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Abstract

When robotic assistance is present into vitreoretinal surgery, the surgeon will experience reduced 

sensory input that is otherwise derived from the tool’s interaction with the eye wall (sclera). We 

speculate that disconnecting the surgeon from this sensory input may increase the risk of injury to 

the eye and affect the surgeon’s usual technique. On the other hand, robot autonomous motion to 

enhance patient safety might inhibit the surgeons tool manipulation and diminish surgeon comfort 

with the procedure. In this study, to investigate the parameters of patient safety and surgeon 

comfort in a robot-assisted eye surgery, we implemented three different approaches designed to 

keep the scleral force in a safe range during a synergic eye manipulation task. To assess the 

surgeon comfort during these procedures, the amount of interference with the surgeons usual 

maneuvers has been analyzed by defining quantitative comfort metrics. The first two utilized 

scleral force control approaches are based on an adaptive force control method in which the robot 

actively counteracts any excessive force on the sclera. The third control method is based on a 

virtual fixture approach in which a virtual wall is created for the surgeon in the unsafe directions 

of manipulation. The performance of the utilized approaches was evaluated in user studies with 

two experienced retinal surgeons and the outcomes of the procedure were assessed using the 

defined safety and comfort metrics. Results of these analyses indicate the significance of the opted 

control paradigm on the outcome of a safe and comfortable robot-assisted eye surgery.

I. INTRODUCTION

Surgical tasks inside of the eye encompass manipulating delicate tissues and micron scale 

structures typically using instruments passing through an incision point in the sclera. In 

these potentially long and always delicate procedures, surgeon hand tremor and patient eye 

movement may cause severe injuries to the eye. The surgeon’s hand tremor may happen due 

to physiological reasons or may be secondary to fatigue in long surgeries (an average of 182 

μm was measured for an ophthalmic surgeon tremor amplitude [1]). To address these 
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challenges and mainly with the aim of increasing patient safety, robotic manipulators and 

computer algorithms have been devised to synergically assist surgeons in reducing hand 

tremor [2].

Fig. 1 shows the key elements of a robot-assisted clinician-in-the-loop eye surgery (i.e. a 

surgeon, a robotic manipulator, and a target anatomy in patient). In this procedure, a robot 

and typically a computer algorithm synergically assist a surgeon to accurately and safely 

perform a particular surgical task on a patient. A review of the literature pertinent to eye 

surgery demonstrates that most of the research has been focused on developing robotic 

systems, sensorized instruments, and computer algorithms solely from the patient’s 

perspective and have neglected the role and effect of surgeon acceptance and comfort in the 

outcome of a synergic robot-assisted eye surgery.

Various types of robotic systems have been designed and developed for eye surgery 

including collaborative robots in which surgeon and robot share the control of the surgical 

tool (e.g. [3], [4]), tele-manipulated robots (e.g. [5], [6]) and hand-held robotic devices (e.g. 

[7]). For instance, the Steady-Hand Eye Robot (SHER), as shown in Fig. 1, is an example of 

a collaborative robot that was fabricated at the Johns Hopkins University [8]. In addition, the 

first clinically-approved collaborative robots for in-human eye surgery has been designed 

and successfully evaluated by Edwards et al. [9] and Gijbels et al. [10]. Tele-manipulation 

robots have emerged as the most clinic-ready configurations for retinal surgery at this time. 

A master-slave intraocular robotic system capable of performing various surgical tasks was 

recently designed and built by Wilson et al. [6]. The University of Tokyo has also performed 

vitreous detachment and microcannulation using a tele-manipulated robot [5], [11]. Apart 

from the relatively large eye surgical robots, a hand-held device called Micron was also 

developed by MacLachlan et al. [7] to attenuate surgeon involuntary hand motions while 

maintaining the intuitive eye-hand coordination. A review of these developed systems 

demonstrates that they have been mostly designed to improve the outcome of the eye surgery 

from the patient’s perspective i.e. enhancing the surgeons precision (e.g. motion scaling [5] 

and actively reducing tremor [7]) and/or adding hardware constraints (e.g. Mechanical 

remote center of motions [3]) to improve safety and outcome of surgery.

