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Abstract— Different robotic manipulation tasks require dif-
ferent execution and planning strategies. Nevertheless, the ver-
satility of tasks in assembly and disassembly demands flexible
control strategies. Fundamental to achieving such adaptive con-
trol methods is understanding and generalizing the interactions
between tools, the manipulated object, and the environment
required to perform a manipulation. This paper addresses the
problem of generating adaptive manipulation by introducing
the force-velocity task phase plot that represents the inherent
nature of tactile manipulation skills. This representation enables
us to identify the primary phases of the interaction in the
force-velocity domain. Using unified force-impedance control,
we establish a tactile manipulation strategy to robustly conduct
versatile manipulation tasks even in case of disturbances or im-
precise task information. The proposed control scheme features
a dynamic process for impedance shaping based on the external
force applied to the robot and the skill motion error for collision
response, as well as a force-shaping function that enables both
a smooth transition from free motion to contact and force
regulation. We implement and compare the control strategy
to previously proposed strategies using peg-in-hole reference
experiments that include force disturbance and positioning
inaccuracies and show the respective task phase plots. As a
result, we observe high controller robustness and conclude that
using the task phase plot as the inherent representation of
tactile manipulation via unified force-impedance control enables
successful adaptive controller design and creates a quantifiable
basis for robotic skill solution comparison.

I. INTRODUCTION

Robotic manipulation plays a vital role in the digital trans-
formation of traditional factories, enabling the automation
of assembly and disassembly operations, e.g., for electronic
waste recycling [1]. Robotic solutions to such processes
require complex robot capabilities and robustness to varying
conditions [2]-[4]. For example, the dismantling procedure
for a battery from a heat cost allocator (see Fig. 1) includes
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Fig. 1: Pipeline from real-life application to tactile skill. Un-
derstanding the underlying system of a tactile skill by simplified
representations enables the derivation of manipulation plans that can
cope with environmental uncertainties for successful task execution.
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(1) placing the tool in contact with the gap (pre-contact and
contact initiation); (ii) pushing the pin; (iii) levering the lid
and PCB; and (iv) separating the battery [S]. To obtain a
flexible automation solution to this versatile process, the
location, and dimension of the region of interest, like the
screw hole, can be obtained, e.g., by a camera. Even though
such external sensing suffers from uncertainties and may
provide imprecise positioning information, the robot should
robustly align the tool with the contact to execute the desired
tactile manipulation skills, such as pushing the pin, levering
the lid, and cutting the battery. Thus, besides precise motion,
a sense of touch has become crucial, which leads to the
definition of tactile manipulation skills [6]—[8].

The introduction of torque-controlled tactile robots capa-
ble of perceiving touch enabled robotic skills that require
force-motion commands and high compliance [9], [10]. To
allow these skills, multiple strategies are available, e.g.,
admittance control [11], impedance control [12], force con-
trol [13], and even unified control [14]. Numerous studies
consider force control as a solution to adaptive robotic skills,
validating the suggested controllers using constant force
values, thresholds, or limitations [15]-[19]. However, these
strategies cannot cope with environmental uncertainties and
may fail when faced with perception imprecision [20], [21].
Impedance control is a well-known technique that enforces
dynamic behavior for interacting with the environment and
the desired motion [12]. These dynamics can be achieved in
the joint space, operational space, or even the null space of
a robot manipulator [22]. Adaptive adjustment of impedance
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Fig. 2: Tactile skill representation. The task phase plot (fext, @) is constrained by the desired state of the object, while the current
environmental conditions form its shape. A manipulation plan should be devised to enable smooth transitions between the phases.

parameters is helpful in many applications [23], [24]. In
applications with shared autonomy, variable impedance tech-
niques are also utilized to coordinate the motions of humans
and robots and update the desired skill motion policy [6].
Although the robotic community has been investigating
adaptive manipulation with perception uncertainties so far,
this is yet to be solved in principle and has not found
its way into the industrial application domain [25]-[28].
Consequently, the field of electronic waste recycling is still
primarily dominated by manual labor.

