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Abstract— This paper presents an overview of the current state 
of research and application of haptic (primarily kinesthetic) 
feedback and force-based teleoperation in the context of surgical 
robotics. Telerobotic surgery provides an approach for 
transferring the sensorimotor skills of a surgeon through a robotic 
platform to perform surgical intervention inside a patient’s body. 
Integration of advanced sensing and haptic technologies in 
telerobotic surgery can help to enhance the sensory awareness and 
motor accuracy of the surgeon, thereby leading to improved 
surgical procedures and outcomes for patients. The primary mode 
of sensory feedback has been through 3D visual observation using 
stereo endoscopes. However, until recently, the sense of touch, i.e., 
haptics, has been missing in the commercial telesurgery robots 
approved for use in the operating room despite over two decades 
of research and development in the field of haptics for teleoperated 
systems (“tele-haptics”). Research has shown that high-fidelity 
force feedback can enhance the performance of telesurgery and 
potential outcomes by enabling the surgeon to have a more natural 
feel of interaction between surgical tools and tissue as normally 
experienced during open surgery. Interaction forces such as those 
generated during palpation of tissue, insertion of a needle, 
unintentional (and potentially unsafe) exertion of force by a tool, 
suture breakage, needle slippage, or tool interaction, are replaced 
by indirect (virtual) sensations, termed visual haptics, which 
provides an alternative to sensory compensation. Although there 
is a significant amount of literature supporting this benefit, there 
are still several important technical challenges in introducing 
haptics in telesurgery, including instrumentation, fidelity 
(transparency), stability, modalities for force reflection, e.g., direct 
or indirect. This paper examines these challenges and discusses 
recent work on haptics-based teleoperated surgical robotic 
systems. 

Index Terms— Surgical Robotics, Haptics, Kinesthetics, 
Telerobotics, Telesurgery, Human-centered Robotics 

I. INTRODUCTION
NY telerobotic system consists of a leader robot, a 
follower robot, and a communication network that 
connects the two. In the context of telerobotic surgery, 

the leader robot is the surgeon’s console, and the follower robot 
is located at the patient’s side. The leader robot registers and 
transfers (over the communication network) the surgeon’s 
commands to control the patient-side surgical robot. The 
surgeon’s commands could include instrument positions, 
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orientations, velocities, camera motions, etc. The patient-side 
robot replicates the motion generated by the leader robot and is 
generally composed of several manipulator arms carrying 
laparoscopic surgical tools and an endoscopic camera. The 
information gathered at the patient-side robot is transferred to 
the leader robot and the surgeon, mostly via visual feedback, 
for the needed situational awareness and actions. The current 
commercial teleoperated surgical robotic systems provide 
several features to enhance the sensorimotor abilities of 
surgeons [1]–[8], such as motion scaling to boost accuracy; 3D 
vision (via stereo endoscopes) to provide 3D depth perception; 
motion filters to exclude physiological tremors during 
operation; high-resolution manipulation, allowing surgeons to 
perform surgery in a more natural fashion and with greater 
dexterity; compensated hand-eye coordination to account for 
the mirroring effect which is a challenge for manual minimally 
invasive surgery; augmented imaging to allow surgeons to see 
beyond natural human visual bandwidth such as using real-time 
high-resolution fluorescence imaging.  

Among the existing systems, the da Vinci surgical system by 
Intuitive Surgical Inc. is the most successful commercial 
surgical robotic system. The latest model (the da Vinci Xi 
system) is shown in Fig. 1. Several new surgical robotic 
systems have been developed in recent years. One of these is 
the Senhance system (Fig. 2) from Asensus [9] (formerly 
TransEnterix), which is haptics capable. The term “haptics” as 
used in the robotics literature covers a broad range of topics 
such as force feedback, tactile feedback, skin stretch, vibration 
feedback [10]. Force feedback reflects the interaction forces 
that are sensed by the receptors in the muscles, joints, and 
tendons of the human operator. Force feedback is typically low 
in frequency but can be high in magnitude. Tactile feedback (or 
its subset cutaneous feedback) provides information about the 
texture and roughness of a surface, vibration and skin stretch. It 
is sensed through stimulation of a variety of mechanoreceptors 
in the operator’s skin [11]–[13]. In this paper, the focus is on 
kinesthetics-based force feedback and the challenges that this 
type of haptic interaction creates for robotics-assisted surgery. 
Some aspects of tactile feedback are also discussed. It is 
important to note that interaction forces can not only change the 
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response of the user due to the sensing-actuation loop but can 
also directly and mechanically affect the trajectory of motion 
generated by the operator. This feature closes an analog 
mechanical loop between the human operator and the robot and 
is often studied under the topic of physical human-robot 
interaction. 

Considering the cost, size, and needed infrastructure for a 
hospital to have multiple surgical robotic systems [14], the type 
of surgical procedures that can benefit from robotic surgery 
should be investigated in detail. Due to the different 
characteristics and properties of the parts of the human anatomy 
involved in various surgeries, often there is a need to have a 
specialized robot for a specific type of surgery, rather than a 
generic surgical robotic system. In this regard, while there is 
acceptance of surgical robotics in such procedures as radical 
prostatectomy [15]–[17], there is some debate on the benefit of 

surgical robotic systems for some types of surgery such as 
thoracic surgery [14], [18]. The reason for such disparity may 
lie in the importance of features that are missing in current 
surgical robotic systems, such as haptic feedback. The absence 
of haptic feedback in the da Vinci system was highlighted in a 
report [19] by the FDA that summarized the responses to a 
survey of surgeons regarding their experience with the da Vinci 
surgical robot.  