Complementary to robotic systems, computer algorithms together with sensorized 

instruments have been developed as assistive tools to enhance surgeon skill during eye 

surgery. For instance, He et al. in [12] and [13], thanks to the utilized Fiber Bragg Gratings 

(FBG) optical sensors, realized that using a collaborative robotic system can substantially 

increase the tool to eye interaction forces (i.e. sclera forces as shown in Fig. 2). Based on the 

reported results, this mainly happens due to the diminished perception of the sclera forces 

applied by the surgeon together with the robot’s large inertia and mass. In response, and to 

ensure safe robot-assisted eye surgery, various passive and active algorithms have been 

implemented. For example, we provided users with a passive alerting feedback of unsafe 

tool to eye interaction forces via auditory feedback [14], [15]. Active force control methods 

have also been used to autonomously react to unsafe interaction forces during the surgery 

and regardless of the surgeon’s motions [16], [17]. For example, in [16], our group 

investigated an adaptive sclera force control method to autonomously mitigate the unsafe 

sclera forces exerted by the the SHER during a synergic robot-assisted eye surgery. In pilot 

Ebrahimi et al. Page 2

Rep U S. Author manuscript; available in PMC 2020 May 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



studies with novice users, we have shown that the active force control method was more 

efficient than utilizing a passive audio feedback from the patient’s perspective i.e. keeping 

the scleral forces in a prescribed lower range [16]. Similar to the methods presented, other 

passive and active algorithms typically neglected analysis of surgeon comfort on the 

outcome of the surgery and mainly have considered the patient safety as the main priority of 

a synergic robot-assisted eye surgery.

Here we evaluate the effect of surgeon comfort in a clinician-in-the loop robot-assisted eye 

surgery while also considering the patient safety. We used the SHER and performed synergic 

eye manipulation tasks with two expert retinal surgeons. We performed three different sets 

of experiments by implementing two variants of a novel adaptive force control as well as a 

passive directional virtual fixture approach to maintain the sclera force in prescribed safe 

regions. To compare the effect of these various methods on patient safety and surgeon 

comfort, we defined metrics and compared the obtained experimental results with the case of 

a control-free experiment. To the best of our knowledge, this is the first multi-objective 

study toward involving the surgeon’s comfort in the loop of a synergic robot-assisted eye 

surgery.

The remainder of this paper is organized as follows. In Section II, we introduce the SHER 

and formulate its kinematics equations. Section III presents the utilized methods for sclera 

force control. Experimental setup is discussed in Section IV and results are presented in 

Section V. Section VI discusses the results and concludes the paper.

II. The Steady-Hand Eye Robot

The Steady-Hand Eye Robot is a 5-DoF (degrees of freedom) cooperative micro manipulator 

in which surgeon and robot synergically share the control of a surgical instrument rigidly 

being attached to the robot [8]. This collaborative robot has three translation and two 

rotational degrees of freedom (Fig. 2). As shown in Fig. 2, two coordinate frames associated 

with the robot are the spatial coordinate frame {S}, which is attached at the robot base and is 

fixed in the space, and the body coordinate frame {B} which is attached to a fixed point on 

the tool shaft. This coordinate frame is attached at a fixed point on the tool and is rigid with 

respect to the robot end-effector (Fig. 2). In this paper, superscripts b and s are used to 

indicate a vector is expressed in {B} or {S}, respectively.

A. Kinematics of the SHER

The SHER’s kinematics can be described using the function gSB : Θ → SE(3) that maps the 

vector of joint angles Θ ∈ ℝ5 to the relative configuration of B and S, which is a matrix in 

SE(3). This mapping can be written using product of exponential formula as following [18]:

gSB Θ = eξ 1θ1…eξ 5θ5gSB 0 (1)

where ξ i is a 4 × 4 matrix in se(3) and θi is the ith element of the vector of joint angles Θ. 

