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Immersive virtual environments combined with kinaesthetic and/or tactile haptic
feedback are becoming an essential building block of simulator training in a variety of
applications. This paper aims to illustrate the interest of hands-on training simulation with
haptic feedback. We review the recent application domains and we expose the progress
and open challenges in the medical domain which is particularly demonstrative. The
paper then addresses two aspects of haptic feedback that could help enhance modern
haptic training simulators’ performance, namely transparent and efficient actuation for
kinaesthetic feedback and tactile feedback. This research topic, beyond technological
progress, should help design kinaesthetic and tactile haptic interfaces and motivate the
use of new actuation techniques for more realistic and effective feedback in simulations
as soon as users are immersed in virtual environments.
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INTRODUCTION

Hands-on training is necessary to acquire skills for interaction with one’s environment. It is natural
during our childhood (Fagard et al., 2016), it is widespread during our scholar education (Ma
and Nickerson, 2006), and it is necessary to practice professions featuring manual tasks (surgeons,
metal workers, plane pilots...) (Stevens and Weale, 2003). Using simulation for hands-on training
has been widely used in numerous domains [in healthcare: Nestel et al. (2019) for instance], as
training in real situations is not always possible for various reasons: possible harming of patients
in Medicine, destructive, or dangerous experiments, costly material or unreachable environment
(such as nuclear and deep-water operations). Computer-Based Simulation (CBS) has been a recent
progress in this area, bringing new opportunities to train when it was not physically possible
[see Edwards et al. (2020) in anesthesiology domain, for instance]. But the most recent upgrade
came with the integration of haptic feedback to these CBS, providing users with force or tactile
feedback. The word “haptic” comes from the Greek word “haptomai” (¢mtopat) which means
“touch.” Human haptic senses gather kinaesthetic (force) and tactile feedback, two complementary
senses enabling us to gather information from the environment during physical interactions (such
as manipulation or walking). A haptic training simulator (HTS) is a CBS extended with force
and/or tactile feedback. To illustrate in one sentence the progress and state of current HTS
research: consider that haptic feedback delivered to users immersed in a Virtual Reality (VR)
environment while interacting with virtual characters, alters their perception and physiological
arousal within the virtual environment (Krogmeier et al., 2019). This paper aims at (1) illustrating
the interest of hands-on training simulation with haptic devices, (2) depicting current research
works by highlighting two specific topics (actuation in HTS and tactile feedback integration),
and (3) reviewing recent progress and open challenges to propose future directions that can lead
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to their democratization. These topics have been chosen as they
still suffer with scientific and technical important locks to be
open to provide users with more realistic feedback and a better
training simulation.

We recall, in Section main applications of haptic training
simulators, the main application domains of such simulators, and
we focus on medical applications, which are the most prominent
ones in the literature. In Section discussion: challenges for
better haptic training, we discuss effective actuation and tactile
feedback. We then conclude and draw some future directions the
research on HTS should follow.

MAIN APPLICATIONS OF HAPTIC
TRAINING SIMULATORS

The first interest of HTS is for training on dangerous tasks
in safe conditions, typically in the military field [for instance
with firearm shooting training (Wei et al., 2019)]. One of the
most well-known applications of training simulation is for plane
piloting. Recent works (Biddle and Buck, 2019) also involved
Ground Procedure training with a VR headset (to view the
cockpit with earphones and microphone for audio feedback
and verbal interaction) and a VR hand controller or haptic
gloves to manipulate instruments in the cockpit (for life-like,
veridical touch). They also have been applied for firefighting
training where the difficulty (for trainees and HTS designers)
is that real situations are always different: they require highly
customizable simulators to be trustworthy (Nahavandi et al,
2019). Furthermore, even if not induced by dangerous situations,
some various daily-life applications exist [haptic and interactive
training for drawing and painting on 3D objects (Shima and Soga,
2019), learning piano (Gerry et al., 2019), ...], and as haptic
technology enhances, new ones appear each year.

A second interest of HTS is for training on repetitive tasks
which require efficiency, typically in the manufacturing field,
that requires rapid hands-on training of operators due to a high
turn-over and the lack of skilled low level qualified workers.
The difficulty here is that the gestures to learn involve the
synchronization of both hands, and therefore, the use of two
synchronized haptic interfaces. Most widespread applications
correspond to tasks of assembly (Abidi et al., 2019, Arbeldez et al.,
2019, Garbaya et al., 2019, Li et al., 2019), disassembly (Yang et al.,
2019), and also maintenance (Neges et al., 2018, Numfu et al.,
2019) which are still nowadays particularly manually operated.
Loch et al. reviewed the research about haptic training on manual
manufacturing procedures in Loch et al. (2018). Some other
HTS applications are found in soldering for non-robotized low-
and medium- series (James et al., 2019) or operating overhead
traveling cranes (Noda et al., 2019).

