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Abstract— Contact task execution in unknown environments
is fundamental to robotic applications, requiring three essential
functions: accurate position tracking, safe contact establish-
ment, and achievement of desired contact force. In our previous
work, the Multiple Virtual Dynamics-based Force Control
(MVDFC) was proposed. This method seamlessly integrates
these three functions; however, several challenges remain when
considering practical force control. The first challenge is that
time delays in the force sensor can destabilize the control
system. The second challenge is that loss of contact with
the environment during a force control task can result in
acceleration of robot and collisions with the environment.
These two challenges are commonly encountered in various
force control methods. Here, a key feature of MVDFC is
its flexibility, allowing the motion of virtual objects in each
virtual dynamics to be independently designed. Therefore, by
leveraging this flexibility, it is possible to overcome the two
challenges without compromising the three functions. This
study proposes a direction for parameter design to address
the above issues, and its effectiveness is demonstrated through
both simulations and experiments.

I. INTRODUCTION

In industrial robot applications, physical interaction with
the environment is crucial. For example, in tasks such as
polishing and deburring, the contact force should be directly
controlled to achieve the desired force. To perform such
tasks, the following three functions are required: the function
to accurately track trajectories in mid-air, the function to
safely make contact with unknown environments, and the
function to accurately achieve the desired contact force under
unknown environments. Here, the desired contact force can
be achieved only after the former two functions are realized,
and a smooth transition to force control after contact is
desirable. Therefore, achieving practical contact force control
requires seamless integration of all three functions.

As a force control method that integrates these three
functions, Kanekiyo et al. proposed the Multiple Virtual
Dynamics-based Force Control (MVDFC) [1]. This force
control method has a three-layer structure, among which
the lower two layers correspond to the series admittance-
impedance control proposed by Fujiki and Tahara [2], which
combines admittance control [3] and impedance control [4]
in series. In this method, both accurate position tracking
performance and safe contact with unknown environments,
especially the suppression of oscillatory responses that tend
to occur when contacting stiff environments that is charac-
teristic of admittance control [5], [6], can be achieved by
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setting the parameters to make the desired impedance hard
and desired admittance soft. Namely, impedance control is
designed with an emphasis on tracking performance, while
admittance control is designed with an emphasis on stability
when contact.

Furthermore, the 3rd layer is a virtual dynamics layer de-
signed to achieve the desired contact force. This layer incor-
porates two key ideas from the Multiple Virtual Dynamics-
based Control (MVDC) framework [7], which was general-
ized by Arita et al. in a more universal method by focus-
ing on the structure of connecting admittance control and
impedance control in series, as originally proposed by Fujiki
and Tahara [2]. The first idea is the addition of more virtual
dynamics layers to create a three-layer, four-layer, or even
more complex structure, not only a two-layer structure of
admittance control and impedance control. The second idea
is the concept of a virtual force, which treats various types of
information, such as sensor outputs, as a type of force. This
concept allows admittance control to be used to control the
response of the virtual object to various types of information.
These two ideas make it possible to design the motion of a
virtual object in each virtual dynamics layer based on its
respective virtual force, enabling smooth transitions between
the functions of each layer. By employing the first idea
of MVDC framework, Kanekiyo et al. added a 3rd virtual
dynamics layer to seamlessly transition to force control from
the series admittance-impedance control without switching
the controller. Furthermore, according to the second idea of
MVDC framework, a pre-designed virtual force is used as
input in this layer to output the motion of a virtual object that
achieves the desired contact force. In this way, the method
proposed by Kanekiyo ef al. achieves the desired contact
force without compromising the advantages of Fujiki et al.’s
method, seamlessly integrating the three functions required
for the tasks involving physical interaction.

However, when considering the practical implementation
of force control, there are several challenges. The first
challenge is that time delays of force sensor can make
the control system unstable [8], [9]. It is well known that
force sensors typically exhibit time delays, and because
their measurements often contain significant noise, applying
filtering to reduce the noise further increases the time delay
[10]. These characteristics of force sensors can degrade the
responsiveness of force control and potentially affect the
accuracy and stability of the control system.