Successfully integrating adaptive robot manipulation skills
represents a highly complex problem that consists of desired
force and form closures between the robotic end-effector
and the objects to be manipulated. Despite multiple attempts
to solve adaptive manipulation, to the best of the authors’
knowledge, a methodological approach to skill development
starting with a formalism to represent the desired tactile
manipulation strategy is yet missing. In this study, we derive
a first representation of tactile skills based on unified force-
impedance control, namely the task phase plot. It describes
the entire cycle of a manipulation skill based on force and
velocity information. Using unified force-impedance control,
we use this formalism to develop a tactile manipulation strat-
egy for robust contact initiation and flexible manipulation
assuming inaccurate environmental information. The manip-
ulation approach is designed dynamically, using impedance
shaping to react to unforeseen contact and force-shaping to
initiate and shape desired contact conditions. Using a peg-
in-hole fitting experiment, we demonstrate the manipulation
method and derive the task phase plots for comparison with
state-of-the-art impedance and force controllers.

Additionally, we introduce the soft displacement metric
that tests the robustness of the introduced manipulation
strategy to position inaccuracies. We observe good posi-
tioning robustness and increased success of the introduced
manipulation strategy compared to other solutions. Lastly,
we present a possible extension of our controller for human-
robot interaction

The paper is organized as follows. Section II introduces
the inherent representation of tactile skills for robust contact
initiation and flexible manipulation under environmental and
positioning uncertainties, using unified force-impedance con-
trol. The experimental procedure and results are presented
consecutively in Sec. III and Sec. IV. Finally, Sec. V
concludes the paper.

II. METHODOLOGY

Physical interaction between two bodies requires robustly
establishing and maintaining the desired contact by either
force or form closure. Adapting to undesired contacts is one
enabling factor in maintaining contact forces or achieving
form fit. In this study, interaction skills that require motion
and force policies and compliant behavior are referred to as
tactile manipulation skills.

A. Tactile Skill Representation

Any tactile process such as peg-in-hole followed by releas-
ing is defined with certain boundary conditions, i.e., motion
and force. Ideally, the task phase plot, as shown in Fig. 2,
demonstrates the entire cycle that the peg goes through, in
which the force-velocity relation evolves:

1 - starting moving freely foxi = 0px1 toward the hole,
while speeding up to Zgx1,

2 - smoothly establishing contact &, = 0 with the bottom
surface, while an external force fext, > 0 is exerted to
it,

3 - breaking contact 6 fey¢ . = 0 while moving @,

4 - back to the free condition fox;, and &, .

However, the actual motion of the peg and the force ex-
erted are formed based on force/wrench and twist constraints
imposed by the environmental conditions, such as undesired
contacts due to positioning imprecision. Here, the phases of
tactile interaction repeat within the phase plot as contact is
established multiple times before the desired goal state is
achieved. Consequently, a tactile manipulation strategy is
required to adapt the desired force and motion of the peg
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Fig. 3: A simplified scheme of elements in the dismantling process of a heat cost allocator to recycle the battery. The gap location
x. is assumed to be obtained externally. Impedance control is followed by desired motion x4. To insert the tool, a wiggle motion is
applied via a feed-forward force fr. When force control is activated, a desired force fq establishes contact with the surface to make tool
alignment possible. Stiffness adaptation enables the robot to have compliant behavior to adjust itself to the environment.

between the phases, leading to robust and successful task
execution.

B. Tactile Manipulation Strategy

Using force-impedance control, we develop a tactile ma-
nipulation plan for robust contact initiation and flexible
manipulation under positioning inaccuracies, as shown in
the example of a peg-in-hole task for heat cost allocator
disassembly in Fig. 3. First, we design a dynamic process
for impedance shaping based on the external force exerted
on the robot and the skill motion error to allow the robot
to adjust its end-effector in response to incidental contact.
Second, we create a force shaping function to enable (i) a
smooth transition from free motion to contact (pre-contact
shaping) and (ii) force regulation based on the desired tool
alignment (contact shaping).