The third main interest of HTS is to prevent harm to patients
in the medical field. This is the field most studied in the
literature, before manufacturing applications. This is why it is
more detailed here. Surgeons have to perform difficult medical
operations requiring to cut, suture, etc. Before performing
such dexterous gestures, and even throughout their work life,
to stay current they require hands-on training. Traditional

medical simulators such as cadavers and animals have been used
for decades in medical universities, but for ethical and cost
reasons, phantoms (physical models made with non-biological
materials) are used more often. Yet, phantoms focus on a
limited range of classical cases and wear down, which requires
frequent change of their worn parts, becoming costly long-term:
this generates further increasing costs. Their limited realness
and availability in universities and hospitals lead to medical
student populations training on necessary gestures on patients
during their first internships. This has progressively become
less acceptable while, over the last decade, Virtual Reality (VR)
simulators progressively appeared [see Kyaw et al. (2019) for a
recent review about this topic] to overcome the aforementioned
limitations. Such simulators can be parametrized to reproduce
many more situations than phantoms. They also enable objective
assessment through tangible recorded data analysis of trainees’
achievements. VR simulators have been progressively improved
to offer more realistic environments in 2D, and in immersive
3D (Adams et al,, 2019), and with haptic feedback (HTS). The
didactic interest of HTS has been demonstrated in Panait et al.
(2009) for advanced laparoscopy tasks, for suturing applications
(Talasaz et al., 2017) in the context of robotic-assisted surgery, but
also in Sainsbury et al. (2020) for percutaneous nephrolithotomy
training. It is demonstrated that haptic feedback helps users
manipulate their instruments better, and reduces tissue damage
and accidental hits. However, simulation shall never completely
replace training in real situations; it only delays the moment of
application on real patients, for their own security. Also, medical
simulators are nowadays limited by the inability to fully capture
the complexity of human body anatomy in a mathematical
model. The more the simulation is realistic, the more computer
resources it requires along with accurate biomechanical modeling
and programming. The same conclusion applies to the other
aforementioned application domains. Haptic actuators still
require some active research as they are an important link in the
haptic feedback chain. Next section discusses kinaesthetic and
tactile actuation.

DISCUSSION: CHALLENGES FOR BETTER
HAPTIC TRAINING

The interest of haptic feedback in many applications has been
demonstrated in the previous section. Yet, two interesting
challenges have been selected to enhance the short and long term
performance of such haptic training systems: (1) How different
kinaesthetic actuation techniques can be used to improve
simulation realism, and (2) how to introduce tactile stimulation
to kinaesthetic haptic training simulations.

Improving Realism Through Effective and

Transparent Actuation

Realism in haptic simulation requires both stability and
transparency: stability is essential to correctly simulate a virtual
environment and transparency can be considered one of the main
benchmarks in kinaesthetic feedback. Mathematically, it may be
defined as the ratio of the desired and simulated impedance,
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where the ideal ratio is unity for a given bandwidth (Rossa
et al., 2014). The choice of the actuation system has strong
implications in the fidelity of the haptic feedback and the
way users perceive the virtual environment. There have been
many attempts to improve haptic realism through effective and
transparent kinaesthetic actuation techniques.

Electric motors: Traditionally, active actuators such as electric
motors are the main power source in haptic devices. It is well-
recognized that due to quantization of time, position, and forces,
any active haptic device is subjected to stability issues. Several
authors have highlighted a critical tradeoff between the sampling
rate, the virtual environment impedance, and energy dissipation
due to viscous friction. To maintain stability, haptic devices
bound their range of displayable impedance: the low-end being
limited by the viscous friction required for energy dissipation,
while the high-end is limited to the maximum control loop
gain on the verge of the limit cycle of instability (Lacki et al.,
2020). To overcome these limitations and improve simulation
realism, alternative actuation techniques may be considered in
haptic simulators.