The homogeneous transformation gSB(0) is the 4 × 4 relative configuration of S and B at t = 

0.
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For the first three translation joints (i = 1, 2, 3) the matrix ξ  is defined as:

ξ i =
03 × 3 vi
03 × 1 0 ,  for i = 1, 2, 3 (2)

where υi is a unit vector showing the positive direction of ith translation joint expressed in 

the spatial frame at t = 0.

For the rotational joints (i = 4, 5), ξ  is computed using (3):

ξ i =
ωi −ωi × qi

03 × 1 0 ,  for i = 4, 5 (3)

where ωi is a unit vector representing the rotation axis of joint i at time t = 0 expressed in the 

spatial coordinate frame and qi is an arbitrary point on this rotation axis. In both cases of (2) 

and (3) the matrices ξ i can be written in twist coordinates ξi ∈ ℝ6 [18]. Each twist coordinate 

vector ξi contains the directions (υi or ωi) for joint i which is depicted in Fig. 2.

Considering (1)–(3), one can define the robot Jacobian (JSB) relating the robot end-effector 

velocity to the joint velocity of the robot as following.

V SB
b = JSB Θ Θ̇ (4)

where V SB
b ∈ ℝ6 is the robot velocity vector in which the first three elements and the last 

three elements indicate the velocity of body frame origin and the angular velocity of the 

body frame both expressed in frame {B}, respectively. Of note, the superscript b indicates 

that the elements of a vector are expressed in the frame {B} as mentioned before. The vector 

Θ̇ is the element-wise derivative of Θ. The term JSB ∈ ℝ6 × 5 is the robot Jacobian:

JSB Θ = ξ1
†…ξ5

†

ξi
† = Adeξ iθi…eξ 5θ5gSB 0

−1 ξi
(5)

where Ad is the 6 × 6 matrix of adjoint transformation depending on the configuration of the 

robot [18].

B. Admittance Control of the SHER

To move the robot, the surgeon holds the tool handle and maneuvers it to the desired 

configuration (Fig. 1). As shown in Fig. 1, a six DoF force sensor (ATI Industrial 

Automation, NC, USA) has been placed at the robot end-effector to measure the interaction 

forces and torques applied by user hand to the tool handle in the body frame. The measured 

vector of forces and torques, denoted by Fℎ
b ∈ ℝ6, is used in a proportional admittance 

control algorithm, to produce intuitively natural translation and orientation motions. The 

utilized admittance control law, which is prior to other safety control algorithms, is defined 

as the following:
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V d
b = KFℎ

b (6)

where matrix K ∈ ℝ6 × 6 is a diagonal matrix with constant entries on the diagonal. As it can 

be seen from (6), the desired velocity of the end-effector V d
b is set to be proportional to the 

measured user interaction forces.

The SHER’s low-level joint velocity controller is able to make the end-effector velocity 

V SB
b ∈ ℝ6 to follow a desired and bounded vector V d

b calculated by (6). In other words, as 

shown in Fig. 3, in each sample time, the high-level controller decides the desired velocity 

V d
b of the body frame and then considering (4) and (5) passes the desired joint angular 

velocity Θ̇d to the low-level controller as following: († denotes pseudo inverse operation)

Θ̇d = JSB
† Θ V d

b (7)

In this study, this solution (7) is obtained based on a least-square optimization formulation 

[19].

