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Lie Group-Based User Motion Refinement Control
for Teleoperation of a Constrained Robot Arm
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Abstract—In unilateral teleoperation systems, robots often face
challenges when performing tasks with specific geometric con-
straints. These constraints restrict the robot’s movements to certain
directions, requiring accurate control of its position and orienta-
tion. If the operator’s commands do not consider these constraints,
excessive contact force may occur, potentially damaging the robot
and its environment. Such scenarios can also trigger frequent emer-
gency stops, even with conventional admittance control. To mitigate
these issues, we propose a new teleoperation framework tailored
for handling geometric constraints. This framework comprises two
main components. 1) Geometric Constraint Identification: We use
a straightforward line regression method based on Lie group theory
to identify geometric constraints. 2) Motion Command Reshaping:
The operator’s motion commands are safely recalculated using a
projection filter coupled with a Lie group setpoint controller. This
approach ensures that the robot’s movements strictly conform to
the identified geometric constraints. As a result, this approach
significantly reduces the interaction forces and prevents the risk
of severe failures or accidents.

Index Terms—Telerobotics and teleoperation, recognition, com-
pliance and impedance control.

I. INTRODUCTION

ROBOTIC teleoperation, which is traditionally used for re-
mote manipulation in hazardous environments and to teach

robots through physical demonstrations [1], [2], has evolved to
perform various complex tasks [3], [4]. Despite these advances,
these tasks remain challenging due to geometric constraints
restricting the degree of freedom of motion. For example, a
robot is restricted to linear, circular, or helical motion when
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opening a drawer, opening a door, or screwing, respectively.
In particular, it becomes more complex when position and
orientation constraints are coupled [5], [6].

In teleoperation, operators face significant challenges due to
constraints in motion generation, particularly with positional
and orientational constraints. Typically, robots are controlled
remotely using task space commands. However, it is difficult to
perceive these constraints accurately. This lack of clarity can lead
to the unintentional generation of dangerous motion commands.
Motion commands that violate the constraint cause excessive
contact force between the robot and the environment, leading to
task failures and hardware damage, e.g., robotic tool breakage,
environmental damage, and emergency stops.

As a remedy, an admittance control-based teleoperation sys-
tem can be used since it allows physical interaction by modulat-
ing the robot’s reactive motion with a measured external wrench.
It can prevent the generation of an excessive interaction force
while simultaneously controlling the position of the robot [7],
[8], [9]. However, its main objective remains to follow the oper-
ator’s motion commands, which may not always be consistent
with the geometric constraint and can increase the interaction
force if the commands severely violate the constraint.

To prevent the abovementioned failures, motion commands
that consistently satisfy the constraint are needed. In other
words, the robot system should limit or ignore dangerous motion
commands to remain within the allowable range. Identifying and
utilizing the constraint information can be a promising solution
since this knowledge provides a way to inform the robot to re-
strict its movements to the permissible path. There is a constraint
inference method using a force-torque (F/T) sensor based on
the principle of virtual work [10]. However, they focused on
classifying the constraints rather than accurately estimating the
constraint parameter. On the other hand, naïve fitting methods
to fit geometry to data points are also available [11], [12], but
they only cover simple primitives such as lines, planes, and
circle arcs. The combined position/orientation cases, such as
the helical constraint, cannot be identified in this case.

When geometric constraints are known, virtual fixtures (VFs)
apply force feedback to restrict robot movement within the
allowable region [13], using simple functions such as P control
or PD control between the constraint and the closest point of
the robot [14], [15]. However, this method cannot completely
confine the robot’s movement to the constraint under arbitrary
motion commands.
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Fig. 1. Conceptual illustration for the situation of the target problem. Under
geometric constraints, the robot should follow (black dotted line), but dangerous
motion commands will cause catastrophic failures. Therefore, this work pro-
poses methods to avoid such failures: 1) identifying the geometric constraints
and 2) reshaping the robot’s motion onto the constraint.

