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Beyond End-Effector: Utilizing High-Resolution
Tactile Signals for Physical
Human–Robot Interaction
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Abstract—This article proposes a control framework for
robots to apply their entire body as potential effectors in
physical human–robot interaction (pHRI) tasks. This frame-
work is implemented based on high-resolution electronic
skin that covers the entire body of the robot. During pHRI,
robots must respond appropriately to human intentions, ne-
cessitating advanced sensing capabilities to interpret tac-
tile information effectively. However, both discerning human
intention from such large-scale tactile data and accommo-
dating interaction across the entire body’s surface present
challenges. In this article, we propose a method to convert
the large-area contact on a link into a contact center and es-
timate the corresponding wrench. Furthermore, we assign
soft priorities and desired trajectories to each contact point
and solve for the optimal joint velocities through quadratic
programming (QP). By enabling a dual-arm mobile manipu-
lator to dance the waltz with a human, our control framework
has been validated for its effectiveness in handling multiple
large-area contacts and time-varying pHRI tasks.

Index Terms—Admittance control, artificial robot skin,
physical human–robot interaction (pHRI), quadratic pro-
gramming (QP).
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I. INTRODUCTION

EASILY deployable electronic skins have brought excit-
ing new possibilities for the robotics community. These

skins are extensively attached to the body of robots and have
been successfully integrated into robotic systems [1], [2], [3],
[4]. Unlike traditional force/torque (F/T) sensors, the remark-
able superiority of robot skins lies in their ability to envelop
the robot’s entire body, providing feedback on external forces
and contact positions from every taxel. This feature makes it
possible to have large-scale physical human–robot interaction
(pHRI) virtually anywhere. In other words, robot skin enables
every part of the robot body to serve as a potential effector.

In the realm of pHRI, the standard approach entails integrat-
ing a six-axis F/T sensor at the end-effector of the manipulator
and employing impedance control (admittance control) [5], [6]
in Cartesian space to react to external force. However, we have
discovered that relying solely on interaction at the end-effector
level is often inadequate for many pHRI tasks. This inadequacy
arises not only due to the potential existence of multiple contact
points but also because the interaction may need to encompass
a considerable area. Such tasks could include moving large,
unwieldy objects or engaging in more humanlike activities,
such as waltzing between a human and a robot. As depicted in
Fig. 1, during a waltz between a human and a robot, multiple
contact area emerge simultaneously between them. The human
guides the robot’s movements to dance by adjusting the force
and force distribution applied to the robot’s links from his waist.

Recognizing human intention from tactile-based pHRI while
ensuring appropriate robot motion poses significant challenges.
Unlike point-specific F/T sensors, this kind of robot skins needs
extensive contacts and thus can hardly directly perceive ex-
ternal torques. Additionally, many current tactile sensors are
limited to detecting normal forces, neglecting shear forces [7].
For Cartesian admittance control, six-dimensional forces and
torques are essential. Moreover, the robot’s entire body com-
prises numerous potential contact locations, each representing
an interaction task. The robot often lacks the necessary capabil-
ity to perform all interaction tasks simultaneously. Considering
the unpredictability of contact points, predetermining a desired
trajectory for every individual point proves unfeasible.
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Fig. 1. Depiction of a waltz between a human and a robot. The distri-
bution and alterations in contact can be interpreted as torque and track
force applied at the contact center.

Based on these observations, in this article, we focus on
tactile-based wholebody pHRI tasks. Unlike previous works
[8] that mainly emphasize maintaining compliance, our work
focuses on interpreting tactile signals within Cartesian space
to enable complex, large-area physical interaction behaviors.
To achieve this, we propose a comprehensive tactile signals
processing framework. This framework is aimed at convert-
ing extensive contact information into Cartesian space, assign-
ing tasks and corresponding priorities to each contact point.
We have conducted extensive physical experiments to demon-
strate the effectiveness of our proposed method. In summary,
the detailed contributions of this article are as follows:

1) We develop a method utilizing high-resolution tactile
contact to identify the contact center and associated
wrench. Unlike previous studies, our method discerns
torque through contact distribution and generates esti-
mated forces to track changes in contact to adapt to ex-
ternal experimental variations.

