraint-aware leader–follower teleop-
eration method that jointly models leader gravity compensa-
tion, leader–follower joint mapping, and follower differential-
wrist control. Specifically, we perform coordinated saturation
in motor space according to the available gravity margin
and integrate continuous angle unwrapping, feedback-state
monitoring, and feasible-reference updates. This preserves the
operator’s motion direction, reduces coordination distortion,
and suppresses recovery transients during saturation or brief
communication failures. Real-robot experiments demonstrate
smoother wrist trajectories and more continuous recovery than
direct mapping.

I. INTRODUCTION

Teleoperation enables humans to operate robots in haz-
ardous, confined, or contact-uncertain environments, and has
become an important interface for remote manipulation and
demonstration collection [1], [2]. Compared with keyboards,
joysticks, and vision-only interfaces, a leader manipulator
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directly expresses the operator’s joint motion, reducing cog-
nitive load caused by action planning and coordinate trans-
formation. Recent low-cost leader–follower systems support
dexterous manipulation and imitation learning, but com-
monly rely on independent joint mapping or end-effector
tracking, without explicitly modeling transmission coupling,
configuration-dependent gravity, and actuator saturation [2],
[3].

This issue is particularly pronounced in the engineering
manipulator studied here. The leader and follower exchange
joint angles, wrist commands, and gripper states through
a custom serial protocol. The follower combines hetero-
geneous motors with a differential wrist, and uses propor-
tional mapping, PID current control, gravity compensation,
encoder unwrapping, and feedback timeout protection. In
the existing implementation, the differential wrist drives
pitch and roll through sum–difference motor commands,
followed by independent motor saturation [4]. When one
motor saturates, the realized pitch–roll ratio and motion
direction deviate from the operator command. Moreover,
the distributed treatment of gravity compensation, angle
continuity, and feedback loss does not provide a unified
model of the available actuation margin. Consequently, fixed
mapping cannot capture configuration-dependent capability,
while temporarily infeasible commands may accumulate and
cause abrupt recovery motions.

We propose an actuator-constrained teleoperation method
for manipulators with coupled transmissions. The method
maps transmission coupling, gravity demand, actuator limits,
and feedback state into a unified actuator-space model. Oper-
ator commands are then projected onto the feasible set while



preserving local motion direction and pitch–roll coordination
as much as possible. A continuous feasible-reference update
further prevents command accumulation during saturation or
short communication dropouts. The resulting design extends
the existing leader–follower hardware and real-time control
pipeline, while addressing motion distortion caused by cou-
pled actuation and gravity-dependent capability.

The contributions are threefold:
1) We formulate the motion distortion induced by differ-

ential transmission and actuator-level saturation, and
characterize how gravity compensation changes the
available actuation margin.

2) We propose an actuator-space intent-preserving com-
mand projection that integrates gravity compensation,
joint mapping, and PID current control, thereby reduc-
ing coordination distortion near saturation.

3) We introduce continuous feasible-reference manage-
ment using encoder unwrapping and online feedback
monitoring, which suppresses error accumulation and
recovery transients after temporary infeasibility.

II. RELATED WORK

A. Immersive and Digital-Twin Teleoperation

Immersive teleoperation aims to reduce the cognitive gap
between the operator and the remote robot by providing a
spatially consistent visual or digital representation of the
robot and its environment. Recent systems use virtual reality,
stereoscopic feedback, or digital twins to improve viewpoint
control, robot compatibility, and operator intuitiveness [5]–
[7]. These methods mainly improve the human–robot in-
terface, but the generated commands are often passed to
the robot through direct joint tracking or Cartesian control.
Consequently, they do not explicitly address how coupled
transmissions, gravity-dependent load, and motor saturation
distort coordinated motions at the actuator level. Our method
complements immersive interfaces with an actuator-space
feasibility layer that preserves coordinated operator motion
when the follower reaches its execution limits.