This letter introduces a teleoperation framework to perform
tasks with geometric constraints. The framework comprises
geometric constraint identification and motion reshaping
strategy based on the identified constraint. Our key idea is
that the representation of screw motion simplifies nonlinear
rigid body motion using the Lie group theory [6], [16]. This
approach simplifies the identification of complex 3D motions
under coupled positional and orientational constraints, giving
linearity. Moreover, the proposed motion reshaping allows the
robot to move in a permissible path that adheres to the identified
constraint; thus, excessive interaction force can be prevented
during teleoperation.

The remainder of this letter is organized as follows. In
Section II, the problem statement with the preliminary is in-
troduced. In Section III, the details of the proposed method are
presented. In Section IV, the experimental results are reported.
In Section V, the discussion is presented.

II. PROBLEM STATEMENT AND PRELIMINARY

A. Problem Statement

Recent robot manipulation research has remarkably increased
the necessity of satisfying constraints. The Riemannian Motion
Policy (RMP) successfully superposes multiple reactive motion
policies, which account for collision avoidance, joint limits,
and long-range arm navigation [17]. Safe exploration in robotic
Reinforcement Learning (RL) often uses physical and safety
constraint knowledge to resolve the gap between simulation and
the real world [18]. Furthermore, the Control Barrier Function
(CBF) has been used for safety-critical applications through for-
ward invariance. It is often combined with optimization-based
control algorithm synthesis [19], [20]. These approaches require
predefined constraint knowledge and usually focus on collision
avoidance and joint position and velocity limits.

This letter is slightly different from the ones mentioned.
We aim to control the teleoperated robot, where the human

Fig. 2. Types of geometric constraints. The red dotted line shows the con-
strained path. Well-known prismatic, revolute, and helical constraints impose
linear, circular, and helical motion, characterized as a linear relation in Lie alge-
bra. {q, S, h} is a screw notation represented by Lynch and Park [5] to explain
the constraint extraction to be considered as line regression. In Section III-B,
the screw parameters are computed by our geometric constraint representation.

operator remotely performs tasks1 with geometric constraints.
The situation of the target problem is shown in Fig. 1. The human
operator gives motion commands2 using a command device. In
free space, the robot has no constraints in terms of interacting
with an environment, so it is out of our scope. However, during
task execution, the problem arises that the robot cannot freely
move to follow the desired pose due to geometric constraints.
The robot’s motion should be satisfied if a specific path is
strictly followed. Otherwise, as mentioned earlier, it increases
the contact force and eventually causes failures. This frequently
occurs because dangerous motion commands are unavoidable.
Therefore, this letter focuses on reshaping (or refining) the
robot’s motion to satisfy geometric constraints rather than di-
rectly tracking the motion command. Consequently, geometric
constraints are defined as the path the robot should follow during
the task. The explanation of the geometric constraints handled
in this letter is suggested in the following subsection.

B. Preliminary

The geometric constraints handled in this letter are veri-
fied in Fig. 2. We define the (constrained) motion as a set
of transformation matrices that comprise the constrained path:
{T0, T1, . . . , Ti} for each Ti ∈ SE(3). SE(3) is called Special
Euclidean group, which is a group of homogeneous transforma-
tion matrices.3 Since SE(3) is a matrix Lie group, the tangent
space at the identity forms a special structure called the Lie
algebra. In particular, the Lie algebra of SE(3) is a set of 4× 4
matrix representations of twist, denoted by se(3), is isomorphic
to R6. In Lie group theory, the maps between the Lie group
and the corresponding Lie algebra are always defined (exp and
log). Moreover, we explore the differential of the exponential
map, which links the body twist and the time derivative of
the exponential coordinate. Due to a space limit, please refer
to [6] and [16] for a more detailed explanation, especially the

1These tasks directly involve interacting with an environment, so we basically
consider the admittance control-based teleoperation system. The detailed control
structure is explained in Section III-A.