2) We introduce an automated method to generate the refer-
ence trajectories for individual contact centers and priori-
tize them within the task stack. This enables smooth robot
motions amidst time-varying external contacts.

3) We determine the optimal joint velocity command while
adhering to robot’s physical constraints. We validate our
method through a series of experiments, including a
human–robot dance scenario. To the best of our knowl-
edge, it is the first experimental result of a complicated
dance between a human and a robot using the distribution
and variation of large-scale contact.

This article is organized according to the following structure.
Section II describes the related works of wholebody physical
interaction, and Section III introduces our system. Section IV
introduces the determination of the contact center and corre-
sponding wrench. In Section V, the desired trajectories and

priorities for each contact center are set. Section VI discusses
the experiments and obtained results. Finally, conclusions are
drawn in Section VII.

II. RELATED WORKS

Numerous studies on pHRI often see contact information
as a trigger signal or are tailored for specific robot types,
which contrasts with our motivation. In the realm of wholebody
pHRI, a common strategy involves projecting all contacts into
joint space for unified processing. In scenarios lacking tactile
sensors, these contacts can be identified through joint torque
sensors [9], [10] or compliant mechanisms such as elastic
joints [11], [12]. Sadeghian et al. [13] introduced a controller–
observer to estimate external contact and employ joint space
impedance control to respond to these contacts.

Electronic skin enables the direct acquisition of contact in-
formation. Following calibration, detected forces can be trans-
formed either to the center of mass [14] or into joint space using
the principle of virtual work [15], [16], [17], [18]. Leboutet
et al. [19] proposed a hierarchical force propagation approach
prioritizing the transfer of forces detected on robot skin to the
upper limb’s joint space. This method seamlessly integrates
with tasks such as obstacle avoidance [18] and humanoid robot
balancing [17]. Guadarrama et al. [20] introduced a concept of
virtual torque based on contact distribution to enhance wrench
information, consolidating forces in a patch and applying them
uniformly in joint space. These transmission methods focus on
maintaining compliance but may not fully exploit the robot’s
capabilities for active task execution.

Transforming each contact point into Cartesian coordinates
establishes a direct correlation between applied forces and
resulting motion. Although impedance control can be imple-
mented without the need for F/T sensors, it is necessary to
predefine the contact positions when modeling the control
framework [21]. In the absence of tactile skin, sensors such as
RGB-D cameras [22] become essential for estimating contact
positions and forces. Tactile sensors eliminate the need for these
estimation processes. Leboutet et al. [8] adapted the zero mo-
ment point concept from legged robots, consolidating multiple
contact forces into a force centroid and redirecting unresponsive
upper limb forces to the base. The primary challenge with
Cartesian space transmission method revolves around precisely
identifying contact point locations, determining the wrenches
exerted there, and then devising corresponding trajectories and
priority schemes.

III. SYSTEM OVERVIEW

A. Hardware Architecture

Our hardware architecture is depicted in Fig. 2(a). Our robot
platform is a dual-arm mobile manipulator, comprising an om-
nidirectional Mecanum base and two UR16e manipulators with
six degrees of freedom. Moreover, three electronic skins are
integrated into the arms, two on the left arm and one on the
right. Both the base and manipulators are velocity-controlled.

Displayed in Fig. 2(b), our electronic skin has exceptional
resolution, with each taxel comprising a square measuring
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Fig. 2. Our hardware architecture. (a) Complete view of our dual mobile
manipulator with tactile cover. (b) Detailed view of our high-resolution
electronic skin.

0.0075 m per side and interfacing with the main program at
a frequency of 500 Hz. Each taxel is capable of furnishing
feedback regarding the normal contact exerted upon it. Addi-
tionally, we chose the link’s reference frame as defined by the
D-H table, and described the position of the skin’s taxel within
this reference frame.

