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Virtual model control for compliant reaching under uncertainties
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Abstract— Virtual Model Control (VMC) is an approach
to design a controller for force-controlled robots in complex
uncertain environments. While this method was primarily
investigated for legged robot locomotion in the past, it can
be more generally applicable to other types of robotic systems.
This paper investigates the VMC framework for reaching tasks
in a force-controlled robotic arm. We propose six different
approaches to designing virtual models in order to achieve
reaching tasks in environments with obstacles and uncertainties.
A force-controlled 8 degree-of-freedom humanoid robot was
used to validate the proposed approach in the real world.
We conducted three experiments to test the performance
of VMC controllers in terms of predictability, sensitivity to
external force, and adaptability against known and unknown
obstacles. Experimental analyses show that, even though the
proposed approach needs to sacrifice accuracy and trajectory
optimality, it enables us to design complex reaching motions
under uncertainties, in an intuitive and extendable manner.

I. INTRODUCTION

Safe planning and control of robotic arms for reaching
tasks in uncertain cluttered environment are still unsolved
problems. The fundamental issue lies in the inability of
traditional motion control and planning methods to negotiate
in real time with real-world scenarios, which are inherently
unstructured and where object shapes and obstacle locations
are only partially known. In fact, the remarkable speed and
accuracy of our best industrial robots require a well-known
and restricted factory floor environment.

The conventional solutions typically employ an interplay
of complex sensing, state estimation, planning, and feedback
control, but most of them require complex and computation-
ally expensive sensing and planning processes, which lack
interact-ability to accommodate uncertainties. Furthermore,
the best planning methods such as Probabilistic Road Map
(PRM) [1], Rapidly Exploring Random Tree (RRT) [2],
Potential field (PF) [3] are then often realised through
inverse kinematics and joint-space high-gain PID control.
This makes the robot stiff to guarantee accurate tracking,
at the cost of low sensitivity to external perturbations, such
as unknown obstacles. As a result, conventional solutions
show limitations in cluttered environments, characterized by
inaccurate information.

This paper advocates for methods that integrate motion
planning and motion control to handle uncertainties in a safe
way. Ideally, we want to take advantage of the available
information on the environment and also offer a certain
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degree of compliant motion for real-time adaptation to un-
expected scenarios. We propose the use of virtual model
control [4] for the safe, intuitive, and tractable approach
to plan and control reaching tasks for articulated robotic
arms. In virtual model control, the robot behavior emerges
from the interaction between the mechanics of the robot
interconnected with designed ‘virtual’ mechanism, given by a
collection of springs and dampers organized in a suitable ge-
ometry. Eventually, this ‘embodied’ controller is simulated in
a computer and realized through current/torque commands to
the actuators. The virtual mechanism pulls the robot behavior
into specific patterns, leaving a certain degree of sensitivity to
the interaction with the environment. The robot steers in the
direction defined by the total energy of the system, shaped by
virtual mechanisms and environment. Therefore, trajectory
planning and motion control are integrated.

Our hypothesis is that virtual model control offers a
practical solution to the challenge of safe motion planning
and control, by negotiating between various task specifi-
cations in complex environments. Specifically, this paper
proposes six distinctive ways to design virtual models for
the purpose of reaching in uncertain cluttered environment,
illustrated in Fig. 1. Simple reaching is the most intuitive
motion planning approach. It shows similarities with PD
control and impedance control in end effector space [5],
[6]. Geometric, moving-reference, and force-driven reaching
extend motion planning with additional features, leading to a
higher degree of accuracy and design flexibility. Obstacle and
multi-obstacles avoidance consider how to reach the target
location while avoiding known obstacles.

We highlight two key features of virtual model control: (i)
predictability of (controlled) behavior and (ii) its intuitive de-
sign. Virtual model control makes the action of the controller
explicit. The resulting control algorithms are predictable
because they correspond to a mechanical interaction driven
by physics. By inspecting the virtual mechanisms and the en-
vironment where the robot operates, we have an expectation
of the intended motion, which makes the controller easier
to understand and debug. Furthermore, given the planning
requirements, the design of the controller is as simple as
placing virtual components and tuning their parameters. This
allows one to tailor the design of the controller to the specific
features of the task. Through suitable tuning of the (virtual)
mechanical parameters, the robot remains compliant. The
force exerted when a reaching cannot be achieved is con-
trolled by the virtual stiffness of virtual mechanical springs.
That is, virtual model control trades motion accuracy for
controlled sensitivity to the interaction with the environment.
The controlled robot also enjoys the benefits of passivity [7],
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Fig. 1: (a)-(f) Virtual mechanisms designed for satisfying different planning goals.

i.e. stability and robustness, and controlled impedance [8].