1) Control design: To control robot arm motion and
force policies with n-DOF, the desired pose of the end-
effector w.r.t. the robot base frame is 4 € R%. The robot’s
dynamics equation in Cartesian space in the base frame is

Mc(q)2 +Cc(q,q)x + fo(q) = fin + foxe (D

where fort € RS is the external wrench w.r.t. the base frame.
M (q) is the robot mass matrix, Cc(q,q) € R6%6 is the
Coriolis and centrifugal matrix, and fy(q) is the gravity
vector in Cartesian space. Furthermore, fi, is the wrench
applied by the robot and relates to the joint control torque
T € R™ by 7y, = JT(q) fin. Next, we design a control
algorithm for the input torque 7;;, to perform the desired task.
The proposed control law for adaptive tactile skills shown in
Fig. 4 is extended from unified force-impedance control [6],
[14] and comprises four main components:

I) tracking the desired motion x4 and adapting the robot
stiffness level (pimp) with impedance control,
applying feed-forward force fg ,

regulating the external force foy¢ W.r.t. the desired force

fa.

gravity compensation for the robot.

1)
1)

V)

The input torque 7, € R™ is:

2

Tin = Timp + T + T + Tg

where Tinp, TH, T, and 7, € R™ are the input torques for
(1) impedance control, (ii) feed-forward torque, (iii) force
control, and (iv) gravity compensation.

2) Variable impedance control: The following control
law is defined to establish the desired Cartesian impedance
behavior on the tooltip.

Timp = JT(q) (K& + D@ + Mo(q)éq + Co(q, §)da),
3)

where & € R® is the actual pose of the end-effector in the
base frame, and the pose error is &. Moreover, Ko and
D¢ € RS%6 are diagonal stiffness and damping matrices,
respectively. The desired Cartesian inertia is assumed to be
the robot inertia in Cartesian space. The difference between
the desired and actual contact leads to a deviation from the
desired pose x4, which alters @, or the exerted force foxt.
Therefore, we use a metric h to adapt the stiffness matrix
K in impedance control according to the external force and
the pose error:

r=x4—x,

S =|fL.|, 4)
S

Here, having the threshold S; is crucial to compensate for
minor effects of the environment, i.e., surface friction and
measurement error !. The h is then coupled to K¢ via Pimp:

K¢ = pimp(t) Kmax 6)
where the adaptation parameter pj,, is obtained by
min{p,0},  pimp =1
Pimp = P 0 < pimp < 1, pimp(0) =0, (V)
max{p,0}, pimp =0
and p is given by
p = hpimp + Pmin- (8)

Note that, to have an initial increment for the case piyp = 0,
a small positive constant p,,;, has been introduced into the
shaping function dynamics.

IPlease note that using pose instead of velocity or acceleration leads to
having a comparably less noisy signal



3) Force control: The force control is defined to maintain
the desired contact force f$°¢ € R applied by the robot w.r.t.
the external force £, € RS as follows

Tfre = pfch(Q)T.ffrca )

[RQ]3x3  Osxs N
.ffrc = fee + K gj +
03x3 [RQ]3x3 (f pdext
K | £ dt+ Ky £, (10)
fose = 3¢+ o (11)

where fr. € R is a feedback force controller in the base
frame rotated by RO. The PID controller gains are the
diagonal matrices of K,, K;, K4 € R®*5. Moreover, the
force shaping function pg.. decides to activate or deactivate
the force controller based on the defined conditions

Ptrc = PimpPpcPc - (12)

To avoid phase switching, we define the force shaping
function pg.. by combining pp. and p.. When the tool is
close to the desired contact surface by d,. > 0, force control
is activated smoothly, and its weight is equal to one at @iy
During the contact, the robot tolerates the tool alignment
error up to a certain threshold of d. > 0. For instance,
force control is deactivated if the robot loses contact with the
surface due to a large tool alignment error. Thus, the robot
becomes only impedance-controlled and tracks the desired
motion. Pre-contact shaping p,. is designed based on the
distance between the tool and the desired contact surface in
the z-direction in the task frame . = x. — x:

1 Tmin < Ty
Poc= s(1+ COS((%?W)'/T)), Tmin > Fey > -
Zmin — Opc
0, otherwise.

Contact shaping p. as a function of tool alignment error
de Z by bounding it with the limits of Sp,;, and d. > 0:

1, fiZc < Shin
_ ) 50 cos((EEESm ) S < ST <
Pe= Shin + dc
0, otherwise.