We calibrated our electronic skin, ensuring accuracy in both
the normal force ifσij

∈ R
3 measurements for each taxel and

their position ipσij
∈ R

3 relative to the link’s reference frame
Oγi

. When the force detected on a taxel exceeds a predefined
threshold σt ∈ R, denoted as ‖ifσij

‖> σt, we identify this
taxel as “in contact.” This threshold is strategically set to miti-
gate zero-drift phenomenon. In our calibration process, we op-
erate under the assumption that each taxel maintains a rigid at-
tachment to the link, with fixed relative distances between them.
Consequently, determining the precise position of each taxel
in relation to the reference frame Oγi

becomes straightforward
based on the taxel’s index, while the pose 0Rσij

∈ R
3×3 of each

taxel can be effectively represented by the pose 0Ri ∈ R
3×3 of

the attached link. It is worth noting that we do not consider the
stretchable materials.

B. Kinematic Solution With Soft Task Priority

Our system coordinates q� =
[
q�
b q�

a

]
∈ R

n are com-
prised of the unconstrained degrees of freedom of the mobile
platform, described as a reduced state qb =

[
x y θyaw

]� ∈
R

3, and the joint coordinates of the arm qa ∈ R
na . We can

assume that the interaction task is mathematically represented
by x ∈ R

6 in Cartesian space, which contains the translation
and the rotation. The direct kinematics mapping is described
by x= f(q). Upon performing differentiation of this equation,
we obtain the following:

ẋ= J(q)q̇ (1)

where J(q) = ∂f(q)/∂q is the 6 × n task Jacobian matrix.
When our manipulator exhibits redundancy concerning the des-
ignated task, it can be established that the inequality 6 < n.

At a given state of the robot (q), the joint velocity correspond-
ing to a desired task velocity ẋ can be obtained as follows:

q̇ = J#ẋ+ P q̇0 (2)

where J# ∈ R
n×6 is the pseudoinverse of Jacobian matrix J ,

q̇0 ∈ R
n is an arbitrary joint velocity, and P = I − J#J is the

TABLE I
TABLE OF COMPONENTS IN THIS ARTICLE

n The DOF of the robot.

q q� =
[
q�
b q�

a

]
∈ R

n is the generalized coordinates of the
robot.

σij σij represents the taxel numbered j on link i.

γi γi represents the reference frame of link i, which is selected
for convenience.

ηi ηi represents the contact center of link i.

ψi ψi ∈ R represents the weight of the contact center ηi.

0Ri
0Ri ∈ R

3×3 denotes the rotation of link i, with the assump-
tion that the contact center has the same pose as the link i.

0pηi
0pηi

∈ R
3 denotes the position of contact center ηi.

Ωi Ωi ∈ {x+
i , x−

i , y+i , y−i , z+i , z−i } is the contact region of link
i and defined as a cube.

0wηi
0wηi ∈ R

6 is the wrench of link i as the sum of resultant
force 0fηi

, estimated torque 0τηi and track force 0μηi
.

0x̃i
0x̃i ∈ R

6 is the deflection of link i.

0xdηi
0xdηi

∈ R
6 is the desired trajectory of contact center ηi under

the influence of contact.

0xrηi
0xrηi

∈ R
6 is the original reference trajectory of contact

center ηi.

0ẋcηi
0xcηi

∈ R
6 is the control velocity of contact center ηi.

0ẋeηi
0ẋeηi

∈ R
6 is the velocity tracking error of contact center ηi.

nullspace projector of J . This can also be interpreted as one of
the solutions to the following problem:

χ∗ =min
χ

‖Aχ− b‖2 (3)

where b= ẋ, A= J , and χ= q̇. In this way, we can transform
it into a QP problem.

Considering that robots typically face tasks with different
priorities, researchers have proposed two priority strategies
[23]: employing a soft priority approach for simultaneous ex-
ecution and adopting a strict priority strategy for hierarchi-
cal execution. Because methods based on strict priority can
cause abrupt changes in joint velocity when switching task
priorities [24], we primarily discuss methods based on soft
priorities here.