III. Sclera Force Control Schemes

As it can be seen from (7), the proportional admittance control provides the full control to 

the surgeon as it is always abiding by the surgeon’s interaction force Fℎ
b. However, this 

control scheme does not consider the patient safety since it does not include the sclera 

interaction force feedback and therefore the surgeon may oversteps safe margins. In other 

words, due to the high inertia of the robot and the small interaction forces between the tool 

and the eyeball, surgeons are barely able to feel these interaction forces and the patient eye is 

prone to potential injury. To address this issue and to ensure patient safety during the 

SHER’s control using (7), in this section, we discuss two different adaptive sclera force 

control methods as well as a virtual fixture approach. These safety controllers act as the 

outer-loop controller enforcing the desired velocity V d
b to synergically assist surgeon 

performing a desired task while ensuring safety (Fig. 3). Furthermore, to investigate the 

effect of these safety controllers on the surgeon’s comfort, we will also compare their 

performance in this regard.

The following sections describe the adaptive sclera force control methods. In these methods, 

robot regulates the sclera force autonomously and performs very small adjustments to the 

surgeon’s movements in order to reduce the force whenever it oversteps a safe level. The 

third implemented method is a virtual fixture approach. This algorithm creates a virtual wall 

to hinder surgeon manipulation along directions toward which the sclera force will exceed 

safe ranges.

A. Adaptive Force Control

In a preliminary analysis with novice users, we showed that the adaptive sclera force control 

method is capable to guarantee the sclera force safety [16]. In this paper, we will use two 
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variants of this method. As shown in Fig. 3, the adaptive sclera force control is a method in 

which V d
b in (6) is produced such that the components of sclera force along the x and y 

directions of the body frame (i.e. Fsx and Fsy in Fig. 2) will follow desired predefined 

trajectories Fdx(t) and Fdy(t) [16]. These desired reference trajectories are defined in a way to 

ensure safe sclera force interactions. This goal would be attained by consistently estimating 

the unknown robot environment compliance (i.e. unknown compliance of the tool to sclera 

interaction) along the x and y directions of the body frame [16]. These estimated 

compliances (i.e. λx and λy in Fig. 2), which are updated in each control loop using related 

adaptation laws, are then used as feed-forward terms together with another term coming 

form the tracking error of sclera force to enforce relevant entries of V d
b. When the interaction 

forces overstep a predefined threshold, the adaptive sclera force control is triggered and the 

first two elements of V d
b in (6) are generated according to (8) in order to make the sclera 

force follow desired safe trajectories. It is noteworthy to say that the last four elements of V d
b

will continue to be generated according to surgeon’s interaction force (6) such that the 

he/she continues to synergically control the tool during manipulation.

V d
b[1] = λxḞdx − kx Fsx − Fdx

V d
b[2] = λyḞdy − ky Fsy − Fdy

(8)

where the Ḟdx and Ḟdy are first derivatives of Fdx(t) and Fdy(t), respectively. These derivative 

terms multiplied by λx are used as feed-forward terms in the control laws. kx and ky are 

constant gains in (8).

The adaptation laws for updating the environment compliance estimations are written in (9) 

in which Cx and Cy are constant values.

λ̇x = − CxḞdx Fsx − Fdx
λ̇y = − CyḞdy Fsy − Fdy

(9)

In [20], it is proved using Lyapunov method that using (8) and (9) provides force 

convergence for a 1-DoF system. The parameters kx and ky were put to be 2 × 10−6 and Cx 

and Cy were set to 0.1.

In the following sections, we will explain two variants of the described adaptive sclera force 

control being used during the conducted experiments in this paper. According to [14], the 

unsafe bound for sclera force was argued to be 120 mN. In order to have a safety margin, the 

sclera force control methods in this paper are activated in advance at 100 mN such that the 

robot will have enough time to prevent the sclera force from reaching 120 mN.