B. Learning-Based Teleoperation and Shared Autonomy

Learning-based teleoperation uses imitation learning, re-
inforcement learning, or learned intent recognition to reduce
operator workload and support autonomous assistance. Re-
cent work learns mode switching from human intent [8],
combines teleoperation with open-world shared control [6],
and uses large-scale teleoperated data to improve manipula-
tion policies [9]. These methods can handle complex task-
level behavior, but their performance depends on training-
data coverage and learned policies do not inherently guaran-
tee safe execution under unseen actuator constraints. More-
over, learning-based assistance may modify the operator’s
command without explicitly preserving its instantaneous
multi-DoF coordination. Our model-based method operates
before policy execution and preserves the operator’s local
motion direction under gravity and actuator saturation with-
out requiring task-specific training data.

C. Optimization-Based and Constraint-Aware Robot Control

Constraint-aware control regulates robot commands ac-
cording to collision, singularity, torque, velocity, or contact
constraints. Existing approaches use control barrier func-
tions [10], Cartesian impedance and null-space projection,
or quadratic programming to maintain safety and feasi-
bility [11]. These methods provide formal or numerical
constraint handling, but most impose constraints in joint
or Cartesian space and treat actuator saturation as a final
clipping operation. Such clipping can change the coordina-
tion ratio of coupled degrees of freedom, while accumulated
infeasible references may produce abrupt recovery motions.
Our method formulates the coupled differential wrist and
gravity-compensated actuator margins directly in actuator
space, then performs coordinated command projection and
continuous feasible-reference updates to reduce motion dis-
tortion and recovery transients.

III. METHOD

A. Problem Formulation and System Model

Let qm ∈ Rnm and q ∈ Rn denote the joint configurations
of the leader and follower manipulators, respectively. The
leader displacement is calibrated by

∆qmap = S (qm − qm,0) , ξh =

[︃
Kx 0
0 KR

]︃
∆qmap

∆t
,

(1)
where S contains the joint direction and scale factors, while
Kx and KR convert the mapped motion into translational
and rotational velocities.

The follower kinematics are described by the standard
Denavit–Hartenberg model:

0Tn(q) =

n∏︂
i=1

[Rz(qi)Tz(di)Tx(ai)Rx(αi)] =

[︃
R(q) p(q)
0 1

]︃
,

(2)
where p(q) and R(q) denote the end-effector position and
orientation. The corresponding spatial velocity is

ξ =

[︃
v
ω

]︃
= J(q)q̇, (3)

where J(q) is the geometric Jacobian.
For the differential wrist, let qw = [qp, qr]

T denote the
physical pitch–roll coordinates and θw = [θL, θR]

T the motor
coordinates. Their transmission relationship is

θw = Bqw + θw,0,

θ̇w = Bq̇w,

τw = BTτm,

B =

[︃
−κp κr

κp κr

]︃
, (4)

where B is the transmission matrix. Therefore, the two
physical wrist degrees of freedom share the same actuator
capacity, and motor-level limits result in coupled constraints
in the pitch–roll space.



Fig. 2: The robotic arm is a serial multi-DOF biomimetic manipulator that adopts an anthropomorphic joint layout with
multi-stage transmission integration. Its kinematic chain consists of an end-effector gripping mechanism, a wrist rotary joint,
an elbow pitch joint, and a shoulder pitch joint connected in series. All actuation units are DM (Damiao) series servo
motors, and independent or coupled motion of each degree of freedom is realized through gear transmission, synchronous
timing-belt transmission, and differential coupling mechanisms. Specifically, the end-effector gripping mechanism is driven
by a single DM4310 motor through a gear-meshing opposed transmission, enabling symmetric synchronous opening and
closing of the two jaws with a compact form factor and low distal inertia. The wrist rotary joint employs a dual-DM4310
differential coupling drive, in which power is transmitted via two synchronous timing-belt stages to the lateral drive gears,
and differential synthesis produces large-angle wrist rotation while reducing the radial dimension and optimizing the overall
mass distribution. The elbow and shoulder joints serve as the primary motion and load-bearing joints, each equipped with a
high-torque DM8009 servo motor. These joints adopt an electromechanically integrated mounting design, and the arm body
uses a hollow truss structure, thereby reducing self-weight and improving dynamic performance while maintaining bending
and torsional stiffness.