Soft priority treats each task at the same level by setting a
corresponding weight for each task and executes them simulta-
neously. The allocation of weights is relative across tasks, with
those possessing higher weights being accorded higher priority.
Given a set of tasks with their relative weights ψi, the new QP
problem becomes corresponding to a desired task:

χ∗ =min
χ

p∑

i=1

ψi‖Aiχ− bi‖2. (4)

In Table I, the primary components utilized throughout this
article are presented. The superscript 0 and i means world frame
and the link i’s reference frame, respectively.
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Fig. 3. Illustration of transforming large-area contact of link i to contact
center ηi. The darker the red color on the taxel, the greater the force
applied to it.

IV. TACTILE-BASED PERCEPTION AND ESTIMATION

A. Large-Area Contact Centering

As stated in Section III-B, achieving accurate control of
tactile contact in Cartesian space necessitates condensing exten-
sive contact area into a singular contact point. In the previous
works, the force centroid method [8] struggled to accurately
estimate the distribution of contact as torques, while methods
centered around a fixed reference frame [20] failed to reflect the
actual position of contact. To accurately represent the contact
position while offering feedback on contact distribution, we
opted for the geometric center derived from all taxels in contact
as the designated contact center affixed to the link.

In specific cases, we define the contact center of link i as
Oηi

. Let us consider the scenario depicted in Fig. 3, where there
are βj taxels are in contact. By harnessing the data relayed by
these taxels, we can acquire both the position ipσij

of these
taxels relative to the reference frame of the attached link i.
The position of contact center ipηi

can be regarded as the
weighted mean of ipσij

ipηi
=

βj∑

j=1
ωσij

ipσij

βj∑

j=1
ωσij

(5)

where ωσij
is the weight of taxel σij to adjust the force sensitiv-

ity across different positions on link i. Such sensitivity is a key
feature of electronic skin, enabling us to determine the spatial
variation in the importance of contact across the link i, which
is an essential characteristic of the natural skin. The weight
ωσij

cannot be influenced by the detected force.1 Notably, given
that each taxel’s pose 0Rσij

can be represented by the pose
of its respective attached link 0Ri, we assert that the contact
center shares the same pose as it is reference frame Oγi

, i.e.,
0Rηi

= 0Ri.
Another significant advantage of this approach is the elimi-

nation of the need to individually incorporate each taxel into the
kinematic chain based on its position. There’s no requirement
to calculate the position of each taxel in world frame 0xσij

or
derive its Jacobian matrix Jσij

. Considering the high resolu-
tion of our tactile sensor, this reduces our computational time

1In this work, all weights are uniformly set to 1.

significantly, sparing us from the tedious task of kinematic
calibration for each taxel [25]. In this article, we only need
to compute the kinematics of the contact center in real time.
We can simply obtain the position of the contact center in the
world frame

0pηi
= 0Ri

ipηi
+ 0pγi

. (6)

Upon performing differentiation of this equation, we obtain
the following:2

0ṗηi
= 0Ṙi

ipηi
+ 0Ri

iṗηi
+ 0ṗγi

. (7)

Referring to (1) and representing the differential of rotation
matrix in a different way, we obtain the following:

0ṗηi
= [0ωi]

×0Ri
ipηi

+ 0Ri
iṗηi

+ Jp,γi
q̇. (8)

In the above equation, Jp,γi
∈ R

3×n represents the position
Jacobian matrix of the reference joint frame Oγi

, 0ωi ∈ R
3 is

the angular velocity and [0ωi]
× ∈ R

3×3 is the skew-symmetric
matrix of 0ωi. By doing so, we can describe the kinemat-
ics of the contact center ηi using the kinematics of reference
frame γi.