The paper is organized as follows. The virtual model
control approach is discussed in Section II through examples.
The robot platform and implementation details are provided
in Section III. The experiments are discussed in Section I'V:
(1) unperturbed reaching, (ii) reaching with known obstacles,
and (iii) reaching with unknown obstacles. Further discus-
sions and conclusions are provided in Section V.

II. VIRTUAL MODEL CONTROL
A. Virtual model, virtual forces, and motor torques

A virtual model controller is a collection of springs and
dampers organized in a mechanical structure and connected
to the robot. In this section, we show examples of virtual
model controllers for reach motion and obstacle avoidance.
Each controller is a virtual mechanism generating driving
virtual forces, which are then translated and realized by
robot actuators using torque control. The translation can be
obtained using the robot geometry.

For fully actuated robots, using g to denote the joint
coordinates of the robot, the force f; generated by a virtual
component at a point h;(q) of the robot is mapped into
corresponding joint torques T using the Jacobian matrix
Jilq) = a%(lq). Following [9], the torque command to generate
all the forces of the virtual model controller is given by

T=41Q)" fi+0(@) f2+7@) f3+... (1)

Virtual model control is inherently stable, since the con-
trolled robot is just the interconnection of the passive me-
chanics of the robot with the passive virtual mechanics.
Stability is guaranteed by passivity theory [10], [11], [12].
In fact, virtual model control provides an intuitive, task-
oriented method to do energy shaping and damping injection
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in robotics [7], [13]. The selection of spring and damper
parameters and their geometric configuration also shape the
impedance of the robot [8], [14].

B. Simple, geometrical, and force-driven reaching

In its simplest form, moving the end effector to a desired
position x; is achieved by a spring with stiffness k and
a damper with damping c attached from the end effector
position xgg to the desired position. These components
produce the virtual force

2)

when the end effector deviates from the desired position
and velocity, as shown in Fig. la. This corresponds to the
classical proportional derivative control in the end-effector
space. Orientation can be controlled in a similar way, through
rotational virtual spring and dampers.

In more complicated reaching scenarios, such as those
involving geometric constraints, e.g., a circular trajectory, the
virtual mechanisms can be designed as in Fig. 1b. A spring
and damper connect the end effector to a virtual L-shaped
structure, which has mass and is free to rotate relative to the
table, driven by additional spring and damper. The spring
and damper parameters and the geometry and position of
the virtual structure concur to determine the virtual force that
drives the end effector towards a circular motion. Compared
to Fig. la, Fig. 1b shows how virtual model control can
be used for (compliant) constrained motion. The resulting
virtual force is given by

fee=kx+cx, x=g(0) —xgE (3a)
160+ co0+ko(0) =w(6,0, frr), (3b)

where 0 is the angle from table of the virtual L-shaped part
with inertia I, cg and kg are rotational damping and rotational

fEE=kx+cx, x=x4—XgE-



stiffness parameters, respectively. g represents the effect of
the geometry of the L-shaped part. w(8, 8, fzg) is the torque
on the L-shaped part induced by the robot.

To cover large distances, a ‘moving’ target approaches
mitigates force exertion, as shown in Fig. 1c. That is,

fee =kx+cx, x=x4(t)
xq(t) =x0+5(t)(xg —x0).

(4a)
(4b)

—XEE

Xo is the initial position of the end effector. The straight mo-
tion of the moving target x,(¢) is regulated by the parameter
0 < s(r) <1, starting at zero and converging to one in finite
time. The robot follows the moving target in a compliant
way.

Finally, Fig. 1d offers a more effective control of the force
that the end effector exerts at contact with the environment.
A virtual cart is attached to the end effector through spring-
damper components and is pulled with a predefined constant
force along a straight trajectory. The virtual force on end
effector depends on the cart’s dynamics.

(5a)
(5b)

fEE =kx+cx, x=xc —XgE

mic +bxc = fc +w(xc,xc, fEE),

where the second equation models the additional dynamics
of the cart. xc and X¢ are cart position and velocity. The
cart has mass m, its motion is affected by viscous friction b,
and it is pulled by the force fc. w(xc,%c, fgr) models the
reaction force on the cart due to the robot.