B. Gravity Compensation and Actuator Feasibility
The follower dynamics are modeled as

M(q)q̈ + C(q, q̇)q̇ + g(q) = τq + τext, (5)

where M(q) is the inertia matrix, C(q, q̇)q̇ contains the
Coriolis and centrifugal terms, g(q) is the gravity torque,
and τext is the external torque. The gravity vector is obtained
from the potential energy:

U(q) =

N∑︂
k=1

mkg0hk(q),

g(q) =
∂U(q)

∂q
.

(6)

For the differential wrist, the physical gravity torque is
transformed into the motor space according to

τg,m(q) = B−Tgw(q). (7)

Let τm,min and τm,max denote the motor torque limits. The
motion torque that remains available after gravity compen-
sation is

A(q) =
{︂
τm,motion

⃓⃓⃓
τm,min − τg,m(q) ≤ τm,motion

≤ τm,max − τg,m(q)
}︂
.

(8)

Thus, the available actuator capability varies with the robot
configuration and payload.

The motor velocity constraints are

θ̇min ≤ Bq̇w ≤ θ̇max. (9)

For symmetric limits and equal transmission ratios, the
differential wrist satisfies

|θ̇L| ≤ v̄, |θ̇R| ≤ v̄,

|κpq̇p − κr q̇r| ≤ v̄, |κpq̇p + κr q̇r| ≤ v̄.
(10)

When κp = κr, the feasible set becomes |q̇p|+ |q̇r| ≤ v̄/κp,
which is a coupled diamond-shaped region rather than two
independent joint intervals.

C. Actuator-Space Intent-Preserving Projection

A direct inverse-kinematics command,

q̇ = J†(q)ξh, (11)

does not guarantee joint, transmission, or actuator feasibility.
We therefore introduce an execution-progress variable α ∈
[0, 1], where α = 1 denotes full execution of the operator
command. The feasible follower velocity is obtained from

min
q̇,α

∥J(q)q̇ − αξh∥2W + λv ∥q̇ − q̇k−1∥2

+ λα(1− α)2
(12)

subject to

qmin ≤ q +∆tq̇ ≤ qmax,

θ̇min ≤ B(q)q̇ ≤ θ̇max,

τm,min ≤ B−Tτw(q̇) + τg,m(q),

B−Tτw(q̇) + τg,m(q) ≤ τm,max,

0 ≤ α ≤ 1.

(13)

The first objective term preserves the desired end-effector
motion, the second suppresses command discontinuities, and
the third maximizes the executable motion. To explicitly
penalize directional distortion, we define

P∥ =
ξhξ

T
h

ξTh ξh + ε
, P⊥ = I − P∥. (14)



Fig. 3: To verify the effectiveness and robustness of our method, we evaluate it on four tasks: Insertion, Place, Follow, and
Steer. The figure illustrates the successful execution procedure for each task.

The direction-prioritized objective is

min
q̇,α

∥P⊥J(q)q̇∥2

+ λ∥
⃦⃦
P∥J(q)q̇ − αξh

⃦⃦2
+ λv ∥q̇ − q̇k−1∥2 .

(15)

The first term suppresses motion components orthogonal
to the operator command, while the second term preserves
the command component parallel to the desired direction.
Consequently, when the follower cannot execute the full
command, the controller first reduces the execution speed
and only then modifies the motion direction.

For the differential wrist, the local projection can be
written as

min
q̇w,α

∥q̇w − αq̇w,h∥2Ww
+ λw ∥q̇w − q̇w,k−1∥2

s.t. θ̇min ≤ Bq̇w ≤ θ̇max.
(16)

This prevents independent motor clipping from changing the
relative pitch–roll motion requested by the operator.