1) Adaptive Norm Control (ANC): In the first variant of adaptive sclera force control, 

we use both of the equations written in (8) simultaneously when the magnitude/2-norm of 

sclera force (i.e. Fs 2 = Fsx
2 + Fsy

2  reaches 100 mN (time t = t0). The desired trajectory for 

Fsx in this method was set to Fdx = αx e−a t − t0 + 1  where αx is half of the value of Fsx at t 
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= t0 and a is set to be one. As it is apparent, the desired trajectory reduces the magnitude of 

Fsx continuously since it is a decreasing signal. By inspection it can be seen that at t = t0, Fdx 

equals Fsx which prevents the system from having a jump after switching ON the adaptive 

sclera force control at t = t0. A similar scenario is considered for Fsy and Fdy. Of note, this 

simultaneous reduction of sclera force components will also result in a reduction in the 

magnitude (2-norm) of the sclera force. The adaptive sclera force control is sustained until 

both Fsx and Fsy are reduced to 0.75 of their value at t = t0.

2) Adaptive Component Control (ACC): In this method, instead of triggering both of 

the equations in (8), the adaptive sclera force control is independently switched ON for the 

components (i.e. Fsx and/or Fsy) that reaches 100 mN. In other words, the two equations in 

(8) will switch ON and OFF independently. By this method the robot provides more freedom 

to the surgeon since 5 components of Ẋd will be produced based on surgeon input force Fℎ
b

and just one component (depending on which component of sclera force has exceeded 100 

mN) will be produced according to (8). The desired sclera force trajectories would be similar 

to what explained in the ANC section.

B. Virtual Fixture Control

For this part, we intend to create a virtual wall for the surgeon along the component of sclera 

force that exceeds the safe limit of 100 mN. In other words, the robot is doing nothing 

autonomously and just the movement of the surgeon is blocked along the unsafe direction. 

By feeling a virtual wall, the surgeon will be notified that he/she is going toward an unsafe 

way resulting in correction the manipulation to achieve safe sclera forces. To obtain this 

goal, the first element or the second element of Ẋd (depending on whether Fsx or Fsy has 

reached 100 mN) are put to zero when the incident of exceeding 100 mN occurs and all the 

other five elements of Ẋd will be produced based on (6). Furthermore, the following logic 

written in (10) is implemented when having, for example, Fsx as the component that has 

exceeded 100 mN. Of note, a similar logic has been used for Fsy. If Fsx < −100 mN the 

direction of inequalities in (10) should be reversed.

If   Fℎx
b > 0,    then   V d

b[1] = 0
If   Fℎx

b < 0,    then   use     6
(10)

where Fℎx
b  is the x component of the user interaction force in the body frame. The logic 

written in (10) states that if Fsx has exceeded 100 mN and the user is still exerting force 

leading in increasing Fsx more (Fhx > 0) the robot should stop the user from moving toward 

that direction V d
b 1 = 0 . If the user is applying force in opposite direction resulting in 

reducing Fsx the robot would not impede at all.

IV. Experimental Setup and Procedure

A. Experimental Setup

The setup for conducting experiments is depicted in Fig. 4 including the SHER, FBG-

equipped force-sensing tool, FBG interrogator (which reads the FBG data in 1 kHz), eye 
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phantom and the microscope. All of the system components are connected using TCP-IP 

connection and the controllers are written on the main computer that runs the system. To 

measure sclera force components, we have utilized 80 μm-diameter Fiber Bragg Gratings 

(FBG) optical fibers (Technica Optical Components, China) and attached them along the 

tool shaft and calibrated them appropriately according to [21]. The FBG fibers are very 

sensitive to strain variations and have a very small diameter, which suits them for our 

application. The location of the FBG sensors is shown in Fig. 2. Light waves are transmitted 

through the fibers using the FBG interrogator (si155-Hyperion from Micron Optics Inc., 

Atlanta, GA), as shown in Fig. 4, and based on the variations of the wavelength of the light 

wave we can find the strain changes at specific points of the tool shaft. More details about 

the developed force-sensing tool can be found in [21]. The measurements for sclera force 

components, handle force and torque components and the time information for all 

experiments were recorded using the software package for the SHER control developed 

using the C++ CISST-SAW libraries [15]. The FBG-equipped sensorized tool is fixed to the 

tool holder of the robot wrist for manipulation (Figs. 4). To control the robot, surgeon holds 

the tool shaft (Fig. 1) and inserts it through the hole on the sclera of the eye phantom and 

manipulate the eyeball. The eye phantom, which is made from silicon, is placed under a 

microscope through which the surgeons should look during manipulation. The are some 

painted phantom vessels on the posterior of the eye phantom, which can be seen in Fig. 2.