2The motion command from the operator is represented as a homogeneous
transformation matrix of the robot’s end effector. It is denoted as pdes in the
control structure or Tcmd in the proposed motion reshaping part.

3For simplicity, the homogeneous transformation matrix is sometimes de-
noted by T = (R, r) ∈ SE(3).
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differential of the exponential map and its time derivative; we
will utilize them in this letter.

Returning to geometric constraints, if we compute the left
translation to start position T0, relative transformation is ob-
tained as T̃i = T−1

0 Ti. Then, we can convert the relative trans-
formation set {T̃i} to the Lie algebra se(3) by using the matrix
logarithm and the differential of the exponential [6], [16]. For
T̃i = (R̃i, r̃i) ∈ SE(3), its corresponding exponential coordi-
nate λi = log(T̃i) = (ηTi , ξ

T
i )

T ∈ se(3) � R6 is calculated as

ξi = log
(
R̃i

)
, (1)

ηi = dexp−1
ξi

(r̃i) . (2)

In particular, the corresponding exponential coordinate set
{λ0, λ1, . . . , λi} forms a linear relation in se(3) � R6. For
example, the constrained motion in Fig. 2 can be expressed as
the corresponding exponential coordinates such that

λi =

⎧⎪⎨⎪⎩
α (S, 01×3)

T linear motion

α (01×3, S)
T circular motion

α (−S × q + hS, S)T helical motion

. (3)

Here, α ∈ R is a scaling factor; therefore, the geometric con-
straints shown in Fig. 2 can be specified as a one-parameter, i.e.,
a six-dimensional vector. From now on, we consider the one-
parameter a six-dimensional line vector since the exponential
coordinates can be regarded as points on R6. Thus, the geometric
constraint identification problem is converted to a line regression
problem.

III. PROPOSED METHODS

A. Overall Control Structure

The basic control structure shown in Fig. 3(a) starts with an
admittance controller with feedforward input [7], [21]. To follow
the motion commands, the task space PD controller is utilized,
and the control torque is obtained as

τc = JT (Ke−Dṗn) + g, (4)

where K and D are the task space stiffness and damping ma-
trices, respectively. e = pdes − pn is the task space pose error.
Since the desired velocity is zero, it can be considered a task
space setpoint control during teleoperation.

Moreover, the nonlinear robust inner-loop compensator
(NRIC) [22] is utilized. It provides robustness under large model
uncertainties and disturbances [20], [23] and further introduces a
nominal robot as a proxy in the admittance controller [24]. Under
the NRIC structure, the auxiliary torque to make the real robot
following the nominal robot is obtained through the PID-type
position controller as

τa = Kγ

(
ėnr +Kpenr +Ki

∫
enr

)
, (5)

where Kγ , Kp, and Ki are the PID control gain matrices. enr =
qn − q is the joint position error between the nominal and the
real robot.

In the target situation, the conventional admittance controller
often leads to instability, such as excessive contact force and

Fig. 3. Overall control structure.

oscillation due to a non-collocation problem between the F/T
sensor and the proxy [25], [26]. To mitigate this, we use a
bidirectional energy flow [24], [27], which adds additional force
feedback to the proxy. This feedback loop prevents internal
energy generation. However, determining the optimal amount
of energy flow is challenging because of the trade-off between
the system’s passivity and control performance. We apply the
concept of a torque bound [23], [27] by setting a constant bound
to determine the division of the energy flow. We call this a
modified admittance control structure, as shown in Fig. 3(b),
and the auxiliary torque that flows into the real robot, denoted
by Λτa, is calculated as follows:

(Λτa)i =

⎧⎪⎨⎪⎩
ci if τa,i > ci

τa,i if |τa,i| ≤ ci

−ci if τa,i < −ci

. (6)

Λ ∈ Rn×n is a diagonal matrix for the bound and ci is the
user-defined constant bound.