We consolidate all detected forces 0fσij
into a resultant force

0fηi
and estimate the torque 0τ ηi

acting on the contact center.
This is achieved by computing the cross product of the force
exerted by each taxel and the respective distance between each
taxel and the contact center

ifηi
=

βj∑

j=1

ωσij

ifσij
(9a)

iτ ηi
=

βj∑

j=1

(ipσij
− ipηi

)× (ωσij

ifσij
). (9b)

B. Contact Changes Tracking

At every control step, we can pinpoint the positions of the
taxels in contact. When relative sliding occurs during contact,
the robot needs to track this sliding to maintain relative stillness
with the external contact. This is especially meaningful for the
electronic skin that can only detect normal forces. An intuitive
approach is to describe the contact changes using the movement
of the contact center. However, given that poor tactile contact
can potentially cause motion in the contact center, we instead
represent contact changes using the axis-aligned cubes formed
by all the contacting taxels, i.e., the contact region. As illus-
trated in Fig. 4, if the position of taxels in contact surpasses
our desired region, the robot must execute corresponding ad-
justments to restore the contact within our desired region. This
desired region can be derived from past contact regions.3

Considering this, we decide to generate a force 0μηi
∈ R

3

acting on the contact center to track contact changes. Upon
receiving feedback on the current contact state from tactile
sensors, we maintain a cubeΩi ∈ {x+

i , x
−
i , y

+
i , y

−
i , z

+
i , z

−
i } for

2iṗηi
can be estimated by the time differential of ipηi

with the controller
step.

3More details can be found in Section V-B.
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Fig. 4. When the real contact region Ωi surpasses our desired region
Ωdi , a force kηi

0μηi
will be generated to track the alternation in contact.

each link. The edges of this cube represent the maximum and
minimum position of all contact taxels, enveloping all currently
in-contact taxels on the link with minimal volume. If the con-
tacts on the link surpass the desired region, i.e., when the cube
Ωi extends beyond our desired cube Ωdi

, a track force 0μηi
is

generated at the contact center to realign the cube. This track
force can be expressed as follows:

fR(x) = max(x, 0) (10)

0μηi
=

⎡

⎢
⎣

fR(x
+
i − x+

di
)− fR(x

−
di

− x−
i )

fR(y
+
i − y+di

)− fR(y
−
di

− y−i )

fR(z
+
i − z+di

)− fR(z
−
di

− z−i )

⎤

⎥
⎦ . (11)

In this expression, fR(x) guarantees that track force 0μηi
is

activated solely when the desired contact region is surpassed.

C. Contact Point Level Admittance Control

The wrench 0wηi
∈ R

6 exerted on the contact center can be
regarded as the sum of the external force 0fηi

, the estimated
torque 0τ ηi

, and the track force 0μηi

0wηi
=

[
0fηi

+ kηi
0μηi

0τ ηi

]

(12)

where the coefficient kηi
governs the magnitude of the track

force. The Cartesian admittance control can be described as the
behavior of tracking reference trajectory 0xrηi

∈ R
6 under the

influence of wrench 0wηi

Λi
0 ¨̃xi +Di

0 ˙̃xi +Ki
0x̃i =

0wηi
(13)

where Λi,Di,Ki ∈ R
6×6 are the corresponding desired iner-

tia, damping, and stiff matrices. This equation describes the
dynamic behavior of the contact center. Besides, 0x̃i ∈ R

6 is
the deflection that describes the influence of the wrench on the
reference trajectory

0x̃i =
0xdηi

− 0xrηi
. (14)

In this way, the contact center shifts from tracking the initial
reference trajectory 0xrηi

to tracking a new desired trajectory
0xdηi

∈ R
6.

V. CONTROL APPROACH

A. Dynamic Priority for Each Link

For skins without designated interaction tasks, their pri-
mary function is to maintain compliance with external con-
tacts. When the skin is not involved in interaction with the
external world, its task should not disrupt ongoing operations.
In contrast, when the skin encounters contact with the external
environment, it becomes necessary to adapt to these sudden
contacts to ensure safety. Hence, establishing priorities for dif-
ferent skins is essential.