Brakes: Passive actuators such as brakes or dampers generate
force feedback by dissipating kinetic energy and thus are
intrinsically stable. Electrorheological (ER), magnetorheological
(MR), eddy current, and particle brakes are the most common
types of brakes used in haptic applications. MR and ER brakes
make use of a liquid substance that changes its apparent viscosity
under the influence of a magnetic or an electric field, respectively.
They generate a wide range of impedance but suffer from a
greater response time than electric motors (Rossa et al., 2013).
Both MR and ER brakes have a higher torque-to-mass ratio
than DC motors, which can lead to great haptic transparency.
Unarguably, the biggest drawback of passive actuators is the fact
that they can only generate forces that oppose the direction of the
input velocity. As a result, controlling the direction of the output
force in multi-degree-of-freedom devices is not trivial and not
always feasible (Lacki and Rossa, 2019). Despite this limitation,
they offer a great alternative to improve haptic realism.

Pneumatic actuators are another interesting alternative to
electric motors. They use compressed gasses to create mechanical
motion with a high power-to-weight ratio and large motion
range. They typically have a low mass, and are backdrivable
(Senac et al.,, 2019). These characteristics allow complex, multi-
degree-of-freedom kinematic structures to be realized in a
relatively compact package making them well-suited for haptic
devices (Sugar et al., 2007). Notorious drawbacks of pneumatic
actuators include the need for sources of compressed air and
their poor efficiency. The efficiency of a pneumatic system is
only 20% than that of a hydraulic or electrical system (Du et al.,
2018). Nonlinearities in both force and airflow dynamics in
pneumatic systems contribute to difficulties in controlling these
actuators (Wolbrecht et al., 2010) making them more challenging
for use in applications requiring high force precision such as in
haptic simulation.

Hydraulic actuators create mechanical motion from fluids.
Hydraulic actuators can generate the largest amount of force per
weight and volume compared to the actuation methods presented
above, with the drawback of having to include a power source

in the design, limiting mobility. There are some exceptions to
this condition; for example, the system in Umemura et al. (2009)
can provide up to 89 Nm of torque in a package that weighs
only 4.5 kg. Other advantages include smooth movements, lack of
backlash, and satisfactory position tracking. However, they suffer
from a slow response time compared to the actuation methods
discussed earlier.

Series electric actuators (SEA) are another class of actuation
technique that introduces an elastic element between the
mechanical drive and the end effector making otherwise rigid
structures compliant to input forces. Topologically, SEAs are
more amenable to accurate force control than classical actuation
techniques as the elastic element may be used to provide a
direct force estimate (DeBoon et al., 2019). The addition of an
elastic element in a haptic device may be counterintuitive, but
comes with several advantages over rigidly-coupled actuation
topologies such as improved shock tolerances, force control,
stability, and efficiency. SEAs have proved to be an excellent
foundation for force feedback devices as they also allow
for decoupled actuator inertia and reduced frictional effects
(Conti and Oussama, 2009). Additionally, SEAs under closed-
loop force control can achieve good force bandwidth with
a low output impedance. Generally, the maximum stiffness
the actuator can render is limited by the stiffness of the
elastic element, constituting the main limitation of SEA for
haptic rendering.

Hybrid actuators combining two or more distinct
actuation techniques are also an efficient way of achieving
high performance in haptic devices and cope with the limitations
described earlier. Several hybrid actuators have been proposed
including rotary knobs for vehicle control (Chapuis et al., 2006),
surgical devices (Gonenc and Gurocak, 2012), and telerobotics
systems (Walker et al., 2009). A typical hybrid actuator comprises
an active element for energy restitution and a passive actuator
to increase torque capability and dissipate energy as needed.
From a control perspective, three main approaches can be
distinguished. The first uses the active actuator to display the
reference forces obtained from the virtual environment, while
the passive actuator provides for the interaction stability by
applying a controllable damping. In the second method, the
passive actuator displays the virtual environment forces, while
the active actuator compensates for friction in the mechanical
structure, hence lowering the minimum achievable impedance
and improving transparency. Alternatively, as in Rossa et al.
(2014), both actuators can be combined to display reflective
forces simultaneously.

Figure 1 shows different actuation arrangements that have
been proposed in the literature as an attempt to improve
haptic realism. Hybrid actuators combining different actuation
sources are arguably the most robust solution for haptic
applications that may eventually lead to the development
of wultimately transparent haptic devices for hands-on
training purposes.