The second challenge is that when contact with the envi-
ronment is lost during a force control task, the end-effector
may unintentionally accelerate in the direction of the force
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Fig. 1.

Block diagram of the Multiple Virtual Dynamics-based Force Control(MVDFC). The unique point is that the position output of the 3rd virtual

dynamics layer serves as the equilibrium point of the series admittance-impedance control.

control, which can lead to an undesirable collision with
the environment [11], [12], [13]. In practical force control
tasks such as polishing or deburring, the end-effector applies
force to the contact surface and moves while maintaining
contact. However, it is difficult for the robot to accurately
know the shape or position of the surface of environment
[14]. Therefore, the loss of contact between the end-effector
and the environment is likely to occur. It is common to
immediately perform an emergency stop of the robot when
contact is lost due to safety concerns; however this approach
often requires significant time for restarting and recovery
[13], [15]. Therefore, when contact with the environment
is lost, it is necessary for the robot to adjust its motion to
prevent an undesirable collision, and then quickly resume
the task. However, transitioning instantly from force control
to such motion requires switching in the controller, which
is challenging and may result in unstable robot behavior,
causing dangerous situations.

These two challenges are commonly encountered in var-
ious force control methods. Here, a key characteristic of
MVDEC, it offers the flexibility to independently and freely
design the motion of virtual objects in each virtual dynamics.
While MVDEC realizes the three functions as mentioned,
there remains flexibility in the design of its parameters.
Therefore, by leveraging this flexibility and appropriately
designing the parameters, there is potential to address the two
challenges without compromising the previously achieved
three functions. For the first issue, it has been proven that
stable control can be achieved by increasing the damping
gain in admittance and impedance control [8]. In general,
increasing the damping value in the input to the robot may
lead to instability in the control system due to discretization
noise in velocity feedback. On the other hand, in the case
of MVDFC, the damping value is defined within the virtual
dynamics and velocity feedback of the manipulator is not
used in virtual dynamics. Therefore, it is considered possible
to achieve stable control against sensor time delays without
causing such instability. For the second issue, the motion of
the virtual object influences the actual motion of the robot
in MVDFC. Moreover, changing the viscosity value changes
the convergence speed of the virtual object in the virtual
dynamics. Therefore, by designing the viscosity separately

for each virtual dynamics, it is considered possible to adjust
the convergence speed of the virtual object after contact
loss and control the robot’s motion without switching the
controller. The contributions of this paper are as follows.

« By adjusting the parameter in the virtual dynamics, it is
possible to improve stability against force sensor time
delays without causing control system instability due to
discretization noise in velocity feedback.

o By independently designing the parameters of each
virtual dynamics, the motion of the robot after loss of
contact with the environment can be controlled without
controller switching.

Since these can be realized solely by modifying parameters,
implementation is simplified, which in turn contributes to
enhancing the practical applicability of MVDFC. The above
two contributions and parameter design direction are demon-
strated through simulations using a two-link manipulator and
experiments using an actual manipulator.

II. MULTIPLE VIRTUAL DYNAMICS-BASED FORCE
CONTROL

The force controller proposed by Kanekiyo et al. is
intended for implementation in multiple-DOF manipulators.
Therefore, we explain the method by representing the end-
effector coordinates of a manipulator as X € R"™ and the
generalized joint coordinates as ¢ € R™. A block diagram of
the force controller is shown in Fig. 1. According to Fig. 1,
the controller has a three-layer structure. The 1st and 2nd
layers correspond to series admittance-impedance control [2],
whereas the 3rd layer has the function of achieving the
desired contact force [1]. In the following, the admittance
control layer in the series admittance—impedance control is
referred to as virtual dynamics layer. The equation of virtual
dynamics for the 2nd layer is given as follows:

Mo 1(Xa1 — Xa2) + Daar(Xa1 — Xao)

(1)
+Kqa,1(Xa1 — Xa2) = Fo(t = T),

where X4 1 denotes the position of the virtual object; Xg o
denotes the desired position for the 2nd layer; and My, 1,
Dg,,1, and Kg,1 denote the nominal desired inertia, vis-
cosity, and stiffness matrices, respectively. In addition, Fey
denotes the external force applied to the end-effector of the
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Fig. 2. 2-DOF manipulator model on a 2D plane. The end-effector is in
contact with the environment, and an external force is applied.

manipulator and 7' denotes the dead time of force sensor.
Next, the torque input to the manipulator in impedance
control 7 is given as follows:

r=-J{Dg(X — Xa1) + Kai(X — Xa1)},

where X denotes the tip position of the end-effector, J
denotes the Jacobian matrix of the manipulator, and Dyg;
and Kg4; denote the desired viscosity and stiffness ma-
trices, respectively. Here, the design parameters are the
nominal desired admittance and nominal desired impedance
(Maa,1, Dga,1, Kda,1, Dai, and Kg;), which are individu-
ally designed in the end-effector space. In series admittance-
impedance control, both accurate position tracking perfor-
mance and safe contact with unknown environments can
be achieved by setting the parameters to make the desired
impedance hard and the desired admittance soft [2].

The equation of virtual dynamics for the 3rd layer is given
as follows:

Mg, 2Xa2+ DiaoXaz + Kaa2(Xa2 — Xo)

3
_ / Ka[Fo(t— T) — Fildt, )
where X denotes the target position; Xgq 2 denotes the
position of the virtual object; and My, 2, Dda,2, and Kga 2
denote the desired nominal inertia, viscosity, and stiffness
matrices, respectively, and Fy denotes the desired force, and
k; denotes the integral gain. In MVDC, when generating the
desired position, velocity, and acceleration for the next layer
by considering the dynamics of the virtual object, as shown
in (3), not only the actual force but also the virtual force
computed from sensor outputs can be used. In detail, the
integral of the error between the desired and actual force
is used as a virtual force in the 3rd layer of the proposed
method.

I1I. PARAMETER DESIGN FOR STABILITY
IMPROVEMENT AGAINST FORCE SENSOR DELAY

This section discusses the direction of parameter design
aimed at improving stability against the time delay of force
sensors. In general force control methods such as admit-
tance control and impedance control, it has been proven
that increasing the damping improves stability against force
sensor time delays. In MVDFC as well, since there remains

design flexibility in the parameters, it is considered possible
to address the issue of sensor time delay by appropriately
setting the parameters. This section shows through simulation
and real-world experiments that increasing the damping in
the virtual dynamics improves stability against force sensor
time delay.

A. Two-Dimensional Model and Parameter for Simulation

We conducted simulations on a two-dimensional plane
using the 2-DOF manipulator model shown in Fig. 2 to
demonstrate the improved stability against force sensor time
delay by setting parameters properly. The range of motion
of the manipulator is planar, and the coordinates of the
end-effector are represented as X = [z,2] in the fixed
coordinate system .. The equation of motion of the
two-dimensional manipulator model when the end-effector
contacts the environment is given as follows:

MG +hqg=7—J Fex, 4)

where ¢ = [q1  go] " denotes the angle of each joint of the
manipulator, My denotes the inertia matrix of the manipu-
lator, hq denotes a nonlinear term including gravity and the
coriolis force, J denotes the Jacobian matrix when the end-
effector contacts the environment, and 7T denotes the input
torque applied to each joint. Since the task involves contact
with the environment, contact constraints must be considered
in the simulations. We model the contact environment as a
linear spring system with stiffness K, = 50000 N/m which
represents hard environment because force control tends to
become unstable when contacting with stiff environments in
general.