B. Experimental Procedure

We conducted experiments with two expert eye surgeons to investigate the efficacy of the 

described sclera force methods. We also conducted one experiment with each surgeon 

without activating any sclera force control on the robot, which means the robot was purely 

using (6) during manipulation. Thus, for each surgeon, we performed four sets of 

experiments including adaptive norm control (ANC), adaptive component control (ACC), 

virtual fixture approach (VF) and without control of sclera force (NC). Each set of 

experiments was performed for 7 trials by each surgeon. The surgeons were asked to follow 

four specific colors with the tip of the force-sensing tool. In each experiment trial, the four 

color sequence changes to a new random one and is read for the surgeon to follow. As shown 

in Fig. 1, a secondary tool is provided to the surgeons to facilitate rotating and moving the 

eyeball.

C. Performance Evaluation Metrics

To investigate and evaluate the efficacy of each control method in providing patient safety 

and surgeon comfort, we have defined metrics to quantitatively evaluate these parameters. It 

is worth emphasizing that, despite the safety metric, it is extremely difficult and non-trivial 

to quantify the parameter of surgeon comfort with unique statistical or mathematical 

methods [22]. In this study, thereby considering the available force feedbacks from utilized 

sensors (i.e. ATI force sensor and the FBG optical fibers), we use these data to define 

quantitative measures as the safety and comfort metrics.

The primary variable attributed to safety analysis is sclera force values, which are analyzed 

in different experiment sets. The incorporated safety control methods should always ensure 

safe interaction sclera forces based on the defined thresholds during the surgical task. We, 
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therefore, can consider the percentage of experiment time spent on unsafe sclera forces 

(‖Fs‖2 > 120 mN) as a safety metric for comparing the performance of different approaches. 

On the other hand, to analyze the surgeon comfort, the amount (magnitude and time) of 

forces/torques applied to the tool handle Fℎ
b  by the surgeon have been considered during 

the synergic robot-assisted surgical procedure. As described in the previous section, during 

the activation time of the safety control method, both admittance control and safety control 

are working together and might oppose each other depending on the interaction sclera 

forces. Therefore, bigger handle forces and torques during the activation times can be 

interpreted as the fact that accomplishing the task entails greater efforts from the surgeon 

which in turn attenuates comfort. Therefore, less percentage of activation time for control 

methods can be considered as another comfort metric.

V. Experimental Results

Tables I and II summarize the average results of the seven tasks performed by both surgeons 

(denoted as S1 and S2 through the paper) in each set of experiments. The reported numbers 

are averaged over the seven trials of each experiment. Table I reports the sclera interaction 

forces of each surgeon and each control method. The time information including the total 

time required to finish the tasks as well as the total time spent in unsafe ranges (> 120mN). 

In addition, in the last column of Table I the averaged percent of time where that specific 

control is activated during experiemtns is provided. In contrast to Table I showing the 

average values, Fig. 5 shows the variations of sclera force magnitude versus time for a single 

trial of all four different methods conducted by the first surgeon. A similar plot for the 

second surgeon has been also shown in Fig. 6. The averaged values for the handle force 

magnitude and also the handle torque magnitude (the magnitude of the first three and the last 

three elements of Fℎ
b, respectively) are provided in Table II.