Introducing Tactile Feedback
To illustrate the considerations for implementation of tactile
stimulation within training, the scenario of telesurgery can be
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FIGURE 1 | Different actuation techniques for haptic devices. (A) is a traditional haptic device (HD? from Quanser Inc) with electric motors [reproduced from Quanser
(2020) with permission from Quanser Inc.], (B) employs a set of three rheological brakes (Lacki and Rossa, 2020) [reproduced from Lacki and Rossa (2020) with
permission from IEEE], in (C) a brake-motor-spring drive is proposed as an alternative to passive actuators (Conti and Oussama, 2009), and arrangement (D) has two
unidirectional brakes coupled with a motor (Rossa et al., 2014) [reproduced from Rossa et al. (2014) with permission from IEEE].

observed as an exemplary domain. It has been noted that tactile
feedback is present during minimally invasive surgery (MIS)
and is provided not only in direct contact during palpation
but also through surgical instruments (Bholat et al., 1999).
Yet tactile feedback is largely missing in simulations for tele-
surgery and medical applications. Investigations have shown that
training systems are in dire need of haptic stimulation to improve
learning, sometimes even more so than visual information
(Norkhairani et al., 2011). For exploration in haptic training,
four classifications exist: surface texture determination through
lateral motion, firmness exploration through pressure, form
determination through contour feeling, and enclosure of the
target for volume estimation (Klatzky et al., 1985). Their relative
importance in the design of a tactile stimulation mechanism
depends on the application domain; in surgical training, all
four can be significant. Qualities of good tactile stimulation
include (Overtoom et al., 2019): that it can sustain high output,
has low inertia/friction, is highly responsive, and has a narrow
bandwidth range. In general, the Degrees of Freedom (DOF) of
the stimulation should match the task for the highest fidelity
(fidelity being the level of resemblance to the real thing). Some
studies note, however, that DOE representational complexity,
and relative emphasis of haptic feedback over other available
modalities during training rely mainly on the complexity of the
task and the experience level of the trainee (Pinzon et al., 2016).
Uniform distribution of force is a desirable mechanism
when the role of tactile feedback is to effectively actuate
the deformation of surfaces in training (Culjat et al, 2008).
The ability of a stimulation medium to represent the objects,
environment, and task characteristics in training scenarios also
characterizes its effectiveness. Because the force application
scenarios in domains such as surgical training are so variable,
a flexible approach with high representational variability is
extremely desirable. For instance, organs, tissues, bone structures,
and blood vessels each have their own levels of resistance
and fragility which should be differentiated within the display
(Hamza-Lup et al, 2019). Often, since the task environment

being simulated in training involves complex multi-modal
information, the haptic feedback should be integrated with other
feedback mediums such as visual or audio information in such
a way that it more accurately reflects the characteristics of a real
environment (Weik et al., 2019). This realism is also augmented
by ensuring that the instrument used in haptic simulation
matches the real instrument as closely as possible in properties
such as mass. However, when high-fidelity representation is
difficult or infeasible, tactile stimulation can instead be used to
represent augmentative features which are only possible within a
virtual training scenario (Okamura, 2009).

Rendering of training objectives and interactive surfaces
in haptic space is another consideration. In many task
environments, interference phenomena are present, and
introduce noise into the haptic feedback received while
completing the task. Systems intended to provide realistic
training for these task scenarios should account for their
existence. For example, in surgical environments, breathing,
heartbeat, and waves of blood pressure all introduce noise into
the surface feedback received when performing an operation.
Therefore, the haptic approximation model within the training
environment should be designed to either filter out or augment
these effects (Hooshiar et al., 2020). While medical applications
were chosen to demonstrate progress and open challenges
related to integrating tactile stimulation into haptic training, the
aim is to show the need for and potential impact of veridical
interactions and feedback toward improving training simulations
more broadly.

CONCLUSION

In this paper, we provided a short overview of typical application
domains where haptic training simulation is required and
often already effective. However, the (bio)mechanical modeling
required precision, the computer resource limitations, the lack of
efficient and compact actuators, and the subnominal integration
of kinaesthetic, and tactile types of feedback, all together
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limit their practicality, which restricts their use to first stages
of training. This is reinforced by the synchronization issues
with sound and visual feedback. Recent progress in actuation
technology has enhanced the compactness and the performances
of haptic interfaces to provide finer kinaesthetic and tactile
feedback. Therefore, the minimization of transmission delays
in haptic (pressure, vibration, forces, and motion) feedback
data delivery is of utmost importance to improve reaction time
to contacts with surfaces, allowing the trainee to stop motion
immediately upon this contact (Kontarinis and Howe, 1995).
This topic of research, beyond technological progress, should
help design kinaesthetic and tactile haptic interfaces and motivate
the use of new actuation techniques for more realistic and
effective feedback in training simulations. Also, as motivation
plays a crucial role in training in general and even more in motor
learning and neurorehabilitation, haptic training associated with
VR has great potential to enhance motivation during motor
training (Bernardoni et al., 2019). Future directions include the
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