The range of motion of the manipulator is planar, so the
mechanical properties of the manipulator must be designed
in 2D according to the desired task. Each parameter of the
2nd and 3rd virtual dynamics layers is given as follows:

Mda,1 = Mdayg = diag(l.O, 1.0)7
T T
Fd = [Fd:x Fd,Z] 7ki = [ka ki,z} s
Kda,l = Kda,? = diag(Kda’ll, Kda,22)
= diag(500, 500).

(&)

Impedance layer parameter is given as follows:
Kdi = diag(Kdiyu, Kdiygg) = d1ag(5000, 5000),
Dyg; = diag(2y/Kaii1, 2v/Kai22)-

As shown in (5) and (6), the stiffness of impedance control is
ten times greater than that of admittance control, prioritizing
high-precision trajectory tracking. In this simulation, the
desired contact force is achieved by switching the integral
gain k; in (3) from O to the specified value after contact.
The desired force is set to Fyx = 0 N and Fyy , = 10 N, and
the integral gain is set to k; x = 0 and k; , = 20. To simplify
the evaluation, the joint friction and the friction between the
end-effector and the environment during contact are assumed
to be 0, with no noise in the feedback from the force sensor.
Practical evaluation is conducted using a real manipulator in
Sections III-C, D.
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Fig. 3. Comparisons of force response in achieving desired contact force

with four different viscosity.

B. Simulation for stability improvement against force sensor
delay

First, to investigate the effect of parameter design in the
virtual dynamics on stability against the force sensor time
delay, a simulation was conducted by varying the parameters
under a fixed time delay. The parameters include stiffness
and damping; however, in this simulation, the stiffness is
kept constant and only the damping value Dy, is varied, in
order to conduct the investigation under a parameter setting
that satisfies both high-precision trajectory tracking and safe
contact. In the following, ¢ denotes the damping ratio, which
is assumed to be identical for both axes. The damping values
in the virtual dynamics are given as follows:

Dy, 1 = Dgao = diag(2¢\/Kaa,11, 2(v/Kda22)

¢e{1,2,3,4}. 2

The damping ratio in virtual dynamics is set in the range
of 1 to 4 to investigate the relationship between the damping
value and stability against the time delay of the force sensor.
In addition, the dead time T of the force sensor is set to
0.01 s, considering that the actual delay in the experimental
setup described in Section III-C, D is estimated to be around
0.01 s.

The simulation result when achieving desired force is
shown in Fig. 3. When the damping value is set to Dy, =
2v/ K q,, oscillations were observed due to the time delay of
the force sensor. On the other hand, it was confirmed that
the oscillations decreased as the damping value increased,
and when Dy, = 61/ K4, and Dy, = 8/ Kg4,, almost no
oscillations were observed. Therefore, it can be concluded
that increasing the damping value in virtual dynamics im-
proves stability in the presence of force sensor time delay.
In general, increasing the damping value is expected to
reduce response speed and lead to a longer settling time.
Interestingly, in contrast, the simulation results showed that
even when the damping value was increased by four times,
the settling time remained nearly the same, while stability
against the force sensor time delay is improved. In practice,
since the damping value cannot be increased indefinitely, it is
necessary to choose an appropriate damping value depending
on the length of time delay. As shown in Fig. 3, increasing
the damping value has little downside, so it is considered

Fig. 4. Pictures of the experimental machine and environment. (a) is
attached to the tip of the end-effector, and (b) is attached to the contact
area. The contact experiment is conducted by pressing the tip of (a) against
the metal part of (b).

reasonable to set the damping value conservatively on the
higher side.