Figs. 7, 8 and 9 represent the sclera forces for a single trial using the ACC, ANC and VF, 

respectively. The stepwise lines in these plots also indicate the intervals when the adaptive 

control for the corresponding component has been activated or the interaction forces are 

higher than the desired values of 100 mN. When the line goes back to zero it means that the 

control is completely switched back to the admittance control as described in (7). These 

intervals of sclera force control activation and deactivation are denoted by T0 and T1 

intervals in Table II, respectively. Since the ANC method controls the magnitude of sclera 

force, Fig. 8 only shows the 2-norm of the sclera force. On the other hand, Figs. 7 and 9 

represent the independent activation/deactivation of each component. In Table II, in addition 

to the average value of handle force and torque over the entire experiment time, the mean 

value for these variables over T0 and T1 intervals are also provided. By providing these 

values we intend to see whether the surgeon is exerting bigger forces or torques while any 

sclera force control is activated.

VI. Discussion and Conclusion

As it can be seen from Figs. 5 and 6, when there is no sclera force control and the robot is 

controlled solely based on admittance control, the magnitude of sclera force grows to very 
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unsafe values (e.g. 5 times larger than the safe margin for surgeon 1, as shown in Fig. 5). 

The reason is that the surgeons have no feeling and feedback of these small forces to prevent 

them from happening. On the other hand, the other three control methods are functioning as 

they were targeted and often keeping the sclera forces in safe ranges although hops of sclera 

force over 120 mN limit are sometimes observed. This observation can also be deduced by 

looking into the averaged results in Table I. According to this table, the mean sclera force 

and the percent of time spent over 120 mN for the NC (No sclera force control) case are 

much higher than the other cases. Moreover, Table I demonstrates that the ANC method has 

reduced the ratio of the time spent on unsafe sclera forces for the first and second surgeon to 

4% and 7%, respectively. A t-test [23] using Microsoft Excel proves that for both surgeons 

these percentage reductions are statistically significant with p-values less than 0.02. This 

indicates that the ANC method is more reliable in escalating the patient safety. This is 

mainly due to the fact that in this method, the robot simultaneously takes care of both 

components of sclera force and decreases them to safe levels. However, as summarized in 

Table II, for both surgeons the average of handle forces and torques in the ANC control is 

larger than the other control methods. This expected behavior is mainly due to the fact that 

in the ANC mode both of the adaptive sclera force controllers, as defined in (8), are used to 

simultaneously adjust the first two components of V d
b. Additionally, considering Table I, the 

amount of activation time in the ANC method is almost twice of the other approaches. 

Therefore, considering the higher handle loads in the activation times, as compared to the 

other approaches, the robot intrudes more into the surgeon motions and subsequently results 

in a less-comfort experience for the surgeon during the performed surgical task.

As summarized in Table I and shown in Figs. 5 and 6, the ACC approach comparing to the 

ANC method results in more unsafe sequences (i.e. 10% and 28% for the first and second 

surgeon, respectively) with p-values less than 0.05 for both surgeons. The larger incidence of 

unsafe interaction forces means a less-safe performance from the patient perspective. 

However, as reported in Table I and II, the activation time of the ACC method is almost half 

of the ANC approach with smaller handle forces exerted by the surgeons. Therefore, from 

the surgeon perspective, the ACC approach has resulted in less intrusion into the surgeon’s 

motions and thereby a better experienced comfort during the procedure.

Another observation from Fig. 5 is the peak force created in the VF method around time t = 

9 s. This is mainly due to the fact that the VF is a passive method and the robot does not 

have the autonomy to reduce the sclera forces. Thus, although the surgeon feels a virtual 

wall toward unsafe direction of the sensorized tool in his/her hand, the other assisting tool in 

the surgeon’s left hand might affect the sclera forces of the sensorized tool even if the 

sensorized tool is not allowed to move by the virtual wall. This is mainly because of the 

compliance of the sclera environment, which may result in an inevitable force peaks in the 

VF method. Therefore, despite the relatively short unsafe times (i.e. 10% and 5% for 

surgeon 1 and 2, respectively), the occurrence of these high amplitude peaks in the 

interaction forces may endanger patient safety and is not favorable.