Strict priority here is not appropriate. Considering the possi-
ble variation of force acting on the skin, the hierarchy of priori-
ties among distinct links may require frequent adjustments. As a
result, we provided a simple approach to automatically generate
the priority of each link, represented as ψi ∈ R for each link i

ψi =
1 − e−b‖0 ˙̃xi‖2

1 + e−b‖0 ˙̃xi‖2
(15)

where 0 ˙̃xi is the velocity deflection in (13) and b ∈ R is a
constant that adjusts the shape of the function. Such a priority
function can be seen as a variant of tanh. As the velocity de-
flection 0 ˙̃xi grows due to the external wrench 0wηi

, the weight
ψi also increases until it approaches the value of 1.

When the weight ψi of link i is zero, the robot will not engage
in this interaction task of this link. This condition is referred
to as “inactivated.” In practical applications, a minute positive
constant ψthr is used instead of exactly zero.

B. Desired Trajectory Configuration

As stated in Section V-A, our discussion of interaction tasks
is based on two distinct scenarios. In the first scenario, we man-
ually specify the reference trajectory 0xrγi

, the contact region
Ωi, and the priority ψi when we require the contact center to
execute certain tasks. On the contrary, in the second scenario,
where no specific task has been assigned, all terms above must
be generated automatically. We mainly discussed the second
scenario here. It is important to note that all tasks should be
defined in the reference frame γi due to the varying position
ipηi

of the contact center.
When link i is not involved in any interaction with the envi-

ronment, its priorityψi is approximately zero and therefore does
not interfere with any other ongoing tasks. In this case, we set
the reference trajectory 0xdγi

of link i to its current actual posi-
tion 0xγi

(in fact, the reference trajectory 0xdγi
equals the de-

sired trajectory 0xdγi
as 0x̃i = 0). Conversely, when link i starts

interacting with the environment, the robot becomes aware of
this situation and records the contact position 0xγi

and contact
region Ωi at the moment the interaction begins. Throughout
the interaction, the robot’s reference trajectory 0xrγi

is always
locked to the position recorded at the onset of the interaction.
Once contact is lost, the link’s priority gradually returns to zero
due to damping. When it returns to zero, the robot’s admittance
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Fig. 5. Illustration of the life-circle of the link i’s interaction. The term
“activated” means the weight ψi > ψthr, and the term “activating” means
the moment that the weight ψi first exceeds the threshold ψthr.

Algorithm 1: Desired Trajectory Configuration

Input: q̇, 0wηi

Output: 0xdγi
,Ωdi

1 for i← 0 to αi do
2 update 0x̃i,

0 ˙̃xi;
3 update ψi;
4 if ψi ≥ ψthr then
5 0xdγi

← 0xtγi
6 else
7 0xdγi

← 0xγi

8 end
9 if ψ̄i ≥ ψthr and ψi < ψthr then

10 0 ˙̃xi,
0x̃i ← 0

11 end
12 if ψ̄i ≤ ψthr and ψi > ψthr then
13 0xtγi

← fγi
(q);

14 Ωdi
←Ωi

15 end
16 ψ̄i ← ψi;
17 end

control is reinitialized, i.e., 0 ˙̃xi,
0x̃i ← 0, and the reference tra-

jectory 0xrγi
returns to its current actual position 0xγi

, waiting
for the next moment of activation. This interaction process is
illustrated in Fig. 5 and Algorithm 1.

For the desired trajectory’s orientation part, the reference
frame γi and contact center ηi are completely identical, and the
position part of the desired trajectory in the reference frame γi
and contact center ηi has the following relationship:

0pdηi
= 0pdγi

+ 0Rdi

ipηi
(16)

0ṗdηi
= 0ṗdγi

+ 0Ṙdi

ipηi
+ 0Rdi

iṗηi
(17)

0ẋdηi
= 0ẋdγi

+
[

0Ṙdi
ipηi

+ 0Rdi
iṗηi

0
]�

. (18)

Obviously, any interaction behavior on the robot body may lead
to deviations from the desired trajectory. To track the desired
trajectory, a common choice is task space decomposition veloc-
ity control