In the presence of obstacles or obstructions that stop
the motion of the end effector, the virtual mechanism (5)
guarantees that the total force exerted by the robot is bounded
by the cart’s force fc. When the end effector is obstructed,
also the cart reaches a stop. This means that the ‘desired’
motion is naturally paused and can be smoothly restored
by removing the obstacle. These features show how the
introduction of virtual model control is well adjusted to
support interactions with a partially known environment.

C. Obstacle avoidance and compliant interaction

In its simplest form, obstacle avoidance is achieved by
a repulsive virtual spring and a virtual damper that connect
robot and obstacle, as shown in Figs. 1e and 1f. We consider
nonlinear springs that become stiffer as their length reduces.
Thus, in combination with other virtual mechanisms, this
strategy allows to prioritize obstacle avoidance when the
robot is near obstacles.

Focusing on the end effector for simplicity, the driving
virtual force f, due to several repulsive springs attached
between N obstacles and end effector is given by

(6a)
(6b)

Soi = ki([xi))xi +ci(|xi))%i, xi =xpE — X0,
fO - E lfO 2]
where x,; is the position of the i-th obstacle. k;(|x;|) and

ci(|xi|;) are the associated nonlinear stiffness and nonlinear
damping, respectively.
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The case of unknown or uncertain obstacles is more
challenging. For the unknown interactions of cluttered envi-
ronments we need to take advantage of the controlled com-
pliance of the robot. Consider the scenario of an undetected
obstacle (acrylic plate) shown in Fig. 9. The behavior of
the robot is determined by the interaction of its mechanics,
the virtual mechanism, and by the additional contact with
the obstacle. In fact, this contact force adds up to the forces
generated by the virtual mechanism, therefore we can design
the virtual mechanisms to guarantee that the robot behavior
will degrade in a physically predictable manner. In case of
obstruction, for example, the static picture is that the end
effector will stop at the balance between the force exerted
by the virtual mechanism springs and the reaction force from
the obstacle. The total force expressed by the robot is thus
regulated by the stiffness of the virtual springs and by the
mechanical properties of the obstacle. Indeed, a soft obstacle
will have a different effect than a rigid material.

III. ROBOT PLATFORM AND CONTROL ARCHITECTURE

The experimental platform utilized for the study is the
humanoid robot Sciurusl7 shown in Fig. 2, a lightweight
low cost platform developed by RT Corp. It has 17 degrees
of freedom (DoF) distributed across its upper body, with
seven DoF for each arm, two DoF for head and one DoF
for torso. The robot uses Dynamixel motors capable of
current control. The conversion from torque to current is
approximated as a linear equation using the performance
graph of the Dynamixel motor. The robot head is also
equipped with an Intel RealSense D415 camera, which can
be used to detect obstacles.

~—
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Fig. 2: Experimental platform: Sciurusl7 robot.
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The controller runs on a standard computer. The control
architecture is depicted in Fig. 3. The virtual forces generated
by the virtual mechanisms are computed and translated into
joint torques using (1). These are then converted to de-
manded currents using the approximated linear relationship.
The computation of the ‘state’ of virtual mechanisms, such
as the elongation of virtual springs and the velocities for
the dampers, relies on position and velocity information of
the robot joints, read from the Dynamixel motors. Inverse
kinematics is not needed to control the robot. All forces and
their translation into joint torques depend on forward kine-
matics and associated Jacobians. The calculation involves
only adding and multiplying matrices, as shown in (1). This



is a significant departure from classical motion planning,
whose execution often relies on inverse kinematics of the
robot.

For obstacle detection, vision information such as image
or point clouds can be captured from the camera. Once the
obstacle is segmented, the nearest point on its bounding box
or point cloud to the end effector can be easily identified.
This point can then be used as the obstacle position in (6a).
However, for the experiments of this paper, vision-based
obstacle detection is not used. The position and radius of
the obstacles are explicitly encoded.
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Fig. 3: Control architecture.
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IV. EXPERIMENTS
A. Reaching in obstacle-free environment

Two reach motions are compared in Fig. 4, both generated
using simple reaching (2), for spring stiffness k =15 N/m and
k =45 N/m while maintaining a constant damping coefficient
of 1.5 Ns/m. It is not difficult to predict the behaviors
for k = 15 and k = 45. The latter attains a smaller error
and faster motion as shown in Fig. 4 (bottom). In fact,
for k = 15 N/m, the force of the spring in the last section
of the black trajectory is not enough to overcome friction.
During transients, the end effector tends to deviate along
the y-axis before reaching the goal. This is the result of
the interaction between the virtual spring, the robot’s arm
inertia, and the inaccuracy of torque-current conversion for
high-speed movements.