The proposed control method using the modified admittance
control structure is shown in Fig. 3(c). The shadowed box is
the proposed motion reshaping block consisting of two parts:
a projection filter and a Lie group controller. The projection
filter alters the motion commands to be safe under the geometric
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constraints, and the Lie group controller enforces the robot’s
motion to follow them. The details are explained in the following
subsections.

B. Geometric Constraint Identification

The first step is to identify the geometric constraints. We
propose a geometric constraint identification method that ex-
ploits the linearity assumption in Lie algebra, as mentioned in
Section II-B. The robot motion trajectory is mapped to the Lie
algebra as in (1) and (2), the constraints are specified through the
line regression. It uses a weighted singular value decomposition
(SVD) on this mapped trajectory. The weighting factor is based
on the L2 norm of the measured force and moment, reflecting the
likelihood of a large measured wrench when the robot deviates
significantly from the constrained path. The proposed weight is
a modified version of the methods in [11], [28] to penalize the
mapped trajectory with a high exerted force or moment. If we
let the measured wrench4 set Fi = {F1, F2, . . . , Fi} for each
Fi = (fT

i , nT
i )

T , then the weighted SVD procedure is as below
(7), (8), and (9):

wi =
1

2

(
w−1

fi∑N
i w−1

fi

+
w−1

ni∑N
i w−1

ni

)
, (7)

where

wfi =
‖fi‖∑N
i ‖fi‖

and wni
=

‖ni‖∑N
i ‖ni‖

,

Z =

⎡⎢⎢⎢⎣
√
w1

(
λT
1 − λ̄T

)
√
w2

(
λT
2 − λ̄T

)
...√

wN

(
λT
N − λ̄T

)
⎤⎥⎥⎥⎦ = UΣV T , (8)

where

λ̄ =

∑N
i wiλi∑N
i wi

. (9)

Here, Z ∈ RN×6 is the data matrix that stacks each exponential
coordinate λi ∈ R6 with the inverse weight wi ∈ R. On (8) and
(9), λ̄ ∈ R6 is a point on the line and l = (ηT , ξT )T ∈ R6 is a
line vector that is the first column of the matrix V , resulting in
a line representation5 in R6. Furthermore, we can extract screw
parameters such as the closest location on the screw axis from
the coordinate frame q, the direction of the screw axis S, and
the pitch along the screw axis h as shown in Fig. 4. They are
computed by

q =
ξ × η

‖ξ‖2 ∈ R3, (10)

S =

{
η

‖η‖ := Sη ∈ R3 prismatic case
ξ

‖ξ‖ := Sξ ∈ R3 otherwise
, (11)

h =
ξT η

‖ξ‖2
2π

‖ξ‖ ∈ R. (12)

4We adopt the notation of (body) wrench as F = (fT , nT )T ∈ R6 where
f , n ∈ R3 are exerted force and moment, respectively [6].

5In usual, the line is represented by a point p on the line and nonzero direction
vectorv in Rn, i.e., set of all points which comprised the liney = p+ tv, t ∈ R.

Fig. 4. Relation between the task space and Lie algebra. The motion trajectory
under the geometric constraints in task space is represented as the line in Lie
algebra. The line vector l is obtained via SVD. Still, physically, the vector l is
similar to the normalized screw, or Plücker coordinates [29], thereby η is the
moment vector and ξ is the direction vector of a screw axis. p is an arbitrary
point on the screw axis that passes through.

Algorithm 1: Constraint Identification Algorithm.