(14)

When the robot is fully compliant p;,,;, = 0, it becomes
adjustable to the environment. After reaching its maximum
stiffness, the robot is adapted to the current environmental
conditions and restarts the desired motion from its current
configuration.

Finally, the closed-loop equation for the overall system
becomes the following

Mc(q)z + Ce(q,q)x + Dex + Ko+

ffrc+fff+fextzo- (15)
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Fig. 4: Tactile manipulation strategy. The controller shaping
functions ensure robust and safe interaction with the environment.

In addition, to ensure controller stability, which might be
compromised due to variable impedance [29], the Lyapunov
candidate function is
1 T 2 1 ~T ~

V= §$ Mcox + iac Kcx. (16)
Differentiating V' and rearranging the corresponding terms
for fext = 0 and the constant M result in

* ~T ~ ]- ~T ~

V=—-x" Decx + 5:1: Kezx. 17
Due to the term K ¢, the eigenvalues of the stiffness matrix
K should be constant or decreasing for & # 0. It can be
deduced from Eq. 6 that the rate of change of the stiffness
matrix K¢ is directly proportional to the rate of change of
the adaption parameter Pipyp:

K¢ = pimmeax . (18)
Furthermore, once the motion error & exceeds defined thresh-
olds in Eq. 4, 5, and 8, by the definition of pi,, = min{p, 0}
in Eq. 7, K¢ decreases due to pim, < 0. Stiffness K¢
increases again; only the motion error and external force
are within the thresholds. Briefly, while the motion error &
exists, the stiffness K decreases:

constant stiffness Kimax, pimp=1 A =0

&40
pimp7£1 Ne=0
19)

K¢ = < decreases,

increases to Kax,

Please note that one might also install virtual energy tanks
to ensure the passivity of the whole system as a sufficient
condition to achieve stability [30].



TABLE I: Control parameters used in the experiments.

Parameter ‘ Unit ‘ Value
T, m/s 0.002
Krimp and Kyano | N/m | diag[1000, 1000, 1000, 150, 150, 150]
£ Ns/m diag[0.7,0.7,0.7,1,1,1]
<o N [0,0,10,0,0,0]
Ko N/m | diag]1000, 1000, 100, 150, 150, 150]
St Nm 1.0
Toe ™ 0.002
Oc Nm 0.5
Tmin m —0.001
Stmin Nm 0.002

III. EXPERIMENTAL VALIDATION

In particular, the protocol for recycling the battery from a
heat cost allocator is: (i) placing the tool in contact with the
gap (pre-contact and contact initiation); (ii) pushing the pin;
(iii) levering the lid and PCB, and (iv) separating the battery.
In a simplified form, the requirements of the dismantling
protocol are (i) contact initiation, going to the gap with a
specific orientation; (ii) establishing contact, tool alignment
with the desired contact (gap); and (iii) manipulation: force
and motion profile. Finally, the task performance is evalu-
ated regarding position accuracy, motion profile error, force
tolerance, force profile error, and compliance. We formulate
contact initiation and establish contact under perception un-
certainties as a peg-in-hole problem to obtain a reproducible
reference setup to measure the controller performances. A
Franka Emika robot is used for the experiments, and the
robot’s internal sensing records the position, velocity, and
external end-effector force.

A. Contact Initiation: Peg-in-hole

A peg manufactured with fitting tolerance (< 0.1 mm)
can be inserted via wiggle motion. In experiments, wiggle
motion is realized by adding a feed-forward force term to the
controller as a function of amplitude a = —3 N, frequency
w = 3 Hz, and time ¢,

f& =10,acos(2mwt),0,0,0,0]. (20)

The length and diameter of the peg are 20mm and 3 mm,
respectively.

Experiment 1: In the first set of experiments, four differ-
ent control methods are compared: (i) impedance, (ii) force,
(iii) force-impedance, and (iv) adaptive force-impedance con-
trol. The robot starts with non-contact 2 mm above the hole.
Afterward, it freely moves and establishes contact. Finally,
the robot is expected to insert the peg until it is in contact
with the bottom of the hole. The control parameters used in
the experiments are listed in Tab. I.

