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Virtual heart

Up-scaled traces

Human in VR

Heart Traces Robotic arm

Figure 1: In the left part, a virtual environment contains a scaled heart being manipulated by a surgeon: yellow traces indicate
the manipulation done in the virtual environment. On the right side, the physical environment is depicted with a life-size
heart, accompanied by yellow traces indicating the manipulations carried out by the robotic arm.

ABSTRACT

This paper introduces AntHand, a set of interaction techniques for
enhancing precision and adaptability in telerobotics through the
use of scaled objects in virtual environments. AntHand operates in
three phases: up-scaling interaction, for detailed control through
a magnified virtual model; constraining interaction, which locks
movement dimensions for accuracy; and post-editing, allowing ma-
nipulation trace optimization and noise reduction. Leveraging a use-
case related to surgery, the application of AntHand is showcased
in a scenario demanding high accuracy and precise manipulation.
AntHand demonstrates how collaboration between humans and
robots can improve precise control of robot actions in telerobotic
operations, while maintaining the familiar use of traditional tools,
rather than relying on specialized controllers.
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1 INTRODUCTION

Robots are used in many applications requiring high precision,
speed, and repeatability [4, 6]. However, they encounter limita-
tions in adaptability, interaction with humans, and programmability
mainly due to their focus on working in static environments within
safety enclosures [5]. In response to these limitations, Collaborative
robots (cobots) have emerged, designed explicitly for direct human
interaction [9], increasing adaptability and flexibility by enabling
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humans and robots to work together. However, as part of their
inherent safety, cobots are limited in load and speed.

Telerobotic collaboration enables combining the flexibility and
adaptability of humans with the precision, speed, and load of high-
precision robots. Precision and ease of operations can be further
improved through interaction paradigms such as shared control [3].
Through shared control, precision input from operators is combined
with sensory feedback from the robot. While the sensor system can
intervene in inaccurate situations, the robot’s precision remains
intricately connected to the operator’s movements in a shared
control context. Additionally, the precision of the operator in these
systems is also impacted by the accuracy of the visual information
presented [10].

Surgical robots offer an interesting combination between a cobot
and a teleoperated robot, as they are controlled by a surgeon but
used in the same environment as the medical staff during the op-
eration. A surgical robot combines a robot’s high precision with a
surgeon’s knowledge and expertise to execute complex operations.
Surgical robots, however, require special controls that are different
from traditional medical tools and thus require additional training.

In this paper, we present AntHand; a set of interaction techniques
for teleoperating robots with high precision, exemplified through
a surgical procedure on a heart. Unlike traditional techniques for
teleoperating robots, our interaction technique does not require
specialized controllers as operators. This means that operators, such
as surgeons, can use their traditional tools to control the robot. In
our approach, users interact with an enlarged virtual model of the
physical object in virtual reality. Motion retargeting is employed to
transmit scaled actions to the robot in a three-stage process: upscal-
ing, constraining, and post-editing the interaction. It is crucial to
note that our goal is not to oversimplify surgery. Instead, we aim to
use it as a means to demonstrate the potential of our approach to
enhance telerobotic collaboration. This involves enabling human
operators to leverage the robot’s full precision while maintaining
the familiar use of traditional tools, rather than relying on special-
ized controllers. Additionally, we have implemented a preliminary
prototype as a foundational step for the ongoing development of
the interaction techniques introduced by AntHand.

2 INTERACTION TECHNIQUES FOR
TELEROBOTICS

The interaction techniques described by AntHand consist of three
phases:

(1) Up-scaling interaction: before interaction occurs, the phys-
ical model is virtually replicated and up-scaled into the pre-
ferred size.

(2) Constraining interaction: during the interaction, the ef-
fects of movements by the user can be constrained by locking
dimensions they are operating in.

(3) Just-in-time post-editing interaction: after the interac-
tion, manipulation traces can be further optimized to mini-
mize the noise in the trace or validate for correctness.

2.1 Up-scale interaction

We first address the “up-scale” interaction technique, a concept bor-
rowed from graphical design tools that allow pixel-precise editing
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operations by zooming in on the manipulated object. It enables
users to engage in pixel-level manipulation, increasing precision
and accuracy for various tasks such as graphical design, designing
electrical components, and medical imaging analysis. We transfer
this technique into a virtual environment and tailor it to enable
precise manipulation of a robot end effector.

Figure 2 demonstrates the up-scale interaction technique: a seem-
ingly straight line at a lower magnification can, upon up-scaling,
reveal itself to be a line with noise. This enhanced visualization
afforded by up-scaling is instrumental in facilitating more nuanced
and precise interaction, overcoming the limitations inherent in
lower-scale representations.

zoomed in

/

normal scale

N

Figure 2: On the left, a standard-scale depiction of a noise-free
trace (yellow) is shown. Meanwhile, the right side displays an
enlarged view revealing noise within the trace on the heart.

Applying this technique to three-dimensional (3D) interfaces,
the “pixel-precise” interaction ensures detailed viewing and precise
manipulation of 3D objects. In 3D interfaces, the "pixel-precise” in-
teraction involves enlarging objects in the environment to a desired
size. The factor to which extent the object should be scaled, depends
on the precision that is expected to be achieved, keeping in mind
the constraints introduced by the robotic arm. For example, when
a robotic arm has a maximal accuracy of one millimeter, scaling
the object beyond millimeter precision, has no particular benefit,
as the robotic arm simply cannot get this precise.

However, this approach proves beneficial when precise move-
ments form the basis for interacting with physical models. Such
interaction includes surgical scenarios involving anatomical models
or assembling compact circuit boards with tiny components.