The aforementioned identification procedure is repeated
whenever the traveling distance exceeds the threshold, and the
data matrix Z is sampled. For batch-weighted SVD applica-
tion, we heuristically set the threshold (prismatic case: 10 cm,
revolute/helical case: 10 deg in this letter). The identification
result is updated if the newly identified line has a smaller Mean
Euclidean Distance (MED). The Euclidean distance between the
exponential coordinate and the line in R6 computes the error.
The MED is calculated as

MED =
1

N

∑
i

wi‖λi − (Pλi + (I6 − P )λ̄) ‖, (13)
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Fig. 5. Proposed projection filter.

where I6 represents a six-dimensional identity matrix. N is
the number of the sampled data (empirically set N = 100),
the inverse weight wi is calculated by using (7). P ∈ R6×6 is
the projection matrix used to calculate the error. The precise
description of the projection matrix is explained in the next
Section III-C. The entire procedure of the identification algo-
rithm is summarized in Algorithm 1.

C. Projection Filter

The next step is to modify the arbitrary motion commands
to conform to the identified line l using a projection filter. The
projection matrix P ∈ R6×6 is computed by

P =
llT

lT l
. (14)

Therefore, the arbitrary motion command λcmd = log(T̃cmd) ∈
se(3) which is the mapping of T̃cmd = T−1

0 Tcmd ∈ SE(3) will
be modified to λproj which always satisfies the geometric con-
straint as

λproj = Pλcmd + (I6 − P )λ̄

=
(
ηTproj , ξ

T
proj

)T
. (15)

It is converted back to the task space by

Tproj = T0 T̃proj , (16)

where T̃proj = (R̃proj , r̃proj) with R̃proj = exp(ξproj),
r̃proj = dexpξproj

(ηproj). In summary, the task space motion
commands are mapped to the Lie algebra and projected to the
identified line. The projected motion command is reconverted
to the task space as shown in Fig. 5.

D. Lie Group Setpoint Control

We need to enforce the robot’s motion to follow the con-
strained trajectory. Even if we modify the original motion com-
mandTcmd to the filtered motion command Tproj , the task space

Fig. 6. Schematic of the proposed Lie group setpoint control. PD control
between λdes and λcur in Lie algebra remains the robot’s movement to the
identified line (the red dashed line in Lie algebra); it ensures that the robot
moves within the constrained motion trajectory in the task space (the red dashed
line in Lie group).

PD controller fails to follow the identified constraint. This is due
to the linear convergence driven by the task space pose error
description e = pdes − pn. To restrict the robot’s movement
to the constraint, we suggest a new control scheme, namely
Lie group setpoint control, which is conceptually illustrated in
Fig. 6. The main idea is the PD control action in Lie algebra
se(3) instead of the task space SE(3). The linear convergence
tendency in Lie algebra automatically follows the constrained
motion trajectory in the task space. The proposed controller is
computed using the following procedures. First, we convert the
current and desired transforms to the Lie algebra elements λcur

and λdes as

λcur = log
(
T−1
0 Tcur

)
, (17)

λdes = log
(
T−1
0 Tproj

)
, (18)

where Tcur and Tproj are the current and filtered desired trans-
forms through the proposed projection filter. T0 is the starting
transform utilized as the left translation. Additionally, we con-
vert the current and desired velocity to Lie algebra as follows:

λ̇cur = dexp−1
−λcur

Vcur, (19)

λ̇des = dexp−1
−λdes

Vproj = 06×1, (20)

where Vcur = (vTcur, ω
T
cur)

T ∈ R6 is the current body twist.
Then, we can formulate PD control to calculate the reference
acceleration in terms of the Lie algebra as

λ̈ref = Kp,se3(λdes − λcur) +Kv,se3

(
λ̇des − λ̇cur

)
= Kp,se3(λdes − λcur)−Kv,se3λ̇cur, (21)

where Kp,se3 and Kv,se3 are the P gain and D gain matrices in
Lie algebra, respectively. After obtaining the reference acceler-
ation, we convert them to the Lie group SE(3)

V̇ref = dexp−λcur
λ̈ref +

d

dt
dexp−λcur

λ̇cur. (22)

Using inverse dynamic control, we can calculate the control
torque as

τc = M(q)q̈ref + C(q, q̇)q̇ + g(q), (23)

where q̈ref = J−1(V̇ref − J̇ q̇). M(q), C(q, q̇), J(q), and g(q)
represent the inertia, Coriolis, Jacobian matrices, and the gravity
vector, respectively.
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Fig. 7. Experimental setup for various geometric constraints.