An important area of research is concerned with improving 
human-machine interaction through the incorporation of haptic 
feedback [20]. By augmenting the conventional audio-visual 
information transmitted to a human user through a 
communication medium, haptic information significantly 
enhances the realism of interaction with a remote environment 
by engaging the user’s sense of touch. Notably, while audio-
visual technologies have considerably matured over the past 
few decades, haptic technology has not quite reached a similar 
level. It is anticipated that future advancements in terms of 
better capturing, manipulating, transmitting, and recreating 
haptic information, and development of rigorous techniques 
and benchmarks for detailed validation of sensing technologies 
and haptic interfaces will enhance the future of human-machine 
interfaces for medical applications [21]. This has been 
discussed in the literature under the umbrella of tactile internet 
[22]–[25] and several companies are investing in this area [26]. 

II. HAPTICS AND SURGICAL ROBOTICS

Although in general existing surgical robotic systems enhance 
the quality of visual feedback for surgeons, most of them do not 
provide  haptic feedback [27]–[29]. It is important to note that 
haptic feedback can incorporate critical information about 
stiffness, location, depth, size, and texture of areas of interest in 
tissue and organs such as tumors. In addition, haptic feedback 
allows the surgeon to have an intrinsic awareness of the amount 
of force applied to tissue which can be critical for guaranteeing 
safe tool-tissue interaction. Furthermore, with appropriate 
choice of force sensing and haptic technology, the surgeon can 
use force feedback to quickly and accurately feel, react to, and 
in some cases avoid conditions such as suture breakage, needle 
slippage, loose knots, unintentional tissue cuts, and collision 
between tools, all of which are important during surgical 
procedures [27], [29]–[36]. Therefore lack of haptic feedback 
can result in longer procedure times, inability to accurately 
palpate areas of interest, and the possibility of applying 
excessive or damaging forces on tissue and organs [27], [28], 
[35], [37]–[43]. Currently, surgeons who use these surgical 
robotic systems go through extensive training programs to 
develop not only the needed motor skills but also to learn how 
to operate without haptic feedback and to possibly compensate 
for the lack of haptics using virtual compensatory sensation 
such as  visual haptics (the ability to judge the approximate 
amount of force based on visual cues, acquired through 
practice) [1], [2], [44], [45]..  

In order to address the above-mentioned challenges and to 
enable teleoperated surgical systems to also provide haptic 
feedback to the surgeon, extensive research and development 

Fig. 1. (a) da Vinci Xi Surgical System, (b) the surgeon’s 
console of the da Vinci Xi System [5]. (© [2022] Intuitive 
Surgical Operations, Inc.) 

Fig. 2. The Senhance Surgical System [9]. (© [2021-2022] 
Asensus Surgical US Inc.) 
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have been conducted during the last three decades [46]. This 
paper provides an in-depth analysis of the state-of-the-art with 
regard to haptics-enabled robotics-assisted surgery. Although 
several fundamental challenges have been addressed to date, 
there still remain issues that need to be addressed for enabling 
surgical robotic systems to provide haptic feedback for a broad 
range of applications [38], [47]–[56].  

In this regard, there are three fundamental challenges: 
transparency (fidelity), stability, and instrumentation. 
Transparency depends on a number of factors in a telesurgery 
system. The major parameters are (a) the dynamics of the 
surgeon-side robot and the corresponding mechanism design; 
(b) the communication time delay; (c) the local controller at the
surgeon’s side to render the communicated force to the surgeon;
and (d) the controller at the patient’s side robot that follows the
trajectory of motion to correspond to the motions specified by
the surgeon. More details can be found in [57]. Challenges
inherent in haptics-enabled systems exist due to the closed-loop
nature of such telerobotic interactions. A system is stable if and
when the trajectories of the system states converge to an
equilibrium point or remain bounded. The magnitude or the
energy (depending on the type of stability being considered) of
the output of a stable system always remains bounded. This is
not the case for unstable systems. Instability can result in a
system that is susceptible to even the smallest delays,
uncertainties that usually come from unmodeled dynamics of
the system, and quantization [58]–[61]. The challenge with
regard to instrumentation at the patient’s side relates to the need
for sterilizable, biocompatible, miniaturizable, disposable, and
low-cost force sensors needed for enabling haptics. In some
applications, it may be possible to obtain appropriate force
feedback indirectly (without the use of specialized force
sensors), e.g., via measurement of currents driving the arms of
the surgical robot. However, there are certain concerns
regarding dynamical artifacts, such as hysteresis effects in
surgical tools [62], [63]. For greater accuracy and reliability, it
may be possible to incorporate redundancy in measuring forces.
In this paper, these challenges and available solutions are
discussed.

III. HAPTIC INTERFACES
In order to achieve high-fidelity haptic feedback, which is 

critical to the success and safety of any interaction, the haptic 
interface must be designed and controlled appropriately. Here 
are some criteria that should be considered in selecting or 
designing haptic interfaces: 

a) Workspace:
The extent of movement of a kinematic chain, be it a user
interface or a surgical robot, defines its workspace. For
performing a task in a teleoperation mode, the workspace
of the user interface should be neither too large nor too
small [28], [64]–[66]. A user interface with an excessively
large workspace can be fatiguing for the user. For example,
it is more comfortable for users if the small motions of a
computer mouse are mapped to the larger motions of a
cursor across a large monitor. On the other hand, too small
a workspace for the user interface is also problematic as the
users will be forced to frequently employ clutching (to

move the user interface repeatedly to a new position and 
orientation without the surgical robot moving) thereby 
disrupting the fluidity and speed of the hand motions. Thus, 
the desirable workspace size is application dependent.  
A separate but related issue is the importance of scaling 
between the workspaces of the leader and follower robots 
and the dependence of the accuracy of the teleoperated 
surgical systems on such scaling. For example, the 
accuracy can be improved by scaling down the motion of 
the follower robot relative to that of the leader robot. 
Motion scaling is beneficial when the surgical task needs 
to be done very precisely such as in microsurgery [67], 
[68]. With motion down-scaling from the leader to the 
follower robot, while the shape of the workspace is 
maintained, the workspace of the user interface and that of 
the surgical robot are scaled with respect to one another in 
a manner proportional to the scaling factor. Careful 
consideration should be given to motion scaling between 
the interface and the teleoperated robot when selecting a 
workspace for the haptic interface. 