D. Continuous Feasible Reference

If the raw leader command is directly integrated into the
follower target, infeasible motion accumulates as position
error and may generate a catch-up motion after the actuator
becomes available. We therefore update the follower refer-
ence using only the optimized feasible velocity:

qref,k+1 = qref,k +∆t q̇∗k, (17)

where q̇∗k is the solution of the constrained projection prob-
lem.

For periodic encoder variables, the continuous state is
updated by

q̃k = q̃k−1 +wrap (qk − qk−1) , (18)

where wrap(·) returns the shortest angular difference. This
state is used for velocity estimation, continuous wrist-roll
accumulation, and reference generation.

Let Vk ∈ {0, 1} indicate whether the feedback is valid. If
the feedback is unavailable or exceeds the timeout threshold,
the reference is frozen and synchronized with the measured
configuration:

Vk = 0 =⇒ q̇∗k = 0, qref,k = qreal,k. (19)

After valid feedback is restored, the reference is restarted
from the current measured configuration rather than from an
unexecuted historical command. This prevents communica-
tion loss or temporary saturation from producing a delayed
recovery transient.

E. Low-Level Joint and Motor Control

The feasible reference is tracked using cascaded position–
velocity control with gravity feedforward:

τq = Kp (qref − q) +Kd (q̇ref − q̇) + g(q). (20)

For the differential wrist, the physical pitch–roll torque is

τw =

[︃
τp
τr

]︃
,

and the corresponding motor torque and current are

τm = B−Tτw + τg,m(q),

im = K−1
t τm,

(21)

where Kt is the motor torque constant.
The complete control loop consists of leader measurement,

calibrated mapping, kinematic transformation, gravity and
transmission modeling, actuator-space feasibility projection,
continuous reference update, and joint–motor control. When
sufficient actuation is available, α remains close to one and



the follower tracks the leader directly. When gravity load
or actuator saturation reduces the available capability, α
decreases while the operator’s local motion direction and
differential-wrist coordination are preserved.

IV. EXPERIMENT

A. Setup

We validated the proposed master, slave teleoperation
control method on a real master, slave teleoperation system.
Joint position and velocity signals were collected at both the
controller and the slave manipulator. Each record contains a
timestamp and multiple joint channels, enabling comparison
between operator input and the actual execution state of the
manipulator.

The experimental signals contain six joint channels: Yaw,
Pitch 1, Pitch 2, Roll 1, Pitch 3, and Roll 2. Since some
channel names in the raw data are duplicated or inconsis-
tent, we match each channel by its column order in the
records rather than relying directly on the original names.
On the controller side, the position data contain 688 samples
over approximately 70.07 s, with a mean sampling rate of
about 9.82 Hz; the slave manipulator position data contain
12,376 samples over approximately 123.75 s, with a mean
sampling rate of about 100.01 Hz. For the velocity signals,
the controller side contains 570 samples over approximately
58.00 s, with a mean sampling rate of about 9.82 Hz; the
slave manipulator contains 6,977 samples over approximately
69.76 s, with a mean sampling rate of about 100.01 Hz.

This experiment aims to verify whether the proposed
actuator-constraint-aware teleoperation method can maintain
continuous and coordinated joint motion between controller
input and actual manipulator execution. By comparing posi-
tion and velocity responses at the controller and manipulator
sides, we focus on tracking continuity and motion consis-
tency under differential wrist Pitch–Roll coupling, actuator
capability limits, and transient variations, thereby validating
the method’s effectiveness in reducing motion distortion,
preserving joint coordination, and improving recovery under
constrained conditions.