Fig. 5 shows the trajectories obtained by moving-reference
reaching (4). Trajectories are generated using spring stiffness
k =45 N/m and damping coefficient of 1.5 Ns/m. The
moving reference has a trapezoidal-shaped speed profile.
Compared to Fig. 4, moving-reference reaching limits high
forces and fast motions. The deviation along the y-axis is
reduced. In fact, at lower speeds, the impact of imprecise
torque-current conversion and robot inertia is diminished. As
in the previous case, the 5 cm error from the target is due
to the low stiffness of the reach motion. The force applied
at the end of the trajectory does not overcome friction.

B. Reaching while avoiding known obstacles

A cylindrical obstacle with 10 cm diameter is placed as
shown in Fig. 6 (top). The black line shows the trajectory
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of the end effector in the x-y plane. The robot is driven by
moving-target reaching (4), with speed 0.1 m/s, combined to
obstacle avoidance (6). That is, for the latter, the obstacle
is avoided through the action of a repulsive virtual nonlin-
ear spring between the end effector and the obstacle. The
stiffness of the virtual spring is given by (in N/m)

0<r<5cm, k=—46r+250
Scm<r<10cm, k= -3.6r+38
10cm <r<20cm, k=-02r+4
r>20cm, k=0

where r is the distance from end effector to the closest point
on the obstacle.

The virtual model control offers a simple interpretation of
the behavior of the robot. The end effector initially follows
compliantly the straight-line reference. It is then pushed away
as it gets closer to the obstacle, the motion being determined
by the balance of forces between the repulsive spring from
the obstacle and the attractive spring from the reference.
Finally, after getting rid of the obstacle, the end effector
accelerates towards the goal.

Two cylindrical obstacles with 6 cm diameter are then
placed as shown in Fig. 6 (middle). In this case, the obstacles
are avoided by placing a repulsive virtual spring between
end effector and each obstacle. It is not difficult to predict
what the robot will do, as its motion is now determined by
the combined action of two repulsive springs. In contrast
to path planning algorithms, the presence of two obstacles
does not cause a significant increase in computation, as no
pre-planning or re-planning are required.

As the last scenario, consider the obstacles of Fig. 6 (bot-
tom). These partially overlap, forming a nonconvex shape.
The resulting trajectories are not surprising. The trajectories
manage to avoid the obstacles after fluctuating for a while
near the local minima of the elastic potential field formed
by the virtual components. Similar to path planning with
potential fields, this scenario shows how the combined effect
of several springs may lead to issues. Indeed, this scenario
calls for an improved design of the virtual model controller.

C. Reaching while interacting with unknown obstacles

The experiments of the previous sections show how differ-
ent virtual components can be combined to achieve complex
goals. Both sections take advantage of available information
to drive the robot behavior. In contrast, in this section we
look into uncertain interactions, given by undetected or
inaccurately positioned obstacles.

As the first scenario, consider the reach task in Fig. 4,
based on the simple reaching virtual model controller (2).
This time, the end effector is blocked and held by a human
hand in the middle of reaching, around x =40 cm. The robot
has to face an unexpected (undetected) obstruction, as shown
in Fig. 7 (top). The reaction of the robot is the one we
expect from the physical interpretation of the virtual model
controller. The end effector temporarily stops. The force must
be proportional to the stiffness of the spring and the distance
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obstacles. Black line: robot trajectory. Blue area: cylindrical
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positions. Green line: reference trajectory, 0.1 m/s. The
arrows show the virtual mechanism forces. Blue arrow: force
generated by obstacle avoidance virtual model. Green arrow:
force generated by moving-reference reaching virtual model.

to the target. The motion of the robot resumes as soon as
the end effector is released. The interaction with the human
hand has no effect on the final error. For comparison, we have
also implemented PID control in joint space based on inverse
kinematics (IK). The differences with IK are straightforward.
The virtual model controller applies up to 4.53 N force
compared to 35.77 N of the IK approach. Contact forces
are reported in Fig. 8.

As the second scenario, consider the reaching task of
Figure 5, based on the moving-reference reaching virtual
model controller (4). The reference speed is 0.5 m/s. This
time, an acrylic plate is placed within the robot operative
space and partially obstructs the motion, as shown in Fig. 9.
The presence and position of the plate are both unknown to
the robot.
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Snapshots of the experiment and the resulting end effector
trajectory are presented in Fig. 9. After colliding with the
obstacle, the end effector is held in place by the obstacle for
around 0.5 seconds, then slides along it, and finally reaches
the goal. Virtual model control offers a simple explanation
for this behavior. Once in contact with the obstacle, the end
effector is held in place until the virtual spring between the
end effector and the moving reference extends enough to
exert the required force to overcome friction and slide along
the acrylic plate. The goal position is eventually reached once
the obstacle is cleared. Notably, the ‘physical’ perturbation
of the acrylic plate shows similarities with the ‘virtual’
perturbation of the obstacles of Fig. 6.