Fig. 8. 2D position plot of the free motion test. The graph on the upper left
shows the motion trajectory under task space PD control. The graph on the upper
right shows the motion trajectory under task space PD control with virtual fixture
enforcement. The lower graphs show the motion trajectory under the proposed
motion reshaping method, especially the right graph, which includes bounded
bidirectional energy flow.

Fig. 9. Positional deviation graph from the constrained motion trajectory. The
shaded area represents the period during teleoperation.

IV. EXPERIMENT

For the experimental setup, the linear guide, the door test
bed, and the screw valve testbed were used to represent the
prismatic, revolute, and helical constrained motion, as shown
in Fig. 7 . A 6-DoF articulated robot arm (Indy7, Neuromeka)
was used for the teleoperated robot. The end effector of the
robot arm was rigidly attached to the environment with the

3D-printed tool, so the robot encountered situations that strictly
followed each constraint. We utilized a 6-DoF remote controller
(Vive Pro controller, HTC) that communicates with the robot via
TCP/IP at a 50 Hz sampling rate to generate the desired motion
commands. A 6-DoF F/T sensor (RFT80-6A01-A, Robotus) was
used to measure the external wrench. In the modified admittance
control structure, the user-defined constant bound was set as
c = (10.0, 10.0, 8.0, 6.0, 5.0, 3.0)Nm, where each component
ci corresponds to the bounded bidirectional energy flow in (6).

A. Geometric Constraint Identification

The proposed identification algorithm extracts the screw pa-
rameters from a single execution of the task by the user. The
modified admittance control structure is used for identification,
and the control parameters are set as follows:

K = diag(100, 100, 100, 16, 16, 16),

D = diag(250, 250, 250, 40, 40, 40), (24)

where the first three components are for the translation, and the
last three are for the orientation. Note that the desired damping
was larger than the stiffness to prevent the robot from acting
as an underdamped system. To safely extract the constraint in
this identification process, vibration feedback is provided to
the user through the remote controller when the interaction
force/moment exceeds the threshold (30 N/15 Nm). With vi-
bration feedback, the user stops entering the motion command,
waits a few seconds to stabilize the robot, and resumes. This en-
courages the user to operate the robot carefully by considering
the contact force indirectly.

We tested eight geometric constraints by adjusting the radius
and pitch for the revolute and helical constraints to check the
generalizability and versatility of the proposed identification
algorithm. The identification results and the ground truth values
measured manually in terms of the screw parameters are shown
in Table I. The proposed identification algorithm estimates the
constraint parameters and even captures the parameter changes.

B. Free Motion Test: Reducing Geometric Constraint Violation

In the second experiment, we used the identification results
from the previous experiment and analyzed whether the pro-
posed motion reshaping method improved the robot’s adherence
to the constrained motion trajectory. To do so, we detached the
robot from the environment and remotely operated the robot
in free space. We only tested the door case because it allows
relatively large and dynamic motion to capture the difference
effectively. The controllers verified in the experiment are the
following:

1) N1: task space PD control w/o constraint enforcement,
2) N2: task space PD control with VF (virtual fixture),
3) N3: Lie group control with projection filter,
4) N4: Lie group control with projection filter (bounded

bidirectional energy flow is added).
N1 represents the method used to generate motion, while N2 is

an existing method for enforcing motion constraints. N3 denotes
our proposed motion reshaping method, and N4 is a variation of
N3, which is specifically modified for rigid contact scenarios.
The trajectory recorded using N1 was replicated in N2, N3, and
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TABLE I
IDENTIFICATION RESULTS FOR VARIOUS CONSTRAINT PARAMETERS

Fig. 10. The results of the interaction test include graphs showing contact forces under prismatic, revolute, and helical constraints in the first, second, and third
columns, respectively.