As seen in previous work [8, 10, 11], diverse methods have been
explored to implement the up-scale interaction technique in virtual
environments. Commonly used methods typically involve either
duplicating a virtual object or adopting a specific viewpoint on
objects as a proxy to facilitate interactions. The proxy can be scaled
to make interaction easier. Interactions performed on the proxy
are applied directly on the virtual object it represents [8, 10, 11].
Similarly to “pixel-precise” interaction, we aim to use the up-scaling
technique to enhance the precision and accuracy of object manipu-
lation by offering users a more detailed view of the physical models
represented digitally. This behavior is backed by the work of Yu et
al. [11], which found that up-scaling models in a virtual environ-
ment improved the accuracy of precise annotations. As a side note,
our techniques share similarities with the approach presented by
Mine et al. [7]. However, a distinctive feature of our methodology
is that we apply scaling exclusively to the manipulated objects, de-
parting from the broader scaling of the entire virtual environment
proposed in their work.
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2.2 Constraining interaction

Interacting with 3D objects in VR using a tracked interaction de-
vice, especially when precise manipulations are required, can be
cumbersome because of the degrees of freedom and the lack of a
physical reference frame. As haptic feedback is challenging and
expensive in virtual reality [1], we address this by constraining
the interaction of the user. We accomplish this by allowing users
to lock the dimensions they are operating in. This means that the
user can decide which axis, or combination of axes, they can lock
on a specific value. These axes are the x-, y-, and z-axis and the
rotational axes of the robotic arm. The techniques, illustrated in
Figure 3, contribute to a more intuitive and controlled user expe-
rience in VR-based human-robot interaction. This design aligns
with Bowman et al’s guidelines [2], emphasizing the importance
of minimizing degrees of freedom in 3D interaction techniques.
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(a) Dimension Locking

(b) Path Guidance

Figure 3: The two constraining interaction techniques pro-
posed in AntHand.

These two techniques, i.e., dimension locking and path guid-
ance, form an inherent advantage of operating within a virtual
environment. The main idea behind this is the utilization of motion
retargeting, where the actual path is mapped onto the expected
path. Figure 3a visually illustrates z-axis dimensional locking. A 3D
path (green) is projected onto a plane, thus ignoring z-axis devia-
tions. This method enables users to optimize their positioning or
derive feedback by placing a tool on a surface.

In cases where dimension locking proves insufficient, several
challenges arise. This scenario is exemplified in Figure 3b, where
a complex shape, such as a heart, is used. The expected trace, in
yellow, follows the complex shape of the heart. Relying on the
“dimension locking” technique will thus fall short, as the complex
surface/contour is hard to approximate using ground planes. For
this reason, we implemented a “path guidance” technique, which
allows the trace in green to be projected on the surface/contour of
the 3D model. Implementing such a technique has the advantage
that the user does not have to worry about following the surface/-
contour exactly, and a more suitable or relaxed position can be
adopted during the manipulation.

Furthermore, the simultaneous utilization of these techniques
manifests their synergy. In the medical context, this could be used
for precise straight-line incisions. The path guidance technique
would be used to trace the surface/contour of the heart. The di-
mensional locking technique would be used to lock the y- and
z-dimension, enabling one-dimensional tracing. This ensures accu-
rate scalpel positioning, facilitating precise straight-line incisions
on the heart.
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2.3 Just-in-time post-editing

Figure 4 illustrates the concept of post-editing: after a line tracing
task, the user can correct the path to ensure the robot will trace
a straight line. Since the user executes all actions in a virtual en-
vironment, a delay can be applied before the robot executes the
specified actions. Before the path is transferred to the robot, users
can still make minor adjustments to provide corrections for po-
tential deviating interactions. These corrections are possible using
two approaches: (1) manual correction and (2) digital correction.
The manual correction approach relates to manually correcting
traces on the model. The digital correction approach utilizes noise
filtering algorithms, e.g., Kalman filters, to automatically filter out
noise introduced in the trace. After this step, the traces are ready
to be communicated back to the robotic arm.
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Figure 4: The post-editing process depicted using a three-step
example: (1) tracing the line, (2) evaluating noise in the traced
line, and (3) smoothing out the noise.

3 ANTHAND IMPLEMENTATION PROTOTYPE

As a starting point for further development of the interaction tech-
niques proposed by AntHand, a basic Virtual Reality (VR) prototype
is implemented. This prototype is designed in Unity!, where direct
interaction with the tools known to the operator in VR is supported.
The tracking of the interaction tool, the three interaction phases,
and the communication back to the robotic arm form the main work-
flow implemented in the basic prototype. This workflow, whether
real-time or in sequence, ensures that precise anticipated virtual
behavior translates into the expected physical behavior.

3.1 Tracking manipulation

Accurate tracking of the operators’ movement is fundamental, as
it is important to define a correspondence between physical and
virtual environments [2]. In our prototype for human-robot inter-
action, we employed an outside-in optical tracking system (Opti-
Track?) to monitor the movements of a physical tool held by the
operator. The use of any tool with attached infrared reflective mark-
ers is possible, but it is advisable to utilize tools familiar to the
operator, minimizing the need for additional training. Leveraging
familiarity with known tools, especially those commonly used by
operators, facilitates a seamless integration process. By 3D-printing
the tracked tool, replicas can easily be made whilst also keeping
the possibility of integrating the reflective markers. On top of this,
3D printing also ensures safety, as the VR headset will prevent the

!Unity - Real-time development platform
2OptiTrack - Flex 13 cameras
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