b) Manipulability:
The ability of a haptic interface to take any arbitrary pose
and apply any arbitrary force or torque (wrench) across its
workspace is measured by its manipulability. It is also
important to consider the haptic interface’s isotropy, which
measures whether the interface can move and apply force
equally well in all directions (i.e., directional uniformity).
When a robot is isotropic, it is not singular within its
workspace, which means that the manipulability would not
become zero inside the workspace. It is critically important
for haptic devices not to be singular within their workspace
due to physical interaction with a human operator [66],
[69], [70]. The other related topic that needs to be
considered according to the type of medical intervention is
the number of degrees of freedom (DoFs) of the end-
effector of the haptic interface: a typical surgical
application involves 7 DoFs: three for positioning, three for
orientation, and one for grasping. Some surgical
applications may use fewer DoFs. An example is needle
insertion, which typically involves 5 DoFs: 3 for
positioning and 2 for orientation [71]. It should be noted
that redundancy of the robotic system in terms of the active
DoFs increases the manipulability of the system [72].

c) Applicable range of force feedback:
A haptic interface should be able to emulate highly stiff
environments, despite having a limited joint torque range,
by applying large forces against the user’s hand. Surgical
tools are used to palpate, to hold and stretch, to lift organs
(such as liver) and to insert tools inside the organs. All
these tasks require high forces typically in the range of 0 to
5 N; however, forces as high as 40 N have also been
reported [39], [73]–[75]. In addition, it should also be noted
that even though most tissues involved in surgery are soft,
there may exist compact and high stiffness tissue in the
workspace, such as bony structures. Besides, the
telerobotic system may also be in contact with stiff
instruments such as suturing needles or surgical probes and
tools. Thus, the telerobotic system should be able to
operate in a high stiffness environment. Otherwise, there
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would be an inaccurate perception of a stiff environment 
[76]. 
More importantly, the requirements of the medical 
intervention should be considered in order to determine the 
desired force feedback capability and resolution for the 
haptic interface. In other words, the characteristics and 
quality of haptic rendering should be connected to the 
interaction requirement of surgery or the corresponding 
surgical task. For example, for palpation-based tumor 
localization, the quality of haptic rendering should be high, 
while for laser ablation, there is no need for haptic 
interaction. For surgical operations and tasks that have a 
high degree of interaction (such as gastrointestinal 
surgeries), ideally, haptic interfaces should have the ability 
to display a high range and resolution of force. As an 
example, during minimally invasive surgery, grasping 
instruments require a force range up to 10 N with a 
resolution of 0.2 N [77]. On the other hand, applications 
that require interaction with solid objects (objects with 
stiffness above 2 N/mm [78]) such as bones, the haptic 
interface for telesurgery should be able to render high 
forces to accurately represent this hard contact for the 
remote surgeon.  

d) Sensing DoFs and resolution:
The number of DoFs for force and torque feedback should
ideally match those of the end effector. However, the
number of DoFs for haptic feedback is related to the
complexity and cost of the interface and is dictated by the
availability of measurements of interaction forces and
torques at the end effector of the teleoperated robot [31],
[39]. In addition, the resolution of position sensing must be
suitable for the surgical application under consideration.
The haptic interface should be able to detect the position of
the surgeon’s hand with appropriately high resolution.

e) Z-width:
The Z-width of a haptic interface refers to the dynamic
range of the impedances it can display while maintaining
stability [79]–[83]. When the Z-width is large, the user is
presented with richer haptic information. It should be large
enough to permit natural motion by the surgeon and
transitions between free space and stiff contact and
between the different textures that surfaces may have. It
can be difficult to tell different environments apart when a
haptic interface with a small Z-width is used. When the
teleoperated robot moves in free space, the haptic interface
should not exert any force on the user’s hand. Therefore,
haptic interfaces should have a low apparent impedance
(mainly inertia), as well as low friction, especially if high
accelerations are involved. Inertia and friction are
determined by the mechanical structure, actuators, and
configuration of the haptic interface [84]. Poor
performance of the system due to friction, high inertia, and
lack of back-drivability limits the lower bound of Z-width,
leading to a smaller range of impedance that can be
rendered by the telerobotic system. In addition to the
mechanical limitation, Z-width may be affected by signal
digitization, control system of the robot, and its filtering
effect [81].

f) Response time (bandwidth):
Sufficient bandwidth is required in telesurgery and for
teleoperation in general, to permit natural motion and
operation by the surgeon [62], [63]. The system should be
agile enough to render instrument contact with stiff tissue.
A low-frequency system can affect the accuracy of the
surgery and the perception of the surgeon. This issue is
valid for any type of interaction, including haptic, auditory,
and visual. Lightweight haptic interfaces, in general, have
greater bandwidth [85]–[87].

In order to preserve and convey the surgeon’s intuitive 
movements and replicate at the surgeon’s console the feel of a 
tool’s interactions with tissue at the surgical site, the haptic 
interface should offer sufficient workspace, manipulability, 
range of force feedback, and degrees of freedom. It should also 
have sufficent dynamic range of impedances, and low response 
time comparable to what the surgeon would normally 
experience working directly on the tissue. In addition, for ease 
of integration in the operating room, the footprint of the haptic 
interface needs to be small.  

It is possible to trade off certain desirable characteristics of 
haptic interfaces, such as high force feedback capability against 
low inertia or high stiffness against workspace size. Large 
actuators are necessary for high force feedback capability, 
adding inertia to the haptic interface. The stiffness of the haptic 
interface is reduced (and its inertia is increased) when the 
workspace is made large using long links. Therefore, for a 
haptic interface to perform optimally, it should be optimized for 
specific surgical applications. In order to design a haptic 
interface or to choose a commercially available haptic interface, 
the specific application should be taken into account because 
the application is the defining factor of the level of importance 
of each of the above-mentioned items. It may be more 
straightforward and cost-effective to modify a commercially 
available haptic interface rather than to design and fabricate a 
new one. Nevertheless, all the desired properties of the haptic 
interface might not be achieved since only minor alterations can 
be made to a commercially available haptic interface.  