N4 for a fair comparison. The control parameters for N1 and N2
were set as follows:

K = diag(250, 250, 250, 40, 40, 40),

D = diag(250, 250, 250, 40, 40, 40),

Kvf = diag(500, 500, 500, 120, 120, 120),

Dvf = diag(100, 100, 100, 24, 24, 24), (25)

where Kvf and Dvf are the PD gains of the VF. The control
parameters for N3 and N4 were set as follows:

Kp,se3 = diag(45, 45, 45, 45, 45, 45),

Kv,se3 = diag(45, 45, 45, 45, 45, 45). (26)

Fig. 8 presents the free motion plots. In case N1, the robot
significantly deviated from the constraint, following the motion
commands without considering the constraint. For case N2,
the virtual fixture enforcement led to better adherence to the
constraint but did not fully restrict robot motion [13].

In contrast, in cases N3 and N4, the robot was confined to the
constraint due to the proposed motion reshaping method. As a
result, N3 and N4 showed significantly reduced deviations com-
pared to N1 and N2, as shown in Fig. 9. In particular, N4 showed
a slightly higher deviation than N3, a consequence attributed to
control performance degradation [23]. However, N4 is chosen
for further experiments because the direct application of N3 for
the interaction task is not feasible due to the non-collocation
problem as discussed in Section III-A.

C. Interaction Test: Reducing Contact Force

Finally, we investigated the contact force when the robot is
rigidly attached to each constraint. The controllers verified in
the experiment are the following:

1) C1: conventional admittance control (Fig. 3(a)),
2) C2: conventional admittance control with VF,
3) C3: modified admittance control (Fig. 3(b)),
4) C4: the proposed control method (Fig. 3(c)).
For a fair comparison, the trajectory recorded using C4 is

replicated in C1, C2, and C3. The control parameters were the
same as those in the previous experiment.

Fig. 10 shows the results. In case C1, the robot exhibited
unstable behavior, resulting in severe oscillations of the contact
force. In addition, the robot encountered catastrophic failures,
such as emergency stops, in all constraints due to excessive
contact force. On the contrary, C2 and C3 exhibited reduced
oscillatory behavior and improved stability due to VF enforce-
ment and additional force feedback, respectively. However, in
both C2 and C3, the direct input of dangerous motion commands
to the robot still resulted in large contact forces, which had the
potential to cause catastrophic failures. The proposed control
method, C4, successfully prevented excessive contact forces by
filtering dangerous motion commands and aligning them with
the constraint. Notably, C4 showed a lower contact force than
C3, although it had the same control structure as C3. There-
fore, the reduced contact force is inherited from the proposed
motion reshaping block, validating that our method can prevent
excessive contact force and avoid catastrophic failures during
teleoperation.
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V. CONCLUSION

This letter presents a teleoperation framework designed for
tasks with geometric constraints, which forms a linear relation
in Lie algebra. Our framework effectively estimates these con-
straints, even in cases where the screw parameters are variable.
Building upon the identification results, we introduce a motion
reshaping method employing a projection filter and a Lie group
setpoint control. This approach ensures that the robot’s motion
remains within the identified constraints. The experimental re-
sults validate that the proposed method limits the robot’s motion,
preventing excessive contact forces and avoiding catastrophic
failures.

The remaining challenge is the requirement for precise mo-
tion commands from the human operator during the constraint
identification phase. However, it is essential to note that once the
constraints are identified, the user can enter arbitrary motions,
which are then reshaped using our proposed method. Integrating
constraint identification with motion reshaping is an area for
future development. In addition, this letter treats geometric
constraints that satisfy the linearity assumption in Lie algebra.
Thus, the proposed identification method should be extended to
other constraints.
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