C. Experimental setup

The improvement in stability against force sensor time
delay through increased viscosity in MVDFC has been
demonstrated through numerical simulations. However, the
conditions in actual environments are more complex, and
the robustness to friction, and noise in force sensors has
not yet been discussed. In this study, experiments were
conducted on a two-dimensional plane using the manipulator
(Franka Emika, Panda) shown on the left side of Fig. 4.
This manipulator is a redundant manipulator with 7 joints
for 6-DOF at the end-effector. The tip of the end-effector
that comes into contact with the environment was equipped
with a fixture created using a PLA filament with a 3D
printer, as shown in Fig. 4(a). In contrast, the environment
was constructed with an aluminum frame as a base, with
the metal components in Fig. 4(b) attached to the contact
area. The external force measurements of the Franka Control
Interface (FCI) of the robot system were used for feedback
and evaluation. The force was estimated using the values of
the torque sensors attached to each joint of the manipulator.
Regarding the sensor delay, the external force data used in the
experiment are based on a torque sensor with a proprietary
filter specific to the manipulator, and phase lag is introduced
between the actual real-time force and estimated force [16].
The control program was developed in C++, and the control
cycle was set to 0.001 s. Each parameter of admittance
control and impedance control is essentially the same as
those in (5) and (6), but the stiffness of impedance control
is set to the value represented by the following equation:

Kdi = diag(Kdi’ll, Kdigg) = d1ag(2000, 2000) (8)

As shown in (5) and (8), the stiffness of impedance control
is four times greater than that of admittance control. The
desired force is set to Fyx = 0 N and Fy, = 10 N, and
integral gain is set to k; x = 0 and k; , = 10.

D. Experiment for stability improvement against force sen-
sor delay

In the experiment, as in the simulation, the desired contact
force is achieved by switching the integral gain k; in (3)
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Fig. 5. Comparison of the force responses for four different viscosity.

from O to the specified value after contact. The viscosity
in the virtual dynamics layer is the same as in (9), and the
force response under four viscosity are compared. The results
of force response with four different viscosity values are
shown in Fig. 5. As in the simulation, when the damping
was low (e.g., Dy, = 2v/K4,), oscillations occurred due to
the time delay of the force sensor. However, the oscillations
were significantly reduced as the damping increased, and
were almost eliminated at Dy, = 61/ Kq, or 8y Kya.
Therefore, it can be concluded that increasing the damping
value in virtual dynamics also improves stability against
force sensor time delay also in real-world experiments. In
general, increasing the damping value in the input to the
robot may lead to instability in the control system due
to discretization noise in velocity feedback. In contrast, in
the case of MVDFC, the damping value is defined within
the virtual dynamics, allowing stable control against sensor
time delays without causing such instability. In addition,
increasing the damping value did not significantly affect the
settling time as in the simulation.

IV. PARAMETER DESIGN FOR MOTION CONTROL
AFTER CONTACT LOSS

A. Utilization of Parameters in Each Layer of MVDC

This section discusses the direction of parameter design
aimed at robot motion control after loss of contact with the
environment. At the moment of contact loss, the external
force F,y applied to the robot’s end-effector becomes 0
instantaneously. However, the robot continues to apply force
in the force control direction, causing the integral term of the
virtual force in (3) to become infinitely large, which results
in acceleration in the force control direction. To prevent
this acceleration, it is necessary to reset the integral term
to 0, in which case the virtual force in (3) also becomes
0. The behavior of the virtual object after the virtual force
becomes 0 is determined by the parameters of each virtual
dynamics. In addition, each virtual dynamics includes terms
for the relative position, velocity, and acceleration between
virtual objects. Therefore, the motion of the virtual object
in the 3rd-layer virtual dynamics (3) affects that in the
2nd-layer virtual dynamics (1), which in turn influences
the actual motion of the robot. Therefore, by appropriately
setting the parameters of each virtual dynamics, it becomes

Desired force

rn

Fig. 6. Pictures of the experimental setup for contact loss with the
environment.

Contact loss

Force control

possible to control the robot’s motion after contact loss. This
study focuses on viscosity among the various parameters. By
designing the viscosity separately for each virtual dynamics,
the convergence speed of the virtual object after the virtual
force becomes 0 can be adjusted. The robot can be controlled
to move in the direction opposite to that of the environment
or the object upon contact loss, thereby avoiding collisions
by leveraging this property.