It should be noted that to determine the best haptic interface, 
not only surgery-driven hardware measures should be 
considered, but also user-specific psychometric measures 
should be developed to validate the perception of the users.  
1) Regarding hardware measures, the status of back-

drivability, frictional force and impedance bandwidth
should be evaluated.

2) To determine user-based measures, the suitability of a
haptic interface can be assessed through user studies and
psychometric evaluation [84]. User-based measures are
application-dependent and evaluate the haptic interface’s
perceptual rendering efficacy via psychophysical
experiments. A user-based evaluation of haptic interfaces
involves target acquisition, object manipulation,
geometric perception, material perception, and
environmental monitoring [88], [89]. Other factors such
as user ergonomics, fatigue, and discomfort while using a
haptic interface can also be considered.
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IV.  HAPTIC FIDELITY, PERCEPTION, AND STABILITY 
Teleoperation fidelity of force feedback is also known as 
transparency of the corresponding telerobotic system. This 
characteristic refers to how accurately a remote interaction is 
perceived by the operator. In other words, how the remote 
impedance is reflected to the user and how much deviation the 
telerobotic medium causes in the reflected force field. An ideal 
telerobotic system will guarantee highly accurate reflection of 
the force field, thus ensuring high transparency. Implementing 
a transparent telerobotic system has been a challenge mainly 
due to the fact that in order to realize transparent interactions, 
all the dynamics of the system and communication network 
should be compensated for in the presence of uncertainties and 
noise. This is a complex requirement that calls for in-depth 
investigation regarding the format of telerobotic architectures. 
In the context of telerobotic surgery, transparency is critical 
since inaccurate force reflection can result in misleading haptic 
cues and fatigue for the surgeon, which can have undesirable 
effects.  

In order to ensure transparency, a four-channel telerobotic 
architecture was proposed in [58] that requires communication 
of force and motion data from both sides. Through a specific 
design of four-channel teleoperation, not only does the force 
provided to the operator at the leader side better follow the force 
measured at the follower side, but the motion of the follower 
side also follows the force generated by the operator with less 
error leading to increased transparency. It should be noted that 
ideal transparency cannot be achieved in practice for several 
reasons including: actuator saturation, safety measures (such as 
a safe range of forces), noise in the measurements, unmodeled 
dynamics, inaccurate kinematics (such as due to hysteresis in 
the cables) [79]. To reduce the complexity of the architecture, 
local force control loops were added to each side of the 
telerobotic architecture [90], using which, one of the 
communication channels is dropped, and transparency is 
guaranteed using three communication channels. As the next 
step, it was shown that using a particular local inverse dynamics 
approach, it is possible to achieve transparency by the minimum 
possible amount of communication, i.e., two channels for a 
haptics-enabled telerobotic system [91]–[95]. The specific 
design of the two-channel architecture removes several 
complications from the closed-loop dynamics of the system, 
thereby reducing the complexity of the closed-loop system and 
the susceptibility of the system performance to delay, noise, and 
uncertainties, including unmodeled dynamics (such as those 
due to flexibility in links or instruments). Also, the resulting 
system has enhanced, and more robust stability [92], [96]. It 
should be noted that due to technical challenges, more research 
effort is needed to realize high-quality and stable haptic 
feedback in telerobotic surgery. Early examples of realistic 
experimental work can be found in [97]–[100]. 

 

A. The Effect of Delay on Perception and Fidelity 
Delay is an inherent component of any telerobotic system and 

has been one of the most critical factors that limits the wider 
utilization of haptic feedback in telerobotic surgical systems. 
Even in the case of direct line communication, delay can be 

caused by the digitization of signals or by the processing of 
transferred information. In the case of remote surgery, delays 
can be induced in the communication system due to the 
telecommunication network, which in some cases (such as 
internet-based teleoperation) includes several servers and 
protocols, causing variable network delays.  

Several studies have been conducted to understand the 
tolerance of delays in unilateral telerobotic surgical systems, 
e.g., see [101]–[106]. In unilateral teleoperation, kinematic 
signals (motions) are transferred only from the leader to the 
follower without any haptic feedback; thus, there is no closed-
loop force feedback. An example of a unilateral system is the 
da Vinci surgical system, which does not send force feedback 
to the surgeon’s hands, as explained later. Studies around the 
effect of delay on unilateral teleoperation were conducted using 
the da Vinci surgical system [103] as well as an earlier system, 
the Zeus (which has been discontinued) [104]–[106]. The work 
examined the effect of delays caused when using a satellite 
network and also a virtual private network for performing 
telerobotically conducted surgical procedures on phantom 
tissue as well as animal models. The studies showed that an 
increase in time delay correlated strongly with degraded 
performance and fatigue. In these experiments, the time delay 
was in the range of 300−500 ms. At the higher amount of delay, 
it was determined that performing the surgical procedure was 
not feasible [101]–[103], [107]. When haptic feedback is 
included, the acceptable amount of latency drops by a factor of 
10, which means that 50 ms of delay can significantly skew the 
perception of the environmental stiffness, which can play a 
critical role in haptics-enabled surgery as demonstrated by the 
effect of delay on tumor characterization through palpation 
[107], [108]. It can be shown mathematically that time delay 
directly affects the hybrid transfer matrix of a 2-port telerobotic 
system. The elements of the hybrid matrix show the relationship 
between the sent and received forces and velocities of the 2-port 
system (one port is at the leader side and the other port is at the 
follower side). The hybrid matrix directly represents the 
transparency of the teleoperation system. It can also show the 
transfer function of the haptic echo in the system (which is a 
partial force felt by the user only due to their motion and 
without any correspondence to the forces measured at the 
follower side). Details can be found in [79], [90], [96], [109]. 
By considering the frequency response of a time delay, a 
frequency-dependent phase lag between various variables in the 
network can be observed. This effect can also be seen in the 
hybrid matrix (since the elements of the matrix would include 
the transfer function of a time delay).  Due to the generation of 
ultra-fast and reliable internet such as mobile networks (5G, 6G, 
and beyond), it can be predicted that it should be feasible to 
conduct remote procedures by securing agile leader and 
follower communication.  