B. Result

As shown in Figure 4. Experimental results show that
the controller-side input signals are generally smooth, with
the Yaw, Pitch 1, and Pitch 2 position channels varying
by only 2–3 raw units, whereas the Roll 1 and Pitch 3
channels vary by 21 and 44 raw units, respectively, indicating
pronounced wrist posture adjustments during the experiment.
In the velocity data, the mean value of each controller-side
channel is approximately 572 raw units, and the correspond-
ing manipulator-side means are also close to 572 raw units,
indicating that the manipulator maintains an overall motion
level comparable to that of the controller. The manipulator-
side velocity standard deviations for Yaw, Pitch 1, and Pitch
2 are 0.90, 1.66, and 1.26 raw units, respectively, showing
small fluctuations, whereas the ranges of Pitch 3 and Roll 2
reach 329 and 335 raw units, reflecting pronounced transient
responses induced by differential wrist coupling and actuator

constraints. Overall, the manipulator maintains continuous
motion for most of the duration without evident sustained
error accumulation, demonstrating the effectiveness of the
actuator-space constraint projection and continuous feasible
reference update strategies.

C. Ablation Study

1) Settings: To verify the impact of gravity compensation
on actuator available capacity and coupled joint motion, we
designed three ablation experiments: no gravity compensa-
tion, compensation for the Pitch 1 joint only, and compensa-
tion for the Pitch 2 joint only. All three experiments kept the
same master-slave joint mapping, differential wrist control,
actuator constraints, and continuous feasible reference update
strategy, with only the gravity compensation configuration
varied. Since gravity compensation directly affects the resid-
ual torque margin in motor space, different compensation
strategies lead to different joint tracking capabilities and
transient responses. By comparing the joint position and
velocity profiles across the three experiments, we focus
on analyzing the effects of gravity compensation on load-
dependent joint stability, motion continuity, differential wrist
coordination, and recovery from constrained states, thereby
validating the necessity of the gravity compensation module
within the proposed actuator-constraint-aware teleoperation
framework.

2) Result: As shown in Figure 5. Based on the abla-
tion experimental data, the full method exhibits a clear
advantage in velocity response stability. The average stan-
dard deviation of the manipulator velocity signals decreased
from 22.41 without gravity compensation to 5.91 with the
full method, corresponding to an overall fluctuation reduc-
tion of approximately 73.6%. In particular, under the no-
compensation condition, the standard deviation of the Roll
2 channel reached 110.68, whereas the full method reduced
it to 14.39, a decrease of approximately 87.0%, indicating
that gravity compensation and actuator constraint handling
can effectively suppress severe transient responses in the
differential wrist. When compensating only Pitch 1, the
average velocity standard deviation across the six channels
was further reduced to 3.99, approximately 82.2% lower
than that without compensation, with fluctuations in Pitch 2
and Roll 2 decreasing by approximately 47.4% and 91.2%,
respectively. In contrast, when compensating only Pitch 2,
the average standard deviation was 7.58, and the fluctuation
in the Pitch 2 channel actually increased from 9.84 to 14.22.
This suggests that compensating a single load-bearing joint
alone may improve local actuation capability but cannot
fully resolve the overall coordination problem in the coupled
wrist. Overall, the ablation results validate the effectiveness
of gravity compensation in improving joint motion stability,
suppressing velocity spikes, and enhancing differential wrist
coordination, and further demonstrate the necessity of jointly
designing gravity compensation, actuator-space constraints,
and continuous feasible reference updates.



Fig. 4: To validate the overall performance of our method, we recorded and compared in real time the indicators of the
controller and the on-vehicle arm.

Fig. 5: To verify the necessity of each module, we conducted
ablation studies on all pitch, pitch1, and pitch2, while record-
ing the same metrics as in the main experiment.

V. CONCLUSION

We proposed an actuator-constraint-aware teleoperation
method that unifies leader gravity compensation, joint map-
ping, and differential-wrist control in actuator space, pre-
serving operator intent under gravitational loads and mo-
tor saturation. Coordinated command projection, continuous
angle unwrapping, and feasible-reference updates reduce
coordination distortion and recovery transients. Real-robot
experiments and ablation studies confirmed smoother wrist
trajectories and improved velocity stability, with the full
method lowering the average velocity standard deviation by
73.6% over the no-compensation baseline. These results vali-
date the necessity of jointly designing gravity compensation,
actuator-space constraints, and continuous feasible reference

updates.
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