0ẋcγi
=Kp

[
0pdγi

− 0pγi
log(RiRdi

)∨
]�

+ 0ẋdγi
(19)

where log(RiRdi
)∨ is the logarithmic map of the orientation

error, represented as a 3-D rotation vector. The control velocity
0ẋcηi

∈ R
6 of the contact center can be obtained by transform-

ing the control velocity of the reference frame

0ẋcηi
− 0ẋcγi

=
[
Kp(

0Rdi
ipηi

− 0Ri
ipηi

)+0Ṙdi
ipηi

+ 0Rdi
iṗηi

0
]�

.
(20)

The tracking error can be defined as the error between control
velocity 0ẋcηi

and actual velocity 0ẋηi

0ẋeηi
= 0ẋcηi

− 0ẋηi
. (21)

C. QP Formulation

1) Physical Constraints: During operation, the robot must
respect its own physical constraints. We restrict the robot’s joint
velocity and confine its joint angles within certain ranges

q̇l ≤ q̇ ≤ q̇u

ql ≤ q + hq̇ ≤ qu (22)

where h ∈ R is the predictive horizon and ql, qu, q̇l, and
q̇u ∈ R

n are lower and upper bound vectors of joint position
and velocity.

2) QP With Constraints: Our objective is to minimize
weighted squared the L2-norm of tracking velocity errors 0ẋeηi

for all contact centers through optimization of joint velocity q̇∗

while adhering to multiconstraints

q̇∗ = arg min
q̇

αi∑

i=1

0ẋ�
eηi

Ψi
0ẋeηi

+ εq̇�q̇

s.t. q̇l ≤ q̇∗ ≤ q̇u

1
h
(ql − q)≤ q̇∗ ≤ 1

h
(qu − q) (23)

where ε ∈ R is the regularization term used to reduce ill-
conditioning during the QP-solving process. In practical ap-
plications, it is set to a small positive value. Ψi = ψiI ∈ R

6×6

is the weighting matrix to adjust the priority of tasks for each
contact center.

VI. EXPERIMENTS

We evaluated our proposed method in several experiments,
including basic experiments for specific points and a compre-
hensive experiment involving a human waltz with a robot.4

Our experiments were conducted on the hardware platform
described in Section III-A, with a control frequency of 100 Hz.

4[Online: https://youtu.be/9dFcm-JEq_c]
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TABLE II
PARAMETERS FOR EXPERIMENTS

q̇l q̇u ql qu kηi b Kp ψthr

−0.15 0.15 −∞ +∞ 200 4 5 10−4

Fig. 6. Experiments for contact centering. (a) Resultant force. (b) Esti-
mated torque. (c) Center position. (d) Weight for contact center. (e) Right
arm joint velocity. (f) Base velocity.

The data from the tactile sensor have been processed using
a moving average filter with a window size of 10. In all ex-
periments, joint velocity commands were computed by OSQP
[26], with the parameters ε and h in the QP form (23) man-
ually set to 0.1 and 0.15, respectively. If not otherwise speci-
fied, all experiments are conducted with the parameters shown
in Table II.

A. Basic Experiments

1) Experiments for Contact Centering: The objective of
the first experiment is to demonstrate that the contact centers
and corresponding wrenches can accurately reflect information
about large-area contacts. We mainly considered two scenarios:
1) even contact in single place to test contact forces; and 2) con-
tact on both sides of the same link to test torque estimation.
The admittance control matrices of the first experiment are
set as Λi = 0.5 · I6×6,Di = 40 · I6×6,Ki = 06×6. The exper-
imental results are illustrated in Fig. 6, and each scenario is
numbered over time.

It is worth noting that, to avoid instantaneous large estimated
torques, we applied a limit to the estimated torque such that
τ ηi

(2)≤ 1.2. As shown in Fig. 6(b) and 6(e), the estimated
torque quickly reaches the maximum set value, and the joint
speed limit is rapidly attained. Another point to note is that
at time 2, when the human hand leaves the manipulator, the

priority of the contact center does not immediately drop to
zero, and the robot continues to move for a short period before
stopping. This behavior is expected in admittance control due
to the effect of damping.