 

B. The Effect of Delay on Safety of Telehaptics 
Besides the effect of delay on fidelity and perception of 

telerobotic systems, one of the well-known challenges for any 
teleoperated robotic system is the possibility of instability 
caused by a delay in the network. In the context of surgical 
telerobotics, instability can directly affect the safety of patient-
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robot interaction and can result in dangerous situations. As a 
result, regardless of the perception and fidelity of the system, 
guaranteeing stability in the presence of time delay (and 
variation of time delay) is of practical importance and has been 
investigated extensively in the literature. The reason for the 
destabilizing effect of time delay can be explained using 
Passivity Control theory which determines the balance between 
energy dissipation and generation and highlights the 
accumulation of energy due to the existence of a delay in 
networked telerobotic systems. This can also be explained using 
absolute stability theory [110]–[113], using which, it can be 
shown that a transparent haptics-enabled telerobotic system is 
only marginally stable. The sensitivity of the system to time 
delay can be such that even a minimal amount of discretization 
delay due to digital implementation can result in instability 
[60], [114].  
 

C. Current Solution to Stabilize Delayed Telehaptics 
In the last two decades, several algorithms have been 

proposed to stabilize telerobotic systems in the presence of 
communication delays. Among the proposed and commonly 
used algorithms are wave-variable control (WVC) techniques 
[59], [113], [115], [116] and the time-domain passivity 
approach (TDPA) [93], [117]–[120], both of which have been 
designed using passivity control theory [121]–[123]. In this 
regard, WVC directly “passivates” the communication network 
by applying forward and inverse wave transformations 
preceding and following the communication channel. The 
transformations cancel out each other in the case of zero delays 
and modify the flow of energy in the presence of non-zero 
delays. In addition, TDPA directly observes the flow of energy 
and the validity of passivity-based stability conditions and 
injects adaptive damping in case nonpassive energy is observed. 
Most of the earlier efforts were focused on stabilization in the 
presence of constant communication delays, which is a 
mathematically simpler problem to solve. However, advanced 
algorithms were proposed later to tackle the problem of variable 
time delays, which not only inject extra energy into the system 
but can also cause the spectro-temporal characteristics of the 
waveform [124]–[126] to deviate.  

Besides passivity control theory, the small-gain theory has 
also been used in the literature to generate novel stabilizers for 
guaranteeing the stability of teleoperated systems, which can be 
used for surgical applications [127]–[130]. The utilization of 
small-gain theory is often motivated by relaxing conservative 
assumptions in passivity-based stabilizers, such as the passive 
behavior of the operator and the environment [92]–[94], [131]. 
Such assumptions cannot be made in the context of surgery due 
to physiological energy and activations, such as during beating 
heart surgeries or in the presence of respiratory motion. Using 
small gain control, the aforementioned assumptions are relaxed, 
and variable time delays are also considered to propose several 
new categories of stabilizers that guarantee system stability 
while reducing deterioration in transparency by decreasing the 
conservatism of the system [92]–[94], [127], [129], [130], 
[132]. Besides average latency, other challenging topics for 
designing stabilization algorithms are nonlinearity in the 
dynamics of the robots, uncertainty in the models, and high 

variability of time delay [133]–[137]. 
 

D. Stability-Transparency Trade-off 
Stabilization algorithms, including the ones mentioned 

above, modify the flow of force-motion information in 
telerobotic systems to damp out the excess energy, thus directly 
affecting the transparency and performance of the system. In 
other words, existing approaches sacrifice transparency and 
performance to guarantee stability. Although this can be 
considered as a reasonable trade-off, it can make the use of 
haptic feedback impractical in a surgical robotic system since 
heavily skewed haptic feedback may not be informative or 
useful for surgeons or, in the extreme case, be misleading. More 
specifically, the degradation of motion tracking can directly 
induce surgical errors, and degradation of force feedback can 
cause inaccurate, disruptive, and misleading force information 
for the surgeon. This is indeed one of the main reasons that has 
slowed down the utilization of haptic feedback in practical 
leader-follower surgical applications.   

There has been an extensive amount of research aimed at 
minimizing the error in force feedback and/or motion tracking 
resulting from stabilization, as well as the effect of the 
conservativeness of the passivity and small-gain sufficient 
conditions for stability. For example, due to the velocity 
modifications often needed for stabilization, a position drift is 
expected, which can result in major desynchronization of the 
leader and follower robots. As a result, new stabilization 
algorithms have been proposed to directly impose position 
tracking [51], and in some cases to compensate for position drift 
[138]. Other examples of performance improvement are power-
domain stabilizers which distribute the energy dissipation over 
time, avoiding sudden deployment of damping, in order to have 
a smoother haptic experience for the surgeon while 
guaranteeing stability [139]. In addition, some of the existing 
approaches, such as WVC, have been modified to improve 
transparency, taking into account the perceptual bandwidth of 
the users [140]. Using small-gain control, modulation of force 
feedback is also conducted while considering the directionality 
of the force to minimize the perceptual confusion using a 
projection-based force reflection algorithm [141]. Recently, to 
minimize the induced damping needed for stabilization and to 
take into account the complete capacity of the closed-loop 
system in absorbing nonpassive energy, the concept of 
biomechanical excess of passivity has been proposed. The 
aforementioned consideration allows accounting for the amount 
of energy that can be absorbed by the biomechanics of the user, 
which reduces the need for damping out the observed 
nonpassive energy, thereby eventually enhancing transparency. 
This approach significantly reduces the conservatism of the 
system and the need for modulating transparency when 
compared with conventional counterparts that try to stabilize 
the system regardless of the dynamical behavior of the user’s 
biomechanics [92]–[95], [142].  