Overall considering the reported results and described performance of the implemented 

approaches, we can conclude that the ANC approach has better performances in terms of the 
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safety metric while may result in a less-comfort experience for the surgeon. On the other 

hand, the ACC leaded to a less-intruding performance into the surgeon’s action with a higher 

incidence of unsafe sclera interaction forces. Therefore, we can conclude that the trade-off 

between patient safety and surgeon comfort and, therefore, the outcome of surgery, is the 

direct result of the opted control procedure in a synergic robot-assisted eye surgery.

The future work of this study includes conducting a comprehensive ex-vivo experiments 

with multiple surgeons to better evaluate the performance of the introduced controllers based 

on the defined or additional comfort metrics. For better capturing clinicians comfort, NASA 

TLX questionnaire will be provided [24].
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Fig. 1: 
Eye phantom manipulation with the SHER– the surgeon is grabbing the force-sensing tool 

which is attached to the robot in the right hand and the secondary tool in the left hand to 

manipulate the eye phantom.
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Fig. 2: 
This picture shows the twist axes for the translation and rotational joints of the robot as well 

as spatial {S} and body {B} frames. The close-up view of the eyeball shows the sclera force 

components (Fsx and Fsy) and the environment compliance λx and λy. The colored phantom 

vessels are also visible in the eyeball.
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Fig. 3: 
Block diagram showing the closed-loop system and 3 different control algorithms used 

during experiments to synergically control the SHER and ensure patient safety considering 

the available force feedbacks.
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Fig. 4: 
Experimental setup including the SHER, the FBG-equipped force-sensing tool, the FBG 

interrogator, the eye phantom and a microscope.
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Fig. 5: 
Sclera force magnitude variations for a single trial of each experiment set for the first 

surgeon. The unsafe threshold of 120 mN is shown in black dashed line.
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Fig. 6: 
Sclera force magnitude variations for a single trial of each experiment set for the second 

surgeon. The unsafe threshold of 120 mN is shown in black dashed line.
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Fig. 7: 
A single trial for the ACC control. The plots show the components of sclera force. The step-

wise lines indicate the intervals when the adaptive control for the corresponding component 

is activated.
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Fig. 8: 
A single trial for the ANC control. The plot show the magnitude of sclera force. The step-

wise lines indicate the intervals when the ANC control is activated.
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Fig. 9: 
A single trial for the VF control. The plots show the components of sclera force. The step-

wise lines indicate the intervals when the VF control for the corresponding component is 

activated.
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TABLE I:

The sclera force magnitude and timing information averaged over the seven trials. The numbers in parenthesis 

indicate standard deviation.

S1 Mean of sclera force norm 
(mN) Average total time (s) Time over 120 mN (s) Percent of time spent 

over 120 mN
Percent of activation 

time

NC 175.4 (87.1) 20.0 (2.8) 13.7 (5.6) 69% --

ACC 77.27 (34.0) 30.1 (4.8) 3.2 (2.1) 10% 35%

ANC 75.47 (26.47) 23.5 (2.5) 1.0 (0.6) 4% 79%

VF 71.4 (39.00) 22.8 (6.1) 2.2 (1.1) 10% 27%

S2 Mean of sclera force norm 
(mN) Average total time (s) Time over 120 mN (s) Percent of time spent 

over 120 mN
Percent of activation 

time

NC 126 (113) 28.2 (6.8) 10.9 (10.7) 38% --

ACC 91.1 (42.92) 45.9 (5.4) 13.1 (7.2) 28% 45%

ANC 69.51 (33.24) 29.5 (4.4) 2.0 (1.6) 7% 66%

VF 62.31 (34.12) 41.8 (23.7) 1.9 (1.4) 5% 20%
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