Experiment 2: The application of force-impedance con-
trol promises to enable coping with displacement impreci-
sion, especially for interaction tasks. We introduce the soft
displacement metric to quantify this capability. This metric

analyses the displacement from the ideal insertion line for a
peg-in-hole application starting from which the peg-in-hole
operation is still successful based on robot compliance. The
time to complete the task and the peak forces can be used
to evaluate the controller’s quality. In the experiment, the
initial robot position xg is displaced towards the location of
the hole, x;, by épc = 2mm in the z-direction:

Soc 1)

Lz = L0,z —

Once the robot is compliant, the initial pose is updated
with the current pose. Thus, the robot reactivates the force
controller within the defined thresholds. The experiments
are repeated three times, using the displacements 3, 9, and
15mm in the y-direction successively.

Experiment 3: We present a possible use case for our
method in human-robot interaction to enable collaborative
working. The impedance shaping function decreases the
robot’s stiffness when a human applies force. Using this
compliant behavior, the human expert puts the robot into
another contact, and then the robot is expected to insert the

peg.
IV. RESULTS AND DISCUSSION

The following section presents our experimental results
in order of the three conducted experiments. All results
are plotted based on the distance between the initial and
current end-effector position w.r.t the base frame. As the
peg length is of 20 mm, it is also the maximum distance
the robot may travel in the z-direction. Therefore, if 20 mm
distance along the z-direction and an approximate velocity
of O0mm/s are reached, we rate the task completion as
successful. Additionally, the task phase plot is developed
with the external force and velocity in the z-direction, which
also translates to the power evolution during the task. It is
presented in the robot task space.

The results of position and force over time and the task
phase plots for Experiment 1 are shown in Fig. 5.

For controller the impedance controller, Fig. 5a), at first,
the wiggle motion is dominant in the position plot. Then,
the insertion starts, and the corresponding external forces
increase. The robot successfully inserts the peg after 13s.
However, there is no significant contact force until after
10s, the robot senses the external force due to tolerance
adjustment during insertion. After hitting the bottom of the
hole, the robot measures a force value of around 10 N.
Moreover, as there is no specified goal, the robot tries to
move further at the bottom and gives a Cartesian reflex error.

Using the force controller shows that the robot controls
the force well below the desired maximum of 10 N, Fig. 5b).
However, as can be seen in the task phase and position plot,
the robot fails to slow down and gives an error after 0.2s
due to embedded safety around 150 mm/s.

Next, in Fig. 5c) unified force-impedance control is ap-
plied, which commands low stiffness in the insertion direc-
tion to utilize compliant behavior as well as the tactility
of the robot. Similarly to the force controller results, the
force-impedance controlled force stays mainly below the
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Fig. 5: Results of Experiment 1: Comparative results for dif-
ferent controllers. Position (current distance to the initial position
in the x, y, and z direction in the base frame) vs. time, force in the
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in the task frame vs. velocity in the task frame (task phase plot)
Arrows proceed in time. a) Impedance control b) Force control with
10N in the z-direction c) Force impedance control with 10 N in the
z-direction d) Adaptive force impedance control with 10N in the
z-direction

desired threshold, besides a short overshoot with 0.05s
duration. Nevertheless, just like the force controller, the
force-impedance control cannot close the loop in the task
phase plot without a specified end condition.

Finally, unified force-impedance control with adaptive
stiffness is tested, shown in Fig. Fig. 5d). If there is no
contact, the controller acts as pure impedance control. When
the robot is close to the hole by d,., force control is
activated, and its weight reaches 1 after x,,;,,. When the peg
enters the hole without obstruction, as there is no contact to
maintain due to the tool alignment error, the force control’s
weight decreases. Thus, the robot becomes only impedance-
controlled and tracks the desired linear motion in the z-
direction. Whenever the robot reaches the bottom, it stops
due to the low stiffness, as seen in the task phase plot.

Using adaptive force-impedance control, in Experiment
2, we observe how compliant behavior allows to correct
previous robot tool displacement of varying distances to
achieve the peg-in-hole even if the robot is imperfectly
positioned, as shown in Fig. 6.