V. DISCUSSION AND CONCLUSIONS

After its introduction by [4] for the control of walking
bipedal robots, virtual model control remained underexplored
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in robot manipulation, even if several contributions in the
literature show significant similarities. In [15] virtual springs
and dampers are used to control a robot into sequential
patterns. Clear contact points can be found in the impedance
control approach in end-effector space proposed by [16], [5].
In [17] we see how virtual components are used to control the
position of a physically simulated character’s hand, posture,
and walking cycles. Although these contributions recognize
the value of using virtual components such as springs and
dampers for control design, they do not venture into explor-
ing the complexity and flexibility of virtual model control,
with the introduction of additional dynamic and complex
mechanical structures. This path is taken by [18], [19] to
design a new controller based on a ‘virtual instrument’ for
robot laparoscopy. To the best of our knowledge, using
virtual mechanisms for robot planning has not been explored
in previous publications.

The examples of Section II and the experiments of Section
IV support our hypothesis. Virtual model control appears
to have a significant advantage in terms of practical and
intuitive design. We design a virtual mechanisms for each
task. Then, the robot can be controlled by activating the right
collection of virtual mechanisms at run-time, as shown in the
experiments. Section IV-B shows that the controlled robot is
predictable. The motion of the robot aligns with the expected



interaction between the end effector, the environment, and
the virtual mechanism. The benefits of robot compliance
are also evident. The interaction with the unknown obstacle
of Section IV-C bears minor consequences on the reach
motion. The reach motion is temporarily halted when a
person grabs the robot end effector, but is restored right after.
In comparison with classical inverse kinematics we see how
interaction forces are significantly reduced, enabling safer
interactions.

In virtual model control, virtual components, such as
springs and dampers, respectively, shape the potential energy
of the controlled robot and the dissipation of the total energy.
In this sense, for fully actuated robots, virtual model control
provides a simple way to do energy-shaping and damping-
injection [13], [7], [12]. The crucial difference is the design
process. Representing the controller as a virtual mechanism
allows to tailor the control action to the features of the task.
In fact, consider the task of deriving an energy-shaping con-
troller for reaching and avoiding obstacles. Finding the math-
ematical formula for the potential energy is a challenging
task. In contrast, virtual model control guides the derivation
of a desired potential energy, which is indirectly obtained as
the combined energy of robot and virtual mechanism.

Interconnecting the robot with a compliant virtual mecha-
nism is also a way to shape the closed-loop impedance of the
robot [8], [20], [21], [5], [22]. In fact, a virtual mechanism
with high stiffness and high damping coefficients makes the
robot stiff, thus insensitive to external forces. In contrast,
low stiffness and low damping coefficients make the robot
motion very compliant, thus sensitive to the interaction with
the environment. Although impedance control is a well-
established and powerful methodology, finding the ‘right’
impedance for a given task remains an elusive problem.
In practice, impedance control too often reduces to the
combination of dynamics inversion (to remove nonlinearities)
and simple linear impedances. In contrast, virtual model
control enables the design of complex nonlinear impedances,
tailored to the task requirements.

The purpose of this paper is to illustrate some fundamental
features of virtual model control in dealing with integrated
motion control and motion planning. Virtual model control
provides an intuitive design approach for controlled robots
that interact with the uncertain environment in a predictable
way. Its design flexibility lies in the use of nonlinear mechan-
ical elements organized in complex mechanical structures.
Thus, virtual model control can take advantage of impedance
compositionality, passivity, and additional compliant (virtual)
dynamics to deliver robust and safe control for robots oper-
ating in unstructured and dynamic environments. That said,
we are aware that this paper only scratches the surface of
virtual model control design.

Much remains to be understood. The choice of specific
virtual mechanisms and the tuning of the virtual mechanical
parameters were based on a trial-and-error approach. Opti-
mal mechanisms and optimal parameter tuning are crucial
research directions to address, with some initial results in
[19]. In a similar way, task prioritization in complex settings,
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the trade-off between precision and compliance, and the use
of adaptive virtual mechanisms to optimize interactions at
run time are key research directions to bring virtual model
control to a mature design approach.
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