2) Experiments for Contact Changes Tracking: The ob-
jective of the following experiment is to illustrate that the
changes in contact can generate appropriate track force and
move the robot in our expected direction. As seen in Fig. 7,
the user first touches the middle of the contact link and then
slides forward and backward to generate track force. We set
a redundancy of 0.01 m for the desired contact region to
reduce the sensitivity of the tracking force. For the sake of
easy observation, the operator’s contact force is primarily ap-
plied in the z-direction, causing slippage in the x and y direc-
tions. The admittance control parameters are set as Λi = 0.5 ·
I6×6,Di = diag(40, 40, 500, 40, 40, 40),Ki = 06×6. The re-
sulting outcomes are shown in Fig. 7. Initially, the contact slides
forward, generating a track force in the direction of the slide.
Under the robot’s movement, the contact naturally slides back to
the initial position, then slides backward, repeating this process.
There is a period where the tracking force is zero, which is
due to the current contact region Ωi being encompassed by
the desired contact region Ωdi

. It is worth noting that, unlike
other experiments, the robot’s initial velocity is not zero when
the curve starts. This is because the experimenter has already
contacted the robot to determine the contact region before
sliding occurs.

3) Experiments for Wholebody pHRI: The purpose of this
experiment is to demonstrate that the robot can correctly handle
the prioritization of wholebody pHRI tasks in the presence
of Cartesian stiffness. The experimenter periodically touches
the three links enveloped with the electronic skin on the
robot. The admittance parameters for the experiment are set to
Λi = 0.5 · I6×6,Di = 60 · I6×6,Ki = 40 · I6×6, and the ex-
perimental results are shown in Fig. 8. Please note in Fig. 8(d)
that as the force stabilizes, the corresponding link’s priority
gradually decreases to a relatively low value due to the influence
of stiffness. When the links are no longer subjected to force,
their priority rises again due to the stiffness. In Fig. 8(f) and
8(g), it can be observed that due to the very small value of ψthr

we set, it has almost no impact on the smoothness of the joint
velocity command.

B. Waltz With Robot

The experiment of waltzing between a human and a robot
is shown in Fig. 1. Before the waltz begins, the human ad-
justs the manipulator’s configuration to achieve a comfortable
dancing position, which the robot then records as qdance ∈
R

na . To accurately represent the dancer’s rotation during the
dance on the robot’s mobile platform instead of the arm, we
added manipulator’s joint configuration constraints to the kine-
matic solution: ql = qdance −

[
0.1 . . . 0.1

]�
, qu = qdance +[

0.1 . . . 0.1
]�

. To ensure that the left forearm link remains
in contact with the dancer’s waist, we applied a constant force
of 10N , directed horizontally to the right in the base frame.
This is achieved by setting the desired force in the admittance
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Fig. 7. Experiments for contact changes tracking. (a) Track force. (b) Weight for contact center. (c) Left arm joint velocity. (d) Base velocity.

Fig. 8. Experiments for wholebody pHRI. (a) Resultant force of link 1.
(b) Resultant force of link 2. (c) Resultant force of link 3. (d) Weight for
contact center. (e) Base velocity. (f) Right arm joint velocity. (g) Left arm
joint velocity.

control scheme. Throughout the dance, the priority of the left
forearm was kept locked at 1. The admittance control param-
eters throughout the dance were set as follows: Λi = 0.1 ·
I6×6,Di = 200 · I6×6,Ki = 06×6. This experiment demon-
strated that the dancer could successfully control the robot
to follow his dance steps by adjusting the contact force and
contact distribution at his waist. More results can be found in
the attached videos.

VII. CONCLUSION

In this article, we propose a novel tactile signals
processing framework to accomplish complex, large-contact-
areawhole-body pHRI tasks. For tactile signal processing, we

transfer large-scale contact information to the contact center
and estimate the torque and track force to adjust experimental
contact. Considering the existence of multiple contact points,
we assign a soft priority to each contact center and generate a
desired trajectory for them. The proposed method is validated
through a series of basic experiments and a comprehensive
experiment involving a waltz between the robot and a human.
Our future work will focus on employing our framework
on humanoid robots and exploring our framework from the
perspective of impedance control.
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