It should be noted that optimal force reflection requires the 
implementation of stabilizers that minimize the error in system 
transparency and performance. This is an active line of 
research, and recent developments have shown promising 
results for reducing transparency deterioration during the 
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implementation of haptic feedback, especially for relatively 
large time delays in communication networks that connect the 
leader and follower robots. 

 

E. Sensory Substitution and Augmentation 
In order to bypass the destabilizing effect of direct haptic 

feedback, indirect delivery of force feedback has been proposed 
in the literature. In this regard, the recorded force information 
can be  provided to the user through various sensory modalities 
such as visual, auditory, tactile (fingertip), and vibration 
feedback, e.g., see [143],[144]. This can give the surgeon some 
degree of haptic awareness while reducing the above-
mentioned concerns in terms of stability and performance 
deterioration [35], [41]. Although sensory substitution may not 
be as natural/intuitive as direct feedback, it is stable, and so 
there is no concern about stability [13]. Using sensory 
substitution, a direct control loop is created, which eliminates 
the concern regarding stability, while an indirect sense of haptic 
awareness is provided to the surgeon. Thus, the surgeon can 
decide on actions to be taken in the conducted task based on 
visualized force feedback (such as by color coding) or 
appropriate auditory notification. Some studies have 
demonstrated that haptic feedback and graphical cues are 
equally effective in improving performance and accuracy for 
certain tasks. In such cases, graphical cues can substitute for 
haptic feedback in a cost-effective and adequate manner [34], 
[49], [147]. This addresses the stability issue but it does not 
eliminate the perceptual desynchronization caused by 
communication delays since a communication delay can affect 
the causality of the loop and thus the decision-making process 
of the surgeon. However, due to its inherent stability, it has been 
considered in the literature as a practical approach for providing 
force information to the surgeon to enhance sensory awareness 
during telerobotic surgery. In other words, sensory substitution 
is an alternative approach to direct force feedback.  

Several studies have been reported in the literature on the use 
of sensory substitution, and it has been shown that it has the 
capability to enhance manipulation of surgical tools and can 
result in tool-tissue interaction forces close to ideal feedback. 
The studies showed that sensory substitution could result in 
high consistency of applied forces during procedures, which is 
an indicator of better control by surgeons over surgical tasks 
[35]. In this regard, visual force feedback has been studied for 
suturing tasks, resulting in consistent force during knot tying 
and ultimately higher quality of sutures [34]. This concept is 

applied for sensorized da Vinci systems, and the results support 
the use of visual feedback to reduce suture breakage, the 
maximum force applied to tissue, and standard deviation of 
force distribution during knot-tying tasks by novice surgeons 
[41]. The concept is also investigated for tumor localization 
using telerobotic surgical systems [56], and it has been shown 
that force feedback through visual cues, such as force 
distribution and stiffness maps, can directly assist the operator 
in finding lumps in tissues. Interestingly the benefit of 
visualized force feedback has a lower degree of significance for 
expert surgeons who were able to conduct a task without relying 
on force feedback, though they did show a tendency for 
effectively utilizing the provided information.  

As a relatively new mode of sensory substitution, cutaneous 
feedback has also been studied in the literature using skin 
stretch actuators to provide proportional feedback to the 
fingertips of surgeons [11], [148]–[154]. The use of skin stretch 
is motivated by the corresponding intuitiveness and 
interpretability when compared with direct contact (such as 
pushing tissue with a stylus which would also result in a 
proportional stretch and deformation at the fingertip since 
higher the normal force, the greater the stretch). Skin stretch is 
implemented using an actuator at the handle of the leader robot 
during telemanipulated tool–object interaction to provide 
intuitive indirect feedback for the normal force to the surgeon 
[149], [151], [153]. Taking into account both tangential and 
normal forces during tool-object interaction, a 3-DOF skin-
stretch actuator was developed (see Fig. 3) [148]. This provides 
more precise and faster task performance. In addition, wearable 
haptic interfaces have shown great potential in rendering tactile 
feedback in robotic surgery [155]. The integration of these 
interfaces with commercial surgical systems needs further 
investigation. 

In order to benefit from both direct and indirect force 
reflection, the concept of sensory augmentation has also been 
investigated. Using this concept, the loop-gain of direct force 
feedback is reduced to guarantee stability, while indirect 
sensory addition (such as using skin stretch) is provided to 
balance the reduction of information due to loop-gain 
downscaling. In other words, the operator receives a 
combination of sensory feedback, including reduced-gain direct 
feedback and an additional sensory channel. Improved accuracy 
and performance have been reported in [148], [151].  

V.   INSTRUMENTATION FOR HAPTICS IN SURGERY  
Success in realizing haptics in surgical robotics depends on the 
development and implementation of appropriate 
instrumentation. This includes the selection and deployment of 
sensors inside or on surgical tools to measure the 
multidimensional forces acting on the tools. Due to limited 
space in and on the tools as well as clinical restrictions, this is 
not a straightforward process. When surgery is being performed 
directly by a surgeon and without a robotic system, even for 
such common tasks as suturing, the surgeon would need to rely 
on the shear force during needle-tissue interaction to feel needle 
slippage and to adjust for it appropriately. In addition, the 
surgeon needs to rely on skin stretch at the fingertip, and the 
sensed normal force to tune the gripping force of the needle. 
When the tool interacts with the environment, not only the 

 
Fig. 3. (a) Tangential and normal skin stretch; and (b) a 3-
DOF actuator for skin stretch feedback [148]. (© [2015] 
IEEE) 
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sensors in the surgeon’s muscles/tendons feel the interaction 
force, but also the skin under the tip of their finger would 
stretch, and the combined information would be processed in 
the brain to provide tool-mediated perception [149], [151], 
[153]. Also, the surgeon needs to experience reaction forces to 
manipulate the knot, control the quality of the knot, ensure the 
needed tightness, and avoid breaking the suture while 
tightening the knot. As a result, just for suturing, there is a wide 
range, different types, and directions of forces that should be 
controlled for which sensors would be needed in a very small 
space and in direct contact with tissue. There is no single 
sensing technology so far that can provide all the above-
mentioned information during surgical tasks. This shows the 
complexity involved in instrumenting surgical tools for force 
sensing. An important technical challenge arises from the needs 
of biocompatibility, stabilizability, miniaturizability, 
disposability (considering the cost and limited use of surgical 
instruments), and multi-directionality of sensory data. During 
the last two decades, there has been considerable work aimed at 
developing sensors for this purpose. In this section, we discuss 
major existing efforts and challenges.  