B. Experiment of robot motion when contact is lost

We compare the robot’s motion after contact loss in
two cases: when the viscosity values are set separately for
each virtual dynamics and when they are set equally. The
experimental setup and parameters other than the viscosity
values are the same as those described in Section III-C. The
viscosity values are shown as follows:

Dy, o = diag(2¢a\/ Kda,11, 2C2/Kda22), (2 € {1,4},
Dya = diag(2¢iv/Kda,11, 2Civ/ Kda22), 1 =4, ©)

where (;, (2 are damping ratio of 2nd and 3rd layer of virtual
dynamics. The damping value Dg, ; is set high to ensure
stable control even in the presence of force sensor time
delay based on the results in Section III. The damping value
Dy, 2 is set at two different values based on this reference
value. The experiment is conducted by removing the contact
surface while the desired contact force is being achieved to
the environment, as illustrated in Fig. 6. The results of the
end-effector position and virtual object position when the
contact is lost are shown in Fig. 7 and Fig. 8, where the
damping ratio (; = 4 and (» = 1 are set for the 3rd-layer
virtual dynamics, respectively.

From the graph when (> = 4, after contact is lost at 1 s, the
virtual object positions zq,,1 and 24, 2 exhibit an overdamped
response of free vibration and gradually approach the desired
position zy. In the case of (; = 4, since the 2nd and
3rd layers are configured with identical parameters, the two
layers equations can be combined and regarded as a single
virtual dynamics system with two virtual forces on the right
side. After the contact is lost, both virtual forces become 0,
resulting in a critically damped response of free vibration.
However, after the contact is lost, the end-effector position
z exhibits a slight movement toward the object until 24, 1,
the equilibrium point of the first-layer impedance control,
converges. This indicates a potential risk of collision with
the environment.
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in the damping ratio {2 = 1. The damping ratio is different in the 2nd and
3rd layer of virtual dynamics.

From the graph when (» = 1, after contact is lost at
1 s, the virtual object positions zq,o exhibits an critical
damping response of free vibration and converge to the
desired position zy. When (3 = 1, the 2nd and 3rd layers
have different parameter settings. As a result, the virtual
object position zg,,1 is affected by the convergence of
Zda,2 to the desired value, causing it to move 24,1 in the
direction opposite to the object, and subsequently exhibit an
overdamped response. It was also confirmed that the end-
effector position z instantaneously moved in the opposite
direction of the object after contact loss, following z4a.1,
and exhibited free vibration. From these results, it was
verified that by designing the damping ratio of the 3rd-
layer virtual dynamics to be smaller (( = 1) compared to
that of the 2nd-layer virtual dynamics ({; = 4), the robot’s
motion after contact loss can be controlled in a direction
that avoids collision with the environment without controller
switching. In general, robots are brought to an emergency
stop upon contact loss for safety reasons. However, restarting
the system and resuming the task afterward can be time-
consuming. In contrast, in the proposed method, the virtual
force in equation (1) becomes 0 after contact loss, resulting
in the controller equation being the same before and after
contact loss. Therefore, it is possible to promptly resume the
task without restarting the robot.

V. CONCLUSIONS

In this research, by taking advantages of the characteristics
of MVDFC; the flexibility to freely design the motion of
virtual objects in each virtual dynamics independently, we

propose a direction of parameter design aimed at addressing
the two general challenges. The first challenge is that the
control system tends to become unstable due to the time
delay of the force sensor. Through simulations and experi-
ments, it was demonstrated that increasing the damping in
the virtual dynamics can improve stability against the sensor
time delay without causing instability in the control system
and reducing the response speed. The second challenge is
the risk of collision with the surrounding environment or the
target object if contact with the environment is lost during
force control. Experimental results showed that by designing
the damping of the 2nd-layer virtual dynamics to be large
and that of the 3rd layer to be small, the end-effector moves
in the direction opposite to the environment upon contact
loss, thereby exhibiting behavior that avoids collisions.
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