Overall, in all cases, the peg-in-hole task is successfully
conducted, regardless of the initial displacement of 0, 3, 9,

; ;HT-M" " X
: 06
20 i
bottom| ..
5 '
¥
0 .1 ;
0 - 0
f 0 0 5w B
12 0 0
oo A i} o
5 08 |
10 06 " '—\'lﬂ 10
15 04
0 0
0 0 0
h % 0 % 5 0 % T
' ' 0
[ | T 1 ——
X { I 1 1
c) os
£
10 L 0.6 210 10
= \
! 04 M
o
0 02 Z‘;
R -
o 0 0 a =

020 40 60 80 100

Fig. 6: Results of Experiment 2: Soft displacement. Using
adaptive force-impedance control, starting at various distances in
the y direction in the base frame to the center of the hole. Position
(current distance to the initial position in the X, y, and z-direction
in the base frame) vs. time, force-impedance shaping function vs.
time, force in the z-direction in the task frame vs. time, and force
in the z-direction in the task frame vs. velocity in the task frame
(task phase plot) a) Omm b) 3mm ¢) 9mm d) 15 mm

or 15mm as shown in Fig. 6 a), b), c¢), and d), respectively.
In the position plot, the robot’s motion along the y-direction
shows the distance from the hole where the robot starts to
move. The robot begins the wiggle motion, and the stiffness
becomes low due to external force and motion error. Using
the momentum caused by the feed-forward force, the robot
moves towards the hole compliantly. Notably, the direction
of the feed-forward force influences the soft displacement
experiments, and it should be towards the hole. This proce-
dure repeats until the robot reaches the desired contact at the
bottom of the hole.

In Experiment 3, the robot encounters an additional
contact with the human operator while inserting the peg,
shown in Fig. 6. At this contact, the robot becomes compliant
again owing to stiffness adaptation. After this contact is
released, the robot adjusts to the new environment and
updates the initial position with the current one. The force
control is again activated to maintain contact up to a certain
threshold é., as shown in the force plots in Fig. 6b), c¢), and
d). This helps the robot restart applying force as we choose
the desired contact 2 mm away from the initial position. In
other words, the robot can perceive touch as a human does
with a fingertip.

Incidental contact with the human expert leads to a de-
crease in the robot’s stiffness. Thus, the human moves the
robot to another region of interest as if in guiding mode. The
human expert puts the robot into another contact to insert the
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peg, as shown in Fig.7. According to ISO 15066, the robot’s
velocity can be considered within the safe limits for hand-
guided human-robot collaboration (250 mm/s) [31].

The limitation of the presented control scheme is to design
the control parameters wisely beforehand. For instance, dp.
should not be smaller than the vertical distance to the surface.

V. CONCLUSION

Digital transformation of traditional factories requires
robots to perform tactile skills under varying conditions.
However, a tactile manipulation strategy is yet to be devel-
oped to handle unexpected situations and inaccurate envi-
ronment models. Therefore, we propose designing such a
manipulation strategy by analysis of the underlying system.
For that, we apply the inherent representation of manipu-
lation tasks, namely the force-velocity task phase plot, to
identify relevant phases and enable the design of controllers
that can smoothly adapt between these phases. Based on this
representation, we design a unified force-impedance control
method for reliable contact initiation and flexible manipula-
tion under positioning and environmental uncertainties. First,
based on the external force applied to the robot and the skill
motion error, we design a dynamic process for impedance
shaping to enable the robot to adjust its end-effector in
response to unforeseen contact. Second, we establish a force
shaping function that includes (i) a smooth transition from
free motion to contact (pre-contact shaping) and (ii) force
regulation based on the desired tool alignment (contact

shaping). Third, to compare our results with a reference
setup, we observe our control scheme’s capability to succeed

I in the desired task under positioning inaccuracy using the

example of a peg-in-hole skill.

Furthermore, we compare four controllers to evaluate the
success rate based on their respective task phase plots.
As a result of the controller comparison, the importance
of commanding force and motion policies with compliant
behavior becomes apparent. Finally, we show how our force-
impedance shaping in unified force-impedance control in-
creases robustness for contact initiation and flexibility during
manipulation. We also demonstrate a potential extension of
our method to human-robot interaction.

The presented work shows the potential of the force-
velocity task phase plot as a foundation for robotic skill
design and comparison based on peg-in-hole insertion and
removal. Future work will investigate in depth the applicabil-
ity of this manipulation representation for creating versatile
tasks.
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