In order to develop sensorized tools, two strategies could be 
considered: (a) Sensorizing existing surgical tools, such as 
those used in the da Vinci surgical robotic systems; and (b) 
developing new tools which have an embedded sensor (such as 
using a flexure mechanism at the tip).  
 
a) Sensorizing existing surgical tools: This approach has been 

reported extensively in the literature, such as in [27] for 
sensorizing the da Vinci system to measure 1-DoF grip 
pressure. Besides pressure sensors, strain gauges [41], 
optical fiber Bragg grating sensors (FBGs) [156], ultra-thin 
nitinol strain sensors [157], and tactile sensors [146] have 
been utilized in the literature by attaching them on the shaft 
or distal end of the da Vinci surgical instruments, mainly 
to sense Cartesian interaction forces or contact deformation 
and vibrations at the tooltip. In addition to the body of the 
tool, sensors have also been attached to the tiny cables 
inside the shaft of the tool to measure the activation and 
reaction forces and estimate tool-tissue contact forces 
[158]. 

b) Developing sensorized tools: One fundamental approach to 
having a sensorized surgical tool is to change the design of 
the tool and fabricate it in a way that facilitates force 
sensing. For example, the DLR surgical system [159] has a 
fixture mechanism near the tip, which undergoes very 
small flexing during tool-tissue interaction that enables 
sensitive force recordings. In order to optimize the location 
of the sensors, finite element modeling has been used in the 
literature. In an early effort, using small conventional strain 
gauges, 6-DOF force recording has been achieved. 
Motivated by the same concept, a new sensorized platform 
has been designed [160] for the RAVEN-II surgical robotic 
system, which enables 3-DoF force-sensing as well as 
grasping force. In this work, capacitance-based force 
sensing is used (to estimate the deflection of the part with 
flexure and thus the applied force) instead of strain gauges. 
Torque sensors are also added to the pulleys of the tool to 
enhance the estimation of the force. As well as designing 

surgical tools with force sensing capability, there are some 
specific tools designed only for determining force as the 
primary function, mainly for palpation. One example is the 
work that utilizes a matrix of capacitive pressure sensors to 
provide the force distribution map for palpation of soft 
tissue (such as for liver, kidney, and lung). The resulting 
technology was extended to a dual-modality (tactile and 
ultrasound) instrument for the da Vinci surgical system, as 
shown in Fig. 4 and Fig. 5. Another example using 
capacitive and piezoelectric sensing can be found in [32], 
where specific attention has been paid to develop a system 
that is custom-made, low-cost and disposable. Wireless 
palpation is proposed in [161] using a wireless capsule that 
can be deployed inside the patient’s body and manipulated 
by a secondary tool to generate force and stiffness 
distribution maps. Further examples can be found in [162].  

Besides explicit force sensing, implicit force estimation has 
also been considered in the literature such as (a) vision-based 
interaction force estimation using a deep learning algorithm 
from camera outputs [163]–[165]; (b) estimating instrument 
force using external force sensors [63], [160], [166]–[168], e.g., 
underneath the patient or in the cannula; and (c) using kinematic 
data such as the vibration due to instrument-tissue contact 
[169]. These indirect force estimation methods are at a 
relatively early stage in tackling challenges for force sensing 
that make them less accurate than direct force sensing. This 
reduced accuracy increases uncertainty that could affect control 
accuracy. These indirect methods use advanced models which 
can account for nonlinearity, uncertainty, temperature 
dependence, hysteresis, and backlash in the mechanical 
structures of a system [170]. This is an active field of research 
that can significantly reduce the cost of introducing haptic 
feedback in surgical robotics. 
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Fig. 6. Options for locations of force sensors [162]. (© 2008 
IEEE) 

Technological challenges for sensorizing tools 
As mentioned earlier, there are critical technical challenges 

with the implementation of force sensing, most of which arise 
due to the location of the sensors [37], [162]. Possible locations 
for sensors in a laparoscopic instrument for a surgical robot are 
shown in Fig. 6. Research has shown that only locations 3 and 
4 would result in reliable force measurements [37], [162] 
[172]–[175]. This corresponds to attaching the sensor on the 
shaft that is inserted in the patient’s body or attaching the sensor 
at the tip of the surgical tool. This selection is desired because 
of extraneous forces such as friction effects at the trocar, and 
friction, backlash, and hysteresis inside the tool and at the 
actuator outside the patient’s body. These forces make tool-
tissue interaction force measurements unreliable [37], [162], 
[176]. Although some effort has been made to model and 
compensate for such forces in order to enable sensors to be 
located outside the patient’s body, the results so far indicate 
superior sensing accuracy corresponding to a location near the 
tip and inside the patient’s body. As a result, significant effort 
has been made to identify and resolve the challenges associated 
with locating sensors near the instrument tip to measure forces 
inside the patient’s body. The current challenges include: (a) 
cost-effectiveness (since many of the tools should be disposed 
of after a certain number of uses); (b) miniaturization (to allow 
the force sensors to pass through the trocar during surgery); (c) 
fluid resistance (to operate effectively in the presence of various 
body fluids); (d) sterilizability (which is a major challenge due 
to the need for withstanding one of the standard sterilization 
processes after every use); and (e) biocompatibility (which 
would limit the choice of material to be used in the sensor). 

In order to address the above-mentioned challenges, 
considerable research has focused on the use of optical force-
sensing [52], [156], [177]–[181]. In optical force-sensing 
technology, optical fibers play a role equivalent to that of the 
strain gauge. Optical force sensors function based on the 
changes of the property of light (wavelength and intensity) due 
to the strain created in the sensorized tool. Most of the optical 
fibers are biocompatible and sterilizable, and they are very thin 
in size, making them the perfect choice for force sensing. 
Optical fiber-based sensors can be attached to the body of the 
tool or to a reflective flexure mechanism to detect the 
deformation and translate that into force sensor readings. 
Earlier efforts, such as those described in [52], required 
embedding a reflective surface inside the flexure mechanism 
using which the applied forces are translated into changes in the 
intensity of the reflected light, which can be measured using 
light processing equipment placed outside the patient’s body. 
More advanced technology such as Fiber Bragg Grating (FBG) 
also requires a flexure mechanism and reflecting surfaces. This 
can significantly reduce the size of force sensing equipment and 
has been used to make  6-DOF optical force sensors for surgical 
robots such as the DLR system [177], [182]. More examples 
can be found in [183], [184], [185] and have also been 
implemented on the da Vinci system [156], [186]. It should be 
mentioned that FBGs have significant benefits for force sensing 
in the surgical domain due to their high biocompatibility, 
sterilizability, low cost (the fibers are not expensive), and small 
size while providing highly accurate force measurements [187]. 
Design of a novel ultra-small optical fiber-based sensor that 
meets size constraints in minimally invasive surgical 
applications has been proposed in [178].  

Fig. 4. Dual-modality palpation instrument for the da Vinci 
Classic surgical system [171]. (© 2017 IEEE) 

Fig. 5. Details of the dual-modality palpation instrument 
shown in Fig. 4: (a) Instrument mounted on the da Vinci 
Classic; (b) the instrument’s ultrasound transducer; (c) the 
instrument’s tactile sensor [171]. (© 2017 IEEE) 
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VI. RECENT SURGICAL ROBOTIC SYSTEMS WITH HAPTIC
CAPABILITIES 

The challenges and considerations in designing a haptics-
enabled surgical robotic system are summarized in Fig. 7. In 
this figure, “Sensory substitution” could consist of one or more 
of tactile, visual and auditory information. “Direct feedback” 
could also be in the form of tactile feedback. As mentioned 
earlier, the most commonly used surgical robotic system, the da 
Vinci (from Intuitive Surgical Inc.), does not provide direct 
force/haptic feedback to the surgeon’s console [57]. Although 
it has redundant sensors to measure joint kinematic values, it 
would be very challenging to provide redundant sensors for 
force measurements due to the very limited space, especially 
since the force information required would primarily be that of 
tool-tissue interaction. However, several research groups have 
reported work on introducing haptic or force feedback in the 
classic da Vinci (using the dVRK platform), (e.g., see [188], 
[57], [189], [190] and references therein). This shows the 
feasibility of introducing haptic feedback in a leader-follower 
surgical system. A more recent surgical robotic platform with a 
similar leader-follower architecture as the da Vinci, the 
Senhance system from Asensus Surgical Inc. (formerly, 
TransEnterix), is capable of providing haptic feedback that 
reflects the forces generated during tool-tissue interaction by 
the patient-side robot arms. Some clinical experience with the 
use of the Senhance system has been reported in the literature 
[191]–[193]. In addition, the Senhance system enables the 
utilization of reusable forceps. However, in comparison to the 
da Vinci system, Senhance lacks in terms of accessories and 
instruments such as articulated cutting, vessel sealer, integrated 

intraoperative ultrasonography, and infrared imaging [194]. 
The Senhance has recently been approved by FDA for 
laparoscopic gynecological and colorectal procedures. A 
discussion on other recent surgical robotic systems is given in 
[195]. The available information about the Senhance surgical 
system is limited in comparison to that for the da Vinci. 

There are other examples of surgical robotic systems that 
have integrated off-the-shelf haptic devices as the surgeon's 
user interface. For instance, the Force Dimension Omega 7 
haptic devices are used in the second generation of the 
NeuroArm surgical system [196]. Two haptic devices transfer 
the sense of touch to the two hands of a surgeon. This particular 
haptic device is from a series of devices from Force Dimension 
[197] that employ a small-footprint, parallel kinematic design
enabling high levels of force feedback to the user if needed.
Some of the Force Dimension devices, such as Sigma 7 and
Omega 7, also provide large grasping force feedback, which can
be useful in some surgical applications.

There are several other surgical robotic systems for specific 
applications that are or have been on the market and have been 
designed to provide some form of haptic feedback, e.g., the 
Versius system from CMR Surgical (Cambridge, UK), 
designed for upper GI, gynecological, colorectal, and renal 
surgeries and currently undergoing trials in Europe using a non-
haptic version of the system. The Mirosurge system [198], 
[199] from DLR has been designed to provide accurate haptic
feedback during surgery, but the system has not yet received
FDA approval.

Fig. 7.  Summary of the design considerations and challenges for haptics-enabled surgical robotic systems with regard to 
interface design, feedback modalities, and instrumentation. 
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VII. CONCLUSION 
This paper discussed the history, current state, and 
technological issues with regard to the implementation of 
haptics in robotics-assisted surgery. The possibility of enabling 
telerobotic surgical systems with force feedback to the surgeon 
was discussed. For this purpose, the current status of the 
available technology and the corresponding challenges were 
reviewed. Several major issues were identified, including 
stability of force-enabled telerobotic surgical systems, 
instrumentation challenges such as miniaturization, 
biocompatibility, sterilizability, and cost. Future research to 
address some of these challenges could benefit from the current 
intensive effort aimed at the design and development of 
intelligent algorithms, autonomous modules, and smart surgical 
tools.  
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